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1   Introduction 

__________________________________________ 

 

Parts of this chapter previously appeared as 

 

Molecular Orbitals of NO, NO
+
, and NO

–
: A Computational Quantum Chemistry 

Experiment 

Orenha, R. P.; Galembeck, S. E. 

Journal of Chemical Education 2014, 91 (7), 1064–1069 

 

Computational Study of the Interaction between NO, NO
+
, and NO

–
 with H2O 

Orenha, R. P.; San Gregorio, L. R.; Galembeck, S. E. 

Journal of Molecular Modeling 2016, 22 (11), 276 

 

How Computational Methods and Relativistic Effects Influence the Study of Chemical 

Reactions involving Ru–NO Complexes? 

Orenha, R. P.; Santiago, R. T.; Haiduke, R. L. A.; Galembeck, S. E. 

Journal of Computational Chemistry 2017, 38 (12), 883-891 

 

1.1 Importance of Nitric Oxide 

Nitric oxide participates in several atmospheric pollution phenomena like the 

greenhouse effect, acid rain, and destruction of the ozone layer. This has sparked 

researchers’ interest in the chemical properties of this compound.
1
 Studies have also 

shown that nitric oxide is involved in numerous physiological and pathophysiological 

processes; for example, nitric oxide acts as a biological messenger in vasodilation, has 

an important role as neurotransmitter, and is implicated in learning and memorization 

processes.
2–52,3,4,5 

Additionally, this molecule can be involved in the progression of cell apoptosis in 

tumors.
6,7

 Furthermore, nitric oxide plays many other important roles in mammalian 

biology; for instance, immune response to pathogens generates nitric oxide as a toxic 

agent.
8–11

8,9,10,11This compound has also found many applications in medicine — it is used to 

treat newborn children with breathing problems, and it has been employed in angina 
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therapy.
12

 Moreover, nitric oxide signaling appears to be a potential therapeutic target in 

the treatment of ovarian cancer.
13

 

Nitric oxide can also participate in catalytic and surface reactions. Neither binding 

of this molecule to small clusters nor the way it is oriented upon binding to surfaces is 

fully understood.
14

 Moreover, interconversion between NO and NO
–
 or between NO 

and NO
+
 can occur in the cell, so all these species must underlie the biological activity 

of nitric oxide.
15

 Consequently, the number of scientific papers dealing with this 

compound has increased significantly in the last years.
16

 

Bearing these interesting characteristics of nitric oxide in mind, in Chapter 3 we 

describe a computational experiment that explores the molecular orbital diagram 

together with quantum chemistry exercises for NO
+
, NO, and NO

–
. We have used this 

experiment with advanced undergraduate students and with students who have initiated 

their postgraduate studies. 

Chapter 4 evaluates the nature of the interaction of the three structures — NO
+
, 

NO•, and NO
–
 — with the water molecule, a major solvent, in the complexes 

[NO
….

H2O]•, [NO
….

H2O]
+
, and [NO

….
H2O]

–
. 

 

1.2 Relevant Metal Complexes as NO Donors and Scavengers 

Because nitric oxide can be beneficial or harmful depending on its concentration and 

bioavailability,
17

 the number of studies on nitric oxide donors and scavengers has 

increased significantly. Complexes involving transition metals such as iron, nickel, 

chromium, rhodium, cobalt, copper, and especially ruthenium have provided the main 

advantages in this area.
18–22 18,19,20,21,22

 

The oxidation state of the metal is an extremely important factor for the reactivity 

of nitric oxide donors and scavengers.
23

 For example, the cyclic voltammogram of 

ruthenium complexes bearing macrocyclic ligands has shown that increasing ring size 

shifts the formal potential of the Ru
III/II

 pair to more positive values, which indicates 

higher stability of Ru(II) regarding Ru(III).
24

 Nevertheless, in general, Ru(II) complexes 

undergo substitution of saturated ligands faster than Ru(III) complexes.
25

 

Various ruthenium and nitrosyl complexes with different equatorial co–ligands 

exist; e.g., porphyrins,
26

 phosphanes,
27

 bipyridines,
28

 aromatic heterocyclic bases,
29

 and 

N,N’–bis–(salicidene)ethylenodiaminate(salen).
30

 These complexes can be designed in 

such a way that nitric oxide availability is controlled.
31–35

31,32333435In this context, Ru–NO 
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complexes bearing ammines or aliphatic tetraazomacrocycles as ligands have been used 

as model systems to study chemical electron transfer and substitution reactions.
36,37

 

 

1.3 Control of NO Availability 

Different processes can be applied to control the nitric oxide availability of transition 

metal complexes containing nitric oxide as ligand. Nitric oxide release usually occurs 

via a chemical reaction of reduction, followed by a substitution reaction where NO is 

replaced with H2O, for example:
34

 

 

trans–[Ru(NH3)4L(NO)]
3+

 + e
–
  trans–[Ru(NH3)4L(NO)]

2+ 
(1.1) 

 

trans–[Ru(NH3)4L(NO)]
2+

 + H2O  trans–[Ru(NH3)4L(H2O)]
2+

 + NO (1.2) 

 

The correct choice of ligand L makes chemical reduction accessible in the 

potential range where biological reducing agents, like the agents found in mitochondria, 

operate.
38,39

 Hence, Chapter 5 investigates the reduction site of three different classes of 

complexes — cis–[RuCl(NO)(NH3)4]
n
, trans–[RuCl(NO)(NH3)4]

n
, and 

[Ru(NO)(NH3)5]
n
, where n varies from 3+ to 1+ — by monitoring changes in QTAIM 

and NBO charges along with the molecular orbital isosurface. We also assessed the 

influence of total charge on the Ru–NO chemical bond in this chapter. 

Several reports on the photochemical behavior of many metal–nitrosyl complexes 

exist. The electronic spectra of these complexes usually consist of a large band with low 

absorptivity (ε < 1.0 10
2
 M

–1
 cm

–1
) located between 400 and 500 nm, which is attributed 

to a mixture of transitions, namely MLCT t2  π
*
(NO) and singlet–triplet (

1
A1  

3
T1,

3
T2). Another typical absorption band with larger intensity (ε > 1.0 10

2
 M

–1
 cm

–1
) 

appears between 300 and 350 nm. This is a d–d transition band that involves d orbitals 

of the metal. The nitrosyl group is called “bleacher” because its presence in tetra– or 

penta–ammine complexes shifts the charge transfer band to the ultraviolet region of the 

electromagnetic spectrum.
40–66

 
40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57 58,59,60,61,62,63,64,65,66 

Electronic transitions that decrease the occupation of the dπ orbital in the metal 

increase the population of the π
*
 orbital in the nitric oxide ligand and are likely to 

decrease the stability of the Ru–NO bond. This happens because occupation of the 
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donor orbital decreases or occupation of the acceptor orbital involved in the 

backdonation component of the Ru–NO bond increases.
67

 

Another strategy to control the availability of nitric oxide is to bind a 

chromophore to the [RuNO] center. Mascharak and co–authors bound the anionic 

tricyclic dye resorufin (resf) to [RuNO], which shifted the dπ (Ru)  π
*
 (NO) transition 

to the visible region of the electromagnetic spectrum. In fact, the dπ (Ru)  π
*
 (NO) 

transition merged with the intense absorption band of the dye close to 500 nm.
68

 

Another way to achieve nitric oxide donation is to use complexes bearing the Ru–

NO2 bond. Nitric oxide can arise from two photolysis reactions. The first reaction takes 

place at the metal complex, to replace the nitrite ion, NO2
–
, in the coordination sphere of 

the complex with a water molecule. Next, the nitrite ion decomposes into NO and the 

radical anion of the oxygen atom, O•–
.
69

 

 

trans–[Ru(NH3)4(NO2)P(OEt3)3]
+
 
ℎ𝜈
→  trans–[Ru(NH3)4(H2O)P(OEt3)3]

2+
 + NO2

– 
(1.3) 

 

NO2
–
 + hν  NO• + O•–  

(1.4) 

 

In the second step, an electron is transferred from the pπ orbitals of an oxygen 

atom to a π
*
 orbital of the N–O bond.

70
 

The pH also influences the availability of nitric oxide. For example, HCl engages 

into a reversible reaction with the complex [Os(CO)Cl(PPh3)2(NO)], to produce 

[Os(CO)Cl2(PPh3)2(HNO)]. The latter complex subsequently participates in a photolysis 

reaction involving competitive reversible dissociation of CO and HNO from the 

complex. Another case that illustrates how pH influences the availability of nitric oxide 

is the protonation of the complex [Fe(CN)5(NO)]
4–

, pKa = 7.7, in aqueous solution to 

form an N–coordinated and considerably stable structure bearing HNO. Finally, the way 

pH impacts the M–NO bond in the water–soluble complex [Fe
II
(TPPS)(NO)] is 

noteworthy: although this complex is considered to be non–reactive, its preparation in 

slightly acidic solution (pH = 5.8) protonates NO and slows down the decomposition of 

the complex, to give HNO and [Fe
III

(TPPS)].
71

 

Chapter 7 analyzes the nature of the Ru–NO chemical bond in fac–

[Ru(NO)Cl2(κ
3
N

4
,N

8
,N

11
(1–carboxypropyl)cyclam)]

+
, 11, and its derivative bearing a 
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deprotonated O–H group, 12, followed by deprotonation of N(2)–H, 13, and conversion 

of Ru–NO to Ru–NO2, 14, to result in increased pH. 

 

1.4 Study of the Ru–NO Chemical Bond 

The landmark studies of Enemark and Feltham showed that the ruthenium nitrosyl 

chemical bond presents emblematic characteristics mainly as a consequence of the high 

electronic delocalization in the Ru–NO group. These researchers suggested the 

representation {RuNO}
n
, where n is the number of electrons in the 4d orbital of Ru and 

in the π
*
 orbital of NO. This nomenclature aims to describe the chemical bond as being 

concomitantly composed of different canonical forms. For example, {RuNO}
6
 relies on 

the contribution from the [Ru
II
NO

+
], [Ru

III
NO•], and [Ru

IV
NO

–
] canonical structures, 

whereas {RuNO}
7
 relies on the contribution from the [Ru

I
NO

+
], [Ru

II
NO•], and 

[Ru
III

NO
–
] canonical structures because reduction preferentially occurs in the π

*
 orbital 

of NO. The NO ligand is classified as “non–innocent” because its oxidation state in 

these metal complexes cannot be defined.
72

 

Hence, the results obtained for the complexes containing the Ru–NO bond by 

experiments or theoretical calculations can be discussed on the basis of the relative 

weights of the different canonical forms in the main resonance structure.
73

 It is also 

necessary to consider that the Ru–NO bond shows synergism involving two processes: 

(i) donation from the σ orbital of NO to the dσ orbital of the metal, and (ii) backdonation 

from the dπ orbital of Ru to the π
*
 orbital of NO.

74
 

Chapter 8 shows how the Ru–NO bonding energy involved in the canonical 

structures [Ru
II
NO

+
], [Ru

III
NO•], and [Ru

IV
NO

–
] in trans–[RuCl(NO)(NH3)4]

2+
 is 

calculated to identify the most significant contribution to the {RuNO}
6
 group. In this 

chapter, we prove the synergism between the σ donation and the π backdonation 

processes in Ru–NO, showing that the stability of this chemical bond heavily depends 

on this synergism. 

Determining the bond energy in transition metal complexes experimentally or 

computationally is not simple. However, electrochemical parameters are a relevant 

alternative to obtain information about the properties of metal–ligand chemical bonds.
75

 

Energy decomposition analysis (EDA)
76

 is another approach to analyze the energy and 

to verify the nature of the chemical bond established between the metal center and the 

ligand of interest.
77–79

 
77,78,79 
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The first part of Chapter 6 presents a study of how different approximations, 

namely (i) effective core potential (ECP) and (ii) second–order Douglas–Kroll–Hess 

Hamiltonian (DKH2), affects the relativistic effects. We compare the geometric 

parameters of the complexes cis–[RuCl(NO)(NH3)4]
+
, 1; cis–[RuCl(NO)(NH3)4]

2+
, 2; 

cis–[RuCl(NO)(NH3)4]
3+

, 3; trans–[RuCl(NO)(NH3)4]
+
, 4; trans–[RuCl(NO)(NH3)4]

2+
, 

5; trans–[RuCl(NO)(NH3)4]
3+

, 6; [Ru(NO)(NH3)5]
+
, 7; [Ru(NO)(NH3)5]

2+
, 8; 

[Ru(NO)(NH3)5]
3+

, 9; and trans–[RuCl(NO)(NH3)4], 10, obtained by ECP and DKH2. 

We also compare the geometric parameters calculated by both computational methods 

to experimental X–ray results reported in the literature. Besides that, we compare the 

energy data obtained from the ECP and DKH2 calculations for reduction, isomerization, 

and negative trans influence of Cl
–
 to the energy data obtained from the NH3 reactions. 

Additionally, on the basis of the geometries optimized by ECP and of the proposed 

chemical reactions, we investigate the efficiency of different computational methods, 

namely RI–MP2, RI–SCS–MP2, OO–RI–MP2, OO–RI–SCS– MP2, M06–L, M06, 

M06–2X, M06–HF, BP86–D3BJ, BP86, B2PLYP, LC–wPBE, and B3LYP, relative to 

the reference method CCSD(T). 

 

1.5 Influence of Ligands on the Ru–NO Bond 

Ligands coordinated to the metal center of complexes can greatly influence each other, 

especially if they are situated in trans relative to each other.
74

 The reactivity of the 

complex can be modulated by this influence, named the trans effect. The “trans 

influence” was originally defined as the tendency of a ligand to weaken the bond in 

trans position to this group.
80

 This term is frequently used to describe phenomena 

related to the ground state of the metal complex related to its thermodynamic properties. 

The second term, “trans effect”, was defined as the effect of a coordinated group 

associated with the rate of substitution of the ligand in the trans position relative to the 

group.
81

 This effect is a kinetic phenomenon that is related to the properties of the 

transition and ground states of the analyzed reaction. As a result, the “trans effect” 

concept is commonly more general and is applied to describe processes related to 

kinetic and thermodynamic properties, except for the definitions exposed above in this 

paragraph. 

There are other definitions of trans effect in the literature: (i) Structural Trans 

Effect (STE), which is related to the effect of a ligand on the length of the bond in trans 
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to the ligand; and (ii) Kinetic Trans Effect (KTE), which describes the effect of a ligand 

on the lability of the ligand in trans position to the former ligand.
74

 

The ligand NO
+
 has a range of STEs that is qualitatively related to the nature of 

the ligand in trans position to NO
+
. NO

+
 is a weak σ donor and a strong π acceptor. The 

first characteristic reflects the fact that σ donor ligands, such as NH3 and other ammines, 

do not present a detectable STE.
82

 Nonetheless, the strong π acceptor characteristic 

creates a negative STE for π donor ligands like Cl
–
 and OH

–
, giving rise to particularly 

stable complexes.
83

 In the particular case of π acceptor ligands such as trans NO
+
 and 

CO, they display an opposite behavior: they exert a positive STE due to competition 

between the electronic density of the dπ orbitals of the metal with the π
*
 orbitals of these 

ligands.
84

 

Chapter 5 examines how the nature of the ligand, more specifically the negative 

Cl
–
 group, influences the behavior of Ru–NO in cis–[RuCl(NO)(NH3)4]

+
 and trans–

[RuCl(NO)(NH3)4]
+
 as compared to the NH3 ligand alone in [Ru(NO)(NH3)5]

2+
, and the 

behavior of Ru–NO in cis–[RuCl(NO)(NH3)4]
2+

 and trans–[RuCl(NO)(NH3)4]
2+

 as 

compared to NH3 alone in [Ru(NO)(NH3)5]
3+

. In addition, the influence of Cl
–
 as 

compared to the NH3 group on the behavior of the Ru–NO bond is investigated by 

comparing the structures of cis–[RuCl(NO)(NH3)4]
n
 and trans–[RuCl(NO)(NH3)4]

n
 with 

the structure of [Ru(NO)(NH3)5]
n
, given that the total charge n is the same and ranges 

from 1+ to 3+. Lastly, the chapter explores how the position of Cl
–
 relative to Ru–NO 

impacts NO availability in the complexes cis–[RuCl(NO)(NH3)4]
n
 and trans–

[RuCl(NO)(NH3)4]
n
, where n varies from 1+ to 3+. 

Chapter 8 also evaluates the contribution of the negative trans influence of the Cl
–
 

group on the Ru–NO bond by energy decomposition analysis along with the Kohn–

Sham molecular orbital theory of the interactions between the fragments (i) trans–

[Ru(NH3)4]
2+

 and NO
+
, to study the Ru–NO bond in the absence of the Cl

–
 ligand; (ii) 

trans–[Ru(NH3)4]
2+

 and Cl
–
, to analyze the Ru–Cl bond in the absence of the NO

+
 

ligand; and (iii) trans–[RuCl(NH3)4]
+
 and NO

+
, to examine the Ru–NO chemical bond 

under the influence of Cl
–
. Lastly, the bonding mechanism of the Ru–CO interaction is 

compared with the present in Ru–NO
+
. 
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2   Computational Model 

__________________________________________ 

 

Parts of this chapter previously appeared as 

 

Molecular Orbitals of NO, NO
+
, and NO

–
: A Computational Quantum Chemistry 

Experiment 

Orenha, R. P.; Galembeck, S. E. 

Journal of Chemical Education 2014, 91 (7), 1064–1069 

 

Nature of the Ru–NO Coordination Bond: Kohn–Sham Molecular Orbital Theory and 

Energy Decomposition Analysis 

Orenha, R. P.; Rocha, M. V. J.; Poater, J.; Galembeck, S. E.; Bickelhaupt, F. M. 

ChemistryOpen 2017, 6 (3), 410-416 

 

2.1 Computational Details 

We first built the molecular structures with the Molden software.
85

 Then, to optimize 

the geometry without restraints and to calculate vibrational frequency parameters, we 

considered important details. 

For the analysis of NO, NO
+
, and NO

– 
described in Chapter 3, we used the 

B3LYP
86,87

/6–31+G(d,p)
88

 computational model with the aid of the Gaussian 03 

Revision C.02 software.
89

 For the analysis of NO, NO
+
, NO

–
, H2O, [NO

….
H2O]• 

(complex 0•), [NO
….

H2O]
+
 (complex 0

+
), and [NO

….
H2O]

–
 (complex 0

–
) detailed in 

Chapter 4, we applied the B3LYP/6–31+G(d,p) computational model with the aid of the 

Gaussian 09 rev. D01 software.
90

 

For the analysis of cis–[RuCl(NO)(NH3)4]
+
, 1; cis–[RuCl(NO)(NH3)4]

2+
, 2; cis–

[RuCl(NO)(NH3)4]
3+

, 3; trans–[RuCl(NO)(NH3)4]
+
, 4; trans–[RuCl(NO)(NH3)4]

2+
, 5; 

trans–[RuCl(NO)(NH3)4]
3+

, 6; [Ru(NO)(NH3)5]
+
, 7; [Ru(NO)(NH3)5]

2+
, 8; 

[Ru(NO)(NH3)5]
3+

, 9; and trans–[RuCl(NO)(NH3)4], 10 depicted in Chapters 5 and 6, 

we adopted the B3LYP/def2–TZVP
91

 computational model. In the case of ruthenium, 

we first incorporated a 28–electron effective core potential (ECP28MDF)
92

 to model the 

core electrons with a suitable function and to treat the valence electrons explicitly, 
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which significantly reduced the computational time.
93

 In addition, we included the 

def2–TZVP auxiliary basis set to expand the electron density in the resolution of 

identity (RI) approach. All the calculations were made with Turbomole 6.3.
94,95

  

We also studied these compounds by using the all–electron scalar relativistic 

treatment with the Douglas–Kroll–Hess of second order (DKH2); we also employed 

B3LYP and full electron def2–TZVP,
96

 a basis set that is adequate for this 

approximation. This model was called DKH2–B3LYP/def2–TZVP, and the calculations 

were made with the ORCA 3.0.0 package.
97

 

In Chapter 7, the compound fac–[Ru(NO)Cl2(κ
3
N

4
,N

8
,N

11
(1–

carboxypropyl)cyclam)]Cl·H2O, 11, and its derivatives 12 (deprotonated at the carboxyl 

group –CO2H), 13 (deprotonated at N(2)–H), and 14 (in which Ru–NO was converted 

to Ru–NO2) originated from increases in pH.
37

 We used the B3LYP/cc–pVDZ
98,99

 

computational model along with ECP28MDF for ruthenium.
100

 We used the Gaussian 

09 rev. D01 software to perform all the calculations. 

In Chapter 8, we expanded the molecular orbitals (MOs) of the complex trans–

[RuCl(NO)(NH3)4]
2+

 by using one large, uncontracted set of Slater–type orbitals 

(STO): TZ2P.
101 

This basis set is of triple– quality, augmented by two sets of 

polarization functions (d and f on heavy atoms; 2p and 3d sets on H). We included 

all the electrons in the variational treatment (no frozen–core approximation was 

used).
 
We employed an auxiliary set of s, p, d, f, and g Slater–type orbitals to fit the 

molecular density and to represent the coulomb and exchange potentials accurately 

in each self–consistent field (SCF) cycle.
102 

We calculated energies and gradients by using the local density approximation 

(LDA: Slater
103

 exchange and VWN
104

 correlation) with gradient corrections
105,106

 

due to the self–consistent addition of Becke (exchange) and Perdew (correlation). 

This DFT approach is known as the BP86 density functional. The zeroth–order 

regular approximation (ZORA) was used to include the scalar relativistic corrections 

self–consistently.
107

 

In all these cases, analyses of the vibrational frequencies of the optimized 

geometries showed that the structures corresponded to a minimum of energy for the 

applied levels of theory. We treated all the open–shell systems with the spin–

unrestricted formalism. Then, from the optimized geometries, we calculated several 

parameters as highlighted in the next paragraphs. We used the same computational 

methods as the ones described above unless otherwise mentioned. 
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Chapter 3 provides the molecular orbital diagrams for NO, NO
+
, and NO

–
 by 

extended Hückel theory, EHT,
108

 with the aid of the SAMOA 1.0 software.
109

. For the 

same compounds, we calculated the atomic charges with the Gaussian 03 Revision C.02 

software by using the Mulliken (Mull) population analysis, Merz–Kollman (MK) 

electrostatic potential (ESP) method,
110

 natural population analysis (NPA),
111

 and the 

generalized atomic polar tensor (APT).
112

 For the [NO
….

H2O]•, [NO
….

H2O]
+
, and 

[NO
….

H2O]
–
 dimers, we also calculated the Mulliken atomic spin densities, as described 

in Chapter 4. Besides that, for the compounds studied in Chapter 3, we analyzed the 

behavior of the electronic energy and of the Mulliken atomic charges with other 

computational models, namely HF
113

/6–31G,
114

 HF/6–31G(d,p),
115

 and HF/6–

31++G(d,p). We also evaluated the convergence of these properties using the method 

B3LYP with the polarization consistent basis set: pc–n, n = 2–4,
116,117

 as a function of 

the size of this basis. We obtained these basis sets from the Basis Set Exchange 

Database.
118,119

 

Concerning the NO molecule, we used the same computational models mentioned 

in the previous paragraph to investigate the dipole moment and spin densities. We 

extrapolated the electronic energy to infinite basis set in B3LYP/pc–n, n = 2–4, by using 

equation 2.1, suggested by Jensen.
93

 

 

 𝐸𝐿(𝑛𝑠) = 𝐸∞ + 𝐴(𝐿 + 1)𝑒
−𝐵√𝑛𝑠 (2.1) 

 

In this equation, A and B are constants, E∞ is the extrapolated energy to infinity 

basis set, ns is number of s functions, L is the maximum angular moment, and EL(ns) is 

the energy determined by using these parameters. We considered the value of B as 

being equal to six, as suggested by Jensen for the extrapolation.
93

 In this way, we 

calculated the ionization energy for NO and NO
–
 and the electron affinity for NO and 

NO
+
 from extrapolated energies, E∞, with the Origin 8.0 software.

120
 We compared the 

results with experimental data available in CCCBDB.
121

 

Chapters 4–6 describe how we determined the electron density, ρ, for the dimers 

(0
+
, 0•, and 0

–
) and metal complexes 1–14 by using the Gaussian 09 rev. D01 software. 

We performed topological analysis by QTAIM,
122

 AIMALL (Version 14.11.23),
123

 and 

ELF with the Multiwfn 3.3.7 software.
124

 We analyzed the natural bond orbitals by 

means of the NBO
125

 method with the aid of the NBO 6.0 software
126

 interfaced with 
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Gaussian 09 rev. D01. In Chapter 4, we used the NBBP
127

 method to determine the 

polarizability between the occupied natural bond orbitals of NO
….

H2O clusters. Also, 

we analyzed the energy decomposition of the dimers by the LMO–EDA
128

 method with 

the aid of GAMESS (Version 1 May 2013 R1).
129

  

In Chapter 6, we calculated the electronic energy plus the zero point energy (ZPE) 

by using B3LYP/def2–TZVP with ECP and the DKH2 computational models. The 

geometries optimized for 1–10 by treatment based on the use of pseudopotential helped 

to calculate the electronic energy single point by the RI
130

–MP2,
131

 RI–SCS
132

–MP2, 

OO
133

–RI–MP2, OO–RI–SCS–MP2, M06–L,
134

 M06,
135

 M06–2X,
135

 M06–HF,
136

 

BP86–D3BJ,
137

 BP86, B2PLYP,
138

 LC–wPBE,
139

 and B3LYP methods. We compared 

the calculated energies to the energy values obtained with the reference method 

CCSD(T).
140,141

 We conducted the CCSD(T) calculations with Turbomole 6.3. MP2, 

BP86, and B2PLYP
 
 calculations were done with Orca 3.0.2.

97
 We obtained results for 

the M06 functional and its variants M06–L, M06–2X, and M06–HF, as well as for LC–

wPBE and B3LYP with Gaussian 09 rev. D01. 

As for complexes 11–14, in Chapter 7 we used the Multiwfn 3.3.7 software to 

investigate the electronic density in the Ru–NO and Ru–NO2 bond axes from the 

wavefunction calculated with Gaussian 09 rev. D01. We accomplished the DORI 

method with the NCIPLOT software,
142

 modified by introduction of a density–

dependent bonding descriptor.
143

 

We used the Jmol 12.0.48
144

 software and the Jmol – NBO Visualization Helper 

2.1
145

 software to represent the main interactions between the donor and the acceptor 

natural bond orbitals (0•, 0
+
, and 0

–
, well as 11–14, in Chapters 4 and 7, respectively) 

from the NBO method and to represent the polarizability between occupied natural bond 

orbitals (in 0•, 0
+
, and 0

–
; see Chapter 4) from the NBBP method. Besides that, we used 

the Jmol 12.0.48 software to represent (i) the optimized geometries of complexes 0•, 0
+
, 

and 0
–
 (chapter 4) and (ii) the planes in complexes 1–9 (Chapter 5), used as reference to 

construct the ELF color codified map and the ∇2
ρ(r) contour lines map. 

In Chapter 4, we employed the Gaussview 5.0 software
146

 to represent the 

electrostatic potential surfaces of monomers NO, NO
+
, NO

–
, and H2O, and the canonical 

molecular orbitals of the dimers 0•, 0
+
, and 0

–
. In Chapter 5, we also used this software 

to represent the MOs, and we employed the Chimera 1.10.1 software
147

 to represent 3D 

basins obtained by the ELF method. In Chapter 7, we used the Molekel 5.4.0.8 

software
148

 to represent the DORI color codified map for structures 11–14.  
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The MarvinSketch 5.12.3 software
149

 helped to characterize the fragmentation 

model adopted for complexes 0•, 0
+
, and 0

–
. This software also helped to draw the 

structures and chemical reactions like reduction, isomerization, and negative influence 

of Cl
–
 on NH3, as well as, deprotonation, and Ru–NO to Ru–NO2 interconversion in 

complexes 1–14. 

In Chapter 8, we calculated the geometries, vibrational frequencies, and 

electronic energies with the ZORA–BP86/TZ2P computational model, as 

implemented in the Amsterdam Density Functional (ADF) program package.
150-

152
150, 151, 152We also computed the geometries and bond dissociation energies with the out 

relativistic effects to reveal how relativity affects this class of compounds. We will 

discuss the definition of the various components of the bonding mechanism and the 

Voronoi deformation density (VDD) method used to compute and analyze atomic 

charges (and changes therein due to bonding), in the next two sections. 

 

2.2 Molecular Orbital Theory and Decomposition of Interaction 

Energy  

As mentioned above, we analyzed the bonds at the ZORA–BP86/TZ2P level of theory. 

For example, the overall bond energy, ∆Ebond, between trans–[RuCl(NH3)4]
2–q

 and NO
q
 

(q = +1, 0, –1) comprised two major components:
76,153

 

 

 Δ𝐸bond = Δ𝐸strain + Δ𝐸int (2.2) 

 

where the strain energy ∆Estrain is the amount of energy required to deform the 

fragments NO
q
 and trans–[RuCl(NH3)4]

2–q
 from the equilibrium structure to the 

geometry that they acquire in the overall complex trans–[RuCl(NO)(NH3)4]
2+

. The 

interaction energy ∆Eint corresponds to the actual energy change taking place when the 

geometrically deformed trans–[RuCl(NH3)4]
+
 and NO

+
 are combined to form the 

overall complex.  

The interaction ∆Eint can be further analyzed in the framework of the Kohn–Sham 

molecular orbital (MO) model by decomposing the energy into electrostatic interaction, 

Pauli repulsion, and (attractive) orbital interactions (see Eq. 2.3); this method is referred 

to as energy decomposition analysis (EDA): 
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 ∆𝐸int = ∆𝑉elstat + ∆𝐸Pauli + ∆𝐸oi (2.3) 

 

The term ∆Velstat corresponds to the classical electrostatic interaction between the 

unperturbed charge distributions of the deformed trans–[RuCl(NH3)4]
+
 and NO

+
 

fragments. This term is usually attractive. The Pauli–repulsion ∆EPauli refers to the 

destabilizing interactions between occupied orbitals and accounts for the steric 

repulsion. The orbital interaction ∆Eoi in any MO model, and therefore also in the 

Kohn–Sham theory, comprises charge transfer (i.e., donor–acceptor interactions 

between occupied orbitals on one moiety with unoccupied orbitals of the other, 

including the HOMO–LUMO interactions) and polarization (empty–occupied orbital 

mixing on one fragment due to the presence of another fragment). The orbital 

interaction energy can also be decomposed into the contributions from each irreducible 

representation Γ of the interacting system: 

 

 ∆𝐸𝑜𝑖 = ∑ Δ𝐸ΓΓ  (2.4) 

 

At this point, it is worth highlighting that for the fragments with unpaired 

electrons, namely trans–[RuCl(NH3)4]
2+

, NO, trans–[RuCl(NH3)4]
3+

, and NO
–
, we 

selected orbital occupations with one unpaired electron for the two first structures and 

orbital occupations with two unpaired electrons for the last two compounds because 

these cases specifically displayed one unpaired electron in each orbital, and we wished 

to avoid fractional occupation numbers. 

 

2.3 Analysis of the Charge Distribution 

To analyze the electron density distribution at ZORA–BP86/TZ2P, we used the 

Voronoi deformation density (VDD) method,
154,155 which allows to compute atomic 

charges. We computed the VDD atomic charge QA
VDD as the (numerical) 

integral
156 of the deformation density ∆ρ(r) = ρ(r) – ΣB ρB(r) in the volume of the 

Voronoi cell of atom A (Equation 2.5). The Voronoi cell of atom A is defined as the 

compartment of space bound by the bond midplanes on and perpendicular to all 

bond axes between nucleus A and its neighboring nuclei (cf. the Wigner–Seitz cells 

in crystals).
157
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 𝑄𝐴
𝑉𝐷𝐷 = −∫𝑉𝑜𝑟𝑜𝑛𝑜𝑖 𝑐𝑒𝑙𝑙

𝑎𝑡𝑜𝑚 𝐴

[𝜌 (𝒓) − ∑ 𝜌𝐵𝐵 (𝒓)] 𝑑𝒓 (2.5) 

 

In equation 2.5, ρ(r) is the electron density of the molecule, and ΣB ρB(r) is the 

superposition of atomic densities ρB of a fictitious promolecule without chemical 

interactions associated with the situation in which all the atoms are neutral. The 

interpretation of the VDD charge QA
VDD is rather straightforward and transparent. 

Instead of measuring the amount of charge associated with a particular atom A, 

QA
VDD directly monitors how much charge due to chemical interactions flows out 

of (QA
VDD > 0) or into (QA

VDD < 0) the Voronoi cell of atom A; that is, the region 

of space that is closer to nucleus A than to any other nucleus. 

Instead of measuring the flow of electronic density with the promolecule as the 

initial density, the charge rearrangements can be measured with the sum of poly–

atomic subsystems ρi as initial density. 

 

 ∆𝑄𝐴
𝑉𝐷𝐷 = −∫ ⌈𝜌(𝒓) − ∑ 𝜌𝑖(𝒓)𝑠𝑢𝑏𝑠𝑦𝑠𝑡𝑒𝑚𝑠 ⌉𝑑𝒓𝑉𝑜𝑟𝑜𝑛𝑜𝑖 𝑐𝑒𝑙𝑙 𝑜𝑓 𝐴

𝑖𝑛 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

  

 ∆𝑄𝐴
𝑉𝐷𝐷 = −∫𝑉𝑜𝑟𝑜𝑛𝑜𝑖 𝑐𝑒𝑙𝑙 𝑜𝑓 𝐴 𝑖𝑛 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

𝑎𝑡𝑜𝑚 𝐴

 [𝜌 (𝒓) − ∑ 𝜌𝑖𝑠𝑢𝑏𝑠𝑦𝑠𝑡𝑒𝑚𝑠 (𝒓)] 𝑑𝒓 (2.6) 

 

Equation 2.6 offers a direct insight into the redistribution of the electronic density 

caused by formation of a bond between polyatomic subsystems.
158

 In the next chapters, 

we will use this last scheme to reveal how bonds between polyatomic fragments (such 

as, a ligand coordinating to a transition–metal center) modify the electron density 

distribution on a per atom basis. 
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3   NO, NO+, and NO–: A Computational Quantum 

     Chemistry Experiment 

__________________________________________ 

 

Parts of this chapter previously appeared as 

 

Molecular Orbitals of NO, NO
+
, and NO

–
: A Computational Quantum Chemistry 

Experiment 

Orenha, R. P.; Galembeck, S. E. 

Journal of Chemical Education 2014, 91 (7), 1064–1069 

 

3.1 Introduction 

Due to the peculiar characteristics of nitric oxide, this molecule was used several times 

to illustrate different concepts in chemical education literature. The concept of an 

electron paramagnetic resonance spectrum was explained by using this substance in the 

gas phase.
159

 The nitric oxide–oxygen reaction was used in the determination of the 

integrated rate equation by kinetic models.
160

 The Lewis dot structure and molecular 

orbital theory of NO, NO
+
, and NO

–
 were studied,

161
 to understand changes of bond 

order and vibration frequency of nitric oxide with the oxidation and reduction of one 

electron.
162

 

Because computational quantum chemists face the challenge of obtaining reliable 

thermochemical data with “chemical precision” of 1 kcal/mol, scientists have developed 

many methods to accurately calculate molecular energies.
163

 One strategy has been the 

use of hypothetical reactions in which the type of bonds cleaved in the reactants is the 

same as those formed in the products, the so–called isodesmic reactions. Other approach 

proposed by various authors is the use of composite methods that afford accurate results 

after conducting a series of increasingly complex steps.  

Another approach to this problem has been to perform a series of calculations 

with systematically large basis sets and extrapolate the energy to an infinite basis set. 

These calculations normally involve correlated methods, such as CCSD(T), and 

correlation consistent basis sets, like cc–pVxZ, where x = 2–7, which precludes the 
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application of this technique to large molecules. Some years ago, Jensen proposed a 

series of basis sets that present a convergent behavior for use in DFT methods: the 

polarization consistent basis, pc–n, n = 0–4, which opened the possibility to overcome 

the limit of a finite basis set for large systems. In contrast, the energy calculated by 

Pople’s basis sets does not present a convergent behavior, and this precludes the 

extrapolation of energy to an infinite basis. This is due to different primitive GTOs that 

are present in the basis sets, and the lack of higher angular momentum functions.
93

 

Therefore, this fact is important to demonstrate that only some special designed basis 

sets support extrapolation of the energy to an infinite basis set. Also it is important to 

mention that only the energy presents a convergent behavior with the increase of a basis 

set. 

Therefore, in this chapter, a computational experiment is presented. The objective 

is to study the chemical bond and the energy levels of NO, NO
+
, and NO

–
. These three 

species are examined via qualitative molecular orbital (QMO) and computational 

quantum chemistry exercises. Additionally, the behavior of some properties with 

increasing basis set and the accurate energy calculations by the extrapolation to an 

infinite basis set is explored. 

 

3.2 Experimental Overview  

Before the experiment, the students had to draw the Lewis structure and the qualitative 

valence MO energy level diagram of all the species. Then, they obtain experimental 

data on Computational Chemistry Comparison and Benchmark Database (CCCBDB), 

and they used the Extended Hückel Theory (EHT) method, to obtain the MOs and the 

MO diagram. A DFT method furnished the geometries, vibrational frequencies, partial 

atomic charges, by several different schemes, and spin densities.  

This exercise highlights the difficulty in the determination of atomic charge, 

because it is not physically observable, and by consequence there is not a quantum 

mechanical operator for this measure. It was possible to calculate several properties 

with a series of 6–31G and pc–n, n = 1–4, basis set, and to analyze the convergent 

behavior. At the end of the experiment, the students calculated the B3LYP/pc–∞ 

energies and compared the results with experimental ionization energy (IE) and electron 

affinity (EA) of NO. 
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This computational experiment is scheduled for two laboratory lessons of two 

hours. Students worked individually, but the experiment can be done for groups of two 

or three students. Also, it is possible for students to do some parts of this experiment as 

homework, for example, the Lewis structures and QMO analysis, EHT calculations, and 

the extrapolation of the energy to an infinite basis set. This experiment can be applied 

from advanced undergraduate to beginning postgraduate students in Applied Quantum 

Chemistry courses, but also it could be part of an Experimental Physical Chemistry 

course. 

 

3.3 Lewis Structures and QMO Diagrams 

Initially, the students had to obtain the Lewis structures for NO, NO
+
, and NO

–
, 

including formal charges and bond orders. They also obtained bond length changes and 

found out in which atom the NO unpaired electron was located (Figure 3.1). 

 

 

Figure 3.1 Lewis structures for NO (A), NO
+
 (B), and NO

–
 (C). 

 

The formal charges on the oxygen and nitrogen can be calculated by 

 

 𝑞𝐹 = 𝑛𝑒𝑣
° − 0.5(𝑛𝑡𝑐

° ) − 𝑛𝑒𝑖
°  (3.1) 

 

where q
F
 is the formal charge, nev

∘  is the number of valence electrons of the isolated 

atom in the ground state, ntc
∘  is the total number of electrons shared with other atoms in 

the molecule via covalent bonds, and nei
∘  is the number of nonbonding valence electrons 

on this atom in the molecule. 

Using the 2s and 2p atomic orbital energies of N and O [N(2s) = –25.5 eV, N(2p) 

= –13.1 eV, O(2s) = –32.3 eV, and O(2p) = –15.9 eV],
164

 it was possible to build the 

qualitative molecular orbital energy (QMO) level diagram for NO (Figure 3.2). This 

diagram revealed changes in bond orders, bond lengths, and vibrational frequencies. It 

was possible to localize the unpaired electron and to determine the nature of HOMO, or 

SOMO, and LUMO. The diagram also furnished the spin multiplicities: NO = doublet, 
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NO
+
 = singlet, and NO

–
 = triplet or open–shell singlet. According to Hund rules, the 

triplet state is the most stable.
165

 

 

 

Figure 3.2 Valence qualitative molecular orbital energy level diagram for NO. 

 

3.4 Finding the Experimental Data 

Initially, the students had to access the CCCBDB website and obtain experimental bond 

lengths, vibrational frequencies, and zero point energies for NO, NO
+
, and NO

–
 (Table 

3.1). 

 

Table 3.1 Bond lengths (r), vibrational frequencies (ν), and zero point energies (ZPE) 

for NO
x
 (x = 0, +1, –1) to both: experimental and, calculated with B3LYP/6–31+G(d,p). 

 

r(Å) ν(cm
–1

) EZPE(cm
–1

) 

x exp calc exp calc exp calc 

1 1.066 1.073 2377 2480 1174.33 1240.03 

0 1.154 1.158 1904 1980   948.64   990.05 

    –1 1.258 1.271 –
a
 1425 –

a
   712.41 

a Not found. 
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All the results of NO
–
 refer to the most stable triplet spin state, except where 

indicated. Students were able to observe that the changes in r and in ν matched those 

predicted by the qualitative molecular orbital energy level diagram (Figure 3.1). 

 

3.5 MO Energy Level Diagram 

Using the EHT method, it was possible to calculate the molecular orbital energy level 

diagram and the molecular orbitals of NO as well as the atomic orbital coefficients of 

the N and O atoms at the molecular orbitals of compound NO (Table S3.1 and Figures 

3.3 and 3.4). From the molecular orbital diagram and the plots of the molecular orbitals, 

students concluded that the electron density was concentrated in the oxygen in all the 

studied compounds, because the atomic orbitals of this element had lower energy, as 

oxygen has higher electronegativity than nitrogen.  

 

 

Figure 3.3 Valence molecular orbital energy level diagram of NO obtained by the EHT 

method. 

 



 

36 

 

 

Figure 3.4 Valence molecular orbitals of NO. 

 

In NO, the unpaired electron is located in the nitrogen, because, as an antibonding 

orbital, 1π
*
 is concentrated in the element with lower electronegativity. Students were 

able to notice that the EHT molecular energy level diagram agreed with the qualitative 

energy level diagram, except for the inversion of 2σ and 1π molecular orbitals. The NO 

molecular orbital energy level diagram is similar to that of oxygen. The destabilization 

of 2σ arises from the small contribution of 2s orbitals to this MO.
166

 

In addition, it is particularly important to discuss the changes of the orbitals 

energies with the modification of the number of electrons in the structure of compounds 

NO
x
, x = –1, 0, and +1. This concept is called orbital relaxation because in Koopman’s 

theorem, where this term is ignored, the orbitals are “frozen”, in other words, the 

orbitals energies do not change with oxidation or reduction of compound.
8
 Then, for the 

cation, the lack of one electron promotes a contraction of orbitals decreasing their 

energies because the electrons are closer to the nucleus. However, for the anion, the 

addition of one electron causes the expansion of orbitals, increasing their energies 

because the electrons are far from the core. 
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3.6 Calculated Geometries and Vibrational Frequencies 

Table 3.1 lists the results for the optimized geometries and calculated vibrational 

frequencies. The NO
–
 triplet spin multiplicity was considered. The students were able to 

observe that the calculated bond lengths were closer to the experimental ones. The 

stretching frequency was larger than the experimental one for the neutral and the 

cationic compounds; the reasons for this discrepancy were the approximations of 

computational models and nonharmonic nature of potential energy surface.
110

 Also, it 

was worth mentioning the use of scale factors and conducting scaling of vibrational 

frequencies and zero–point energies. 

 

3.7 Partial Atomic Charges and Spin Density 

In the neutral compound the unpaired electron was localized mainly in the nitrogen 

(Table 3.2); the NO
–
 spin density was also concentrated on the nitrogen. These data 

agreed with the molecular orbital diagram (Figure 3.2) and extended Hückel 

calculations (Figure 3.3). Mulliken atomic charges predicted that the electron density 

was concentrated on the nitrogen, especially for the neutral compound and the anion. 

This did not agree with the electronegativity order and could stem from the population 

of the antibonding 1π
*
 orbital in neutral and –1 species. A recent determination of the 

sign of the NO dipole moment indicated that the negative charge was concentrated in 

the nitrogen,
167

 in contrast with the most accepted dipole moment for this molecule, 

0.153 D.
110

 The value obtained from the expectation dipole moment operator value was 

0.154 D, calculated by B3LYP/6–31+G(d,p). 

 

Table 3.2 Spin densities (ρ), partial atomic charges (qi), and electric dipole moment (μi), 

where i is the method used to calculate the charge, by B3LYP/6–31+G(d,p), for NO
x
 (x 

= 0, +1, –1). 

x ρ/a.u. qMull/a.u. qMK/a.u. qNPA/a.u. qAPT/a.u. 

 
N O N O N O N O N O 

1 – –   0.404   0.404   0.554   0.446   0.800   0.200   0.680   0.320 

0 0.718 0.282 –0.134   0.134 –0.010   0.010   0.202 –0.202   0.182 –0.182 

–1 1.472 0.528 –0.896 –0.104 –0.610 –0.390 –0.398 –0.602 –0.234 –0.766 

 

A very interesting point to discuss was how to calculate the atomic charges and 

how to interpret their theoretical meaning, since they are not physically observable. The 
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instructor could propose that students calculated atomic charges using different 

procedures, such as ESP (electrostatic potential), NPA, and APT, that employs 

distinctive methods or properties to obtain those quantities. The results indicated that 

each method predicted a very different distribution of the partial atomic charges, and 

that the polarity of the NO bond was even reversed (Table 3.2). 

Also, the results did not agree with the formal charges. Because no agreement on 

the most reliable method to calculate atomic charges was achieved, using the dipole 

moment of the neutral compound to obtain the partial atomic charges was an alternative 

strategy, because μ was physically observable and reflected the charge distribution. All 

the procedures predicted very high μ (μMull= 0.745 D; μNPA= 1.126D and μNPA= 1.013 

D), except the MK method (μMK= 0.057 D), as compared with the experimental values 

or values calculated by the μ operator. One way to partially obtain a more reliable ESP 

charge distribution was to constrain the partial atomic charges to reproduce μ. 

 

3.8 Analysis of Some Properties with Changes in the Basis Set 

A very interesting issue is how the calculated parameters, as such electronic energy, 

electric dipole moment, Mulliken partial atomic charge, and spin density, change with 

increasing basis set, for a given method, like Hartree–Fock. 

Students investigated the effect of adding polarization and diffuse functions in the 

6–31G basis set, 6–31G(d,p), and 6–31++G(d,p) for NO
–
, NO, and NO

+
, using 

B3LYP/6–31+G(d,p) geometries (Table 3.3 and Tables S3.2 and S3.3). They calculated 

the dipole moment only for NO, because this is not physically observable for charged 

species. Students saw that only the electronic energy decreased with increasing basis set 

for all compounds, following the variational theorem. Other properties presented a 

monotonic variation in a few cases.  
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Table 3.3 Electronic energy (E), electric dipole moment (μ), Mulliken partial atomic 

charge for atom A [q(A)], and spin density [ρ(A)], calculated by the Hartree–Fock 

method with 6–31G, 6–31G(d,p), and 6–31++G(d,p) basis sets, for NO. 

 
6–31G 6–31G(d,p) 6–31++G(d,p) 

E/Hartree –129.173945 –129.245835 –129.249582 

µ/D 0.310 0.288 0.297 

q(N)/a.u. 0.242 0.201 0.017 

q(O)/a.u. –0.242 –0.201 –0.017 

ρ(N)/a.u. 1.370 1.026 1.050 

ρ(O)/a.u. –0.370 –0.026 –0.050 

 

Students compared the behavior of the HF/6–31G series of basis sets with 

B3LYP/pc–n, n = 1–4, for the same properties and compounds, using B3LYP/6–

31+G(d,p) geometries (Table 3.4 and Tables S3.4 and S3.5). The pc–n calculations were 

made by using a density functional because these bases were built to study the 

convergence of the energy to an infinite basis set. The same observations made for 6–

31G basis were valid for increasing of pc–n basis set, for which only the energy 

decreased uniformly. Mulliken atomic charges, spin densities, and NO dipole moment 

presented a monotonic variation in a few cases. 

 

Table 3.4 Electronic energy (E), electric dipole moment (μ), Mulliken partial atomic 

charge for atom A [q(A)], and spin density [ρ(A)] for NO, calculated by the B3LYP/pc–

n, n = 1–4, computational model. 

 

pc–1 pc–2 pc–3 pc–4 

E/Hartree –129.868301 –129.947750 –129.955099 –129.955519 

µ/D 0.020 0.074 0.101 0.104 

q(N)/a.u. 0.098 0.071 0.000 0.043 

q(O)/a.u. –0.098 –0.071 0.000 –0.043 

ρ(N)/a.u. 0.698 0.704 0.701 0.669 

ρ(O)a.u. 0.302 0.296 0.299 0.331 

 

By comparing the electronic energy between different species using the same 

computational model, students concluded that the energies for the 6–31G series basis 

sets varied as follows: NO < NO
–
 < NO

+
. In contrast, for pc–n the stability depended on 

the basis set size. For pc–1: NO < NO
–
 < NO

+
; for pc–2 to pc–4, NO

–
 < NO < NO

+
. The 

last methods agreed with the qualitative molecular orbital energy level diagram, which 

predicted that NO
+
 was the most stable, followed by NO and NO

–
. Using the 
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experimental ionization energy (IE) and electron affinity (EA) for NO, IE = 9.284 eV 

and EA = 0.026 eV,
121

 the stability order was similar to that obtained for the pc–n, n = 

2–4, basis. 

 

3.9 Convergence of Energies for an Infinite Basis Set 

By using equation 3.1, it was possible to extrapolate the energies of B3LYP/pc–n to an 

infinite basis set, or to obtain the energies of studied species for B3LYP/pc–∞. This 

procedure should remove any error from the finite basis set, and any remaining 

disagreement with experimental results could stem from the calculation method. The 

extrapolations were made with the pc–2 to pc–4 basis, because the pc–1 basis was very 

small and the calculated energies were very high as compared with more polarized basis 

sets. Table 3.5 presents the results of the extrapolated IE and EA. The extrapolated IE 

value of NO, 9.684 eV, agreed with the experimental value (mentioned in paragraph 

above). The same did not happen for EA in the case of this species, 0.314 eV. The 

difference between the calculated and experimental values could result from the small 

value of this parameter, and because the calculated EA corresponded with the difference 

between two large electronic energies. 

 

Table 3.5 Extrapolated electronic energies (E∞), ionization energies (IE∞), and electron 

affinities (EA∞), for NO
x
 (x = 0, +1, –1) by B3LYP/pc–∞. 

NO 1 0 –1 

E∞/Hartree –129.59965 –129.955519 –129.96705 

IE∞/Hartee – 0.355868 0.011531 

EA∞/Hartree 0.355868 0.011531 – 

 

3.10 Conclusions 

This chapter presents a computational experiment that explores the chemical bond and 

the energy levels of NO, NO
+
, and NO

–
 using molecular orbital theory. From a 

qualitative exploration of the Lewis structure and the MO diagram, it is possible to 

obtain several properties, such as the charge concentration, changes in bond lengths, and 

stability. Then, experimental data is obtained by a search on Internet databases. 

Calculated bond lengths and vibrational frequencies are compared with experimental 

values, and the discrepancies are explored. Partial atomic charges are calculated by 

several approaches, and the NO electric dipole moment calculated from them is 
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compared with experimental data. It is possible to study how a property changes with 

growing basis set and to obtain the electronic energies extrapolated to an infinite basis 

set. 

These experiments reinforce several concepts, including the qualitative molecular 

orbital theory and some of its applications. Results from molecular orbitals calculations 

can be compared with experimental ones. Also, two topics of great current interest are 

explored: the changes in properties with increasing basis sets and the calculation of 

accurate electronic energies. It is possible to draw students’ attention to some recent 

problems in computational chemistry. 

Students present a high interest during this experiment, where they presented 

questions about the application of the points discussed to more complex systems. They 

also reported the utility to learn how to obtain data from Internet databases, and the 

central role of the comparison of experimental and computational data. Besides, the 

experiment allowed development of some principles involving chemical bonding and 

computational quantum chemistry. 
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3.11 Supplementary Material 

Table S3.1 NO molecular orbitals in terms of atomic orbital coefficients.
a
 

 
1σ 1σ

*
 1πx 1πy 2σ 1π

*
x 1π

*
y 

 
N O N O N O N O N O N O N O 

s 0.414 0.735 0.705 –0.429 0.000 0.000 0.000 0.000 0.291 0.159 0.000 0.000 0.000 0.000 

px 0.000 0.000 0.000 0.000 –0.495 –0.726 –0.146 –0.215 0.000 0.000 0.877 –0.682 –0.092 0.072 

py 0.000 0.000 0.000 0.000 –0.146 –0.215 0.495 0.726 0.000 0.000 –0.092 0.072 –0.877 0.682 

pz 0.103 0.009 –0.365 –0.415 0.000 0.000 0.000 0.000 –0.563 0.704 0.000 0.000 0.000 0.000 
a the NO bond is oriented in the z axis. 

 

Table S3.2 Electronic energy (E), Mulliken partial atomic charge for atom A [q(A)], and spin density [ρ(A)], for NO
–
, calculated by the Hartree–

Fock method with the 6–31G, 6–31G(d,p), and 6–31++G(d,p) basis sets. 

HF           6–31G             6–31G(d,p)                  6–31++G(d,p) 

E/Hartree –129.167913 –129.213273 –129.241823 

q(N)/a.u.       –0.252       –0.316         –0.472 

q(O)/a.u.       –0.748       –0.684         –0.528 

ρ(N)/a.u.        1.600        1.586          1.654 

ρ(O)/a.u.        0.400        0.414          0.346 
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Table S3.3 Electronic energy (E) and Mulliken partial atomic charge for atom A [q(A)] 

for NO
+
, calculated by Hartree–Fock method with 6–31G, 6–31G(d,p), and 6–

31++G(d,p) basis sets. 

HF      6–31G      6–31G(d,p)       6–31++G(d,p) 

E/Hartree –128.799820 –128.905705 –128.908499 

q(N)/a.u.        0.802        0.747          0.464 

q(O)/a.u.        0.198        0.253          0.536 

 

Table S3.4 Electronic energy (E), Mulliken partial atomic charge for atom A [q(A)], 

and spin density [ρ(A))] for NO
–
, calculated by B3LYP/pc–n, n = 1–4, computational 

model. 

B3LYP      pc–1      pc–2      pc–3      pc–4 

E/Hartree –129.856788 –129.952074 –129.964870 –129.966569 

q(N)/a.u.       –0.449       –0.480       –0.638       –0.812 

q(O)/a.u.       –0.551       –0.516       –0.362       –0.188 

ρ(N)/a.u.        1.409        1.436        1.434        1.393 

ρ(O)/a.u.        0.591        0.564        0.566        0.607 

 

Table S3.5 Electronic energy (E) and Mulliken partial atomic charge for atom A [q(A)] 

for NO
+
, calculated by B3LYP/pc–n, n = 1–4, computational model. 

B3LYP      pc–1      pc–2      pc–3      pc–4 

E/Hartree –129.509555 –129.592096 –129.599306 –129.599650 

q(N)/a.u.        0.651        0.624        0.622        0.628 

q(O)/a.u.        0.349        0.376        0.378        0.372 

 

STUDENT HANDOUTS 

Protocol 

1. Discuss the Lewis structures of compounds NO, NO
+
 and NO

–
 correlating 

with the qualitative MO energy level diagram of the first molecule. 

2. Use the extended Hückel theory, EHT, with the aid of the SAMOA 1.0 

software, to provide the molecular orbital diagrams for NO, NO
+
, and NO

–
. 

3. With the computational model B3LYP/6–31+G(d,p) and Gaussian03 

software suite, optimize the geometries of all molecules. 

4. Next, with the same model and software, calculate the vibrational 

frequencies, and then, the charges with the methods: Mulliken (Mull) partition, 
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electrostatic potential (ESP), Merz–Kollman (MK) method, natural population analysis 

(NPA), and generalized atomic polar tensor (APT). 

5. Change the computational model, HF/6–31G, HF/6–31G(d,p), and HF/6–

31++G(d,p), and analyze the behavior of the electronic energy and of Mulliken atomic 

charges for all the species. 

6. Study the convergence of the increase of basis sets in B3LYP/pc–n, n = 2–4, 

for the properties highlighted in topic 5. 

7. For NO, study the changes of dipole moment and spin densities with relation 

the different computational methods used. 

8. Extrapolate the electronic energy to the infinite basis set from B3LYP/pc–n, n 

= 2–4, through of equation suggested by Jensen. 

9. Finally, calculate the NO and NO
–
 ionization energies and the NO and NO

+
 

electron affinities from the extrapolated energies, E∞. 

 

Special Note 

 Search the indicated experimental data by laboratory experiment on 

Computational Chemistry Comparison and Benchmark DataBase (CCCBDB) and 

compare with all the respective calculated parameters. 
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4   The Nature of the Interaction of NO, NO+, and 

      NO– with H2O 

__________________________________________ 

 

Parts of this chapter previously appeared as 

 

Computational Study of the Interaction between NO, NO
+
, and NO

–
 with H2O 

Orenha, R. P.; San Gregorio, L. R.; Galembeck, S. E. 

Journal of Molecular Modeling 2016, 22 (11), 276 

 

4.1 Introduction 

Because of the importance of NO and its charged derivates NO
+
 and NO

–
 as well as due 

to the central role of water as biosolvent, it is of interest to study the interaction between 

NO with clusters of H2O molecules.
168

 

Intermolecular forces are fundamental to understand chemical systems at the 

molecular level. These interactions help to rationalize the thermodynamic properties of 

the solid, liquid, and gas phases: in general, many interactions between molecules 

account for the higher melting, vaporization, and sublimation energies of a given 

substance.
165

 The study of intermolecular forces in weakly bound complexes is relevant 

for several areas like atmospheric chemistry, catalysis, drug design, crystal 

engineering,
169

 surface chemistry, and biological processes.
14

 In the latter case, intra– 

and intermolecular interactions taking place in the three–dimensional structure of 

proteins reflect many properties of these macromolecules. Another factor is that 

molecular recognition in biological systems occurs through specific interactions 

between a pair of molecules.
170

 

The nature of the interaction between NO and H2O molecules in the complex 

NO•….
H2O has been the target of many theoretical and experimental studies. Mulliken 

population analysis has indicated that charge reduction happens preferentially around 

NO,
168

 whereas investigation into clusters; e.g., NO•….
H2O, by mass spectrometry with 

multiphoton ionization has pointed to preferential NO oxidation.
5
 Moreover, the 

potential energy surfaces calculated for NO•….
H2O,

171
 NO

+….
H2O,

172
 and NO

–….
H2O

173
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by different computational models, including CCSD(T)/6–311++G(2d,p), has helped to 

identify the global minima. Interaction energies corrected by basis set superposition 

error (BSSE) have been determined for all the three structures.
172,174

  

The symmetry–adapted perturbation theory (SAPT) method has demonstrated that 

interaction between NO and H2O has a predominant electrostatic character for large 

distances; at shorter distances, there is an important contribution from the exchange 

term as well as from the induction and dispersion effects, albeit to a lesser extent.
14

 The 

experimental vibrational spectrum does not present the stretching bands corresponding 

to the HOH
….

NO bond, which evidences a small dissociation energy, in accordance 

with DFT calculations through B3LYP/6–311++G(2d,2p), D0= 0.76 kJ mol
–1

.
175

 In 

addition, molecular dynamics calculations have shown that the NO molecule has a small 

tendency to establish hydrogen bonds with H2O in aqueous solvent, so it practically 

does not interfere in the H2O structure.
176

 Some thermodynamics parameters, such as 

enthalpy, entropy, and the Gibbs energy for the NO
+….

H2O dissociation energy have 

been calculated by MP4(SDQ)/6–311+G(2d,2p)//MP2/6–311+G(2d,2p).
177

 

Then, due the topics highlighted about the NO chemistry, this chapter 

investigates, first, the optimized geometries for [NO
….

H2O]• (complex 0•), [NO
….

H2O]
+
 

(complex 0
+
), and [NO

….
H2O]

–
 (complex 0

–
). Next, the frontier molecular orbitals are 

analyzed with the Mulliken spin densities allowing the identification of the reduction 

and oxidation sites.  

Additionally, for the clusters, this section uses the analysis of the electronic 

structure by quantum theory of atoms in molecules (QTAIM), electron localization 

function (ELF), natural bond orbital (NBO), natural bond−bond polarizability (NBBP), 

and localized molecular orbital energy decomposition (LMO–EDA) to evaluate the 

nature of intra– and intermolecular chemical bonds. To conclude, the electrostatic 

surface potential (ESP) on monomers: H2O, NO
+
, NO•, and NO

–
 will provide a reason 

for relative position of these molecules in the dimers, and put a scale to the Coulombic 

attractions that will be established in the complexes. 

 

4.2 Conformations of Global Minimum of Energy 

It is possible to observe that the nature of the interaction between H2O and NO 

molecules depends on the total charge of the studied complexes (Figure 4.1), in 

agreement with literature data.
171–173

 In the neutral (ON•….
H–OH) and anionic (NO

–
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….
H–OH) complexes, the molecules interact by hydrogen bonds, whereas in the cationic 

complex (ON
+….

OH2) nitrogen interacts with the H2O oxygen. 

 

 

Figure 4.1 Representation of the relative position of the molecules NO and H2O: (a) 

[NO
….

H2O]
+
 (complex 0

+
), (b) [NO

….
H2O]• (complex 0•), and  (c) [NO

….
H2O]

–
, 

(complex 0
–
). Colors: hydrogen (white), nitrogen (blue), and oxygen (red). 

 

4.3 Frontier Molecular Orbitals and Atomic Spin Densities 

In addition, the nature of intermolecular interactions was explored by using frontier 

orbitals. Analysis of the SOMO and LUMO (beta) of complex 0•, of the LUMO of 

complex 0
+
, and of the SOMO of complex 0

–
 allows to verify that the π

*
 orbitals 

localized in NO presents the largest contribution for the interaction between NO and 

H2O, whereas the orbitals localized in H2O contribute to this interaction to a lesser 

extent (Figure 4.2). For complex 0•, the result described above agrees with literature 

data indicating that NO interaction with H2O breaks down the degeneracy of the π
*
 

orbital in NO.
14

 The HOMO of complex 0
+
 largely contributes to the π orbital localized 

in H2O, and the LUMO (beta) of complex 0
–
 shows that the π

*
 orbital of NO 

predominates. 

 

 

Figure 4.2 Frontier molecular orbitals representation of complexes (a) 0
+
, (b) 0•, and (c) 

0
–
 (isovalue = 0.02). 
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The atomic spin densities in the complex 0
+
 show values equal to zero. However, 

in 0• and 0
–
, this parameter indicates that the unpaired electrons are localized in NO 

nitrogen atom (Table 4.1). Then, the lone electron pair localized in the NO
–
 nitrogen 

atom are unpaired, ↑↑, so they cannot establish a hydrogen bond with H2O. This is the 

reason why the interaction is preferentially NO
–….

H–OH. 

 

Table 4.1 Mulliken atomic spin density [sAtom(Molecule) in a.u.] for complexes 0
+
, 0•, 

and 0
–
. 

 
0

+
 0• 0

–
 

sO(NO) 0.000 0.295 0.467 

sN(NO) 0.000 0.695 1.520 

sH(H2O) 0.000 (0.000)–(0.007) (–0.001)–(0.007) 

sO(H2O) 0.000 0.003 0.006 

 

4.4 Analysis of Geometry and Electron Density 

Over the last decades, many methods have been developed to analyze the electron 

density and help to understand the nature of chemical bonds. Two of these methods 

perform the topological analysis of electron density, QTAIM and ELF. Intermolecular 

interactions can be quantitatively analyzed by these methods, and the nature of these 

interactions can be classified as being predominantly ionic or covalent. First, the 

geometric parameters (Table 4.2) show that oxidation or reduction of complex 0• 

shortens the intermolecular distance between NO and H2O and promotes larger changes 

on going from complex 0• to 0
–
, as observed for r(NO

–….
H–OH) < r(ON

+….
OH2) < 

r(ON•….
H–OH). 

 

Table 4.2 Lengths (r in Å), and angles (< in degrees) of the chemical bonds in 

complexes 0
+
, 0•, and 0

–
. 

 
0

+
 0• 0

–
 

r(N–O) 1.088 1.156 1.275 

r(H–O) 0.972–0.973 0.965–0.967 0.965–0.998 

r(ON
+….

OH2) 2.071 – – 

r(ON•….
H–OH) – 2.356 – 

r(NO
–….

H–OH) – – 1.738 

<(H–O–H) 109.6 105.8 101.2 
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Based on the QTAIM method, there are bond critical points (BCPs) between the 

nitrogen and hydrogen atoms in complex 0•, between the nitrogen and H2O oxygen in 

complex 0
+
, and between NO oxygen and hydrogen in complex 0

–
 (Figure 4.3). 

 

 

Figure 4.3 Critical points and paths of the chemical bonds present in complexes (a) 0
+
, 

(b) 0•, and (c) 0
–
. 

 

These BCPs suggest the existence of intermolecular interactions between H2O and 

NO with different charges. Nevertheless, it is important to remember the wide current 

literature debate about the significance of BCPs, especially when atoms that 

traditionally have steric interactions are involved; e.g., ortho hydrogens in biphenyl.
178

 

Furthermore, on going from 0• to 0
+
 and from 0• to 0

–
, the electron density at critical 

points localized between NO and H2O increases, mainly for complex 0
+
 (Table 4.3). 

These higher electron density values between NO and H2O obtained for charged 

compounds as compared to the neutral complex explain the different representations of 

the bond paths in Figure 4.3, continuous or hatched lines. 

Another point is that the Laplacian of the electron density in these complexes is 

positive due to these interactions, which indicates a larger ionic character. Increasing 

and decreasing atomic charges in the NO nitrogen atom on going from 0• to 0
+
 and from 

0• to 0
–
, respectively, augments the ionic character of these bonds. Ellipticity, ε, in the 

BCPs of these interactions also increases on going from 0• to 0
+
 and from 0• to 0

–
, 

pointing to a more elliptical distribution of the electrons along the bond axis of the 

charged systems, mainly in 0
+
. Based on the delocalization indexes between the atoms 

(Table 4.3), a larger number of shared electrons exist in the intermolecular bond in 

complex 0
+
 as compared to 0• and 0

–
. 
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Table 4.3 Electron density [ρ(r) in a.u.], Laplacian of ρ(r) [∇2
ρ(r) in a.u.], and ellipticity 

(ε in a.u.) in the bond critical points (BCPs) and delocalization index between the atoms 

{DI[Atom(Molecule),Atom(Molecule)] in a.u.} in complexes 0
+
, 0•, and 0

–
. 

 
0

+
 0• 0

–
 

ρ(r)(N–O)                 0.688                   0.576                  0.424 

ρ(r)(H–O)       0.347–0.348         0.362–0.364        0.324–0.365 

ρ(r)(ON
+….

OH2)                 0.054 – – 

ρ(r)(ON•….
H–OH) –                   0.011 – 

ρ(r)(NO
–….

H–OH) – –                  0.041 

∇2
ρ(r)(N–O)                –2.997                 –1.985                –0.894 

∇2
ρ(r)(H–O) (–2.127)–(–2.099) (–2.064)–(–2.059) (–2.023)–(–1.833) 

∇2
ρ(r)(ON

+….
OH2)                 0.226 – – 

∇2
ρ(r)(ON•….

H–OH) –                   0.032 – 

∇2
ρ(r)(NO

–….
H–OH) – –                  0.112 

ε(N–O)                 0.021                   0.073                  0.008 

ε(H–O)                 0.024                   0.027                  0.023 

ε(ON
+….

OH2)                 0.107 – – 

ε(ON•….
H–OH) –                   0.015 – 

ε(NO
–….

H–OH) – –                  0.064 

DI[N,O(H2O)]                 0.367 – – 

DI(N,H) –                   0.040 – 

DI[O(NO),H] – –                  0.111 

 

At this point, the map of the electron localization function codified by colors 

allows identification of the electron basins, representing the electron pairs and the intra– 

and intermolecular chemical bonds (Figure 4.4).  

 

 

Figure 4.4 Map in 2D codified by colors of the electron localization function in 

complexes (a) 0
+
, (b) 0•, and (c) 0

–
. 

 

According to this map, no intermolecular electron basins exist in complexes 0•, 

0
+
, and 0

–
. This result indicates that these interactions are predominantly ionic, as 

verified by the QTAIM method. Another point is that on going from 0• to 0
+
 and on 
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going from 0• to 0
–
, the sum of the electron delocalization index between the basins 

increases ΣDI{V[N(NO)],V(O,H)} < ΣDI{V[O(NO)],V(O,H)} < 

ΣDI{V[N(O)],V[O(H2O)]}), showing that the number of electrons shared by the 

charged systems also augments (Table 4.4). 

 

Table 4.4 Population {N[V(Atom)(Molecule)] in a.u.} and sum of the delocalization 

index of electrons between the valence basins 

{ΣDI[V(Atom)(Molecule),V(Atom)(Molecule)]} of complexes 0
+
, 0•, and 0

–
. 

 
0

+
 0• 0

–
 

N[V(N,O)] 2.88 2.01 1.16 

N[V(H,O)] 1.70–1.72 1.68–1.69 1.67–1.71 

ΣN[VN(NO)] 2.99 3.91 4.79 

ΣN[V(O)(NO)] 4.10 4.85 5.77 

ΣN[V(O(H2O)] 4.26 4.50 4.54 

ΣDI{V[N(NO)],V[O(H2O)]} 0.26 – – 

ΣDI{V[N(NO)],V(O,H)} – 0.05 – 

ΣDI{V[O(NO)],V(O,H)} – – 0.14 

 

4.5 The NO….H2O Interactions from NBO and NBBP Methods 

The NBO method was used to identify the natural bond orbitals localized in the 

monomers NO and H2O that account for the interactions that promote stabilization of 

complexes 0•, 0
+
, and 0

–
 (Figure 4.5). 

 

  

Figure 4.5 Representation of the main interactions between donor and acceptor NBOs 

localized in the molecules NO and H2O of complexes (a) 0
+
, (b) 0•, and (c) 0

–
 (isovalue 

= 0.05). 

 

The strength of this interaction was measured by the second–order stabilization 

energy, ΔE
(2)

, that in turn is inversely proportional to energy differences, εi–εj, and is 

proportional to the square of the off–diagonal NBO Fock matrix elements, F(i,j), 
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between the donor (i) and acceptor (j) NBOs. In addition, the parameter F(i,j) is related 

to the overlap matrix in the qualitative molecular orbital theory.
179

 

These results demonstrate that the interactions between the NBOs of complexes 

0
+
, 0•, and 0

– 
are of different nature. The interactions nπO(H2O)π

*
(N–O) in complex 

0
+
 and nπO(NO)σ

*
(O–H) in complex 0

–
 have higher ΔE

(2)
 as compared to 

nπN(NO)σ
*
(O–H) in complex 0•, a result of the smaller energy difference (εi–εj) and a 

greater F(i,j) between the donor and acceptor NBOs. The increase in ΔE
(2)

 is more 

pronounced for the change from 0• to 0
–
 than for the change from 0• to 0

+
 by the larger 

change of F(i,j) (Table 4.5). Consequently, in charged systems (0
+
 and 0

–
), interactions 

between NO and H2O promote greater stabilization than in complex 0•.  

 

Table 4.5 Second–order stabilization energy [ΔE
(2)

 in kcal mol
–1

], orbital energy 

differences (εi–εj in a.u.), off–diagonal NBO Fock matrix elements [F(i,j) in a.u], and 

orbital occupations (qi in a.u. and qj in a.u. for the donor, i, and acceptor, j, NBOs, 

respectively, localized at NO and H2O) of 0
+
, 0•, and 0

–
. 

Complex NBO(Donor) NBO(Acceptor) ΔE
(2)

 εi–εj F(i,j) qi qj 

      0
+
    nπO(H2O) π

*
(N–O) 8.59 0.76 0.072 1.865 0.120 

      0•    nπN(NO) σ
*
(O–H) 1.95 0.91 0.053 0.987 0.008 

      0
–
    nπO(NO) σ

*
(O–H) 12.00 0.90 0.131 0.964 0.031 

 

With respect to the occupation of NBOs, decreased qi in the donors and increased 

qj in the acceptors as compared to the occupation of these NBOs without secondary 

Lewis structures leads to the following trend: 0
+
 > 0

–
 > 0•. This result agrees with 

analysis of the electron density shared between NO and H2O, as discussed by the other 

methods used in this study. 

Based on the idea of natural bond orbitals, the NBBP method, the polarizability 

between the NBOs, or the easy deformation of the electron cloud of a molecular entity 

in an electric field was used in order to help the understand of the studied systems.
180

 

Hence, a larger parameter indicates a more intense conjugative interaction between the 

NBOs.
127

 Therefore, the main conjugative interactions in 0
+
 [π(N–O)–nπO(H2O)], 0• 

[nπN(NO)–σ(O–H)], and 0
–
 [nπO(NO)–σ(O–H)] are of different nature (Figure 4.6). For 

0• and 0
–
, an NBO(NO) localizes around only nitrogen and oxygen atom, respectively. 

Nonetheless, in 0
+
, an NBO localizes close to the N–O chemical bond. In addition, in 

complexes 0• and 0
–
, an NBO σ(O–H) localizes around H2O, whereas in 0

+
 the 
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nπO(H2O) arises. Also, on going from 0• to 0
+
 and from 0• 

to 0
–
, interactions between 

the NO and H2O NBOs increase more in the former than in the latter case (Table 4.6). 

 

 

Figure 4.6 Main conjugative interactions in complexes (a) 0
+
, (b) 0•, and (c) 0

–
 

(isovalue = 0.043). 

 

Table 4.6 Values of bond–bond polarizability (NBBP in a.u.) between the NO and H2O 

NBOs in complexes 0
+
, 0•, and 0

–
. 

Complex NBO(NO) NBO(H2O) NBBP 

      0
+
  π(N–O)  nπO(H2O) 0.6228 

      0•  nπN(NO)  σ(O–H) 0.0242 

      0
–
  nπO(NO)  σ(O–H) 0.0937 

 

4.6 Energy Decomposition of the NO….H2O Interaction 

By conducting LMO–EDA energy decomposition for complexes 0
+
, 0•, and 0

–
, the total 

interaction energy between NO and H2O is determined as the sum of the electrostatic, 

exchange, repulsion, polarization, and dispersion components of the fragmentation of 

the dimers into the monomeric constituents (Figure 4.7). The structure of complex 0
–
 

had its geometry optimized in the triplet state. However, to investigate how the 

multiplicity influences the interaction between NO
–
 and H2O, the LMO-EDA 

calculations were performed using triplet and singlet multiplicities in the fragment NO
–
. 
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Figure 4.7 Fragmentation model used for the complexes (a) 0
+
, (b) 0•, and (c) 0

–
 during 

calculations of the LMO–EDA method. 

 

The LMO–EDA method (Table 4.7) demonstrates that the electrostatic term of the 

total energy (ΔE
ele

) decreases on going from complex 0• to complex 0
–
 and mainly from 

complex 0• to complex 0
+
 due to the larger difference in charges between the interacting 

atoms (Table 4.1). 

 

Table 4.7 Interaction energies, total (ΔE), electrostatic (ΔE
ele

), exchange (ΔE
ex

), 

repulsion (ΔE
rep

), polarization (ΔE
pol

), and dispersion (ΔE
disp

) between the fragments 

suggested by the fragmentation scheme described above. All the energies are in kcal 

mol
–1

. 

Complex ΔE
ele

 ΔE
ex

 ΔE
rep

 ΔE
pol

 ΔE
disp

 ΔE 

0
+
 –33.75 –12.00 50.42 –27.45 –5.67 –28.45 

0• –1.82 –0.92 4.01 –1.09 –1.12 –0.94 

0
–
 –24.45 –10.45 31.99 –10.82 –3.94 –17.66 

0
– 
(singlet) –27.27 –11.59 35.07 –12.13 –4.41 –20.33 

 

The exchange component of the total interaction energy (ΔE
ex

) measures the Pauli 

repulsion of electrons with the same spin.
181

 On going from complex 0• to complex 0
+
, 

ΔE
ex

 becomes more negative because the number of unpaired electrons decreases. On 

going from 0• to complex 0
–
, the same trend arises because the unpaired electrons in the 

nitrogen atom do not participate in the interaction NO
–….

H–OH.  

Nevertheless, the repulsion component (ΔE
rep

), related to the repulsion between 

the electrons of the occupied molecular orbitals of the fragments,
182

 increase with the 

oxidation or reduction of complex 0•, due to the shorter distance between NO and H2O 
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in charged complexes (Table 4.2). This is more evident on going from complex 0• 
to 

complex 0
+
 than on going from complex 0• to complex 0

–
. 

The dispersion term (ΔE
disp

) becomes more negative upon reduction and mainly 

oxidation of complex 0•, indicating that the dipole–dipole attractive interactions 

between the electron clouds of the NO and H2O fragments in complexes 0
–
 and 0

+
 

increase. Furthermore, the polarization term (ΔE
pol

), referring to the charge transfer or 

the electrons share between the fragments, is more negative in complexes 0
+
 and 0

–
 as 

compared to complex 0•, especially in the positively charged complex, which agrees 

with previous results from the ELF and QTAIM methods. 

Based on the sum of the changes in the energy components, the total interaction 

energy (ΔE) decreases on going from complex 0• to complex 0
–
 and mainly from 

complex 0• 
to complex 0

+
 because the polarization, dispersion, exchange, and especially 

electrostatic energies decrease when the repulsion term increases. 

For the NO molecule with multiplicity one, ΔE and its components in complex 0
–
 

show the same tendency in relation to complexes 0• and 0
+
. In addition, compared with 

complex 0
–
 in the triplet state, all the energy terms diminish for complex 0

–
 in the 

singlet state, except for ΔE
rep

. As a result, ΔE is lower for the singlet structure, attesting 

to the higher stability of the singlet state. This result indicates that investigating more 

accurate methods to evaluate the stability of complex 0
–
 with respect to its multiplicity 

state is necessary. 

 

4.7 Investigation of Electrostatic Potential Surfaces 

Based on the electrostatic potential (ESP) of optimized monomers prior the formation of 

dimers, as typically this analysis is realized,
183

 and considering that interactions which 

present a larger electrostatic component occur between positive ESP regions of one 

monomer and negative ESP regions of another monomer,
184

 it is important to highlight 

that the water molecule presents a positive ESP region localized in hydrogens, and a 

negative ESP associated with oxygen lone pairs (Figure 4.8).  
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Figure 4.8 Electrostatic potential surface mapped in an electron density surface of 0.001 

on positions highlighted [(a) water and, (b) nitric oxide and its mono cation and mono 

anion]: (c) H2O [–0.075(red) to 0.075(blue)], (d) NO
+
 [0.250(red) to 0.300(blue)], (e) 

NO• [–0.015(red) to 0.015(blue)], and (f) NO
–
 [–0.230(red) to (–0.220)(blue)]. The unit 

is a.u. in all cases. 

 

So, the electrostatic interaction between NO
+
 and H2O will occur preferentially in 

the oxygen of water that shows a negative ESP area to interact with the complete 

positive ESP surface of NO
+
 (see ESP scale of NO

+
 in Figure 4.8). The neutral NO 

monomer has a negative ESP region localized on nitrogen atom that preferentially will 

interact with the positive ESP zone of water hydrogen atom. On the other hand the 

interaction between NO
–
 and H2O will involve the hydrogen atoms with the negative 

ESP surface of anion (see ESP scale of NO
–
 in Figure 4.8). In addition, from the ESP 

scale also is possible note that there will be a larger Coulombic attraction between H2O 

and charged monomers, NO
+
 and NO

–
, than NO.

185
  

 

4.8 Changes in the Intra–Atomic Bonds in NO and H2O 

For the intramolecular chemical bonds, the geometric parameters (Table 4.2) show that 

the N–O bond length decreases on going from complex 0• to complex 0
+
 but increases 

on going from complex 0• to complex 0
–
. On going from complex 0• to complex 0

+
, the 

electron density in an antibonding orbital decreases, destabilizing the chemical bond 

when it is occupied. Nonetheless, on going from complex 0• to complex 0
–
, the opposite 

effect arises in this π
*
 orbital. 

In the H2O molecule, changes in the total charge of complex 0• increase r(H–O) 

significantly only when going from complex 0• to complex 0
–
 due to formation of an 

NO
–….

H–O–H hydrogen bond. The H–O–H bond angle augments on going from 

complex 0• to complex 0
+
 as a result of the interaction between NO

+
 and the electron 

pairs in H2O, allowing the shared electrons of the O–H bonds to remain at a larger 
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distance from each other. On going from complex 0• to complex 0
–
, this bond angle 

becomes smaller, which agrees with the longer O–H bond length; that is, hydrogen is at 

a greater distance from oxygen even at a lower angle. 

Based on the QTAIM method (Table 4.3) and the BCP of N–O, on going from 

complex 0• to complex 0
+ 

and on going from complex 0• to complex 0
–
, ρ(r) increases 

and decreases, respectively. Based on ∇2
ρ(r)(N–O), the covalent character on going 

from complex 0• to complex 0
+
 and on going from complex 0• to complex 0

–
 increases 

and decreases, respectively. The parameter ε(N–O) indicates that the electrons are 

distributed in a more cylindrical way on going from complex 0• to complex 0
+
 and on 

going from complex 0• to complex 0
–
. 

For the BCP of the H2O O–H bond, ρ(r) decreases on going from complex 0• to 

complex 0
+
 and on going from complex 0• to complex 0

–
, except for the O–H involved 

in the hydrogen bond: NO
–….

H–OH. On the other hand, ∇2
ρ(r)(O–H) indicates that on 

going from complex 0• to complex 0
+
 and on going from complex 0• to complex 0

–
, the 

covalent character increases and decreases, respectively. Again, the ε(O–H) shows a 

more cylindrical distribution of electrons for complexes 0
+
 and 0

–
 as compared to 

complex 0•. 

The population of electronic basins obtained with the ELF method (Table 4.4) 

shows that, on going from complex 0• to complex 0
+
, N[V(N,O)] increases and 

ΣN[VN(NO)] and ΣN[V(O)(NO)] decrease due to oxidation of the first electron pair 

localized in one of the π
*
 orbitals of NO. On going from complex 0• to complex 0

–
, the 

opposite effect takes place due to the presence of the electron pair in one π
*
 orbital in 

LUMO (Beta) of complex 0•. For the H2O O–H bond basin, the electrons population is 

practically the same in complexes 0•, 0
+
, and 0

–
.  

 

4.9 Conclusions 

In this chapter, we have presented an investigation of the nature of intra– and 

intermolecular interactions of NO
+
, NO•,

 
and NO

–
 with H2O. So, the optimized 

geometries indicate that the relative position between NO and H2O depends on the total 

charge: (ON•….
H–OH), (NO

–….
H–OH), and (ON

+….
OH2).  

Next, atomic spin densities together with FMOs aid identification of the 

preferential reduction and oxidation sites on nitric oxide, or in a more specific way, on 

nitrogen atom of NO.  
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The NBBP, QTAIM, and ELF methods help to quantify the electron 

delocalization level of these interactions, 0
+
 > 0

–
 > 0•. Additionally, the two latter 

methods also allow for identification of the predominant either covalent or ionic 

character of intra– and intermolecular chemical bonds, respectively. The NBO and 

LMO–EDA methods enable deeper discussion of the interaction energy between NO 

and H2O in complexes 0•, 0
+
, and 0

–
. It is important to highlight the most favorable 

interaction between the natural bond orbitals localized in 0
–
, than 0

+
, and 0•, but, the 

most negative total interaction energy on the cluster 0
+
, in relation to 0

–
, and mainly 0•, 

because of more weight of the electrostatic term. 

Thus, the monomer electrostatic potential maps provide a straightforward 

explanation for the conformation of each dimer that will be former, showing the 

interaction that occurs between positive ESP regions of a monomer and negative ESP 

regions of another monomer. In addition, the scales used allow verifying that the 

Coulombic attractions between the monomers will be stronger in charged complexes 0
+
 

and 0
–
, in relation to neutral 0•. 

Together, the modern methods employed in this chapter allow the investigation of 

the nature of the chemical bonds established between compounds of biological and 

environmental relevance: NO and H2O. 
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5   Computational Study of the Ru–NO Bond: 

     Ruthenium Ammine Complexes 

__________________________________________ 

 

Parts of this chapter will be published as: 

 

Computational Study of the Ru-NO Bond in Ruthenium Ammine Complexes 

Orenha, R. P.; Tfouni, E.; Galembeck, S. E. 

 

5.1 Introduction 

Ruthenium tetraammine nitrosyl complexes, [Ru
II
(NO

+
)(NH3)4L]

n+
, present very useful 

properties, such as low cytotoxicity against host cells, good solubility in water, and 

stability to air oxidation.
186,187

 The role of the ligand L in trans–[Ru
II
(NO

+
)(NH3)4(L)]

n+
 

complexes is very important because it modulates the reactivity of the complex through 

the trans effect. The nucleophilicity, reduction potentials, and infrared stretching 

wavenumbers of NO as well as the rates of NO release after reduction depend on the 

ligand L; i.e., L controls NO release. Electrochemical experiments have shown that NO 

is the site of reduction in trans–[Ru
II
(NO

+
)(NH3)4L]

n+
. Furthermore, these complexes 

are EPR silent and have NMR signals consistent with Ru(II), and the Ru–N–O bond is 

linear, which is consistent with a [Ru
II
NO

+
] moiety. Other possible canonical forms are 

[Ru
III

NO•] and [Ru
IV

NO
–
], as inferred by experimental and theoretical calculations.

73 

Interpretation of the main biological properties of these complexes depends on the 

assignments of the oxidation states in the RuNO group and on detailed knowledge of 

the nature of this bond. Here, we present computational quantum chemistry studies of 

cis–[RuCl(NO)(NH3)4]
+
, 1; cis–[RuCl(NO)(NH3)4]

2+
, 2; cis–[RuCl(NO)(NH3)4]

3+
, 3; 

trans–[RuCl(NO)(NH3)4]
+
, 4; trans–[RuCl(NO)(NH3)4]

2+
, 5; trans–

[RuCl(NO)(NH3)4]
3+

, 6; [Ru(NO)(NH3)5]
+
, 7; [Ru(NO)(NH3)5]

2+
, 8; and 

[Ru(NO)(NH3)5]
3+

, 9 (Figure 5.1) and analyze their geometries, vibrational spectra, 

molecular orbitals, electron densities, and energy decomposition. We used the QTAIM, 

ELF, and NBO methods to study the electron densities. The results helped to analyze 

changes in the characteristics of the complexes such as the preferred reduction site in 
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the molecules and the stability of the Ru–NO bond in the face of the trans and cis 

influences and of the different oxidation states. We have included complexes 3, 6, and 7 

to aid analysis of the influence of total charge on the complexes investigated in this 

chapter. 

 

 

Figure 5.1 General structures with the numbering of atoms in the studied metal 

complexes. 

 

5.2 Preferential Reduction Group 

Before the results are analyzed, it is worth highlighting that the geometric parameters 

bond lengths and bond angles calculated for complexes 2, 5, and 9 showed small 

deviations in relation to the values experimentally obtained by X–ray diffraction (Table 

S5.1 and Figure 5.1).
40,188,189

 

Accordingly, the Ru, NO, NH3, and Cl
–
 charges obtained by QTAIM and NPA 

(from the NBO method) revealed that the charge of all the groups decreased with 

decreasing total charge of the complex (Table 5.1).  

 

Table 5.1 QTAIM, qQTAIM/a.u., and NPA charges, qNPA/a.u., calculated for complexes 1 

to 9. 

 Ru NO NH3 Cl 

 

qQTAIM qNPA qQTAIM qNPA qQTAIM qNPA qQTAIM qNPA 

1 1.203 0.536 –0.303 –0.046 0.133–0.193 0.203–0.183 –0.584 –0.493 

2 1.410 0.642     0.036    0.409 0.226–0.268 0.289–0.351 –0.442 –0.348 

3 1.506 0.698     0.280    0.609 0.305–0.337 0.359–0.413 –0.077     0.123 

4 1.227 0.544 –0.340 –0.101 0.184–0.196 0.277–0.288 –0.648 –0.580 

5 1.451 0.645 –0.042    0.298 0.270 0.355 –0.484 –0.364 

6 1.509 0.733     0.249    0.535 0.340–0.347 0.416–0.421 –0.131     0.059 

7 1.013 0.498 –0.659 –0.509 0.076–0.146 0.110–0.229 – – 

8 1.209 0.590 –0.214    0.029 0.165–0.212 0.223–0.293 – – 

9 1.435 0.720     0.134    0.491 0.259–0.294 0.329–0.365 – – 
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However, in the case of the chloride complexes, a change in total charge from 3+ 

to 2+ elicited the largest charge reduction in Cl
–
, highlighting the π nature of the orbital 

LUMO(Beta) localized around Cl
–
 in complexes 3 and 6 (Figure 5.2). In contrast, a 

change in total charge from 2+ to 1+ in the chloride complexes decreased the charge 

mainly around NO, which presented a π
*
 orbital, the LUMO of complexes 2 and 5. This 

agreed with the voltammetry experiments conducted for the trans complexes 54.
40

 

Reduction of the non–chlorinated complexes, 987, occurred preferentially in 

π
*
(NO), as illustrated by the charges together with the representation of LUMO for 

complex 9 and LUMO(Beta) for complex 8. The result concerning complexes 98 also 

agreed with the electrochemical data.
40

 

 

 

Figure 5.2 LUMO for complex 2 (a), LUMO for complex 5 (b), LUMO(beta) for 

complex 8, LUMO for complex 9 (c), LUMO(beta) for complex 3 (d), and LUMO(beta) 

for complex 6 (e).  
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Regarding the reduction of complexes 6 and 3 to complexes 5 and 2, respectively, 

the ELF method showed that the largest decrease of integrated spin density, Sz, occurred 

around the V(Cl) basins, indicating that Cl was the main reduction site in these 

complexes (Table 5.2). During the second reduction, complexes 54 and 21, Sz 

increased mainly in the V(Ru,NO) basins, which agreed with the analysis of QTAIM 

and NPA charges and indicated that this reduction occurred mainly in π
*
(NO). 

Complexes 7–9 presented larger variation in Sz with decreasing total charge, mainly 

around the V(Ru,NO) basins, corroborating that reductions involved π
*
(NO). 

 

Table 5.2 Integrated spin density, Sz/a.u., of all the valence basins for complexes 1–9. 

 

Ru–Cl N–O Ru Ru–NO Cl O Ru–NH3 N–H 

1 0.00 0.02 0.01–0.05 0.10–0.31 0.00 0.14 0.00–0.01 0.00–0.01 

2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

3 0.01 0.00 0.07–0.08 (–0.02)–0.02 0.03–0.22 –0.05 0.00–0.01 0.00 

4 0.01 0.02 0.01–0.06 0.11–0.30 0.00–0.01 0.13 0.00 0.00 

5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

6 0.01 0.00 0.06–0.10 –0.01 0.16–0.17 –0.01 0.01 0.00–0.01 

7 – 0.00 0.00 0.00 – 0.00 0.00 0.00 

8 – 0.02 0.01–0.04 0.10–0.30 – 0.14 0.00–0.01 0.00–0.01 

9 – 0.00 0.00 0.00 – 0.00 0.00 0.00 

 

5.3 The Effect of Total Charge 

When the charge of complexes 3 and 6 decreased by one unit, to give complexes 2 and 

5, respectively, the Ru–NO bond length became shorter. This agreed with the increased 

Wiberg bond index (WBI) and stretching frequency of this bond (Table 5.3). The Ru–

N–O bond angles, which were close to 180.0º, did not change. This indicated that the 

main resonance structure presented a nitrosyl group, NO
+
,
190

 in these complexes. 

In contrast, in the second reduction, from complexes 2 and 5 to complexes 1 and 

4, respectively, the changes in Ru–NO bond followed an opposite trend. Besides that, 

on going from complexes 2 and 5 to complexes 1 and 4, respectively, the Ru–N–O bond 

angle departed from linearity. This indicated an increase in the weight of the NO• 

canonical form in the latter compounds.
190

 

For complexes 7–9, the Ru–NO bond length increased with the first decrease in 

total charge, but an opposite trend was observed from the second reduction, and these 

changes agreed with the stretching wavenumber and WBI. The main resonance structure 
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contained NO
+
, NO•, and NO

–
 in the cases of complexes 9, 8, and 7, respectively, as 

indicated by the Ru–N–O bond angles 179.3, 141.0, and 119.1, respectively.
73

  

At this point, we investigated the influence of Cl
–
 and NH3 in these complexes 

because these ligands have distinct nature and may occupy different positions in relation 

to the NO group in metal complexes of different oxidation states. We also investigated 

all the parameters involving Ru–NO discussed in this chapter for the selected Ru–Cl 

and Ru–NH3 chemical bonds (Figure 5.1, and Tables S5.2 to S5.7). The results did not 

correlate clearly with the data related to the Ru–NO bond. The parameters associated 

with the direct interaction between Cl
–
 and NO followed a clearer trend and will be 

discussed in the next sections. Nevertheless, the data related to the interaction between 

NH3 and NO were significantly lower than the data related to the interaction between 

Cl
–
 and NO, as expected, because the nitrosyl group is a weak σ donor ligand.

74
 We 

have also organized this information in the supplementary material (Tables S5.3 to 

S5.7). 

 

Table 5.3 Bond lengths, r/Å, Wiberg bond indexes, WBI/a.u., and stretching wave 

numbers, 𝜈/cm
–1

, for Ru–NO and N–O, and Ru–N–O bond angle, </º. 

 
1 2 3 4 5 6 7 8 9 

r(Ru–NO) 1.841 1.750 
 

1.814 1.856 1.771  1.844 1.865 1.866 1.772 

r(N–O) 1.173 1.124 1.104 1.176 1.129
 

1.107 1.229 1.163 1.116
 

<(Ru–N–O) 141.0 176.3
 

176.7 140.9 180.0
 

173.6 119.1 141.0 179.3
 

𝜈(Ru–NO)
a 437 606 515 434 582 464 465 421 577

 

𝜈(N–O)
a 1740 2035 2118 1726 2000

 
2091 1461 1793 2072

 

WBI(Ru–NO) 1.688 2.000 1.713 1.660 1.998 1.622 1.757 1.585 1.914 

WBI(N–O) 2.721 2.861 3.016 2.716 2.819 3.004 2.427 2.800 2.924 
 

a Coupled with other vibrational modes, such as angular deformation of H–N–H and Ru–NH3 bond 

stretching. 

 

For all the families of complexes (cis–[RuCl(NO)(NH3)4]
n+

, trans–

[RuCl(NO)(NH3)4]
n+

, and [Ru(NO)(NH3)5]
n+

), when the positive charge decreased, the 

calculated N–O bond length increased, and 𝜈 and WBI decreased. These results agreed 

with the fact that LUMO in complexes 2, 5, and 9 and LUMO(Beta) in complex 8 

corresponded to a π
*
 orbital in NO. In addition, in the case of complexes 3 and 6, 

LUMO(Beta) referred to (i) a π orbital localized around Cl
–
, related to donation to the 

metal, and (ii) a backdonation to the π
*
 orbital of the NO ligand (Figure 5.2).

74
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For complex 9, these results were obvious and consistent with the population of 

its π
*
 NO LUMO upon reduction to the complexes with charges 2+ and 1+, complexes 8 

and 7, respectively, where the NO antibonding orbital was being populated. A similar 

situation was true for the closed–shell complexes 5 and 2, for which the (π
*
 NO) 

population increased upon reduction. Reduction of the cis complex 3 to complex 2 

increased the (π Cl) orbital population. This resulted in higher backbonding from Ru to 

NO, to increase the electronic density on Ru–NO and in the π
*
 orbital localized in N–O. 

A similar situation occurred during reduction of the trans complex 6 to complex 5. 

The electron density, ρ(r), on the Ru–NO bond critical point (BCP) increased after 

the first reduction of complexes 3 and 6 to complexes 2 and 5, respectively (Figure 5.3, 

and Table 5.4). Moreover, the covalent character increased upon reduction of complexes 

3 and 6 to complexes 2 and 5, respectively, because H(r)(Ru–NO) decreased. Values 

lower than zero pointed to a chemical bond with larger covalent character.
191
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Figure 5.3 Molecular graph of molecules 1–9 showing the critical points of bond 

(green), ring (red), and bond paths (lines connecting the nuclei of the atoms). 
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Table 5.4 Electron density, ρ(r)/a.u., Laplacian of ρ(r), ∇2
ρ(r)/a.u., and total energy 

density, H(r)/a.u., in Ru–NO and N–O BCPs for complexes 1–9, obtained by QTAIM. 

 
ρ(r)(Ru–NO) ρ(r)(N–O) ∇2

ρ(r)(Ru–NO) ∇2
ρ(r)(N–O) H(r)(Ru–NO) H(r)(N–O) 

1 0.170 0.572 0.698 –1.836 –0.077 –0.954 

2 0.196 0.653 1.089 –2.434 –0.103 –1.242 

3 0.165 0.689 0.988 –2.765 –0.068 –1.420 

4 0.164 0.568 0.681 –1.806 –0.070 –0.940 

5 0.201 0.641 1.137 –2.330 –0.108 –1.189 

6 0.154 0.684 0.886 –2.737 –0.059 –1.403 

7 0.187 0.496 0.459 –1.317 –0.096 –0.709 

8 0.159 0.588 0.673 –1.954 –0.066 –1.012 

9 0.183 0.668 1.092 –2.556 –0.086 –1.308 

 

However, in all these complexes, the Ru–NO bond had low covalent character as 

indicated by the total energy density, H(r) nearly 0, as compared to the N–O chemical 

bond, with more negative H(r)(N–O). Furthermore, the positive values of ∇2
ρ(r)(Ru–

NO) showed that the bond between the metal and the ligand had a lower covalent 

character than typical covalent bonds, such as N–O, with negative ∇2
ρ(r)(N–O).  

Interestingly, according to the contour line map of Laplacian of the electron 

density of these compounds, the Ru–NO chemical bond had high covalent character as 

compared to the other metal–ligand bonds in these complexes. Indeed, the number of 

contour lines of ∇2
ρ(r) between Ru and NO was large as compared to the number of 

contour lines of ∇2
ρ(r) between Ru and the ligands NH3 and Cl

–
 (Figures 5.4 and 5.5), 

even though this parameter was more positive in the BCP of the bond between Ru and 

NO than in the BCP of the bonds between Ru and NH3 or Cl
–
 (Table 5.4 and Tables 

S5.2 to S5.7). 
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Figure 5.4 Plane used to represent the electron density Laplacian contour line map 

(Figure 5.5) and 2D color–filled map of the electron localization function (Figure 5.6) 

for complexes 1–9. 
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Figure 5.5 Electron density Laplacian contour lines map for compounds 1–9 from the 

planes in Figure 5.4. Red dashed lines indicate charge concentration (∇2
ρ(r) < 0), blue 

solid lines show charge depletion (∇2
ρ(r) > 0), and solid lines connecting the atomic 

nuclei represent the bond paths. Green points in the bond paths are the Bond Critical 

Points (BCPs). 

 

In the second reduction, from complexes 2 and 5 to complexes 1 and 4, 

respectively, ρ(r) decreased, whereas H(r) increased, contrasting with the trend verified 

during the first reduction. Changes in the analyzed QTAIM parameters (Table 5.4) 
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agreed with changes in the bond lengths, bond orders, and stretching frequencies and 

were also consistent with the chemical properties of these four complexes.
40

 Indeed, 

complexes 2 and 5 were stable, whilst complexes 1 and 4 released NO in aqueous 

solution.
34

 

The observed decrease in positive charge on going from complex 9 to complex 8 

decreased ρ(r) and increased H(r), which was consistent with changes in the r(Ru–NO) 

and ν̃ parameters. However, for the second reduction, from complex 8 to complex 7, an 

opposite trend emerged. In addition, the Ru–N–O bond angle was close to 120
o
 in 

complex 7, and there were two BCPs between the oxygen of NO and the hydrogens of 

the NH3 groups (Figure 5.3). The BCPs of the O–H bonds had ρ(r), ∇2
ρ(r), and H(r) 

values of 0.017, 0.075, and –0.003, respectively, indicating that these were weak 

hydrogen chemical bonds. 

Considering the N–O bond for all the series of complexes — complexes 1–3, 

complexes 4–6, and complexes 7–9, ρ(r) decreased when the total charge decreased 

(Table 5.4). These bonds were predominantly covalent, as indicated by H(r) < 0. The 

covalent character was lower for the complexes with small positive charge. These 

results agreed with changes in r(N–O); with the π
*
(N–O) character of the LUMO of 

complexes 2, 5, and 9 and of the LUMO(Beta) of complex 8; and with the π(Cl) 

character of the LUMO(Beta) of complexes 3 and 6. 

The results of the IQA method showed that the total interaction energy between 

Ru and N in the NO group, EIQA
Inter(Ru,N), decreased when complexes 3 and 6 were 

reduced to complexes 2 and 5, respectively (Table 5.5). This was a consequence of the 

larger contribution of the increased interaction between the Ru nucleus and the N 

electrons, Vne(Ru,N), and of the interaction between the N nucleus and Ru electrons, 

Ven(Ru,N), in relation to the increase in the Vee(Ru,N) and Vnn(Ru,N) energies. This 

agreed with the decrease in r(Ru–NO) when complexes 3 and 6 were reduced to 

complexes 2 and 5, respectively (Table 5.3).  
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Table 5.5 Total interaction energy between Ru and the N atom of NO, EIQA
Inter(Ru,N); 

interaction energy between Ru nuclei and N electrons, Vne(Ru,N); interaction energy 

between Ru electrons and N nuclei, Ven(Ru,N); electron–electron repulsion energy 

between Ru and N, Vee(Ru,N); and nucleus–nucleus repulsion energy between Ru and 

N, Vnn(Ru,N) of the complexes 1-9. 

 
EIQA

Inter(Ru,N) Vne(Ru,N) Ven(Ru,N) Vee(Ru,N) Vnn(Ru,N) 

1 –0.297 –32.155 –29.517 29.184 32.190 

2 –0.304 –33.242 –30.547 29.621 33.864 

3 –0.193 –31.493 –29.398 28.024 32.673 

4 –0.300 –32.001 –29.271 29.047 31.926 

5 –0.326 –33.627 –30.627 29.897 34.031 

6 –0.186 –31.085 –28.903 27.669 32.133 

7 –0.337 –32.202 –29.540 29.625 31.780 

8 –0.270 –31.612 –29.132 28.715 31.759 

9 –0.273 –32.679 –30.147 29.107 33.446 

 

As for the reduction of complexes 2 and 5 to complexes 1 and 4, respectively, the 

effect concerning all the parameters discussed above was the opposite. For compounds 

7–9, EIQA
Inter(Ru,N) increased during the first reduction from complex 9 to complex 8. This 

happened because Vne(Ru,N) and Ven(Ru,N) increased even though Vee(Ru,N) and 

Vnn(Ru,N) decreased, agreeing with the increase in r(Ru–NO). Again, for the second 

reduction, from complex 8 to complex 7, the effect was the opposite because NO
–
 in 

complex 7 interacted more favorably with the positively charged Ru as compared to NO 

in complex 8. Consequently, Ru–NtransH3 was longer as compared to other Ru–NH3 

chemical bonds in complex 7 (Tables S5.3 to S5.7). EIQA
Inter(Ntrans,N) was repulsive 

because the positive Vee(Ntrans,N) and Vnn(Ntrans,N) components contributed to this 

parameter to a larger extent than the attractive Ven(Ru,N) and Vne(Ru,N) energies (Table 

S5.7). 

The IQA results obtained for the interaction between Cl
–
 and the N atom of NO in 

complexes 1–6 showed that EIQA
Inter(Cl,N) decreased upon reduction of complexes 3 and 6 

to complexes 2 and 5, respectively, due to a more pronounced decrease in the attractive 

interaction energies Vne(Cl,N) and Ven(Cl,N) as compared to the increase in the 

repulsive components Vee(Cl,N), and Vnn(Cl,N) (Table 5.6). The reduction of 

complexes 3 and 6 most probably took place in a π orbital of Cl
–
, increasing the 

negative influence of this atom on the NO group. The reduction of complexes 2 and 5 to 
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complexes 1 and 4, respectively, followed an opposite trend. In the latter cases, the 

increased population in the π
*
 orbital of NO exerted a less favorable negative influence. 

 

Table 5.6 Total interaction energy between Cl
–
 and N, EIQA

Inter(Cl,N); interaction energy 

between Cl nuclei and N electrons, Vne(Cl,N); interaction energy between Cl electrons 

and N nuclei, Ven(Cl,N); electron–electron repulsion energy between Cl and N, 

Vee(Cl,N); and nucleus–nucleus repulsion energy between Cl and N, Vnn(Cl,N) of the 

complexes 1-6. 

 
EIQA

Inter(Cl,N) Vne(Cl,N) Ven(Cl,N) Vee(Cl,N) Vnn(Cl,N) 

1 –0.014 –19.849 –20.671 20.514 19.993 

2 –0.029 –20.571 –21.742 21.103 21.180 

3 –0.019 –20.439 –21.628 20.576 21.472 

4 –0.006 –14.667 –15.274 15.224 14.711 

5 –0.017 –15.245 –16.008 15.692 15.544 

6 –0.013 –14.761 –15.584 14.902 15.430 

 

For complexes 1–9, the ELF method revealed protonated disynaptic basins, 

V(N,H); monosynaptic basins, V(Ru,NO), V(Ru), V(Ru,NH3), V(Ru,Cl), V(Cl), and 

V(O); disynaptic basins, V(N,O); and core basins, C(N) (Figures 5.4, 5.6, and S5.1).  
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Figure 5.6 2D Color–filled map of the electron localization function for complexes 1–9 

from the planes presented in Figure 5.4. 

 

The monosynaptic basins V(Ru,NO), V(Ru,NH3), and V(Ru,Cl) have this 

nomenclature to identify the position of the monosynaptic basin between the Ru and N 

or Cl
–
 nuclei. These basins were well separated, indicating the low covalent character of 
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the metal–ligand chemical bonds
192

 in relation to conventional covalent chemical bonds 

like N–O. These results agreed with the value of H(r)(Ru–NO), which was almost 0. 

In this context, DI represented a quantitative measure of the number of electrons 

delocalized or shared between two basins.
193

 Thus, the sum of DI between the V(Ru) 

and V(Ru,NO) basins, ΣDI[V(Ru),V(Ru,NO)], (Table 5.7) increased when the total 

charge decreased on going from complexes 3 and 6 to complexes 2 and 5, respectively, 

but decreased on going from complexes 2 and 5 to complexes 1 and 4, respectively.  

 

Table 5.7 Sum of DI between the V(Ru) and V(Ru,NO) basins, ΣDI[V(Ru),V(Ru,NO)], 

and V(Cl) and V(Ru,NO) basins, ΣDI[V(Cl),V(Ru,NO)], and population sum of the 

V(Ru,NO), ΣN[V(Ru,NO)], V(N,O), ΣN[V(N,O)], and V(O), ΣN[V(O)] basins of 

complexes 1–9. All the parameters are given in a.u. 

 ΣDI ΣN 

 
[V(Ru),V(Ru,NO)] [V(Cl),V(Ru,NO)] [V(Ru,NO)] [V(N,O)] [V(O)] 

1 12.632 0.0656 42.846 17.482 52.692 

2 14.776 0.0941 39.514 21.607 49.385 

3 12.556 0.0872 36.848 23.992 46.404 

4 12.502 0.0601 43.292 17.281 52.913 

5 14.837 0.0975 40.618 20.867 49.213 

6 11.878 0.0848 37.285 23.711 46.390 

7 13.422 – 45.585 15.649 55.736 

8 11.871 – 42.205 18.263 51.422 

9 14.189 – 38.597 22.670 47.946 

 

Besides that, ΣDI[V(Ru),V(Ru,NO)] decreased after the first reduction of the total 

charge in complex 9, to give complex 8, but it increased when complex 8 was reduced 

to complex 7. The ELF results agreed with the previous results obtained in this work 

with several different techniques, such as ρ(r) and H(r) in BCPs, bond lengths, bond 

orders, and stretching frequencies. Additionally, ΣDI between the V(Cl) and V(Ru,NO) 

basins also agreed with the data presented for complexes 1–6. In other words, 

ΣDI[V(Cl),V(Ru,NO)] increased for the first reduction of complexes 3 and 6 to 

complexes 2 and 5, respectively, but it decreased for the second reduction, from 

complexes 2 and 5 to complexes 1 and 4, respectively.  

For complexes 1–9, the reduction in total charge increased the sum of populations 

in the V(Ru,NO) and V(O) basins, ΣN[V(Ru,NO)] and ΣN[V(O)], respectively, but it 

decreased ΣN[V(N,O)] (Table 5.7). The explanation for this result was the increased 

electronic occupation of the π
*
 orbital in the NO group. 
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5.4 Influence of other ligands on Ru–NO 

Other analyses can be made by exploring the fact that the ammine group has zero 

charge, and that Cl is present as Cl• in complexes 3 and 6 and as Cl
–
 in the other 

complexes. Hence, the calculated Ru–NO bond distance in complexes 2 and 5, which 

bear Cl
–
 in their structures, should be shorter than the calculated Ru–NO bond distance 

in complex 9, which bears NH3 with zero charge in its structure. However, if we 

consider that π
*
(NO) has larger electron density (see above), the N–O distance should 

be larger in complexes 2 and 5. Accordingly, NO should be smaller in complexes 2 and 

5. Nevertheless, WBI(Ru–NO) should be larger and WBI(N–O) should be smaller in 

complexes 2 and 5. Compared to complex 8, the Ru–NO bond distance should be 

shorter, and the N–O bond distance should be longer in complexes 1 and 4. Thus, NO 

and WBI(N–O) should be smaller in complexes 1 and 4 in accordance with the 

population of the π
*
(NO) orbital after reduction. 

In agreement with these data, the QTAIM results revealed that complexes 1 and 4 

compared to complex 8 and complexes 2 and 5 compared to complex 9 had higher 

ρ(r)(Ru–NO) and lower ρ(r)(N–O). Besides that, the covalent character of these 

chemical bonds followed the same tendency regarding the electron density in BCPs and 

the ∇2
ρ(r) and H(r) parameters. The exception was the value of ∇2

ρ(r)(Ru–NO), which 

was larger for complex 5 as compared to complex 9. The IQA method indicated that 

EIQA
Inter(Ru,N) became more negative on going from complex 8 to complexes 4 and 1 and 

on going from complex 9 to comlexes 5 and 2. This resulted from the more favorable 

Vne(Ru,N) and Ven(Ru,N) despite the more repulsive components Vee(Ru,N) and 

Vnn(Ru,N). Finally, ELF gave larger ΣDI[V(Ru),V(Ru,NO)], ΣN[V(Ru,NO)], and 

ΣN[V(O)] but lower ΣN[V(N,O)] for complexes 1 and 4 as compared to complex 8 and 

for complexes 2 and 5 as compared to complex 9, which agreed with the population of 

π
*
(NO).  

The negative cis and trans influence of Cl
–
 on NO can also be analyzed by 

comparing complexes 1–3 and complexes 4–6 to complexes 7–9 and considering that 

the compounds had the same total charge. The Ru–NO bond was shorter in complexes 2 

and 5 as compared to complex 8, which was accompanied by the corresponding changes 

in the stretching wavenumber and WBI. The Ru–NO bond length, 𝜈(Ru–NO), and 

WBI(Ru–NO) were lower in complexes 1 and 4 as compared to complex 7. 
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The opposite trend was verified for complexes 3 and 6 in relation to complex 9 

and in complexes 2 and 5 in relation to complex 8. The negative cis and trans influence 

of Cl
–
 decreased on going from complex 2 to complex 3 and from complex 5 to 

complex 6. The negative cis and trans influence of Cl
–
 promoted extra stabilization of 

the Ru–NO chemical bond as compared to the NH3 influence in the cis–NH3–Ru–NO or 

trans–NH3–Ru–NO axis. The LUMO of complexes 3 and 6 had a Cl
–
 π orbital (Figure 

5.2), so reduction of complexes 3 and 6 with one electron increased electron donation to 

the metal and the back–bonding to NO. This could explain the contrasting behavior of 

complexes 3 and 6.  

The QTAIM parameters (Table 5.4) obtained for complexes 2 and 5 as compared 

to complex 8 evidenced a contrasting tendency in relation to complexes 1 and 4 as 

compared to complex 7 and complexes 3 and 6 as compared to complex 9. This 

indicated that the negative cis and trans influence of Cl
–
 on going from complexes 3 and 

6 to complexes 2 and 5, respectively, increased the covalent character of the Ru–NO 

bond. The IQA interaction energy also increased on going from complexes 2 and 5 to 

complex 8, but it decreased on going from complexes 1 and 4 to complex 7 and from 

complexes 3 and 6 to complex 9 as evidenced by the geometric, vibrational, and 

topological results. As for complex 7 in relation to complexes 1 and 4, NO
–
 and 

positively charged Ru interacted more favorably in complex 7 than positively charged 

Ru supported by the negative influence of Cl
–
 interacted with NO. 

ΣDI[V(Ru),V(Ru,NO)] increased in complex 8 as compared to complexes 5 and 

2, but it decreased in complex 7 as compared to complexes 1 and 4 and in complex 9 as 

compared to complexes 3 and 6 (Table 5.7). Therefore, the negative cis and trans 

influence of Cl
–
 in complexes 2 and 5, respectively, stabilized Ru–NO in relation to the 

cis–NH3, and trans–NH3 influence in complex 8. Moreover, NO
–
 and Ru interacted 

more favorably in complex 7 than NO and Ru interacted along with the stabilization 

provided by the negative cis and trans influence of Cl
–
 in complexes 1 and 4, 

respectively. Comparison of complexes 9, 6, and 3 showed the latter two complexes had 

less stabilized Ru–NO bond due to decreased electron density at Cl
–
 in complexes 3 and 

6. 

Comparison of complexes 4, 5, and 6 with complexes 1, 2, and 3 helped to 

analyze the trans influence in relation to the cis influence of the Cl
–
 ligand over nitric 

oxide, respectively. The Ru–NO bond length decreased and WBI and 𝜈 increase in 

complexes 4–6 as compared to complexes 1–3 (Table 5.3). These results indicated that 
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the negative cis influence of Cl
–
 stabilized the Ru–NO bond to a larger extent as 

compared to the negative trans influence of Cl
–
. The negative influence exerted by Cl

–
 

was related to stabilization of the Ru–NO chemical bond through electron density 

donation from the π(Cl) to the π
*
(NO) orbitals, with the dπ(Ru) orbital acting as an 

intermediate.
74

  

Topological analyses of the BCPs showed that complexes 1–3 had higher ρ(r) and 

a more negative H(r) in the Ru–NO bond as compared to complexes 4–6, except for 

complex 2 in relation to complex 5. According to the ELF method, complexes 1–3 had 

larger ΣDI[V(Ru),V(Ru,NO)] as compared to complexes 4–6, (Table 5.7), except for 

complex 2 in relation to complex 5. Furthermore, comparison between complexes 2 and 

5 showed an increase in the sum of the electron population of basins outside the inter–

nuclear axis in N–O, ΣN[V(Ru,NO)], and ΣN[V(O)], and a decrease in ΣN[V(N,O)]. 

The NO qQTAIM and qNPA decreased in complex 2 as compared to complex 5. 

In the ELF method, the parameter Sz (Table 5.2) indicated which Cl
–
 basins were 

populated when complexes 3 and 6 were reduced to complexes 2 and 5, respectively. 

Thus, the sum of DI of the Cl
–
 basins, V(Cl), and V(Ru,NO), represented as 

ΣDI[V(Cl),V(Ru,NO)], showed larger electron delocalization for complexes 1 and 3 as 

compared to complexes 4 and 6, respectively, but the opposite trend emerged when 

complexes 2 and 5 were compared. These observations correlated with the QTAIM and 

ELF results, which pointed to larger electron density in Ru–NO in complexes 1 and 3 as 

compared to complexes 4 and 6, respectively. However, electron delocalization in Ru–

NO was lower in complex 2 as compared to complex 5.  

IQA revealed a more negative value for EIQA
Inter(Ru,N) in complex 3 as compared to 

complex 6 because the energy of the electrons–nuclei attractive contributions decreased, 

and this decrease was not compensated by an increase in electrons–electrons and 

nuclei–nuclei repulsion terms. Comparison between complexes 4 and 1 showed the 

same tendency, but the repulsive terms predominated over the attractive contributions. 

Comparison between complexes 5 and 2 evidenced less favorable EIQA
Inter(Ru,N) in the 

case of complex 2 because Vne(Ru,N) and Ven(Ru,N) increased more than Vnn(Ru,N) 

and Vee(Ru,N) decreased. However, the interaction between Cl
–
 and the N atom of NO 

gave lower EIQA
Inter(Cl,N) due to the more negative Vne(Cl,N), and Ven(Cl,N), despite the 

larger Vnn(Ru,N), and Vee(Ru,N) of complexes 1–3 as compared to complexes 4–6. This 
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last analysis agreed with the changes in the Ru–NO bond length, stretching frequency, 

and WBI.  

Hence, although the electron density in Ru–NO was not larger in all complexes 1–

3 as compared to complexes 4–6, the electrostatic contribution also underlay the fact 

that Cl
–
 in cis position in relation to NO favored the stabilization of the Ru–NO bond 

more than Cl
–
 in trans. 

It is also important to discuss the molecular orbitals in complexes 1–6, in which 

the electron densities of NH3 or Cl
–
 and NO overlap (Figure 5.7). 

 

 

 

Figure 5.7 Selected occupied molecular orbitals in complexes 1–6: HOMO–18(alfa) for 

complex 1, (a); HOMO–22 for complex 2 and HOMO–21(beta) for complex 3, (b); 

HOMO–5(alfa) for complex 1, HOMO–5 for complex 2, and HOMO–4(beta) for 

complex 3, (c); HOMO–19(alfa) for complex 4, (d); HOMO–22 for complex 5 and 

HOMO–22(alfa) for complex 6, (e); HOMO–4(alfa) for complex 4, HOMO–4 for 

complex 5, and HOMO–5(alfa) for complex 6, (f). 
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More specifically, the electron donation from a π(Cl
–
) to a dπ(Ru) and the back–

bonding from this orbital to a π
*
(NO) increased the electron density of the Ru–NO bond 

as discussed in a review about the trans–influence in octahedral transition metal 

complexes.
74

 Complexes 2 and 3 also presented a σ(Ru–Cl) orbital that overlapped with 

a σ
*
(Ru–NO) orbital, to increase the Ru–NO electron density. Molecular orbitals in 

complexes 1 and 4 presented only an interaction between the NH3 and NO groups, 

which increased the Ru–NO electron density (Figure 5.7) because the interaction in 

complex 1 occurred through σ orbitals, whereas the σ orbital overlapped with the π 

orbital in the Ru–NO chemical bond in complex 4. 

 

5.5 Conclusions 

The reduction of complexes 6 and 3 to complexes 5 and 2, respectively, preferentially 

occurs in chlorine, whereas the reduction of complexes 5 and 2 to complexes 4 and 1, 

respectively, takes place in NO. In complexes 7–9, the two reductions are more 

pronounced in NO. These preferential reductions in NO increase the reactivity of this 

group with respect to an electrophilic attack because of the symmetry of the π
*
 orbital in 

LUMO for NO in complexes 2, 5, and 9, LUMO(Beta) for NO in complex 8, and π 

orbital in LUMO for Cl in complexes 3 and 6. 

Analysis of the electronic structure showed that the Ru–NO bond has larger 

electron density in complexes 6 and 3 as compared to complexes 5 and 2, respectively. 

However, comparison of complexes 5 and 2 to complexes 4 and 1, respectively, shows 

an opposite trend as judged from the changes in geometries, vibrational frequencies, 

Wiberg bond index, and QTAIM and ELF analysis. Reduction of complex 9 to complex 

7 results in a decrease in the total charge, as observed from the decreased bond order in 

Ru–NO in the first reduction and the increased bond order in Ru–NO in the second 

reduction. The second process is due to a more favorable interaction between NO
–
 and 

Ru in complex 7 as compared to the interaction between NO and the metal in complex 

8. In addition, N–O has lower bonding character upon reduction in total charge in metal 

complexes 1–9. 

Comparison of complexes 2 and 5 as well as of complexes 1 and 4 to complexes 8 

and 7, respectively, shows that the negative cis and trans influence of Cl
–
 on the NO 

ligand stabilizes the Ru–NO chemical bond. This is due to larger electron density along 

more favorable electrostatic interaction. 
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On going from complexes 7–9 to complexes 1–3 and 4–6, only the complexes 

with total charge 2+ experience an increase in the Ru–NO bond order due to the 

negative cis and trans influence of the chloride groups. As for complex 7 compared to 

complexes 1 and 4, interaction between NO
–
 and Ru in the Ru–NO chemical bond 

allows for larger electron delocalization as compared to the electron delocalization 

between Ru and NO, even if the bond is under the negative cis or trans influence of the 

Cl
–
 group in the latter case. In complexes 3 and 6, the electronic occupation in the π 

orbital of the Cl
–
 group is lower, so charge donation from this ligand to Ru–NO 

decreases. 

Compared to complexes 1, 2, and 3, the topological analyses by QTAIM and ELF 

of complexes 4, 5, and 6, respectively, indicate shorter Ru–NO bond for the latter 

structures, with exception of complex 5 in relation to complex 2. According to IQA 

analysis, interaction between Cl
–
 and NO is more favorable in complexes 1–3 as 

compared to complexes 4–6 due to the larger weight of the attractive Vne(Cl,N) and 

Ven(Cl,N) components as compared to the weight of the repulsive Vee(Cl,N) and 

Vnn(Cl,N) components in total EIQAInter(Cl,N). This agrees with the shorter bond length 

and larger stretching frequency and WBI of Ru–NO in complexes 1–3 as compared to 

complexes 4–6. Finally, although the electron density in Ru–NO in complexes 1–3 is 

not higher than the electron density in Ru–NO in complexes 4–6, the electrostatic 

contribution of the interaction between Cl
–
 and NO seems to be relevant to the 

preferential stabilization of Ru–NO in cis and not in trans position relative to the Cl
– 

ligand.
. 
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5.6 Supplementary Material 

Table S5.1 Calculated and (experimental) geometric parameters of complexes 2, 5, and 

9. 

 
2Calc 2Exp 5Calc 5Exp 9Calc 9Exp 

r/Å       

Ru–NO 1.750 1.773 1.771 1.799 1.772 1.771 

N–O – –  1.129
 

 1.026
a
 1.116 1.172 

Ru–Cl – – 2.310 2.376 – – 

r̅(Ru–NH3) 2.184 2.103 2.166 2.100 2.186  2.077 

Ru–N(1) – – 2.166 2.113 2.186 2.133 

Ru–N(2) – – 2.165 2.094 2.186 2.094 

Ru–N(3) – – 2.166 2.039 2.185 2.042 

Ru–N(4) – – 2.166 2.152 2.186 2.101 

Ru–Ntrans – – – – 2.186 2.017 

</º       

Ru–N–O 176.3 175.2 180.0 176.6 179.3 172.9 

N(1)–Ru–N(2) – –   89.7   86.6   89.6   90.7 

N(1)–Ru–N(3) – – 171.6 174.6 174.7 179.0 

N(1)–Ru–N(4) – –   89.7   93.0   89.2   86.8 

N(1)–Ru–NO – –   94.2   91.2   93.2   87.3 

N(1)–Ru–Cl – –   85.8   88.6 – – 

N(2)–Ru–N(3) – –   89.7   89.2   89.8   90.2 

N(2)–Ru–N(4) – – 171.6 175.5 176.0 176.5 

N(2)–Ru–NO – –   94.2   92.4   92.3   93.3 

N(2)–Ru–Cl – –   85.8   87.9 – – 

N(3)–Ru–N(4) – –   89.7   91.1   91.1   92.7 

N(3)–Ru–NO – –   94.2   88.8   92.1   93.3 

N(3)–Ru–Cl – –   85.8   89.2 – – 

N(4)–Ru–NO – –   94.2   95.7   91.6   89.2 

N(4)–Ru–Cl – –   85.8   86.5 – – 

Cl–Ru–NO – – 180.0 177.9 – – 

Ntrans–Ru–N(1) – – – –   87.9   88.2 

Ntrans–Ru–N(2) – – – –   88.1   86.4 

Ntrans–Ru–N(3) – – – –   86.8   91.2 

Ntrans–Ru–N(4) – – – –   88.0   91.3 

Ntrans–Ru–NO – – – – 178.9 175.4 
a Similar experimental result was used in reference 64, but it was not considered reliable due disorder 

problems. 
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Figure S5.1 Isosurfaces of ELF (isovalue = 0.82) for complexes 1–9. Color code: green 

– protonated disynaptic basins – V(N,H); blue – monosynaptic basins – V(Ru,NO), 

V(Ru), V(Ru,NH3), V(Ru,Cl), V(Cl), and V(O); Red – disynaptic basins – V(N,O); 

magenta – core basins – C(N). 
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Table S5.2 Ru–Cl parameters in complexes 1–6. Bond length/Å, stretching 

wavenumbers/cm
–1

, and other parametes/a.u. 

 
1 2 3 4 5 6 

r(Ru–Cl) 2.374 2.337 2.257 2.425 2.310 2.254 

𝜈(Ru–Cl)
a
 325 342 380 283 349 353 

WBI(Ru–Cl) 1.197 1.283 1.704 1.075 1.231 1.666 

ρ(r)(Ru–Cl) 0.079 0.091 0.106 0.069 0.094 0.108 

∇2
ρ(r)(Ru–Cl) 0.214 0.184 0.238 0.209 0.210 0.230 

H(r)(Ru–Cl) –0.018 –0.025 –0.035 –0.014 –0.028 –0.036 

EIQA
Inter(Ru,Cl) –0.299 –0.305 –0.270 –0.297 –0.330 –0.284 

Vne(Ru,Cl) –62.595 –63.125 –64.184 –61.555 –64.149 –64.524 

Ven(Ru,Cl) –55.940 –56.123 –57.712 –54.661 –56.439 –57.645 

Vee(Ru,Cl) 57.603 57.363 57.867 56.566 57.936 58.014 

Vnn(Ru,Cl) 60.633 61.581 63.759 59.353 62.321 63.870 

ΣDI[V(Ru),V(Ru,Cl)] 0.2843 0.2615 0.3536 0.2293 0.2768 0.3670 

ΣDI[V(Ru),V(Cl)] 0.4264 0.5247 0.8055 0.3520 0.4078 0.7402 
a Coupled with other vibrational modes, such as angular deformation of H–N–H and bond stretching of 

Ru–NH3. 

 

Table S5.3 Ru–N(1) parameters in complexes 4–9. Bond length/Å, bond angle/°, 

stretching wavenumbers/cm
–1

, and other parametes/a.u. 

 
4 5 6 7 8 9 

r[Ru–N(1)] 2.167 2.166 2.188 2.178 2.187 2.186 

<[N(1)H3–Ru–NO] 95.4 94.2 88.4 88.0 90.7 91.6 

WBI[Ru–N(1)] 0.696 0.723 0.739 0.685 0.702 0.733 

ρ(r)[Ru–N(1)] 0.080 0.086 0.087 0.074 0.076 0.082 

∇2
ρ(r)[Ru–N(1)] 0.327 0.290 0.232 0.354 0.319 0.275 

H(r)[Ru–N(1)] –0.014 –0.018 –0.019 –0.011 –0.012 –0.016 

EIQA
Inter[Ru,N(1)] –0.444 –0.503 –0.522 –0.389 –0.438 –0.500 

Vne[Ru,N(1)] –31.307 –31.389 –31.117 –25.399 –24.977 –24.651 

Ven[Ru,N(1)] –25.174 –24.876 –24.500 –31.158 –31.051 –31.128 

Vee[Ru,N(1)] 28.691 28.370 28.007 28.953 28.494 28.162 

Vnn[Ru,N(1)] 27.347 27.392 27.088 27.214 27.097 27.116 

EIQA
Inter[N(1),N] –0.003 –0.031 –0.070 0.000 –0.020 –0.050 

Vne[N(1),N] –8.715 –8.858 –8.786 –9.240 –8.876 –8.805 

Ven[N(1),N] –9.970 –10.354 –10.576 –10.543 –10.281 –10.447 

Vee[N(1),N] 9.987 10.161 10.101 10.575 10.172 10.111 

Vnn[N(1),N] 8.695 9.019 9.191 9.207 8.966 9.091 

ΣDI{V(Ru),V[Ru,N(1)]} 0.4181 0.4266 0.4236 0.4298 0.4228 0.4332 

ΣDI{V[Ru,N(1)],V(Ru,NO)} 0.0397 0.0499 0.0472 0.0287 0.0386 0.0458 
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Table S5.4 Ru–N(2) parameters in complexes 1–9. Bond length/Å, bond angle/°, stretching wavenumbers/cm
–1

, and other parametes/a.u. 

 
1 2 3 4 5 6 7 8 9 

r[Ru–N(2)] 2.154 2.164 2.185 2.155 2.166 2.173 2.177 2.175 2.186 

<[N(2)H3–Ru–NO] 87.5 92.4 91.5 90.9 94.2 96.5 88.1 88.1 93.2 

WBI[Ru–N(2)] 0.716 0.726 0.742 0.710 0.723 0.753 0.686 0.715 0.733 

ρ(r)[Ru–N(2)] 0.082 0.086 0.087 0.082 0.086 0.090 0.075 0.078 0.082 

∇2
ρ(r)[Ru–N(2)] 0.346 0.291 0.235 0.354 0.290 0.241 0.355 0.341 0.273 

H(r)[Ru–N(2)] –0.015 –0.018 –0.019 –0.014 –0.018 –0.021 –0.011 –0.013 –0.016 

EIQA
Inter[Ru,N(2)] –0.441 –0.496 –0.525 –0.443 –0.503 –0.531 –0.390 –0.438 –0.501 

Vne[Ru,N(2)] –31.480 –31.397 –31.182 –31.442 –31.388 –31.334 –31.167 –31.187 –31.126 

Ven[Ru,N(2)] –25.385 –24.929 –24.530 –25.342 –24.876 –24.646 –25.407 –25.136 –24.642 

Vee[Ru,N(2)] 28.911 28.444 28.056 28.832 28.370 28.171 28.962 28.641 28.158 

Vnn[Ru,N(2)] 27.513 27.386 27.130 27.508 27.392 27.279 27.222 27.244 27.109 

EIQA
Inter[N(2),N] –0.027 –0.042 –0.070 –0.019 –0.031 –0.058 0.000 –0.032 –0.049 

Vne[N(2),N] –10.713 –10.481 –10.375 –8.956 –8.858 –8.278 –10.535 –9.018 –8.696 

Ven[N(2),N] –9.213 –8.894 –8.599 –10.356 –10.354 –9.933 –9.232 –10.534 –10.318 

Vee[N(2),N] 10.543 10.203 9.890 10.247 10.161 9.522 10.567 10.325 9.990 

Vnn[N(2),N] 9.356 9.130 9.014 9.047 9.020 8.631 –18.464 9.196 8.974 

ΣDI{V(Ru),V[Ru,N(2)]} 0.4403 0.4272 0.4244 0.4313 0.4266 0.4325 0.4293 0.4449 0.4324 

ΣDI{V[Ru,N(2)],V(Ru,NO)} 0.0318 0.0459 0.0409 0.0347 0.0498 0.0354 0.0284 0.0290 0.0431 
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Table S5.5 Ru–N(3) parameters in complexes 1–9. Bond length/Å, bond angle/°, stretching wavenumbers/cm
–1

, and other parametes/a.u. 

 
1 2 3 4 5 6 7 8 9 

r[Ru–N(3)] 2.212 2.224 2.213 2.160 2.165 2.173 2.208 2.188 2.186 

<[N(3)H3–Ru–NO] 91.8 96.1 94.9 93.4 94.2 96.9 86.8 91.0 92.3 

WBI[Ru–N(3)] 0.652 0.659 0.691 0.705 0.723 0.751 0.649 0.701 0.733 

∇2
ρ(r)[Ru–N(3)] 0.305 0.265 0.230 0.336 0.290 0.242 0.336 0.318 0.275 

H(r)[Ru–N(3)] –0.010 –0.013 –0.017 –0.014 –0.018 –0.021 –0.008 –0.012 –0.016 

EIQA
Inter[Ru,N(3)] –0.417 –0.471 –0.517 –0.445 –0.503 –0.531 –0.376 –0.438 –0.501 

Vne[Ru,N(3)] –30.670 –30.598 –30.851 –31.404 –31.388 –31.338 –30.711 –31.045 –31.133 

Ven[Ru,N(3)] –24.733 –24.292 –24.208 –25.268 –24.876 –24.646 –25.048 –24.969 –24.649 

Vee[Ru,N(3)] 28.195 27.771 27.758 28.783 28.370 28.175 28.545 28.488 28.165 

Vnn[Ru,N(3)] 26.791 26.648 26.785 27.444 27.392 27.279 26.838 27.089 27.116 

EIQA
Inter[N(3),N] –0.012 –0.037 –0.065 –0.013 –0.031 –0.058 0.023 –0.019 –0.050 

Vne[N(3),N] –10.162 –10.023 –10.040 –8.807 –8.858 –8.253 –10.559 –8.860 –8.757 

Ven[N(2),N] –8.838 –8.514 –8.320 –10.147 –10.354 –9.900 –9.452 –10.256 –10.390 

Vee[N(3),N] 10.117 9.777 9.587 10.089 10.161 9.494 10.807 10.154 10.059 

Vnn[N(3),N] 8.871 8.722 8.708 8.853 9.020 8.602 9.228 8.943 9.039 

ΣDI{V(Ru),V[Ru,N(3)]} 0.3895 0.3870 0.3938 0.4223 0.4265 0.4320 0.4013 0.4218 0.4333 

ΣDI{V[Ru,N(3)],V(Ru,NO)} 0.0409 0.0430 0.0389 0.0414 0.0498 0.0350 0.0363 0.0381 0.0445 
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Table S5.6 Ru–N(4) parameters in complexes 1–9. Bond length/Å, bond angle/°, stretching wavenumbers/cm
–1

, and other parametes/a.u. 

 
1 2 3 4 5 6 7 8 9 

r[Ru–N(4)] 2.175 2.164 2.185 2.170 2.166 2.186 2.208 2.195 2.185 

<[N(4)H3–Ru–NO] 90.5 91.9 92.7 94.7 94.2 89.1 86.8 90.0 92.1 

WBI[Ru–N(4)] 0.688 0.726 0.742 0.692 0.723 0.744 0.649 0.692 0.733 

ρ(r)[Ru–N(4)] 0.078 0.086 0.087 0.079 0.086 0.087 0.069 0.074 0.083 

∇2
ρ(r)[Ru–N(4)] 0.330 0.291 0.234 0.337 0.290 0.232 0.337 0.327 0.274 

H(r)[Ru–N(4)] –0.013 –0.018 –0.019 –0.013 –0.018 –0.020 –0.008 –0.011 –0.017 

EIQA
Inter[Ru,N(4)] –0.436 –0.496 –0.525 –0.441 –0.503 –0.523 –0.376 –0.435 –0.501 

Vne[Ru,N(4)] –31.208 –31.400 –31.167 –31.248 –31.388 –31.136 –30.713 –30.954 –31.134 

Ven[Ru,N(4)] –25.129 –24.935 –24.523 –25.150 –24.876 –24.516 –25.051 –24.904 –24.658 

Vee[Ru,N(4)] 28.654 28.448 28.044 28.649 28.370 28.021 28.548 28.416 28.167 

Vnn[Ru,N(4)] 27.247 27.391 27.120 27.309 27.392 27.109 26.840 27.006 27.124 

EIQA
Inter[N(4),N] –0.002 –0.043 –0.068 0.002 –0.031 –0.069 0.023 –0.008 –0.050 

Vne[N(4),N] –10.387 –10.528 –10.273 –8.788 –8.858 –8.740 –10.558 –8.988 –8.769 

Ven[N(4),N] –9.094 –8.934 –8.518 –10.010 –10.354 –10.515 –9.452 –10.318 –10.407 

Vee[N(4),N] 10.416 10.247 9.796 10.066 10.161 10.047 10.806 10.300 10.071 

Vnn[N(4),N] 9.062 9.172 8.927 8.735 9.020 9.139 9.227 8.997 9.055 

ΣDI{V(Ru),V[Ru,N(4)]} 0.4248 0.4263 0.4251 0.4245 0.4266 0.4256 0.4020 0.4296 0.4334 

ΣDI{V[Ru,N(4)],V(Ru,NO)} 0.0299 0.0470 0.0389 0.0324 0.0498 0.0465 0.0361 0.0279 0.0455 
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Table S5.7 Ru–Ntrans parameters in complexes 1–3 and 7–9. Bond length/Å, bond angle/°, stretching wavenumbers/cm
–1

, and other 

parametes/a.u. 

 
1 2 3 7 8 9 

r[Ru–Ntrans] 2.273 2.184 2.160 2.493 2.275 2.186 

<(NtransH3–Ru–NO) 177.8 175.3 177.1 177.3 178.8 178.9 

WBI[Ru–Ntrans] 0.574 0.666 0.737 0.418 0.598 0.695 

ρ(r)[Ru–Ntrans] 0.063 0.082 0.090 0.039 0.063 0.082 

∇2
ρ(r)[Ru–Ntrans] 0.254 0.265 0.256 0.158 0.255 0.262 

H(r)[Ru–Ntrans] –0.008 –0.017 –0.022 –0.003 –0.008 –0.017 

EIQA
Inter(Ru,Ntrans) –0.410 –0.509 –0.543 –0.289 –0.411 –0.520 

Vne(Ru,Ntrans) –30.063 –31.311 –31.592 –27.368 –29.999 –31.307 

Ven(Ru,Ntrans) –24.036 –24.591 –24.744 –22.297 –24.012 –24.544 

Vee(Ru,Ntrans) 27.611 28.262 28.357 25.602 27.550 28.213 

Vnn(Ru,Ntrans) 26.078 27.132 27.436 23.773 26.049 27.118 

EIQA
Inter(Ntrans,N) –0.009 –0.030 –0.050 0.010 –0.013 –0.035 

Vne(Ntrans,N) –7.266 –7.611 –7.520 –6.844 –6.194 –6.342 

Ven(Ntrans,N) –6.264 –6.420 –6.223 –6.032 –7.208 –7.565 

Vee(Ntrans,N) 7.217 7.406 7.168 6.934 7.128 7.320 

Vnn(Ntrans,N) 6.304 6.595 6.526 5.951 6.261 6.552 

ΣDI[V(Ru),V(Ru,Ntrans)] 0.3273 0.3631 0.4191 0.2444 0.3494 0.3859 

ΣDI[V(Ru,Ntrans),V(Ru,NO)] 0.0289 0.0363 0.0348 0.0278 0.0289 0.0368 
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6   Efficiency Analysis of Computational Models: 

     Ru–NO Complexes 

__________________________________________ 

 

Parts of this chapter previously appeared as 

 

How Computational Methods and Relativistic Effects Influence the Study of Chemical 

Reactions involving Ru–NO Complexes? 

Orenha, R. P.; Santiago, R. T.; Haiduke, R. L. A.; Galembeck, S. E. 

Journal of Computational Chemistry 2017, 38 (12), 883-891 

 

6.1 Introduction 

The importance of relativistic effects in the description of the electronic structure of 

compounds containing heavier elements is well known.
194

 For example, cases 

commonly cited in the literature include the yellow color of gold and the potential 

difference found in lead–acid batteries. Moreover, important aspects of the catalytic 

activity of platinum and gold compounds are due to the high relativistic effects that can 

be observed in these cases.
195

  

On the other hand, some studies have discussed relativistic effects of compounds 

containing ruthenium. Density functional theory calculations for ruthenium tetroxide, 

RuO4, showed a small contraction in bond lengths (0.01 Å) and a slight increase in its 

atomization energy (about 4%) for relativistic effects.
196

 Ruthenium porphyrins and 

some of its hexacoordinated adducts were also investigated, and this work indicated that 

it is necessary to include relativistic effects to accurately determine the ground state of 

these porphyrins.
197

 

Thus, different approximations are adopted for the treatment of the relativistic 

effects of metals. And we can highlight, for example, the determination of the enthalpy 

and free energy of the isomers: [Ru–NO] (GS) ↔ [Ru–ON] (MS1) ↔ [Ru−O
N] (η

2
–MS2), 

in complexes, such as, [Ru(NH3)NO]
3+

, and [Ru(CN)5NO]
2–

, through the 

B3LYP/LANL2DZ computational model.
198

 While still involving these isomers, the 

energy decomposition analysis for compounds, such as, trans–[Ru(NH3)4(L)NO]
q+

, 
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where L = NH3 or H2O with q = 3 and L = Cl
–
 with q = 2, as well as those involving the 

replacement of amino groups per tetraazomacrocyclic ligands, such as, cyclan, 14–tmc, 

12–mc, and cyclen, allowed the study of the nature of the Ru–NO chemical bond, 

through BP86/TZ2P, including the treatment of relativistic effects with the zero order 

regular approximation (ZORA).
38

 

Accordingly, in this chapter the influence of two different treatments of 

relativistic effects is evaluated as well as the efficacy of diverse computational methods 

when determining the chemical parameters of relevant reactions (e.g., reduction, 

isomerization, and Cl
–
 negative influence in relation to NH3) involving the complexes 

cis–[RuCl(NO)(NH3)4]
+
, 1; cis–[RuCl(NO)(NH3)4]

2+
, 2; cis–[RuCl(NO)(NH3)4]

3+
, 3; 

trans–[RuCl(NO)(NH3)4]
+
, 4; trans–[RuCl(NO)(NH3)4]

2+
, 5; trans–

[RuCl(NO)(NH3)4]
3+

, 6; [Ru(NO)(NH3)5]
+
, 7; [Ru(NO)(NH3)5]

2+
, 8; [Ru(NO)(NH3)5]

3+
, 

9; and trans–[RuCl(NO)(NH3)4], 10.  

More specifically, we statistically compared the geometric parameters and 

reaction energies of the ruthenium complexes obtained from B3LYP/def2–TZVP 

calculations along with effective core potentials (ECP), ECP28MDF treatment, to the 

results provided by the same level using an all–electron scalar relativistic approach 

achieved by means of the second–order Douglas–Kroll–Hess method (DKH2). Next, we 

used the geometries optimized with ECP to assess various computational methods with 

the same relativistic treatment and def2–TZVP sets, namely RI–MP2, RI–SCS–MP2, 

OO–RI–MP2, OO–RI–SCS–MP2, M06–L, M06, M06–2X, M06–HF, BP86–D3BJ, 

BP86, B2PLYP, LC–wPBE, and B3LYP. The CCSD(T)/def2–TZVP calculations 

combined with ECP28MDF were adopted as reference for energy calculations. 

 

6.2 Effective Core Potential x All–Electron Scalar Relativistic Effects 

An investigation concerning two alternative ways of including relativistic effects is 

carried out along this section. These two approaches were chosen as they represent 

common options available in most computational packages for electronic structure 

calculations. Certainly, the ECP treatment has a low demand for computational 

resources as its strongest feature. However, a proper balance between the inclusion of 

relativistic effects and the basis set flexibility in the valence region for each property 

depends on an adequate choice of the number of electrons modeled as core. On the other 
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hand, the all–electron approach is mandatory for properties closely related to core–

electron densities.
199

 

First, a discussion regarding the D1 diagnostic values obtained from CCSD(T) 

calculations (Table S6.1) is noteworthy. A recent study about the multiconfigurational 

character of molecules containing 3d transition metals proposed that D1 < 0.15 is a 

necessary criterion to obtain reliable energies when using monoreferential chemical 

models.
200 The D1 values of complexes 2, 5, and 9 were safely below the proposed 

limit. For complexes 1, 4, 7, 8, and 10, D1 results were slightly above 0.15, which might 

be still acceptable because these complexes contain a 4d metal. However, D1 values for 

complexes 3 and 6 are much higher than 0.15, suggesting the need for further studies 

with multiconfigurational methods. However, such large D1 results probably do not 

represent a major problem for the objectives pursued here, which rely on the 

comparison of data from monoreferential treatments among themselves. 

Four parameters were used during statistical analysis to evaluate the performance 

of the different theoretical approaches: minimum negative deviation, Dneg(Min); 

maximum positive deviation, Dpos(Max); medium absolute deviation, MAD; and root–

mean–square error, RMS.
201  

 

 𝐷𝑖 = 𝑥𝑖 − 𝑟𝑖 (6.1) 

 

 𝑀𝐴𝐷 =
1

𝑁
∑ |𝑥𝑖 − 𝑟𝑖|
𝑁
𝑖  (6.2) 

 

 𝑅𝑀𝑆 = √
1

𝑁
∑ (𝑥𝑖 − 𝑟𝑖)

2𝑁
𝑖  (6.3) 

 

Where, xi is an element of data set and ri is a specific computational model or 

experimental data taken as reference. 

These parameters were also considered in relation to ri to provide a ratio of 

deviations for the analyzed quantities, resulting in the minimum negative relative 

deviation, RDneg(Min); maximum positive relative deviation, RDpos(Max); medium 

absolute relative deviation, MARD; and the root–mean–square relative error, RMSR. 

 

 𝑅𝐷𝑖 =
𝑥𝑖−𝑟𝑖

𝑟𝑖
× 100% (6.4) 
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 𝑀𝐴𝑅𝐷 =
1

𝑁
∑ |

𝑥𝑖−𝑟𝑖

𝑟𝑖
| × 100%𝑁

𝑖  (6.5) 

 

 𝑅𝑀𝑆𝑅 = √
1

𝑁
∑ (

𝑥𝑖−𝑟𝑖

𝑟𝑖
× 100%)

2
𝑁
𝑖  (6.6) 

 

Comparison of geometric parameters obtained with the computational model 

based on ECP to the same values achieved with the DKH2 treatment (Tables S5.1, and 

from S6.2 to S6.4, along with, Figures 5.1, and from 6.1 to 6.4) showed the Ru–NO 

bonds provided the most relevant Dneg(Min) and Dpos(Max) values, which indicated a 

wider range of deviations. 

 

 

Figure 6.1 Dneg(Min) (in red), Dpos(Max) (in blue), MAD (in green), and RMS (in 

yellow) for bond lengths (designated as r and measured in Å) calculated by ECP, using 

DKH2 as reference. 

 

 

Figure 6.2 Dneg(Min) (in red), Dpos(Max) (in blue), MAD (in green), and RMS (in 

yellow) for bond angles (designated as < and measured in 
o
) calculated by ECP, using 

DKH2 as reference. 
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Figure 6.3 RDneg(Min) (in red), RDpos(Max) (in blue), MARD (in green), and RMSR 

(in yellow) for bond lengths (designated as r) calculated by ECP, using DKH2 as 

reference. 

 

 

Figure 6.4 RDneg(Min) (in red), RDpos(Max) (in blue), MARD (in green), and RMSR 

(in yellow) for bond angles (designated as <) calculated by ECP, using DKH2 as 

reference. 

 

The Ru–NO bonds also presented the largest MAD and RMS values, which 

pointed to higher data variability and greater dispersion, respectively. Considering the 

relative deviations [(ECP–DKH2)/DKH2 × 100%], the same trend discussed above for 

deviations between these two alternative relativistic treatments emerged in the case of 

bond lengths. The relative deviations for bond lengths ranged from –1.92% to 1.90%.  

For bond angles, the largest Dpos(Max) value was obtained for the Ru–N–O angle, 

whereas Dneg(Min) was more pronounced for the (NH3–Ru–NO)ax angle. MAD and 

RMS data were similar for the Ru–N–O and (NH3–Ru–NO)ax angles, with the latter 

angle having somewhat higher values. Considering the data obtained with DKH2 as 

reference, the highest RDpos(Max) was achieved for the Ru–N–O angle, and the lowest 

RDneg(Min) was obtained for the Cl–Ru–NO angle followed by (NH3–Ru–NO)ax. Thus, 
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values observed for the Ru–N–O, Cl–Ru–NO, and (NH3–Ru–NO)ax angles presented 

close results for the variability (MARD) and dispersion (RMSR). Finally, the range of 

relative deviations regarding the bond angles lies between –1.0% and 0.8%. The most 

significant deviations occurred in the Ru–NO bond, followed by trans Ru–NH3 and Ru–

Cl bonds.  

Now, we will focus on the comparison of the results calculated by ECP and 

DKH2 with experimental data obtained by X–ray crystallography (Tables S5.1, S6.2, 

and S6.3, as well as, Figures 5.1, S6.1, and from 6.5 to 6.8).
40,188,189  

 

 

Figure 6.5 Dneg(Min) (in red), Dpos(Max) (in blue), MAD (in green), and RMS (in 

yellow) for bond lengths (designated as r and measured in Å) calculated by ECP and 

DHK2 using experimental data as reference. 

 

 

Figure 6.6 Dneg(Min) (in red), Dpos(Max) (in blue), MAD (in green), and RMS (in 

yellow) for bond angles (designated as < and measured in 
o
) calculated by ECP and 

DHK2 using experimental data as reference. 
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Figure 6.7 RDneg(Min) (in red), RDpos(Max) (in blue), MARD (in green), and RMSR 

(in yellow) for bond lengths (designated as r) calculated by ECP and DHK2 using 

experimental data as reference. 

 

 

Figure 6.8 RDneg(Min) (in red), RDpos(Max) (in blue), MARD (in green), and RMSR 

(in yellow) for bond angles (designated as <) calculated by ECP and DHK2 using 

experimental data as reference. 

 

This analysis showed that Dneg(Min), Dpos(Max), MAD, and RMS were slightly 

lower for bond lengths and angles determined by ECP. The exception was Dneg(Min) 

obtained by ECP and DKH2, which were the same as the bond lengths determined 

experimentally. 

As a general tendency, the Ru–NO bond lengths given by DKH2 are always 

shorter than those from ECP results (between 0.014 and 0.033 Å). Both calculations 

also provide smaller Ru–NO bond lengths than the experimental data for compounds 2 

and 5, while the ECP value for complex 9 is nearly identical to the experimental result. 

These findings suggest that the ECP approach is better than DKH2 for these geometrical 

parameters. However, some care must be taken during this analysis as the experimental 
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measurements were carried out in the solid state while the calculations refer to isolated 

systems. This is particularly more relevant as one considers that these complexes are 

charged (except by 10) and the counter ion was not included in the calculations. 

The relative deviations followed the same trend discussed above, with RDneg(Min) 

and RDpos(Max) obtained by ECP and DHK2 being the same with respect to the 

experimental bond angles. RDneg(Min) for bond lengths was an exception, being more 

negative when calculated by ECP as compared to DHK2. The MARD values close to 

4% and 3% for bond lengths and bond angles, respectively, are worth highlighting. 

These results are acceptable although intervals of –5% to 9% and –5% to 7% were 

observed for bond lengths and angles, respectively. The N–O bond length calculated 

was not compared with experimental data because the latter was considered not 

reliable.
64

 

Based on the reduction (A–F), isomerization (G–I), and Cl
–
 negative trans 

influence in relation to NH3 (J–L) chemical reactions (Figure 6.9), it was also possible 

to evaluate the sum of the electronic and zero point energies obtained with ECP and 

DHK2 (Tables S6.5, and S6.6).  

Analysis of the relative deviations of the values obtained with ECP as compared 

to those obtained with DHK2 (taken as reference) revealed MARD close to 4.8%, which 

was an acceptable variability. However, RDneg(Min), RDpos(Max), and RMSR of 

approximately –17%, 31%, and 10%, respectively, indicated broad range and high 

dispersion (Figure 6.10). By disregarding reactions G and H (which presented relative 

deviations near 31 and 17%, respectively) and calculating new statistical parameters for 

electronic and zero point energies, we found that Dneg(Min) and Dpos(Max) did not 

change, while MAD and RMS (Figures 6.11, and 6.12) were larger than the values 

previously calculated for the reactions A–L.  

Nevertheless, compared to the relative parameters RDneg(Min), RDpos(Max), 

MARD, and RMSR (Figure 6.13), the sum of electronic and zero point energy results 

now decreased significantly, which indicated large contribution from G and H to these 

statistical parameters. This happened because the absolute deviations obtained for G and 

H were closer to the energy values of the respective reactions than in other cases. 
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Figure 6.9. Reduction (A–F), isomerization (G–I), and Cl
–
 negative trans influence in 

relation to NH3 (J–L) reactions for complexes 1–10.  
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Figure 6.10 RDneg(Min) (in red), RDpos(Max) (in blue), MARD (in green), and RMSR 

(in yellow) for Eelectronic+ZPE(ECP) as compared to Eelectronic+ZPE(DHK2) for reactions A–

L. 

 

 

Figure 6.11 Dneg(Min) (in red), Dpos(Max) (in blue), MAD (in green), and RMS (in 

yellow), for Eelectronic+ZPE(ECP) compared to Eelectronic+ZPE(DHK2) for reactions A–L. All 

energies are in a.u. 
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Figure 6.12 Dneg(Min) (in red), Dpos(Max) (in blue), MAD (in green), and RMS (in 

yellow) for Eelectronic+ZPE(ECP) as compared to Eelectronic+ZPE(DHK2) for reactions A–F 

and I–L. All energies are in a.u. 

 

 

Figure 6.13 RDneg(Min) (in red), RDpos(Max) (in blue), MARD (in green), and RMSR 

(in yellow) for Eelectronic+ZPE(ECP) as compared to Eelectronic+ZPE(DHK2) for reactions A–F 

and I–L. All energies are in a.u. 

 

More importantly, despite the differences found between some geometrical 

parameters from ECP and DKH2 treatments, the same ordering is observed with these 

two relativistic approaches for the ZPE corrected energy changes (ΔEZPE) of reactions 

A–L, as seen in Table S6: D < B < F < L < A < C < E < K < J < H < G < I. Hence, the 
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closest to zero values are always ascribed to isomerization reactions (G–I), with ΔEZPE 

around ±0.01 a.u. B and D are reduction reactions, from 3 and 6 to 2 and 5, respectively, 

in complexes containing the Cl
–
 ligand (ΔEZPE from –0.65 to –0.62 a.u.), while A and C 

are the corresponding from 2 and 5 to 1 and 4, respectively, processes (ΔEZPE between –

0.38 and –0.36 a.u.). The other two reduction reactions, F (ΔEZPE = –0.53 a.u.) and E 

(ΔEZPE = –0.33 a.u.) occur in complexes without chloride. These data, along with 

negative ΔEZPE values for reactions J–L (from –0.48 to –0.17 a.u.), suggest that the 

chloride ligand is stabilizing the complexes in comparison with ammonia. 

Since the reaction I involves the compounds 3 and 6, which presented high values 

of D1 diagnostic in CCSD(T) calculations, the Eelectronic+ZPE(ECP) data were compared to 

Eelectronic+ZPE(DHK2) results obtained only for reactions A–F and J–L. The new 

statistical parameter values (Fig. S2 and S3) are essentially the same as those showed by 

reactions A–F and I–L. It reinforces the idea that the high D1 values are not are a 

problem here because the comparison of data is carried out only among monoreferencial 

treatments. 

Next, by using the electronic energies calculated with RI–MP2, RI–SCS–MP2, 

OO–RI–MP2, OO–RI–SCS–MP2, M06–L, M06, M06–2X, M06–HF, BP86–D3BJ, 

BP86, B2PLYP, LC–wPBE, B3LYP, and CCSD(T) methods and def2–TVZP basis sets 

with ECP (Table S6.1), the chemical reaction energies of reduction (A–F), 

isomerization (G–I), and Cl
–
 negative trans influence in relation to NH3 (J–L) were 

determined (Table S6.7). 

 

6.3 Reduction Reactions 

For the reduction reactions (A–F), the B2PLYP method gave the smallest range of 

Dpos(Max)–Dneg(Min) values as compared to CCSD(T) as well as the lowest MAD and 

RMS, which evidenced less variable and scattered results, respectively (Table S6.8, and 

Figure 6.14). Considering the relative deviations and taking the CCSD(T) results again 

as reference, B2PLYP still provided the smallest range of RDpos(Max)–RDneg(Min) 

values and lowest dispersion. However, M06–L was the method that afforded the lowest 

variability, MARD (see Table S6.8, and Figure 6.15). 

The RI–MP2 method evidenced a decrease in the range of deviations, Dpos(Max)–

Dneg(Min), as well as in MAD and RMS when the spin–component scaling (SCS) and 

orbital optimized (OO) approximations were employed. The OO approach prompted a 



 

105 

 

more marked decrease in these statistical parameters. Moreover, the parameters 

mentioned above decreased even further when both approximations were used 

simultaneously (OO–RI–SCS–MP2) and the relative deviations followed the same 

trend. However, despite the better performance observed with OO, the error found with 

this approximation was systematic. Reduction energies from OO–RI–MP2 and OO–RI–

SCS–MP2 results are always less negative than those from CCSD(T), as noticed by the 

absence of red bars in figure 6.14. 

 

 

Figure 6.14 Dneg(Min) (in red), Dpos(Max) (in blue), MAD (in green), and RMS (in 

yellow) for the electronic energies of reactions A–F. All energies are in a.u. 

 

The M06 functional family can be organized in a sequence with respect to 

Hartree–Fock (HF) exchange increment as follows: M06–L(0%)M06(27%)M06–

2X(54%)M06–HF(100%). Curiously, Dpos(Max)–Dneg(Min), MAD, and RMS also 

increased in this order, except for RMS on going from M06–L to M06. However, this 

exception is no longer observed in terms of relative deviations. In addition, the increase 

in the HF exchange amount also has an interesting outcome once the systematic error 

with respect to CCSD(T) data changes from less negative reduction energies in M06–L 

to smaller values in M06–2X and, mostly, M06–HF. 

Inclusion of the D3BJ dispersion correction in BP86 led to values similar to the 

data obtained by using this functional without correction. Dpos(Max)–Dneg(Min) and 



 

106 

 

MAD increased, whereas RMS was not affected. All the relative statistical parameters 

are incremented with this dispersion term. The results achieved with the B3LYP hybrid 

functional and the functional with long–range correction LC–wPBE presented 

intermediate to poor performance for these reactions. 

 

 

Figure 6.15 RDneg(Min) (in red), RDpos(Max) (in blue), MARD (in green), and RMSR 

(in yellow) for the single–point energies of reactions A–F. 

 

6.4 Isomerization Reactions 

For the isomerization reactions (G–I), the B2PLYP double hybrid functional again 

furnished the smallest range of energy dispersion, Dpos(Max)–Dneg(Min), and the lowest 

MAD and RMS values (CCSD(T) was used as reference), pointing to the low variability 

and dispersion of the results (Table S6.9, and Figure 6.16). In this case, the relative 

deviations followed the same trend discussed for the absolute ones (Table S6.9 and 

Figure 6.17). 

Once more, Dpos(Max)–Dneg(Min), MAD, and RMS decreased as the RI–MP2 

method was combined with the SCS and specially with the OO approximation. Again, 

this trend was more pronounced when both approximations are used simultaneously. 

RD results agreed with the analysis made above. For the M06 methods, Dpos(Max)–

Dneg(Min), MAD, and RMS decreased with the first increment of the HF exchange term, 

M06–LM06. However, subsequent increases of the HF exchange term, M06M06–
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2XM06–HF, resulted in an opposite trend, except for the decreased RMS on going 

from M06 to M06–2X. The same conclusions apply for relative deviations involving 

M06 methods, except for the reduction in the range of these values on going from M06 

to M06–2X. Furthermore, RMSR increases on going from M06 to M06–2X. 

Addition of D3BJ dispersion corrections in BP86 decreased the range of 

deviations but increased the variability and dispersion of the results, leading to greater 

MAD and RMS. In contrast, the relative deviations increased upon addition of D3BJ 

corrections to BP86. The data also indicated intermediate performance for B3LYP, 

while the LC–wPBE performance was only inferior of that of B2PLYP. 

 

 

Figure 6.16 Dneg(Min) (in red), Dpos(Max) (in blue), MAD (in green), and RMS (in 

yellow) for the single–point energies of reactions G–I. All energies are in a.u. 
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Figure 6.17 RDneg(Min) (in red), RDpos(Max) (in blue), MARD (in green), and RMSR 

(in yellow) for the single–point energies of reactions G–I. 

 

6.5 Reactions for Analysis of the Negative Trans Influence of Cl
–
 

Finally, concerning the chemical reactions that helped to evaluate the negative trans 

influence of Cl
–
 in relation to NH3 (J–L), the B3LYP method now afforded the lowest 

range of energy values, Dpos(Max)–Dneg(Min), along with the lowest MAD and RMS 

values, confirming the lower variability and dispersion of the results (Table S6.10, and 

Figure 6.18). The same trend emerged for the relative deviations (Table S6.10, and 

Figure 6.19). 

Considering the RI–MP2 method, only the SCS approximation decreases 

Dpos(Max)–Dneg(Min), MAD, and RMS again. On the other hand, the OO approximation 

shows the opposite tendency. In addition, these two approaches combined with the RI–

MP2 method (OO–RI–SCS–MP2) performed better than OO–RI–MP2, but worse than 

RI–SCS–MP2. As an exception, the range in OO–RI–SCS–MP2 is lower than the 

obtained from RI–SCS–MP2. Regarding the M06 method, Dpos(Max)–Dneg(Min), MAD, 

and RMS increased in the series M06–LM06M06–2XM06–HF (which 

represented an increase in the HF exchange term). However, increasing the exchange 

term from M06–L to M06 decreased Dpos(Max)–Dneg(Min). 
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Figure 6.18 Dneg(Min) (in red), Dpos(Max) (in blue), MAD (in green), and RMS (in 

yellow) for the single–point energies of reactions J–L. All energies are in a.u. 

 

 

Figure 19. RDneg(Min) (in red), RDpos(Max) (in blue), MARD (in green), and RMSR 

(in yellow) for the single–point energies of reactions J–L.  

 

The results obtained with the BP86 method with and without D3BJ dispersion 

corrections show that Dpos(Max)–Dneg(Min), MAD, and RMS are larger in the first case. 

The relative deviations followed the same trends discussed above for the absolute 
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deviations of BP86, M06 and its derivatives. The exceptions were MARD and RMSR, 

which decreased on going from M06–L to M06. Finally, the B2PLYP and LC–wPBE 

results can be ranked as between intermediary and good compared to CCSD(T) from the 

statistical parameters analyzed. 

 

6.6 Conclusions 

The statistical treatment showed that the geometric parameters determined by the 

computational model B3LYP/def2–TZVP using a pseudopotential (ECP28MDF) for 

ruthenium in complexes of this transition metal were close to the parameters obtained 

with analogous calculations performed by the all–electron scalar relativistic effects 

method using the DKH2 approach. Concerning the geometry of the analyzed 

compounds, the mean absolute relative deviation was roughly 4 and 3% for bond 

lengths and bond angles, respectively, in the case of both treatments (ECP28MDF and 

DKH2) as compared to the experimental data obtained by X–ray crystallography. 

Considering the difference between zero–point–corrected electronic energies for 

reactions A–L, MARD was near 4.8%, with interval ranging from –17% to 31%. On the 

other hand, by disregarding G and H reactions, which presented deviations proportional 

to their reaction energies, we achieved more acceptable MARD values: they were close 

to 1.0% and ranged from –1.1% to 2.6%. 

The geometries of the ruthenium complexes optimized with pseudopotential were 

used posteriorly for energy calculations by means of several methods combined with the 

def2–TZVP basis set and the same ECP. First, the B2PLYP method resulted in energies 

for the chemical reactions A–F (reduction) and G–I (isomerization) that are in the best 

agreement with the values obtained with the reference method (CCSD(T)). However, 

for the reactions that evaluated the negative trans influence of the Cl
–
 group in relation 

to NH3 (J–L), the B3LYP method now provided the smallest deviations as compared to 

reference data. 

Regarding the RI–MP2 method, the use of SCS and OO approaches decreased the 

RDs of the energies of reactions A–I, although only the first of them exhibits this 

tendency for reactions J–L. For the M06 methods, the relative deviations for reactions 

A–F were enlarged with increasing HF exchange contribution. For reactions G–L, an 

initial increment in the exact exchange term, from M06–L to M06, diminished the 
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relative deviations, a trend that was reversed during subsequent increments 

(M06M06–2XM06–HF). 

Addition of dispersion corrections to the BP86 pure functional practically did not 

change the energies of reactions A–F. However, RDpos(Max)–RDneg(Min), MARD, and 

RMSR increased for reactions G–I and J–L upon inclusion of this correction. Finally, 

the B3LYP method provided deviations that led us to consider this method as having 

intermediate performance for reactions A–I, but its results were the closest ones to those 

from the CCSD(T) method in reactions J–L. The LC–wPBE functional, which contains 

long–range corrections, presented an intermediate performance for all reactions. The 

B2PLYP method also showed a performance between intermediary and good for 

reactions J–L. 

Finally, these two relativistic approaches resulted in the same ordering for 

electronic energy changes of reactions A–L. Hence, we can conclude that these two 

relativistic treatments (ECP and DKH2) can be considered as equivalent for geometries 

and energy differences of such ruthenium complexes at the Density Functional Theory 

level. 
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6.7 Supplementary Material 

Table S6.1 Absolute energies of compounds 1–10, NH3, and Cl
–
 obtained from a large range of computational methods along with the def2–

TZVP (ECP28MDF) basis set, E/Hartree, and D1 diagnostic (CCSD). 

 
1 2 3 4 5 6 7 8 9 10 NH3 Cl

–
 

B3LYP –911.4423 –911.0702 –910.4514 –911.4522 –911.0848 –910.4379 –507.7614 –507.4357 –506.9094 –911.6302 –56.5857 –460.2889 

RI–MP2 –909.5378 –909.2297 –908.5816 –909.5499 –909.2491 –908.5076 –506.2423 –505.9262 –505.4556 –909.7173 –56.4437 –459.7502 

RI–SCS–MP2 –909.4851 –909.1661 –908.5128 –909.4961 –909.1836 –908.4501 –506.1994 –505.8824 –505.4014 –909.6667 –56.4447 –459.7466 

OO–RI–MP2 –910.1383 –909.7884 –909.1822 –910.1485 –909.8033 –909.1656 –506.7511 –506.4387 –505.9292 –910.3101 –56.4634 –459.8503 

OO–RI–SCS–MP2 –910.0274 –909.6812 –909.0667 –910.0369 –909.6955 –909.0489 –506.6613 –506.3430 –505.8394 –910.2037 –56.4661 –459.8403 

M06–L –911.3880 –911.0327 –910.4214 –911.3975 –911.0487 –910.4104 –507.7105 –507.3895 –506.8805 –911.5694 –56.5694 –460.2636 

M06 –911.1226 –910.7589 –910.1396 –911.1324 –910.7730 –910.1265 –507.4373 –507.1074 –506.5889 –911.3128 –56.5408 –460.2493 

M06–2X –911.0718 –910.6860 –910.0554 –911.0806 –910.6961 –910.0401 –507.3987 –507.0657 –506.5245 –911.2687 –56.5496 –460.2560 

M06–HF –911.0560 –910.6399 –909.9970 –911.0665 –910.6463 –909.9819 –507.3857 –507.0507 –506.4779 –911.2617 –56.5550 –460.2673 

BP86–D3BJ –911.6552 –911.2954 –910.6845 –911.6659 –911.3127 –910.6748 –507.9142 –507.5851 –507.0721 –911.8419 –56.5855 –460.3478 

BP86 –911.6185 –911.2583 –910.6474 –911.6286 –911.2752 –910.6376 –507.8735 –507.5476 –507.0343 –911.8049 –56.5846 –460.3478 

B2PLYP –910.9124 –910.5667 –909.9469 –910.9228 –910.5824 –909.9214 –507.2975 –506.9745 –506.4731 –911.0978 –56.5360 –460.1678 

LC–wPBE –911.0645 –910.6841 –910.0561 –911.0749 –910.6966 –910.0376 –507.4882 –507.1684 –506.6332 –911.2490 –56.5513 –460.1468 

CCSD(T) –909.8555 –909.5002 –908.8725 –909.8658 –909.5140 –908.8444 –506.5648 –506.2413 –505.7310 –910.0429 –56.4641 –459.7749 

D1 diagnostic (CCSD) 0.17 0.11 0.50 0.16 0.10 0.47 0.19 0.16 0.11 0.20 0.01 0.01 
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Table S6.2 Geometric parameters from B3LYP calculations attained with the def2–

TZVP basis set with ECP and experimental data in brackets. 

 

 1  2  3  4  5  6  7  8  9  10
a 

r/Å           

Ru–NO 1.841 – 1.814 1.856 – 1.844 1.865 1.866 – 1.859 

N–O 1.173 – 1.104 1.176 – 1.107 1.229 1.163 – 1.247 

Ru–Cl 2.374 2.337 2.257 2.425 – 2.254 – – – 2.627 

Ru–N(1) – – – 2.167 – 2.188 2.178 2.187 – 2.177 

Ru–N(2) 2.154 2.164 2.185 2.155 – 2.173 2.177 2.175 – 2.157 

Ru–N(3) 2.212 2.224 2.213 2.160 – 2.173 2.208 2.188 – 2.157 

Ru–N(4) 2.175 2.164 2.185 2.170 – 2.186 2.208 2.195 – 2.177 

Ru–Ntrans 2.273 2.184 2.186 – – – 2.493 2.275 – – 

r̅(N–H) 1.018 1.021 1.024 1.018 1.021 1.025 1.018 1.020 1.023 1.018 

</º           

Ru–N–O 141.0 – 176.7 140.9 – 173.6 119.1 141.0 – 118.1 

N(1)–Ru–N(2) – – – 90.6 – 88.6 87.0 90.0 – 91.9 

N(1)–Ru–N(3) – – – 171.3 – 172.0 174.8 178.3 – 176.2 

N(1)–Ru–N(4) – – – 89.3 – 98.7 92.2 89.9 – 88.7 

N(1)–Ru–NO – – – 95.4 – 88.4 88.0 90.7 – 94.6 

N(1)–Ru–Cl – – – 85.8 – 84.3 – – – 82.4 

N(2)–Ru–N(3) 91.8 93.0 89.3 88.6 – 84.8 92.4 90.5 – 87.1 

N(2)–Ru–N(4) 171.7 171.7 175.4 174.4 – 171.0 174.9 178.2 – 176.2 

N(2)–Ru–NO 87.5 92.4 91.5 90.9 – 96.5 88.1 88.1 – 89.1 

N(2)–Ru–Cl 85.8 86.5 91.6 87.2 – 91.2 – – – 94.0 

N(3)–Ru–N(4) 94.3 93.7 88.4 90.6 – 87.4 87.9 89.6 – 91.9 

N(3)–Ru–NO 91.8 96.1 94.9 93.4 – 96.9 86.8 91.0 – 89.1 

N(3)–Ru–Cl 172.3 171.7 173.6 85.5 – 91.2 – – – 94.0 

N(4)–Ru–NO 90.5 91.9 92.7 94.7 – 89.1 86.8 90.0 – 94.6 

N(4)–Ru–Cl 86.4 86.3 90.3 87.2 – 84.7 – – – 82.4 

Cl–Ru–NO 95.9 92.2 91.5 177.8 – 169.5 – – – 175.8 

Ntrans–Ru–N(1) – – – – – – 94.2 89.5 – – 

Ntrans–Ru–N(2) 91.3 87.8 87.9 – – – 93.7 90.7 – – 

Ntrans–Ru–N(3) 90.1 88.5 87.9 – – – 91.1 88.9 – – 

Ntrans–Ru–N(4) 90.5 87.3 88,0 – – – 91.4 91.2 – – 

Ntrans–Ru–NO 177.8 175.3 177.1 – – – 177.3 178.8 – – 
a To this compound was adopted the same atoms number of compounds 4–6. 
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Table S6.3 Geometric parameters from DKH2–B3LYP calculations attained with the 

def2–TZVP basis set. 

 

 1  2  3  4  5  6  7  8  9  10 

r/Å           

Ru–NO 1.820 1.717 1.782 1.840 1.742 1.812 1.848 1.844 1.739 1.845 

N–O 1.173 1.127 1.106 1.176 1.131 1.108 1.229 1.164 1.118 1.248 

Ru–Cl 2.377 2.335 2.259 2.431 2.310 2.262 – – – 2.640 

Ru–N(1) – – – 2.170 2.164 2.188 2.208 2.189 2.184 2.181 

Ru–N(2) 2.152 2.162 2.183 2.158 2.164 2.172 2.209 2.195 2.181 2.158 

Ru–N(3) 2.177 2.220 2.210 2.158 2.164 2.172 2.177 2.187 2.185 2.157 

Ru–N(4) 2.211 2.162 2.183 2.170 2.164 2.187 2.177 2.175 2.181 2.181 

Ru–Ntrans 2.292 2.201 2.171 – – – 2.502 2.291 2.200 – 

r̅(N–H) 1.018 1.021 1.025 1.018 1.021 1.025 1.019 1.020 1.024 1.019 

</º           

Ru–N–O 141.6 177.8 178.1 141.1 180.0 174.6 119.3 141.5 179.6 118.3 

N(1)–Ru–N(2) – – – 90.8 89.7 88.7 87.8 90.5 90.3 92.0 

N(1)–Ru–N(3) – – – 172.8 171.6 172.3 174.7 178.1 177.1 176.1 

N(1)–Ru–N(4) – – – 89.0 89.7 98.3 92.3 89.5 90.3 88.4 

N(1)–Ru–NO – – – 95.2 94.2 88.4 86.6 90.8 91.5 94.8 

N(1)–Ru–Cl – – – 86.4 85.8 84.4 – – – 81.6 

N(2)–Ru–N(3) 93.9 93.3 89.2 88.5 89.7 85.1 92.3 90.6 89.6 87.3 

N(2)–Ru–N(4) 171.6 171.2 176.4 172.9 171.6 171.3 174.7 178.1 173.6 176.1 

N(2)–Ru–NO 87.4 92.5 91.7 91.9 94.2 96.2 86.6 90.0 93.2 89.1 

N(2)–Ru–Cl 85.7 86.2 90.6 86.4 85.8 90.9 – – – 94.6 

N(3)–Ru–N(4) 94.3 93.3 89.2 90.8 89.7 87.5 87.0 89.5 89.6 92.0 

N(3)–Ru–NO 91.6 96.2 95.1 92.0 94.2 96.7 88.1 90.8 91.4 89.1 

N(3)–Ru–Cl 172.0 170.7 172.7 86.3 85.8 91.2 – – – 94.6 

N(4)–Ru–NO 90.6 92.5 91.7 95.1 94.2 89.1 88.1 88.1 93.2 94.7 

N(4)–Ru–Cl 86.4 86.2 90.6 86.5 85.8 84.7 – – – 81.7 

Cl–Ru–NO 96.3 93.1 92.2 177.7 180.0 169.7 – – – 174.9 

Ntrans–Ru–N(1) – – – – – – 91.5 89.3 87.5 – 

Ntrans–Ru–N(2) 91.4 87.3 88.3 – – – 91.3 90.0 86.8 – 

Ntrans–Ru–N(3) 89.9 87.1 86.5 – – – 93.8 89.1 89.6 – 

Ntrans–Ru–N(4) 90.3 87.3 88.3 – – – 94.0 91.9 86.8 – 

Ntrans–Ru–NO 178.2 176.6 178.4 – – – 177.2 179.9 179.0 – 
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Table S6.4 Statistical parameters related the geometric parameters, r/ Å, and </°, for ECP results in relation to those calculated with DKH2. 

  Dneg(Min) Dpos(Max) MAD RMS RDneg(Min) RDpos(Max) MARD RMSR 

r/Å         

Ru–NO   –0.033    0.033  0.025  0.026     –1.922      1.898   1.394   1.461 

N–O   –0.002    0.003  0.001  0.002     –0.179      0.266   0.106   0.137 

Ru–Cl   –0.006    0.013  0.005  0.006     –0.247      0.492   0.199   0.256 

Ru–NH3eq   –0.003    0.003  0.001  0.002     –0.122      0.137   0.064   0.081 

Ru–NH3ax   –0.016    0.019  0.014  0.015     –0.698      0.829   0.634   0.654 

N–H     0.000    0.000  0.000  0.000     –0.049      0.016   0.015   0.023 

</º         

Ru–N–O   –0.5    1.5  0.6  0.8     –0.4      0.8   0.4   0.5 

Cl–Ru–NO   –0.9    0.1  0.4  0.5     –1.0      0.1   0.3   0.5 

NH3eq–Ru–NO   –0.3    0.2  0.1  0.1     –0.3      0.2   0.1   0.1 

NH3ax–Ru–NO   –1.3    0.1  0.7  0.9     –0.7      0.1   0.4   0.5 

 

Table S6.5 Electronic energy plus the zero point energy (ZPE) for molecules 1–10 with B3LYP/def2–TZVP by means of ECP and DKH2, 

EZPE/Hartree. 

 
1 2 3 4 5 6 7 8 9 10 

Eelectronic+ZPE (ECP) –911.2770 –910.9015 –910.2826 –911.2864 –910.9155 –910.2696 –507.5609 –507.2319 –506.7020 –911.4671 

Eelectronic+ZPE (DKH2) –5347.1867 –5346.8156 –5346.1999 –5347.1939 –5346.8324 –5346.1868 –4942.1099 –4941.7835 –4941.2564 –5347.3699 
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Table S6.6 Electronic energy plus the zero point energy (ZPE) for reactions A–L with B3LYP/def2–TZVP by means of ECP and DKH2, 

ΔEZPE/Hartree. 

 
A B C D E F G H I J K L 

Eelectronic+ZPE (ECP) –0.3755 –0.6189 –0.3709 –0.6459 –0.3290 –0.5299 –0.0094 –0.0140 0.0130 –0.1688 –0.3171 –0.4761 

Eelectronic+ZPE (DKH2) –0.3711 –0.6157 –0.3615 –0.6456 –0.3264 –0.5271 –0.0072 –0.0168 0.0131 –0.1653 –0.3157 –0.4813 

 

 

Figure S2 Dneg(Min) (in red), Dpos(Max) (in blue), MAD (in green), and RMS (in yellow) for Eelectronic+ZPE(ECP) as compared to 

Eelectronic+ZPE(DHK2) for reactions A–F and J–L. All energies are in a.u. 
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Figure S3 RDneg(Min) (in red), RDpos(Max) (in blue), MARD (in green), and RMSR (in yellow) for Eelectronic+ZPE(ECP) as compared to 

Eelectronic+ZPE(DHK2) for reactions A–F and J–L. All energies are in a.u. 
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Table S6.7 Electronic energy for A–L reactions, from a large range of computational methods and the def2–TZVP (ECP28MDF) basis set, 

ΔE/Hartree. 

 
A B C D E F G H I J K L 

B3LYP –0.3721 –0.6188 –0.3674 –0.6469 –0.3257 –0.5263 –0.0099 –0.0146 0.0135 –0.1656 –0.3133 –0.4722 

RI–MP2 –0.3081 –0.6481 –0.3008 –0.7415 –0.3161 –0.4706 –0.0121 –0.0194 0.0740 –0.1685 –0.3172 –0.4870 

RI–SCS–MP2 –0.3190 –0.6533 –0.3125 –0.7335 –0.3170 –0.4810 –0.0110 –0.0175 0.0627 –0.1654 –0.3118 –0.4803 

OO–RI–MP2 –0.3499 –0.6062 –0.3452 –0.6377 –0.3124 –0.5095 –0.0102 –0.0149 0.0166 –0.1721 –0.3229 –0.4872 

OO–RI–SCS–MP2 –0.3462 –0.6145 –0.3414 –0.6466 –0.3183 –0.5036 –0.0095 –0.0143 0.0178 –0.1682 –0.3197 –0.4819 

M06–L –0.3553 –0.6113 –0.3488 –0.6383 –0.3210 –0.5090 –0.0095 –0.0160 0.0110 –0.1647 –0.3138 –0.4740 

M06 –0.3637 –0.6193 –0.3594 –0.6465 –0.3299 –0.5185 –0.0098 –0.0141 0.0131 –0.1670 –0.3165 –0.4756 

M06–2X –0.3858 –0.6306 –0.3845 –0.6560 –0.3330 –0.5412 –0.0088 –0.0101 0.0153 –0.1636 –0.3085 –0.4652 

M06–HF –0.4161 –0.6429 –0.4202 –0.6644 –0.3350 –0.5728 –0.0105 –0.0064 0.0151 –0.1637 –0.3035 –0.4561 

BP86–D3BJ –0.3598 –0.6109 –0.3532 –0.6379 –0.3291 –0.5130 –0.0107 –0.0173 0.0097 –0.1654 –0.3185 –0.4783 

BP86 –0.3602 –0.6109 –0.3534 –0.6376 –0.3259 –0.5133 –0.0101 –0.0169 0.0098 –0.1682 –0.3178 –0.4777 

B2PLYP –0.3457 –0.6198 –0.3404 –0.6610 –0.3230 –0.5014 –0.0104 –0.0157 0.0255 –0.1685 –0.3165 –0.4775 

LC–wPBE –0.3804 –0.6280 –0.3783 –0.6590 –0.3198 –0.5352 –0.0104 –0.0125 0.0185 –0.1653 –0.3110 –0.4679 

CCSD(T) –0.3553 –0.6277 –0.3518 –0.6696 –0.3235 –0.5103 –0.0103 –0.0138 0.0281 –0.1673 –0.3137 –0.4722 
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Table S6.8 Statistical parameters related the electronic energies for chemical reactions A–F. All energies are in a.u. 

 
Dneg(Min) Dpos(Max) MAD RMS RDneg(Min) RDpos(Max) MARD RMSR 

B3LYP –0.0168 0.0227 0.0137 0.0152   –3.3901 4.7284 2.9644 3.3120 

RI–MP2 –0.0719 0.0510 0.0396 0.0448 –14.4969 10.7378 8.6394 9.8171 

RI–SCS–MP2 –0.0639 0.0393 0.0335 0.0376 –11.1711 9.5430 7.1267 7.8939 

OO–RI–MP2 – 0.0319 0.0129 0.0167   –4.7640 – 2.5289 2.9455 

OO–RI–SCS–MP2 – 0.0230 0.0113 0.0127   –3.4349 – 2.3293 2.4436 

M06–L – 0.0313 0.0091 0.0145   –4.6744 0.0000 1.5279 2.2385 

M06 –0.0084 0.0231 0.0103 0.0118   –3.4498 2.3642 2.1496 2.2526 

M06–2X –0.0327 0.0136 0.0200 0.0232   –2.0311 9.2951 4.8941 5.9121 

M06–HF –0.0684 0.0052 0.0373 0.0460   –0.7766 19.4429 9.2593 11.8319 

BP86–D3BJ –0.0056 0.0317 0.0105 0.0150   –4.7342 1.7311 1.8892 2.4019 

BP86 –0.0049 0.0320 0.0101 0.0150   –4.7790 1.3791 1.7699 2.3454 

B2PLYP – 0.0114 0.0078 0.0085   –3.2405 – 1.7307 2.0042 

LC–wPBE –0.0265 0.0106 0.0152 0.0186   –1.5830 7.5327 3.7085 4.7306 
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Table S6.9 Statistical parameters related the electronic energies for chemical reactions G–I. All energies are in a.u. 

 
Dneg(Min) Dpos(Max) MAD RMS RDneg(Min) RDpos(Max) MARD RMSR 

B3LYP –0.0146 0.0004 0.0053 0.0084 –51.9573     5.7971 20.5460 30.2669 

RI–MP2 –0.0056 0.0459 0.0178 0.0267 – 163.3452 73.8002 97.6964 

RI–SCS–MP2 –0.0037 0.0346 0.0130 0.0201 – 123.1317 52.2465 72.8616 

OO–RI–MP2 –0.0115 0.0001 0.0042 0.0067 –40.9253     7.9710 16.6224 24.0787 

OO–RI–SCS–MP2 –0.0103 0.0008 0.0039 0.0060 –36.6548     3.6232 16.0150 21.7334 

M06–L –0.0171 0.0008 0.0067 0.0100 –60.8541   15.9420 28.1877 36.5955 

M06 –0.0150 0.0005 0.0053 0.0087 –53.3808     2.1739 20.1364 30.9720 

M06–2X –0.0128 0.0037 0.0060 0.0077 –45.5516 – 28.9754 31.6538 

M06–HF –0.0130 0.0074 0.0069 0.0086 –53.6232     1.9417 33.9428 40.9044 

BP86–D3BJ –0.0184 – 0.0074 0.0108 –65.4804   25.3623 31.5754 40.6038 

BP86 –0.0183 0.0002 0.0072 0.0107 –65.1246   22.4638 29.8434 39.7894 

B2PLYP –0.0026 – 0.0015 0.0019   –9.2527   13.7681   7.9972   9.5937 

LC–wPBE –0.0096 0.0013 0.0037 0.0056 –34.1637        0.9709 14.8516 20.4682 
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Table S6.10 Statistical parameters related the electronic energies for chemical reactions J–L. All energies are in a.u. 

 
Dneg(Min) Dpos(Max) MAD RMS RDneg(Min) RDpos(Max) MARD RMSR 

B3LYP – 0.0017 0.0007 0.0010 –1.0161 – 0.3812 0.5913 

RI–MP2 –0.0148 – 0.0065 0.0088 – 3.1343 1.6558 1.9649 

RI–SCS–MP2 – 0.0019 0.0040 0.0049 –1.1357 1.7154 1.1522 1.2382 

OO–RI–MP2 –0.0150 – 0.0097 0.0105 – 3.1766 2.9928 2.9958 

OO–RI–SCS–MP2 –0.0097 – 0.0055 0.0066 – 2.0542 1.5016 1.6500 

M06–L –0.0018 0.0026 0.0015 0.0018 –1.5541 0.3812 0.6557 0.9240 

M06 –0.0034 0.0003 0.0022 0.0025 –0.1793 0.8926 0.5973 0.6701 

M06–2X – 0.0070 0.0053 0.0055 –2.2116 – 1.7839 1.8108 

M06–HF – 0.0161 0.0100 0.0112 –3.4096 – 2.9376 2.9904 

BP86–D3BJ –0.0061 0.0019 0.0043 0.0046 –1.1357 1.5301 1.3192 1.3291 

BP86 –0.0055 – 0.0035 0.0040 – 1.3070 1.0032 1.0574 

B2PLYP –0.0053 – 0.0031 0.0035 – 1.1224 0.9108 0.9257 

LC–wPBE – 0.0043 0.0030 0.0032 –1.1955 – 0.9889 0.9999 
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7   Influence of pH on Ru–NO and Ru–NO2: 

     Cyclam Complexes 

_________________________________________ 

 

Parts of this chapter will be published as: 

 

The pH influence on Ru-NO and Ru-NO2 Cyclam complexes 

Orenha, R. P.; Galembeck, S. E. 

 

7.1 Introduction 

The use of aliphatic macrocyclic ligands like cyclam, which tetracoordinates to metals 

due to its excellent chelating effects, usually promotes greater stabilization and inertia 

as compared to complexes bearing monocoordinated ligands.
202

 Furthermore, 

attachment of functional groups to the carbon or nitrogen atoms of these ligands 

provides Ru–NO complexes with a strategic set of reactivity
203

 and expands the 

versatility of these complexes by creating chemical bonds between the complex and 

specific materials or target biomolecules, such as antibodies or proteins.
204

 

In this context, a special case is the mono–N–substitution of the ligand cyclam 

through the carboxyl functional group. In the ruthenium nitrosyl complex fac–

[Ru(NO)Cl2(κ
3
N

4
,N

8
,N

11
(1–carboxypropyl)cyclam)]Cl·H2O, this group displays a 

rare configuration and establishes three bonds with the metal instead of acquiring the 

common denticity five.
205

 The unexpected coordination pattern of this cyclam makes 

it a promising molecule — it bears a free carboxyl group that can be used to create 

bonds with target molecules and tailor the complex to conduct selective release of the 

NO group. 

This study continues our investigation of the reactivity and photolability of 

potential NO donors by evaluating fac–[Ru(NO)Cl2(κ
3
N

4
,N

8
,N

11
(1–

carboxypropyl)cyclam)]
+
, 11, and its derivatives due to increased pH — complex 11 

with a deprotonated O–H group, 12, complex 11 deprotonated in N(2)–H, 13, and 

complex 11 converted to the corresponding Ru–NO2 complex, 14.
37,187

 Complex 11 

has three different values of pKa.
37

 Irradiation of this complex with light at 350 and 
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520 nm elicits NO release. Molecular quantum mechanics calculations have helped to 

find the second deprotonation site on the basis of the Gibbs energies of the 

deprotonated species in water and vacuum. In complex 12, strong hydrogen bond, N–

H
….

O, stabilizes the molecule. Theoretical and experimental results have shown that 

the [RuNO]
6
 group is a linear combination of three canonical forms: [Ru

II
NO

+
], 

[Ru
III

NO•], and [Ru
IV

NO
–
], with larger weight for the two first forms. Consequently, 

deprotonation processes modify several properties of complex 11. 

This chapter depicts the alterations in the electronic structure of Ru–NO and Ru–

NO2 prompted by changes in pH. We used the computational model B3LYP/cc–

pVDZ with a relativistic pseudopotential ECP28MDF for the Ru atom. The methods 

DORI, QTAIM, and ELF allowed identification of the covalent or ionic character of 

these chemical bonds and helped to measure the electron density between Ru and NO 

or NO2
–
 along the deprotonation processes (Figure 7.1). 

 

 

Figure 7.1 Structure of fac–[Ru(NO)Cl2(κ
3
N

4
,N

8
,N

11
(1–carboxypropyl)cyclam)]

+
, 11, 

and its derivatives, 12–14. The numbering of nitrogen atoms is included, N(1)–N(5). 

 

The NBO method helped to identify and quantify the σ donation and the π 

backdonation processes related to Ru–NO and Ru–NO2 in complexes 11–14. 

Additionally, analysis of second–order stabilization energy for the interactions 

between the π NBOs, the dπ orbital of Ru, and the π
*
 orbital of NO or NO2

–
 revealed a 

trend. We will compare the results obtained here with the previous results related to 

the electron density in these chemical bonds. 
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7.2 The Nature of the Ru–NO and Ru–NO2 bonds 

This study starts by presenting the color codified map of the Density Overlap Regions 

Indicator (DORI) in the plane containing Ru and NO or NO2
–
 in complexes 11–14 

(Figure 7.2).  

 

 

Figure 7.2 Color codified map indicating regions where densities overlap in the plane 

containing Ru and NO or NO2
–
 for complexes 11–14.  

 

The first map shows that there is a basin with DORI values close to 1 (blue) 

between the metal and the ligands, indicating the presence of a chemical bond. 

However, close to the core, DORI has values close to 0 (red), which indicates the 

position of electrons localized in the 1s orbitals, where densities do not overlap. 

Outside the core region there are larger DORI areas due to the overlap between the 

core and valence electrons. Finally, there is an area with DORI values close to 0.5 

between the latter region and the section of chemical bonds (yellow). This method 

clearly distinguished between chemical bonds, the interface of the core, and valence 

electrons of the atoms involved in the complex. 

The topological analysis furnished by the QTAIM method affords positive values 

of ∇2
ρ(r)[Ru–N(5)] in the BCPs. However, the maps of this same parameter of Ru–N 

bonds contain a significant number of contour lines, but with small negative values of 

H(r)[Ru–N(5)] in the BCP; it shows a low covalent character of these bonds. 

Additionally, the ellipticity in the BCPs of Ru–N(5) illustrates a more cylindrical 

distribution of electrons in Ru–NO as the pH increases on going from complex 11 to 
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complex 13. However, in complex 14, the electrons in Ru–NO2 are shared in a more 

elliptical pattern (Table 7.1, and Figure 7.3). 

 

Table 7.1 Selected parameters of the Ru–N(5) chemical bond/a.u. in complexes 11–

14. 

 
11 12 13 14 

∇2
ρ(r)[Ru–N(5)]   0.959   0.963   1.012   0.440 

H(r)[Ru–N(5)]        –0.123      –0.126      –0.101       –0.009 

ε(r)[Ru–N(5)]   0.142   0.135   0.066   0.406 

ρ(r)MaxRu/10
5 

  1.473   1.521   1.489   1.579 

XMaxRu     1.50     1.50     1.50     1.50 

ρ(r)MaxN(5)
 

196.320 196.345 196.339 195.925 

XMaxN(5) 4.78 4.77 4.83 5.54 

ρ(r)MaxRu–N(5)   0.206   0.208   0.190   0.081 

XMaxRu–N(5) 3.25 3.25 3.27 3.52 

ΣDI{V(Ru),V[Ru,N(5)]} 1.5230 1.5390 1.4566 0.5171 

 

  

Figure 7.3 Electron density Laplacian contour line map for complexes 11–14. Red 

dashed lines indicate charge concentration (∇2
ρ(r) < 0), blue solid lines show charge 

depletion (∇2
ρ(r) > 0), and the solid lines connecting the atomic nuclei represent the 

bond paths. Green points in bond paths are the Bond Critical Points (BCPs). 

 

According to the two–dimensional representation of the color codified map of the 

electron localization function of complexes 11–14 (Figure 7.4), there are no 

monosynaptic, V(Ru), or dysinaptic, V[Ru,N(5)], basins like V[N(5),O] between the 

N(5) and O atoms. This agrees with the theoretical study of the interaction between 

the basins C(Cr) and V(Cr,C) in Cr(CO)6.
192

 This occurs because the Ru–NO and Ru–

NO2 chemical bonds have lower covalent character than N–O.  
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Figure 7.4 Color codified map of the electron localization function in the plane 

containing the Ru–NO bond in complexes 11–13 and the Ru–NO2 bond in complex 

14. 

 

7.3 Analysis of the Electron Density in Ru–NO and Ru–NO2 

To investigate the electron density in Ru–NO and Ru–NO2, it is first important to 

analyze the sum of delocalization index, or the number of shared electrons
193

 between 

the basins V(Ru) and V[Ru,N(5)]; i.e., ΣDI{V(Ru),V[Ru,N(5)]} (Table 7.1). 

Accordingly, deprotonation of complex 11 at the carboxyl group gives complex 12, 

with slightly decreased ΣDI{V(Ru),V[Ru,N(5)]}. On going from complex 12 to 

complex 13 after a second deprotonation, now on N(2), this parameter decreases. The 

same, albeit more pronounced, trend occurs on going from complex 13 to complex 14 

upon increasing pH. 

To measure the intensity of these interactions, we investigated the electron 

density along the axis of the Ru–NO and Ru–NO2 chemical bonds (Figure 7.5). In 

complexes 11–14, there are two areas of maximum electron density, localized in the 

atomic core: N(5), ρ(r)MaxN(5), and mainly Ru, ρ(r)MaxRu. These bond axes also 

contain maximum electron density, ρ(r)MaxRu–N(5), XMaxRu–N(5), situated in a 

region closer to the nitrogen atom, XMaxN(5), than to the metal atom, XMaxRu (Table 

7.1 

The value of ρ(r)MaxRu–N(5) increases with deprotonation of the carboxyl group 

on going from complex 11 to complex 12, but this same value decreases upon 

deprotonation of N(2) to give complex 13. An increase in pH significantly decreases 

ρ(r)Ru–N(5) on going from complex 13 to complex 14, indicating lower electron 

density in the bond between Ru and NO2
–
.  
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This analysis agrees with literature results
37

 — on going from complex 11 to 

complex 12, the Ru–NO bond length decreases, and the wavenumber related to the 

stretching of this bond increases. An opposite trend emerges on going from complex 

12 to complex 13 and then to complex 14. Formation of a nitrite group from nitrosyl 

leads to a larger bond length in Ru–NO2 in complex 14 as compared to Ru–NO in 

complex 13. For complex 14, Ru–NO2 stretching is coupled to other vibrational 

modes, which made comparison impossible. The Wiberg bond index agrees with 

previous results, with an increase in Ru–N(5) on going from complex 11 to complex 

12, and with a decrease on going from complex 12 to complex 13 and then to 

complex 14. Lastly, the difference in NPA charges between the metal Ru and the 

ligands NO or NO2
–
 increases on going from complex 11 to complex 14. 

 

 

Figure 7.5 Plot of ρ(r) around the Ru–NO bond axes in complexes 11–13 and the Ru–

NO2 bond axis in complex 14. 

 

7.4 The σ Donation and the π Backdonation in Ru–NO and Ru–NO2 

The QTAIM and ELF methods show that the chemical bonds between the metal and 

the ligands have lower covalent character as compared to typical covalent bonds, 

especially N(5)–O. We considered this characteristic when we attributed the main 

Lewis structure to complexes 11–14 by the NBO method (Figure S7.1). For this 

purpose, we selected the main interactions: those related to the σ donation and to the π 

backdonation processes present in the Ru–NO and Ru–NO2 bonds, namely σ NO  

dσ Ru and σ NO2
–
  dσ Ru, as well as, dπ Ru  π

*
 NO and dπ Ru  π

*
 NO2

–
 (Figure 

7.6 and Table 7.2).
74
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Figure 7.6 Interactions between donor and aceptor NBOs related to the σ donation 

and the π backdonation processes in Ru–NO in complexes 11–13 and in Ru–NO2 in 

complex 14. 

 

Table 7.2 Second–order stabilization energy [ΔE
(2)

 in kcal mol
–1

], orbital energy 

differences (εi–εj in a.u.), and off–diagonal NBO Fock matrix elements [F(i,j) in a.u] 

for the selected donor, i, and acceptor, j, NBOs, respectively, for complexes 11–14. 

Molecule NBO (Donor) NBO (Acceptor) ΔE
(2)

 εi–εj F(i,j) 

11 σ
 
NO

 
  dσ Ru 5.24 1.02 0.065 

 
dπ Ru   π

* 
NO

 
87.81 0.15 0.102 

12 σ
 
NO

 
  dσ Ru 5.46 1.01 0.066 

 
dπ Ru   π

* 
NO

 
94.99 0.14 0.104 

13 σ
 
NO

 
  dσ Ru 6.39 0.96 0.070 

 
dπ Ru   π

* 
NO

 
84.72 0.15 0.099 

14 σ
 
NO2

– 
  dσ Ru 6.49 0.86 0.067 

 
dπ Ru   π

* 
NO2

– 
13.90 0.18 0.044 

 

The interactions σ
 
NO  dσ Ru and σ

 
NO2

–
  dσ Ru, underlying the σ donation 

process, have lower values of second–order stabilization energy, ΔE
(2)

, than the 

corresponding π backdonation dπ Ru  π
* 

NO,and dπ Ru  π
* 

NO2
–
 for all the 

complexes. This indicated that interaction between these localized orbitals with π 

symmetry stabilizes complexes 11–14 to a larger extent than interaction between 

orbitals with σ symmetry. Additionally, ΔE
(2)

 for the σ donation process increases on 
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going from complex 11 to 14. This happens because the energy difference decreases 

and F(i,j) increases, which is proportional to the qualitative molecular orbital theory 

matrix for the overlap between the NBOs σ of NO or NO2
–
 with dσ of Ru. The only 

exception is the decrease in F(i,j) on going from complex 13 to complex 14. 

Changes in ΔE
(2)

 are more pronounced for the π backdonation and follow the 

same trend observed for the parameters ΣDI{V(Ru),V[Ru,N(5)]} and ρ(r)[Ru,N(5)]. 

ΔE
(2)

 increases on going from complex 11 to complex 12 due to the decrease in εi–εj 

and to an increase in F(i,j) between the NBOs dπ of Ru and π
* 

of NO. An opposite 

trend arises on going from complex 12 to complex 13 due to deprotonation of N(2), 

with the formation of the Ru–NO2 bond on going from complex 13 to complex 14. 

 

7.5 Conclusions 

The detailed study of the influence of pH on the nature and stability of Ru–NO and 

Ru–NO2 bonds of complexes 11–14 by the DORI method indicated a region where 

the electron densities of Ru and NO or NO2
–
 overlap in complexes 11–13 and in 

complex 14, respectively, representing a chemical bond. Furthermore, the QTAIM, 

and ELF methods showed that these interactions have low covalent character.  

Investigation of the electron density along the axes of these chemical bonds 

demonstrated that deprotonation of complex 11 at the carboxyl group forms complex 

12, with increased electron density in Ru–NO. Deprotonation of N(2), to give 

complex  13, and further increase in pH, to form nitrite in complex 14, decreases ρ(r) 

between Ru and N(5). These results agree with the trend obtained for the sum of 

delocalization index between the basins localized in the metal Ru and the ligands NO 

or NO2
–
 obtained by the ELF method. 

The NBO method allowed us to identify the contribution of the interactions 

involving the localized orbitals with symmetry σ and with symmetry π related to the σ 

donation and to the π backdonation, respectively, for the Ru–NO and Ru–NO2 

chemical bonds. Interaction between the dπ orbital of Ru and the π
*
 orbital of NO or 

NO2
–
 stabilize the complexes 11–14 to a larger extent as compared to interaction 

between the σ orbitals of NO or NO2
–
 with the dσ orbital of Ru.  

Additionally, stabilization of these metal complexes due to interaction involving 

the NBOs with π symmetry agrees with the analysis of the electron density in the axis 

of the Ru–N(5) bond. On going from complexes 11 to 12, ΔE
(2)

 increases because εi–
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εj decreases and F(i,j) increases. Nonetheless, increasing pH leads to an opposite trend 

on going from complex 12 to complex 14. 

 

7.6 Supplementary Material 

 

Figure S7.1 Main Lewis structures considered by the NBO method in complexes 11–

14. 
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8   Understanding the Ru–NO Bond Mechanism 

_________________________________________ 

 

Parts of this chapter previously appeared as 

 

Nature of the Ru–NO Coordination Bond: Kohn–Sham Molecular Orbital and Energy 

Decomposition Analysis 

Orenha, R. P.; Rocha, M. V. J.; Poater, J.; Galembeck, S. E.; Bickelhaupt, F. M. 

ChemistryOpen 2017, 6 (3), 410-416 

 

8.1 Introduction 

Major advances in the field of NO donors and scavengers have been achieved 

especially with ruthenium tetraammine nitrosyl complexes of the type trans–

[Ru
II
(NO

+
)(NH3)4L]

n+
. An example of the versatility of these compounds is the 

anionic trans–influence in the case of L = Cl
–
 on the Ru–NO

+
 coordination bond in 

trans-[Ru
II
(NO

+
)(NH3)4Cl]

2+
: the chloride ligand strengthens the Ru–NO

+
 bond.

 

 

 

 

Thus, the purpose of the present study is twofold. In the first place, we have 

analyzed the electronic structure and energetically preferred dissociation modes in 

order to determine the effective oxidation state and most suitable canonical form of 

the NO ligand in the complex. Therefore, we have carried out an investigation based 

on three possible dissociation reactions for trans–[RuCl(NO)(NH3)4]
2+

 complex to 

give either 1) [RuCl(NH3)4]
+
 + NO

+
; 2) [RuCl(NH3)4]

2+
 + NO; or 3) [RuCl(NH3)4]

3+
 + 

NO
–
. 

Next, we aim to shed light on the bonding mechanism of Cl–Ru–NO in this 

complex through detailed quantitative Kohn–Sham molecular orbital and energy 
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decomposition analyses. Here, we anticipate an important role of the synergism 

between σ–donation and π–backdonation between Ru and NO. Furthermore, we 

elucidate the mechanism behind the negative trans–influence of Cl
–
 on the Ru–NO 

coordination bond. Finally, we compare the nature of Ru–NO bond with that of Ru–

CO in the isoelectronic trans–[RuCl(CO)(NH3)4]
+
 complex. 

 

8.2 Accuracy and Relativistic Effects 

Our computed ZORA–BP86/TZ2P and BP86/TZ2P geometrical data and bond 

dissociation energies ΔE for the three dissociation schemes are summarized in Table 

8.1. In this table, we compare our calculated results, with and without ZORA 

relativistic correction, to the experimental values obtained from X–ray diffraction.
188

 

 

Table 8.1 Geometric data and bond energies (∆E) for trans–[RuCl(NO)(NH3)4]
2+

 

complex.
a
 

 ZORA NR EXP
b
 

Bond distances (Å)    

Ru–NO 1.838 1.825 1.799 

N–O 1.150 1.147 1.026
c
 

Ru–Cl 2.238 2.278 2.376 

Ru–NH3 2.159 2.175 2.100
d
 

Bond angles (°)    

Ru–N–O 180.0 180.0 176.6 

Cl–Ru–NO 180.0 180.0 177.9 

NH3–Ru–NO 92.5 93.4 92.0
d
 

NH3–Ru–Cl 87.5 86.6 88.1
d
 

NH3–Ru–NH3 89.9 89.8 90.0
d
 

ΔE (kcal mol
–1

)    

[RuCl(NH3)4]
+ 

+ NO
+
 56.6 48.3 

e
 

[RuCl(NH3)4]
2+ 

+ NO 84.6 79.5 
e
 

[RuCl(NH3)4]
3+ 

+ NO
–
 467.2 465.3 

e
 

a Computed at BP86/TZ2P with relativistic effects (ZORA), without relativistic effects (NR), and 

experimental values (EXP). b Experimental values from Ref. 188. c Not reliable due to disorder 

problems, as mentioned in Ref. 61. d Average value of the experimental results from Ref. 188. e Not 

available. 

 

 



 

135 

 

As can be seen, computed geometries are in good agreement with experiment. 

The slightly smaller deviation when ZORA is included demonstrates the significance 

of relativistic effects and justifies the effort of using the relativistic formalism ZORA–

BP86/TZ2P in all further analyses in this study. 

 

8.3 Structure and Stability 

We have first focused on choosing the most suitable canonical form for trans–

[RuCl(NO)(NH3)4]
2+

 complex based on two criteria: the energetically preferred 

dissociation mode and the geometry. To this end, Table 8.1 encloses the bond 

dissociation energy (ΔE) for the three above proposed decomposition schemes. The 

first dissociation of trans–[RuCl(NO)(NH3)4]
2+

 in [RuCl(NH3)4]
+
 + NO

+
 shows the 

lowest energetic value (56.6 kcal mol
–1

), compared to the other two dissociation 

patterns (82.8 and 466.7 kcal mol
–1

, respectively). This is a direct consequence of a 

more favorable Coulomb energy as the two-fold positive charge is separated over two 

singly positively charged fragments. Thus, trans–[RuCl(NO)(NH3)4]
2+

 dissociates 

preferentially into [RuCl(NH3)4]
+
 + NO

+
, the latter fragment being isoelectronic with 

the CO ligand. 

Furthermore, the compound trans–[RuCl(NO)(NH3)4]
2+

 assumes the geometry 

of a distorted octahedron with C4v symmetry. As shown in Table 8.1, the NH3–Ru–

NO (92.5°), and NH3–Ru–Cl (87.5°) angles deviate from 90°; and with Ru–NO, Ru–

Cl and Ru–NH3 bond lengths of 1.838, 2.238, and 2.159 Å, respectively. However, 

the most relevant data is the Ru–N–O bond angle of 180°, which has been previously 

attributed to trans–[Ru(NH3)4(Cl)(NO)]
2+

 having predominantly [RuCl(NH3)4]
+
 + 

NO
+
 character, based on the fact that the overall complex is EPR silent.

40
 In addition, 

the reactions of these nitrosyl complexes with hydroxide ions yielding to trans–

[Ru(NH3)4(L)(NO2)]
+
, also confirm the nitrosonium character of the [NO] ligand.

34
 

Further details of the optimized geometries are provided in the Supplementary 

Material 8.8. 

Our analyses show that the nature of trans–[RuCl(NO)(NH3)4]
2+

 is best 

represented by the [Ru
II
–NO

+
] canonical form. Therefore, we will cast our further 

analyses and discussion of the Ru–NO bonding mechanism in terms of the 

[RuCl(NH3)4]
+
 + NO

+
 fragments. 
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8.4 Ru–NO Bonding Mechanism in trans–[RuCl(NO)(NH3)4]
2+

 

The Ru–NO bonding analysis comprises a quantitative Kohn–Sham molecular orbital 

analysis complemented with an energy decomposition analysis on trans–

[RuCl(NO)(NH3)4]
2+

 formed from [RuCl(NH3)4]
+
 and NO

+
 fragments (I). This EDA 

will be later complemented by two more EDA schemes: (II) [Ru(NH3)4]
2+

 and NO
+
, 

to analyze the Ru–NO bond in absence of Cl
–
; and (III) [Ru(NH3)4]

2+
 and Cl

–
, to 

investigate Ru–Cl in absence of NO
+
. The combination of the three should give us a 

complete picture of the Ru–NO interaction in our trans–[RuCl(NO)(NH3)4]
2+

 

complex, with emphasis on the synergy between σ–donation and π–backdonation in 

the Ru–NO interaction, and also on the negative trans influence of the Cl
–
 ligand. 

We first focus on the decomposition scheme we have proposed for our trans–

[RuCl(NO)(NH3)4]
2+

 complex, i.e. [RuCl(NH3)4]
+
 and NO

+
 (Table 8.2). The bonding 

interaction is attractive (–64.6 kcal mol
–1

). Interestingly, this is exclusively due to the 

orbital interactions ΔEoi (–234.7 kcal mol
–1

). The latter compensate both the 

electrostatic term ΔVelstat (55.2 kcal mol
–1

), which is repulsive due to Coulomb 

repulsion between the two singly positively charged fragments that are formed, and 

the repulsive Pauli interaction (115.0 kcal mol
–1

). 

The ∆Eoi term (Figure 8.1) can be further decomposed into σ and π 

contributions which amount to –32.5 and –196.3 kcal mol
–1

, respectively. Note that 

the π orbital term is by far the dominant contributor of stabilization in the Ru–NO 

bond. From the gross Mulliken populations of the fragment molecular orbitals 

(FMOs) we observe σ–donation from NO
+
:σ (P =1.71 e) to Ru:dσ

*
 (P = 0.32 e), and 

π–backdonation from Ru:dπ (P = 1.43 e) to NO
+
:π

*
 (P = 0.56 e). The origin of the 

stronger π–backdonation is the smaller energy difference between the interacting π 

FMOs compared to the σ ones (7.7 vs. 16.7 eV, respectively). The corresponding 

FMO overlaps support both σ–donation and π–backdonation interactions, being the 

former larger (0.38) compared to the latter (0.14). Finally, according to the VDD 

charge analysis, such larger π–backdonation also translates into a net transfer of 0.892 

e to the NO
+
 ligand (see Table 8.2). 

Next, we have studied the synergism between the σ–donation and the π–

backdonation processes present between [RuCl(NH3)4]
+
 and NO

+
 fragments. Thus, if 

we want to only focus on the σ–donation, we have to remove π virtual orbitals of 

NO
+
. On the other hand, if we are interested in π–backdonation, σ virtual orbitals of 
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Ru fragment must be deleted. Note that this deletion of the virtual orbitals on one 

fragment also suppresses the polarization between the occupied and virtual orbitals 

within the same fragment. 

 

Table 8.2 Analysis of Ru–L
1
 bond between [RuL

2
(NH3)4]

n+
 and L

1
 in trans–

[Ru(L
1
)(L

2
)NH3)4]

n+
 complex.

a
 

 I II III  

L
1
 NO

+
 NO

+
 Cl

–
 CO 

L
2
 Cl

–
 – – Cl

–
 

n 1 2 2 1 

EDA (in kcal mol
–1

) 

ΔVelstat 55.2 171.7 –304.7 –136.8 

ΔEPauli 115.0 79.3 139.6 192.4 

ΔEσ –32.5 –43.0 –67.3 –52.1 

ΔEπ –196.3 –151.9 –21.3 –72.6 

ΔEA2,B1,B2 –5.9 –4.9 –3.7 –0.1 

ΔEoi –234.7 –199.8 –92.3 –124.8 

ΔEint –64.6 51.2 –257.5 –69.2 

FMO Energy ε (in eV) 

Ru:dσ
*
 –6.5 –14.2 –14.2 –6.9 

Ru:dπ –7.9 –14.3 –14.3 –8.1 

Cl
–
:pσ – – 0.6 – 

Cl
–
:pπ – – 0.6 – 

L
1
:σ –23.2 –23.2 – –9.2 

L
1
:π

*
 –15.6 –15.6 – –2.4 

FMO Overlap S 

<Cl
–
:pσ | Ru:dσ

*
> – – 0.25 – 

<Cl
–
:pπ | Ru:dπ> – – 0.11 – 

<L
1
:σ | Ru:dσ

*
> 0.38 0.30 – 0.47 

<Ru:dπ | L
1
:π

*
> 0.14 0.13 – 0.22 

<Ru:dπ | L
1
:π> 0.09 0.08 – 0.10 

FMO Populations P (in e) 

Ru:dσ
*
 0.32 0.37 0.53 0.56 

Ru:dπ 1.43 1.53 1.97 1.73 

Cl
–
:pσ – – 1.43 – 

Cl
–
:pπ – – 1.92 – 

L
1
:σ 1.71 1.64 – 1.48 

L
1
:π 1.99 1.99 – 1.99 

L
1
:π

*
 0.56 0.47 – 0.27 

VDD charges ΔQ (in a.u.)
b
 

[RuL
2
(NH3)4]

n+
 +0.892 +0.712 –0.226 +0.320 

a Computed at ZORA–BP86/TZ2P. b Based on equation 2.6. 
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Figure 8.1 Orbital interaction diagram with the processes of σ–donation (blue), and 

π–backdonation (red) for trans–[RuCl(NO)(NH3)4]
2+

 composed of NO
+
 and 

[RuCl(NH3)4]
+
, emerging from our Kohn–Sham orbital analyses at ZORA–

BP86/TZ2P. 
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When π–backdonation is turned–off (see Table 8.3), ΔEσ is only slightly 

reduced by 1.9 kcal mol
–1

. On the other hand, when σ–donation is turned–off, ΔEπ 

experiences a considerable weakening of 28.1 kcal mol
–1

. This reduction in ΔEπ also 

shows up in the gross Mulliken populations, which show a smaller π charge transfer 

(Ru:dπ = 1.55 and NO
+
:π

*
 = 0.44). Therefore, we have and overall calculated synergy 

that amounts to ΔEsynergy = ΔEoi(σ–donation + π–backdonation) – ΔEoi(σ–donation) – 

ΔEoi(π–backdonation) = –23.5 kcal mol
–1

. Furthermore, concerning the overall charge 

transfer between the two fragments, when σ–donation is turned–off, VDD charge for 

NO
+
 is only slightly reduced to –0.839; whereas turning–off π–backdonation implies 

NO
+
 to adopt a positive charge of 0.022 e. 

In this way, concerning the ΔEint between the two fragments, if σ–donation is 

cancelled, we still have an attractive interaction by –4.8 kcal mol
–1

. However, this is 

not the case if π–backdonation is suppressed, as we would get a dramatically repulsive 

interaction that amounts to +133.9 kcal mol
–1

. Thus, π–backdonation is not only larger 

than σ–donation Ru–NO bonding mechanism, but it is crucial to have an attractive 

interaction between [RuCl(NH3)4]
+
 and NO

+
 fragments in this trans– 

[RuCl(NO)(NH3)4]
2+

 complex. We conclude that the σ–π synergism is necessary in 

order to yield a stabilizing Ru–NO bond in trans–[RuCl(NO)(NH3)4]
2+

. 

 

Table 8.3 Analysis of the synergy between σ–donation and π–backdonation orbital 

interactions in [RuCl(NH3)4]
+
 + NO

+
 [kcal mol

–1
].

a
 

OI allowed
b 

ΔEσ ΔEπ ΔEA2,B1,B2 ΔEoi ΔEint 

σ–don. + π–back. –32.5 –196.3 –5.9 –234.7 –64.6 

σ–don. –30.6 0.0 –5.6 –36.2 133.9 

π–back. 0.0 –168.2 –6.8 –175.0 –4.8 
a Computed at ZORA–BP86/TZ2P level. b OI refers to Orbital Interactions; σ–don. to σ–donation; and 

π–back. to π–backdonation. 

 

8.5 Chloride trans Influence 

Next, we investigate how and why the trans ligand Cl
–
 affects the Ru–NO bond. To 

this end, we first analyze this bond in the absence of the chloride ligand, that is, we 

investigate the interaction between [Ru(NH3)4]
2+

 and NO
+
 in [Ru(NO)(NH3)4]

3+
 at the 

same geometry of trans–[RuCl(NO)(NH3)4]
2+

 complex. In [Ru(NO)(NH3)4]
3+

, at 

variance with trans–[RuCl(NO)(NH3)4]
2+

, the Ru–NO interaction energy ΔEint (51.2 

kcal mol
–1

) is clearly repulsive (see Table 8.2). This net repulsive character mainly 
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originates from the large electrostatic repulsion between the two positively charged 

fragments (ΔVelstat = 171.7 kcal mol
–1

) that, together with ΔEPauli (79.3 kcal mol
–1

), 

overrule the attractive ∆Eoi (–199.8 kcal mol
–1

). 

The highly repulsive ΔVelstat is due to the lack of the negatively charged Cl
–
 

ligand. The absence of the trans Cl
–
 ligand also goes with significant changes in the 

orbital interactions as reflected by the ∆Eoi term. Thus, if we take away the Cl
–
 ligand, 

the σ component becomes more stabilizing (going from –32.5 to –43.0 kcal mol
–1

), 

but the π component is considerably weakened (going from –196.3 to –151.9 kcal 

mol
–1

), Figure 8.2.  

 

 

Figure 8.2 Orbital interaction diagram with the processes of σ–donation (blue), and 

π–backdonation (red) of Ru–NO present in [RuCl(NH3)4]
+
 composed of Cl

–
 and 

[Ru(NH3)4]
2+

, emerging from our Kohn–Sham orbital analyses at ZORA–BP86/TZ2P. 
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Analysis of the Kohn–Sham orbital interaction mechanism indeed reveals a 

stronger donor–acceptor mixing between the interacting σ FMOs and a weaker 

mixing between the π FMOs.  

This is also reflected by the gross Mulliken populations of the FMOs involved 

which show larger σ–donation from NO
+
:σ (P = 1.64 e) to Ru:dσ

*
 (P = 0.37 e), but 

smaller π–backdonation from Ru:dπ (P = 1.53 e) to NO
+
:π

*
 (P = 0.47 e) in 

[Ru(NO)(NH3)4]
3+

 as compared to [RuCl(NO)(NH3)4]
2+

 (see Table 2). The stronger σ 

donation from, and weaker π backdonation to NO
+
 translates into a less negative VDD 

charge (–0.712 e) of the ligand (see Table 8.2). 

In order to precisely follow how introducing Cl
–
 modifies the bonding capability 

of the ruthenium complex towards NO
+
, we undertake a bonding analysis of the Ru–

Cl bond between [Ru(NH3)4]
2+

 and Cl
–
 in [RuCl(NH3)4]

+
 (see Table 8.2). In this case, 

the ΔEint is largely attractive (–257.5 kcal mol
–1

), especially due to very attractive 

ΔVelstat (–304.7 kcal mol
–1

) term between the cationic and anionic fragments. The 

orbital interactions ∆Eoi (–92.3 kcal mol
–1

) arise from the Cl
–
 ligand σ–donating 

charge to the [Ru] fragment (see Figure 8.2), from Cl
–
:pσ (P = 1.43 e) to Ru:dσ

*
 (P = 

0.53 e). There is no π–backdonation (Ru:dπ P = 1.97 e) as Cl
–
 has no π acceptor 

orbitals. This is the reason why σ orbital interactions are larger than π. As a 

consequence, the Cl
–
 ligand loses 0.226 electrons which are transferred to the [Ru] 

fragment (∆Q = 0.226 e, see Table 8.2). Importantly, the Cl–Ru orbital interactions 

push the Ru dπ orbitals up in energy in a Pauli repulsive Cl
–
:3pπ – [Ru]:dπ closed shell 

interaction. This is the main responsible mechanism that enhances the π backdonating 

capability of the resulting [RuCl(NH3)4]
+
 fragment towards NO

+
. In line with this 

mechanism, a trans F
–
 ligand reinforces the Ru–NO

+
 coordination bond even more 

than trans Cl
–
 because of a stronger F

–
:2pπ – [Ru]:dπ closed-shell interaction (not 

shown in Figure 8.2). Thus, going from trans-[RuCl(NO)(NH3)4]
2+

 in trans-

[RuF(NO)(NH3)4]
2+

, π backbonding interactions are enhanced. Accordingly, the net 

transfer of charge to the NO
+
 ligand increases from 0.892 to 0.904 e, the Ru–NO

+
 

bond energy ∆E strengthens from –56.6 to –68.9 kcal mol
–1

, and the bond shortens 

from 1.838 to 1.766 Å (data for trans-F
–
 case not shown in tables). 

We conclude that the trans Cl
–
 ligand reinforces the Ru–NO bond in trans–

[RuCl(NO)(NH3)4]
2+

 by reducing the electrostatic repulsion as well as by 

strengthening the π–backdonation. 
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8.6 Ru–CO Interaction 

To demonstrate that our findings are applicable more generally, we have substituted 

NO
+
 for the isoelectronic CO in the equivalent trans–[RuCl(CO)(NH3)4]

+
 complex. In 

the case of the CO ligand, there is no discussion about the canonical form. The 

interaction between [RuCl(NH3)4]
+
 and CO has been analyzed by means of an EDA 

(see Table 8.2). One might expect that the Ru–CO bond is much stronger than the 

Ru–NO bond because the latter occurs between two fragments of the same charge 

whereas the former does not. Strikingly, however, the Ru–CO (∆Eint = –69.2 kcal 

mol
–1

) is only 4.6 kcal mol
–1

 stronger than the Ru–NO bond (∆Eint = –64.6 kcal mol
–

1
). 

Indeed, the ∆Velstat term goes from repulsive in trans–[RuCl(NO)(NH3)4]
2+

 

(+55.2 kcal mol
–1

) to very attractive in trans–[RuCl(CO)(NH3)4]
+
 (–136.8 kcal mol

–1
). 

However, Pauli repulsion increases to 192.4 kcal mol
–1

, and ∆Eoi weakens to only –

124.8 kcal mol
–1

. The weakening in the orbital interaction terms from Ru–NO to Ru–

CO results from a significant weakening in π backbonding to the neutral CO which 

dominates the strengthening in σ donation. These trends also show up in the FMO 

mixing patterns which is reflected by the FMO population of Ru:dπ (P = 1.73 e.). In 

addition, this larger σ donation from CO than NO
+
 to Ru: dσ

*
 is in agreement with the 

radial orbital energy slope (ROS) definition. This parameter is the slope of the orbital 

energy in relation to the bond length. One positive value represents an orbital with 

predominant bonding character; however, one negative value indicates an orbital with 

larger antibonding nature. Thus, while the free CO shows ROS < 0 for the HOMOσ, 

the free NO
+
 has a ROS > 0 explaining the result discussed above.

206
 

Thus, despite the similar interaction energy between Ru and either NO or CO 

ligands in the complexes under analysis, their bonding character is rather different. 

Ru–NO is bonded thanks to a very attractive covalent π component, even though the 

interaction is electrostatically repulsive. On the other hand, the Ru–CO interaction is 

characterized by a more balanced attractive electrostatic and covalent σ and π 

component. 

 

8.7 Conclusions 

The trans–[RuCl(NO)(NH3)4]
2+

 complex is best conceived as consisting of 

[RuCl(NH3)4]
+
 and the nitrosyl cation NO

+
 held together by a Ru

II
–NO

+
 coordination 
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bond. This follows from our relativistic DFT computations which show that: (i) this is 

the energetically by far preferred dissociation mode; (ii) the Cl–Ru–NO angle is 180°; 

and (iii) the Kohn–Sham molecular orbital electronic structure of the complex arise 

from Ru
II
←NO

+
 σ–donation and Ru

II
→NO

+
 π–backdonation.  

Our quantitative bonding analyses show that there is synergy between σ–

donation and π–backdonation and that the latter is the dominant term in the Ru
II
–NO

+
 

coordination bond. Interestingly, the electrostatic interaction across the Ru
II
–NO

+
 is 

pronouncedly repulsive due the Coulomb repulsion between the two singly positively 

charged fragments of [RuCl(NH3)4]
+
 and NO

+
 that are formed in the lowest–energy 

dissociation mode. It is the synergistic orbital interactions that compensate for both 

the electrostatic repulsion as well as the Pauli repulsion between closed–shells, and 

thus keep this bond together. 

Finally, we have identified in detail the mechanism behind the negative trans 

influence of the Cl
–
 ligand. This ligand, which is oriented trans with respect to the 

NO
+
 ligand, reinforces the Ru

II
–NO

+
 bond in two ways: (i) it reduces the electrostatic 

repulsion by reducing the positive charge of the ruthenium fragment; and (ii) it 

strengthens π–backdonation by pushing up the ruthenium dπ orbitals. 
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8.8 Supplementary Material 

Table S8.1. Cartesian coordinates (in Å), total energies E with respect to ADF basic 

atoms (in kcal mol
–1

), and number of imaginary frequencies NIMAG of species in this 

study, computed at ZORA–BP86/TZ2P.  

NO
+
  E = –62.85  (NIMAG = 0) 

N 0.000000 0.000000 1.861728 

O 0.000000 0.000000 2.932694 

 

trans–[RuCl(NH3)4]
+
 E = –1912.88  (NIMAG = 0) 

Ru –0.021200 –0.000808 0.000000 

N 0.073572 2.142496 0.000000 

N 0.077927 –0.001070 2.143212 

N 0.079707 –2.143773 0.000000 

N 0.077927 –0.001070 –2.143212 

Cl 2.277300 0.003015 0.000000 

H 1.078474 2.368473 0.000000 

H –0.330171 2.619612 –0.812849 

H –0.330171 2.619612 0.812849 

H 1.083401 –0.001288 –2.366737 

H –0.324953 –0.813794 –2.621251 

H –0.324423 0.811907 –2.621284 

H 1.083401 –0.001288 2.366737 

H –0.324953 –0.813794 2.621251 

H –0.324423 0.811907 2.621284 

H 1.085193 –2.367094 0.000000 

H –0.322763 –2.621954 0.812853 

H –0.322763 –2.621954 –0.812853 

 

NO  E = –283.97  (NIMAG = 0) 

N –1.814231 –0.000752 0.000000 

O –2.974285 0.001977 0.000000 
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trans–[RuCl(NH3)4]
2+

  E = –1665.59  (NIMAG = 0) 

Ru 0.058108 –0.006667 –0.000084 

N 0.044914 2.149716 –0.000454 

N –0.120240 –0.011038 2.136552 

N 0.125457 –2.162115 0.000391 

N –0.119344 –0.009495 –2.136762 

Cl 2.254387 0.034523 0.000374 

H 1.013831 2.498635 –0.012310 

H –0.418596 2.586789 –0.806280 

H –0.397745 2.586912 0.816948 

H 0.348943 –0.807843 –2.583306 

H –1.098271 –0.045274 –2.455159 

H 0.289117 0.821135 –2.583094 

H 0.322816 –0.823798 2.582779 

H –1.099924 –0.016735 2.454582 

H 0.313720 0.806240 2.583532 

H 1.106699 –2.474707 0.012831 

H –0.321883 –2.616142 0.805988 

H –0.300084 –2.615614 –0.817217 

 

NO
–
  E = –285.13  (NIMAG = 0) 

N –1.745997 –0.000913 0.000000 

O –3.034022 0.002117 0.000000 

 

trans–[RuCl(NH3)4]
3+

  E = –1280.56  (NIMAG = 0) 

Ru 0.139283 –0.005054 0.000053 

N –0.169375 2.133027 –0.004698 

N –0.126161 –0.005459 2.144138 

N –0.090873 –2.153006 0.003934 

N –0.131048 –0.014736 –2.143555 

Cl 2.255503 0.033674 –0.000042 

H 0.398615 2.634010 0.697149 

H 0.044514 2.597621 –0.900642 
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H –1.151138 2.386248 0.206162 

H 0.108258 –0.906150 –2.604427 

H –1.111874 0.177526 –2.414554 

H 0.432472 0.698022 –2.634076 

H 0.459325 –0.701699 2.632609 

H –1.100299 –0.226911 2.417001 

H 0.087802 0.892270 2.605276 

H 0.495943 –2.632332 –0.697557 

H 0.138936 –2.609998 0.899837 

H –1.062435 –2.442025 –0.208126 

 

trans–[RuCl(NO)(NH3)4]
2+

  E = –2032.37  (NIMAG = 0) 

Ru –0.037469 –0.000011 0.000000 

N 0.111109 2.156993 0.000000 

N 0.113052 –0.000019 2.156782 

N 0.114073 –2.156774 0.000000 

N 0.113052 –0.000019 –2.156782 

Cl 2.257593 0.001389 0.000000 

H 1.111557 2.397191 0.000000 

H –0.303806 2.621996 –0.815464 

H –0.303806 2.621996 0.815464 

H 1.113654 0.001882 –2.396262 

H –0.299801 –0.816459 –2.621921 

H –0.303181 0.814424 –2.622390 

H 1.113654 0.001882 2.396262 

H –0.299801 –0.816459 2.621921 

H –0.303181 0.814424 2.622390 

H 1.114820 –2.395756 0.000000 

H –0.300248 –2.622367 0.815438 

H –0.300248 –2.622367 –0.815438 

    

[RuF(NH3)4]
+
  E = –1942.65  (NIMAG = 0) 

Ru –0.020601 –0.000818 0.000000 



 

147 

 

N 0.163958 2.130931 0.000000 

N 0.170936 –0.000510 2.131016 

N 0.171208 –2.131945 0.000000 

N 0.170936 –0.000510 –2.131016 

F 1.942274 0.001875 0.000000 

H 1.183479 2.274515 0.000000 

H –0.203601 2.636371 –0.812487 

H –0.203601 2.636371 0.812487 

H 1.191226 –0.000780 –2.269319 

H –0.194571 –0.812659 –2.638462 

H –0.193836 0.812324 –2.637925 

H 1.191226 –0.000780 2.269319 

H –0.194571 –0.812659 2.638462 

H –0.193836 0.812324 2.637925 

H 1.191213 –2.272026 0.000000 

H –0.194712 –2.638527 0.812500 

H –0.194712 –2.638527 –0.812500 

    

trans-[RuF(NO)(NH3)4]
2+

  E = –2074.45  (NIMAG = 0) 

Ru –0.029010 –0.000198 0.000000 

N 0.192208 2.139627 0.000000 

N 0.192923 –0.000524 2.139204 

N 0.194792 –2.139556 0.000000 

N 0.192923 –0.000524 –2.139204 

F 1.872536 0.001278 0.000000 

H 1.206970 2.314215 0.000000 

H –0.193539 2.629588 –0.815185 

H –0.193539 2.629588 0.815185 

H 1.207665 –0.001562 –2.313976 

H –0.193788 –0.815238 –2.629216 

H –0.191925 0.815099 –2.629190 

H 1.207665 –0.001562 2.313976 

H –0.193788 –0.815238 2.629216 
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H –0.191925 0.815099 2.629190 

H 1.209698 –2.313305 0.000000 

H –0.190557 –2.629835 0.815193 

H –0.190557 –2.629835 –0.815193 

N –1.795183 –0.001278 0.000000 

O –2.945285 –0.001797 0.000000 
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Table S8.2. Cartesian coordinates (in Å), total energies E with respect to ADF basic 

atoms (in kcal mol
–1

), and number of imaginary frequencies NIMAG of species in this 

study, computed at BP86/TZ2P.  

NO
+
  E = –62.81  (NIMAG = 0) 

N 0.000000 0.000000 1.861693 

O 0.000000 0.000000 2.932724 

 

trans–[RuCl(NH3)4]
+
 E = –1911.99  (NIMAG = 0) 

Ru –0.026243 –0.000785 0.000000 

N 0.076244 2.158782 0.000000 

N 0.081107 –0.001170 2.159536 

N 0.082516 –2.159997 0.000000 

N 0.081107 –0.001170 –2.159536 

Cl 2.285471 0.003023 0.000000 

H 1.082455 2.373775 0.000000 

H –0.324999 2.634755 –0.813639 

H –0.324999 2.634755 0.813639 

H 1.087964 –0.001773 –2.371529 

H –0.319351 –0.814565 –2.636556 

H –0.318182 0.812734 –2.636683 

H 1.087964 –0.001773 2.371529 

H –0.319351 –0.814565 2.636556 

H –0.318182 0.812734 2.636683 

H 1.089289 –2.372306 0.000000 

H –0.317444 –2.637040 0.813641 

H –0.317444 –2.637040 –0.813641 

    

NO  E = –284.13  (NIMAG = 0) 

N –1.814259 –0.000752 0.000000 

O –2.974260 0.001976 0.000000 

    

trans–[RuCl(NH3)4]
2+

  E = –1661.26  (NIMAG = 0) 

Ru 0.053248 –0.006784 –0.000212 
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N 0.037658 2.164602 –0.001419 

N –0.104791 –0.010871 2.154470 

N 0.119107 –2.177389 0.000994 

N –0.103864 –0.008717 –2.155146 

Cl 2.259436 0.034570 0.001162 

H 1.003831 2.516321 –0.042539 

H –0.454061 2.594392 –0.793637 

H –0.382217 2.596067 0.830152 

H 0.392706 –0.794957 –2.591258 

H –1.077077 –0.069631 –2.484883 

H 0.290443 0.833149 –2.591581 

H 0.326083 –0.834602 2.590931 

H –1.079822 0.007266 2.483951 

H 0.356671 0.796382 2.590720 

H 1.097920 –2.492510 0.039814 

H –0.354110 –2.625483 0.794363 

H –0.286226 –2.624324 –0.829595 

    

NO
–
  E = –285.43  (NIMAG = 0) 

N –1.746163 –0.000912 0.000000 

O –3.033876 0.002117 0.000000 

    

trans–[RuCl(NH3)4]
3+

  E = –1272.86  (NIMAG = 0) 

Ru 0.136408 –0.000354 –0.000252 

N –0.131586 2.160162 –0.009410 

N –0.130926 0.008155 2.160465 

N –0.127971 –2.161241 0.007970 

N –0.126986 –0.009347 –2.161417 

Cl 2.263182 0.001169 0.001929 

H 0.449894 2.647297 0.690344 

H 0.091327 2.612624 –0.908680 

H –1.108033 2.429761 0.202700 

H 0.455411 0.690630 –2.647148 
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H 0.097233 –0.908479 –2.613512 

H –1.102864 0.202496 –2.433237 

H 0.448866 –0.693397 2.647004 

H –1.107838 –0.201582 2.430221 

H 0.094503 0.906548 2.613427 

H 0.455576 –2.647256 –0.690852 

H 0.094030 –2.613655 0.907494 

H –1.103586 –2.432396 –0.205985 

    

trans–[RuCl(NO)(NH3)4]
2+

  E = –2023.07  (NIMAG = 0) 

Ru –0.038409 –0.000069 0.000000 

N 0.115339 2.171688 0.000000 

N 0.117860 –0.000330 2.171020 

N 0.119433 –2.171306 0.000000 

N 0.117860 –0.000330 –2.171020 

Cl 2.265814 0.001680 0.000000 

H 1.117006 2.404286 0.000000 

H –0.298005 2.635545 –0.816103 

H –0.298005 2.635545 0.816103 

H 1.119740 –0.008338 –2.402531 

H –0.302004 –0.812474 –2.635943 

H –0.287766 0.819720 –2.634716 

H 1.119740 –0.008338 2.402531 

H –0.302004 –0.812474 2.635943 

H –0.287766 0.819720 2.634716 

H 1.121491 –2.402144 0.000000 

H –0.293050 –2.635766 0.816176 

H –0.293050 –2.635766 –0.816176 

N –1.837764 –0.001523 0.000000 

O –2.984803 –0.002464 0.000000 
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9   Summary 

__________________________________________ 

 

The discovery of the chemical properties related to the physiological and 

pathophysiological processes of the nitric oxide molecule has advanced scientific 

research concerning the control of NO availability in the biological environment. 

Complexes involving ruthenium and other ligands, such as amine and 

tetraazomacrocycles, have been used as models because they display properties like 

stability to air oxidation, solubility in water, and low cytotoxicity against host cells. 

Given the peculiar properties of nitric oxide, we first conducted a computational 

experiment based on the molecular orbital diagram of NO (Chapter 3). Then, we 

performed exercises of computational quantum chemistry involving the mono–cation 

(NO
+
) and mono–anion (NO

–
) of NO. These exercises were presented to students at the 

end of their undergraduate studies or at the beginning of their postgraduate studies. 

The students started the experiment by exploring the Lewis structures of NO
+
, 

NO, and NO
–
 along with the molecular orbital diagram of NO, to obtain a correlation 

with different properties like bond lengths and atomic charges. Next, they compared the 

calculated bond lengths and vibrational frequencies with experimental results found in 

Internet databases, which allowed them to discuss the differences they visualized. 

In addition, distinct approximations helped to calculate partial atomic charges. 

The students verified that it is difficult to determine this parameter because it is not 

physically observable and does not rely on any quantum mechanical operator to 

determine its quantity. The dipole moment calculated for NO, 0.153 D, by using 

B3LYP/6–31+G(d,p) level is close to the most accepted experimental data. This value 

contrasts with a recent determination of this parameter indicating that the negative 

charge concentrates on the nitrogen atom. 

The students finished the experiment by dealing with two topics of relevant 

interest to computational chemistry: (i) investigation of the behavior of some properties; 

for instance, atomic charges and spin densities, in relation to the basis set increment, 

and (ii) calculation of accurate electronic energies from extrapolation of the basis set 

pc–n, n = 2–4, to infinity. 
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Given the relevance of the nitric oxide molecule and the important role of water as 

solvent in the biological environment, we undertook a computational study of the 

interaction of NO•, NO
+
, and NO

–
 with H2O: [NO

….
H2O]•, 0•, [NO

….
H2O]

+
, 0

+
, and 

[NO
….

H2O]
–
, 0

–
 (Chapter 4). The geometries optimized for these clusters indicated that 

the NO
….

H2O interaction depends on the total charge: (ON•….
H–OH), (NO

–….
H–OH), 

and (ON
+….

OH2). The atomic spin densities along with the frontier molecular orbital 

representation demonstrated that NO goes from 0• to 0
+
 or 0

–
 in the oxidation or 

reduction processes, respectively, and that both processes occur on the nitrogen atom. 

The quantum theory of atoms in molecules (QTAIM), electron localization 

function (ELF), and natural bond−bond polarizability (NBBP) methods helped to 

quantify the electronic delocalization level between NO and H2O: 0
+
 > 0• > 0

–
, to show 

a predominantly ionic character for the intermolecular interactions, but a primarily 

covalent character for the intramolecular chemical bonds. 

Energy analyses carried out by the natural bond orbital (NBO) and localized 

molecular orbital energy decomposition (LMO–EDA) methods for the interaction 

between NO and H2O in the complexes 0•, 0
+
, and 0

–
 demonstrated a more favorable 

interaction in 0
–
 than in 0

+
 and 0•,

 
as revealed by the former method. However, the latter 

method indicated more negative total interaction energy for 0
+
 in relation to 0

–
 and 0• 

because of its predominantly electrostatic component. 

Analysis of the electrostatic potential surfaces furnished a clear and direct 

explanation for the relative position of the monomers. Additionally, this analysis 

showed that the Coulombic attraction between the water molecule and the charged 

complexes NO
+
 and NO

–
 is larger than in the case of the complexes with NO. 

Accordingly, we investigated the complexes cis–[RuCl(NO)(NH3)4]
+
, 1; cis–

[RuCl(NO)(NH3)4]
2+

, 2; cis–[RuCl(NO)(NH3)4]
3+

, 3; trans–[RuCl(NO)(NH3)4]
+
, 4; 

trans–[RuCl(NO)(NH3)4]
2+

, 5; trans–[RuCl(NO)(NH3)4]
3+

, 6; [Ru(NO)(NH3)5]
+
, 7; 

[Ru(NO)(NH3)5]
2+

, 8; and [Ru(NO)(NH3)5]
3+

, 9 to improve our understanding of the 

nature of Ru–NO chemical bond and of the influence of the total charge, nature, and 

relative position of simple ligands on NO release from these complexes (Chapter 5).  

According to the analysis of charges conducted by the QTAIM and NBO methods 

along with the molecular orbital representation, the first chemical reduction of 

complexes 3 and 6 to complexes 2 and 5, respectively, occurs in the π orbital of Cl, 

whereas the second reduction, from complexes 2 and 5 to complexes 1 and 4, 
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respectively, and the overall reduction process complex 9  complex 8  complex 7 

takes place in the π
*
 orbital of NO. 

In addition, geometric parameters, wavenumbers related to bond stretching, and 

analysis of electron density by the QTAIM and NBO methods showed that the 

thermodynamic stability of the Ru–NO bond in complexes 1–6 increases in the first 

reduction (on going from total charge 3+ to 2+), but it decreases in the second reduction 

(on going from 2+ to 1+). For complexes 7–9, the stability of the Ru–NO bond 

decreases in the first reduction, but it increases in the second reduction. This is because 

interaction between NO
–
 and Ru is more favorable in complex 7 than interaction 

between NO and Ru in complex 8. For N–O, the bond order decreases upon reduction 

of the total charge in the three classes of complexes: 1–3, 4–6, and 7–9. 

For the complexes containing the chlorine atom, it is possible to observe that the 

chloride group increases the electron density and provides a more favorable electrostatic 

interaction in the Ru–NO bond as compared to the complexes containing amine only. 

The results also indicate increased stability of the Ru–NO bond in complexes 1–3 as 

compared to complexes 4–6. As a result, the electrostatic interaction between Cl and 

NO is larger in complexes 1 and 3 as compared to complexes 4 and 6, respectively. 

We investigated the influence of the Effective Core Potential (ECP) in relation to 

the treatment involving all the electrons along the scalar relativistic effects obtained by 

the second–order Douglas–Kroll–Hess (DKH2) approximation by analyzing the 

geometric parameters of complexes 1–9 and trans–[RuCl(NO)(NH3)4], 10. By using the 

ECP basis set, we determined the energies of reduction (A: 21, B: 32, C: 54, D: 

65, E: 87, and F: 98), isomerization (G: 14, H: 25, and I: 36), and Cl
–
 

negative trans influence (J: 7+Cl
–
10+NH3, K: 8+Cl

–
5+NH3, and L: 9+Cl

–

6+NH3) with the computational methods: RI–MP2, RI–SCS–MP2, OO–RI–MP2, 

OO–RI–SCS–MP2, M06–L, M06, M06–2X, M06–HF, BP86–D3BJ, BP86, B2PLYP, 

LC–wPBE, and B3LYP. We adopted the CCSD(T) method as reference (Chapter 6). 

For the statistical analysis, we used the following parameters: minimal negative 

deviation, Dneg(Min); maximum positive deviation, Dpos(Max); medium absolute 

deviation, MAD; and root–mean–square, RMS. In addition to these results, we used 

values relative to the computational model used as reference, CCSD(T)/def2–TZVP, or 

even a comparison with the experimental results. 

The geometric parameters obtained with ECP were very close to the values 

obtained with DKH2 — we achieved MARD values of 1.4 and 0.4% for the bond 
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lengths and angles, respectively. Besides that, the calculated data had MARD values 

close to 4% as compared to the X–ray experimental results for bond lengths and MARD 

values close to 3% for the bond angles. These results are acceptable, despite deviation 

intervals of (–5%) – 9% for r, and (–5%) – 7% for <. 

Concerning the reaction energies, the B2PLYP method gave the closest values in 

relation to those obtained by CCSD(T) in A–I, whereas B3LYP showed the best 

performance in the proposed chemical reactions J–L. 

We also studied the nature of the Ru–NO and Ru–NO2 bonds in the compound 

fac–[Ru(NO)Cl2(κ
3
N

4
,N

8
,N

11
(1–carboxypropyl)cyclam)]

+
 as well as its derivatives 

obtained upon changes in pH by the computational model B3LYP/cc–pVDZ with 

pseudopotential ECP28MDF for ruthenium. The electronic structure was analyzed with 

the aid of the density overlap regions indicator (DORI), QTAIM, ELF, and NBO 

methods (Chapter 7). 

The DORI method identified a region where the electron density of Ru and NO or 

NO2
–
 overlapped, which indicated the presence of the Ru–NO or Ru–NO2 chemical 

bond. The QTAIM and ELF methods showed that these bonds have low covalent 

character. Investigation of the electron density demonstrated that the number of 

electrons shared between Ru and NO increases on going from complex 11 to complex 

12, when the carboxyl group is deprotonated. However, this number decreases with 

increasing pH and formation of complex 13, from deprotonation of N(2), and complex 

14, with conversion of Ru–NO to Ru–NO2. 

By using NBO, we also observed interaction between the localized dπ orbitals of 

Ru and the π
*
 orbital of NO or NO2

–
. This interaction is related to the π backdonation 

process, which is more favorable to the stabilization of complexes 11–14 than the 

interaction between the σ NBOs of NO or NO2
–
 with the dσ orbital of Ru, associated 

with the σ donation route. Successively, the second–order stabilization energy involving 

the NBOs with π symmetry increases on going from complex 11 to complex 12 due to 

the decreased energy difference and increased overlap between these localized orbitals. 

The opposite trend is observed on going from complex 12 to complexes 13 and 14, in 

agreement with previous results. 

We examined the Ru–NO bond mechanism in the complex trans–

[RuCl(NO)(NH3)4]
2+

 (Chapter 8). Then, we obtained the geometry of this compound 

and the bond dissociation energy (–ΔE) of the decompositions trans–[RuCl(NH3)4]
+
 + 

NO
+
, trans–[RuCl(NH3)4]

2+
 + NO, and trans–[RuCl(NH3)4]

3+
 + NO

–
 by using the 
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computational models ZORA–BP86/TZ2P and BP86/TZ2P, to evaluate how the ZORA 

approximation influenced treatment of the relativistic effects. Both computational 

models agreed well with the geometric parameters obtained by X–ray diffraction in the 

literature. Nevertheless, the values of –ΔE were significantly different, and we adopted 

the more accurate ZORA–BP86/TZ2P model in the subsequent discussions. 

The dissociation trans–[RuCl(NH3)4]
+
 + NO

+
 gave the lowest –ΔE, which agreed 

with a value for the Ru–N–O bond angle close to 180º and is typical of trans–

[Ru(NO)L(NH3)4]
n+

 that are EPR silent. We used this decomposition along with the 

Kohn–Sham molecular orbital theory in combination with the energy decomposition 

analysis (EDA) to highlight some important characteristics of the Ru–NO bond 

mechanism. 

Investigation of the negative trans influence of the Cl
–
 group on Ru–NO revealed 

a stabilizing effect on for the interaction between trans–[RuCl(NH3)4]
+
 and NO

+
 — in 

this structure, the interaction term of the π orbitals counterbalances the electrostatic 

repulsion and the Pauli repulsion. We also studied the Ru–NO bond in the absence of 

the Cl
–
 group for trans–[Ru(NH3)4]

2+
 and NO

+
. The interaction is repulsive because 

electrostatic repulsion predominates in relation to the attractive contribution of the 

interaction of the π orbitals. We also analyzed the Ru–Cl bond in the absence of NO
+
 

for trans–[Ru(NH3)4]
2+

 and Cl
–
. The interaction is attractive due to the considerable 

value of the favorable electrostatic term. 

Investigation of the synergism between the processes of σ donation and π 

backdonation present in Ru–NO showed that this synergism accounts for an increased 

stability of this bond. The π component is essential for maintenance of this chemical 

bond. 
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10   Resumo 

__________________________________________ 

 

A descoberta das novas propriedades químicas da molécula de óxido nítrico, 

relacionadas principalmente a processos fisiológicos e fisiopatológicos, promoveu um 

avanço nas pesquisas cientificas ligada ao controle da disponibilidade desta molécula 

em meio biológico. Sendo que compostos, que possuem especialmente rutênio e 

ligantes, tais como, amina e tetraazomacrocíclicos são utilizadas como modelo devido a 

suas propriedades como, por exemplo, estabilidade frente à oxidação promovida pelo ar, 

solubilidade em água e baixa citoxicidade contra células hospedeiras.  

Assim, devido às propriedades peculiares do óxido nítrico, foi realizado em 

primeiro lugar um experimento computacional baseado no diagrama de orbitais 

moleculares do NO e em exercícios de química quântica computacional envolvendo 

também seu mono–cátion (NO
+
) e mono–ânion (NO

–
) (Capítulo 3). 

Os estudantes iniciaram este experimento explorando as estruturas de Lewis de 

NO
+
, NO• e NO

–
 junto ao diagrama de orbitais moleculares do NO obtendo uma 

correlação com diferentes propriedades, por exemplo, comprimentos de ligação, e 

cargas atômicas. Em seguida, os valores dos comprimentos de ligação e frequências 

vibracionais calculados foram comparados com os dados experimentais encontrados em 

bancos de dados na internet, permitindo uma discussão a respeito das diferenças 

observadas. 

Em seguida, distintas aproximações foram utilizadas para o cálculo das cargas 

atômicas parciais demonstrando a dificuldade na determinação deste parâmetro, uma 

vez que este não é uma observável física e, consequentemente, não há um operador 

mecânico quântico para a obtenção desta grandeza. Além disso, o momento de dipolo 

calculado do NO, 0,153 D, com B3LYP/6–31+G(d,p), é próximo ao valor experimental, 

mais aceito, em contaste a uma recente determinação que indica uma carga negativa 

concentrada no sentido do átomo de nitrogênio. 

O experimento termina com dois tópicos de grande interesse para a química 

computacional. Onde, em primeiro lugar, foi realizada uma investigação de como 

propriedades, tais como, cargas e densidades de spin atômicas se comportam com o 

aumento do conjunto de base. E em segundo lugar, o cálculo de energias eletrônicas 
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precisas foi possível com a extrapolação do conjunto de base pc–n, n = 2–4, para n igual 

a infinito. 

Dada à relevância da molécula de óxido nítrico e o papel da água como solvente 

em meio biológico, também foi realizado o estudo computacional da interação entre 

NO•, NO
+
, e NO

–
 com H2O: [NO

….
H2O]•, 0•, [NO

….
H2O]

+
, 0

+
, e [NO

….
H2O]

–
, 0

–
 

(Capítulo 4). Onde, as geometrias otimizadas destes clusters indicam que a interação 

NO
….

H2O depende da carga total: (ON•….
H–OH), (NO

–….
H–OH) e (ON

+….
OH2). Sendo 

que as densidades de spin atômicas e a forma dos orbitais moleculares indicam que a 

partir de 0• para 0
+
 ou 0

–
 os processos de oxidação ou redução, respectivamente, 

ocorrem sobre o NO, ou mais especificamente sobre o átomo de nitrogênio. 

Logo, os métodos quantum theory of atoms in molecules (QTAIM), electron 

localization function (ELF) e natural bond−bond polarizability (NBBP) permitem 

quantificar o nível de deslocalização eletrônica entre o NO e o H2O: 0
+
 > 0• > 0

–
, e 

mostram um caráter predominantemente iônico para as interações intermoleculares, 

porém, primariamente covalente para as ligações químicas intramoleculares. 

Destarte, a analise energética obtida junta aos métodos natural bond orbital 

(NBO) e localized molecular orbital energy decomposition (LMO–EDA) para a 

interação entre NO e H2O nos complexos 0•, 0
+
, e 0

–
 demostra ser mais favorável em 0

–
 

do que 0
+
, e 0• quanto a influência mútua dos orbitais naturais de ligação, ao passo que 

o segundo método designa uma energia de interação total mais negativa para 0
+
 em 

relação a 0
–
,e 0•, devido ao seu componente eletrostático predominante. 

Para concluir, a análise das superfícies de potenciais eletrostáticos fornece uma 

explicação direta e clara a respeito da posição relativa dos monômeros. Em seguida, a 

atração de Coulomb entre a molécula de água e os compostos carregados NO
+
 e NO

–
 é 

mais favorável frente ao NO. 

Por conseguinte, considerando compostos capazes de controlar a disponibilidade 

do NO, foram investigados os seguintes complexos: cis–[RuCl(NO)(NH3)4]
+
, 1, cis–

[RuCl(NO)(NH3)4]
2+

, 2, cis–[RuCl(NO)(NH3)4]
3+

, 3, trans–[RuCl(NO)(NH3)4]
+
, 4, 

trans–[RuCl(NO)(NH3)4]
2+

, 5, trans–[RuCl(NO)(NH3)4]
3+

, 6, [Ru(NO)(NH3)5]
+
, 7, 

[Ru(NO)(NH3)5]
2+

, 8, e [Ru(NO)(NH3)5]
3+

, 9, de modo estudar a natureza da ligação 

química Ru–NO sobre a influência da carga total, bem como, da natureza e posição 

relativa de ligantes simples (Capítulo 5). 

Desta forma, em primeiro lugar, a partir da analise das cargas obtidas pelos 

métodos QTAIM e NBO em conjunto com a representação dos orbitais moleculares, 
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temos que a primeira redução química em 32 e 65 ocorre sobre o orbital π do 

átomo de Cl, ao passo que a segunda redução em 21 e 54, bem como, em 987 

é sobre o orbital π
*
 do NO. 

Em seguida, os parâmetros geométricos, números de onda vibracionais de 

estiramento, e a analise da densidade eletrônica pelos métodos QTAIM e NBO mostram 

que a estabilidade termodinâmica da ligação Ru–NO nos compostos 1–6 aumenta na 

primeira redução, a partir de 3+ para 2+, contudo, diminuem na segunda redução, a 

partir de 2+ para +. Para os compostos 7–9, a estabilidade de Ru–NO diminui com a 

primeira redução da carga total, mas, aumenta na segunda redução. Sendo que o último 

processo é explicado pela interação entre o NO
–
, e o Ru ser mais favorável em 7, do que 

o NO e o metal em 8. Para N–O, uma diminuição da ordem de ligação é visualizada 

com a redução da carga total nas três classes de complexos: 1–3, 4–6 e 7–9. 

Em 1–6, a comparação das moléculas 1 e 4 frente a 8, assim como, 2 e 5 em 

relação a 9 demonstra que a influência negativa do grupo cloreto relativo a contribuição 

do ligante amina promove uma maior densidade eletrônica e mais favorável interação 

eletrostática na ligação Ru–NO. Adicionalmente, os resultados indicam um aumento da 

estabilidade em Ru–NO para 1–3 comparado a 4–6, devido à interação eletrostática 

entre Cl, e NO, apesar da densidade eletrônica nesta ligação química ser maior somente 

em 1 e 3 frente a 4 e 6, respectivamente. 

A seguir, foi realizado um estudo da influência do Effective Core Potential (ECP) 

em relação ao tratamento envolvendo todos os elétrons junto aos chamados efeitos 

relativísticos escalares por meio da aproximação second–order Douglas–Kroll–Hess 

(DKH2). Isto foi realizado por meio da analise dos parâmetros geométricos dos 

complexos metálicos: 1–9 e trans–[RuCl(NO)(NH3)4], 10. A partir das geometrias 

otimizadas com o conjunto de base com ECP, também foram avaliadas as energias das 

reações químicas de redução (A: 21, B: 32, C: 54, D: 65, E: 87 e F: 98), 

isomerização (G: 14, H: 25 e I: 36), e influência trans negativa do Cl
–
 (J: 7+Cl

–

10+NH3, K: 8+Cl
–
5+NH3 e L: 9+Cl

–
6+NH3) junto aos seguintes métodos 

computacionais: RI–MP2, RI–SCS–MP2, OO–RI–MP2, OO–RI–SCS–MP2, M06–L, 

M06, M06–2X, M06–HF, BP86–D3BJ, BP86, B2PLYP, LC–wPBE, e B3LYP. Sendo 

que o método CCSD(T) foi adotado como referência (Capítulo 6). 

Para a análise estatística foram utilizados os seguintes parâmetros: desvio 

negativo mínimo, Dneg(Mín), desvio positivo máximo, Dpos(Máx), desvio absoluto 

médio, DAM, e raiz quadrada do erro quadrático médio, RQEQM. Além destes 
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parâmetros, foram empregados também valores relativos ao modelo computacional 

adotado como referência, CCSD(T)/def2–TZVP, ou mesmo frente a resultados 

experimentais.  

Agora, os parâmetros geométricos obtidos com ECP frente à DKH2 apresentam 

valores próximos como pode ser destacado pelos valores do desvio absoluto médio 

relativo, DAMR, de 1,4 e 0,4% para os comprimentos e ângulos de ligação, 

respectivamente. Em adição, os dados calculados frente aos resultados experimentais de 

raios–X apresentam pequenos valores de DAMR, próximos a 4% para os comprimentos 

de ligação, e 3% para os ângulos de ligação, apesar do intervalo de desvios serem de (–

5%) – 9% para r, e (–5%) – 7% para <. 

Para as energias das reações químicas propostas, o método B2PLYP apresentou 

resultados mais próximos ao obtido pelo CCSD(T) para A–I, enquanto que o método 

B3LYP apresentou as energias mais próximas às obtidas com o método de referência 

para J–L. 

Também foi estudada a natureza das ligações Ru–NO e Ru–NO2 no composto 

fac–[Ru(NO)Cl2(κ
3
N

4
,N

8
,N

11
(1–carboxipropil)cyclam)]Cl H2O ((1–

carboxipropil)cyclam) = 3–(ácido 1,4,8,11–tetraazociclotetradecan–1–il)propiônico), e 

em seus derivados junto as modificações do pH, por meio do modelo computacional 

B3LYP/cc–pVDZ com pseudopotencial relativístico ECP28MDF para o Ru. Onde a 

analise da estrutura eletrônica foi realizada através dos métodos density overlap regions 

indicator (DORI), QTAIM, ELF e NBO (Capítulo 7).  

O método DORI permitiu se identificar uma região de recobrimento de densidade 

eletrônica entre o Ru e NO ou NO2
–
 indicando a presença das ligações químicas Ru–NO 

e Ru–NO2. Os métodos QTAIM e ELF mostraram que estas ligações possuem um baixo 

caráter covalente. A analise da densidade eletrônica mostrou que o numero de elétrons 

compartilhados entre Ru e o NO aumenta a partir de 11 para 12, com a desprotonação 

do grupo carboxílico, porém, diminui com o aumento de pH e formação de 13, a partir 

da desprotonação de N(2), e 14, com a conversão da ligação Ru–NO para Ru–NO2.  

O método NBO também possibilitou determinar a interação entre os orbitais 

localizados dπ do Ru com π
*
 do NO ou NO2

–
, relacionada ao processo de retrodoação π, 

como mais favorável para a estabilização dos compostos 11–14 frente à interação entre 

os NBOs σ do NO ou NO2
–
 com dσ do Ru, pautada ao processo de doação σ. Sendo que 

a energia de estabilização de segunda ordem envolvendo os NBOs de simetria π 

aumenta em 1112, devido à diminuição da diferença de energia e o aumento do 
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recobrimento entre estes orbitais localizados. Entretanto, foi observada uma tendência 

contrária para 121314, concordando com os resultados prévios. 

O mecanismo da ligação Ru–NO foi analisado a partir do complexo trans–

[RuCl(NO)(NH3)4]
2+

 (Capítulo 8). A geometria deste composto e a energia de 

dissociação de ligação (–ΔE) para as decomposições: trans–[RuCl(NH3)4]
+
 + NO

+
, 

trans–[RuCl(NH3)4]
2+

 + NO, e trans–[RuCl(NH3)4]
3+

 + NO
–
, foram obtidas junto aos 

modelos computacionais: ZORA–BP86/TZ2P e BP86/TZ2P, com o objetivo da avaliar 

a influência da aproximação ZORA no tratamento dos efeitos relativísticos. Os 

resultados mostraram que ambos os modelos computacionais apresentam uma boa 

concordância com os parâmetros geométricos obtidos por difração de raios–X que 

foram encontrados na literatura. Entretanto, os valores de –ΔE apresentaram uma 

diferença mais acentuada, e o modelo ZORA–BP86/TZ2P foi adotado nas seções 

seguintes deste estudo.  

Outro ponto é que a menor –ΔE foi obtida para trans–[RuCl(NH3)4]
+
 + NO

+
, 

concordando com o ângulo de ligação Ru–N–O próximo a 180º típico de compostos 

trans–[Ru(NO)L(NH3)4]
n+

 que não apresentam sinais de EPR. Sendo assim, esta 

decomposição foi utilizada junto à teoria do orbital molecular de Kohn–Sham em 

combinação com analise de decomposição energética para destacar algumas 

características do mecanismo da ligação Ru–NO.  

Assim sendo, na ligação Ru–NO sobre a influência trans negativa do Cl
–
, 

estudada por meio da interação entre trans–[RuCl(NH3)4]
+
 e NO

+
, temos uma energia 

de interação favorável porque, nesta estrutura, o termo de interação orbital π 

contrabalança a repulsão eletrostática e a repulsão de Pauli. Por outro lado, a ligação 

Ru–NO na ausência do grupo Cl
–
 foi estudada através da interação entre trans–

[Ru(NH3)4]
2+

 e NO
+
, demostrando ser repulsiva devido a predominância da repulsão 

eletrostática frente a contribuição atrativa da interação orbital π. Agora, a ligação Ru–Cl 

na ausência de NO
+
, analisada a partir da interação entre trans–[Ru(NH3)4]

2+
 e Cl

–
, é 

atrativa devido ao considerável valor do termo eletrostático favorável. 

Ainda, o estudo do sinergismo entre os processos de doação σ e retrodoação π 

presentes em Ru–NO mostrou que este é responsável por aumentar a estabilidade desta 

ligação. Porém, a retrodoação demonstrou não ser somente a mais importante, mas, 

também fundamental para a manutenção desta ligação química. 
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