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ABSTRACT 

Nitric oxide (NO) and N‒O bond bearing species have garnered significant attention due to 

their fundamental importance in diverse fields such as biology, medicine, environmental 

science, and chemistry. These compounds exhibit intermolecular NO∙∙∙H hydrogen bonding 

interactions, which play a pivotal role in modulating various physicochemical properties, 

reaction pathways, kinetics, and many other practical applications. Our research aims to 

quantitatively analyze NO∙∙∙H interactions exhibited by NO, nitroxyl (HNO), nitrous acid 

(HONO), nitroxides, and metal nitrosyls in different chemical environments using various 

quantum chemically derived descriptors within the framework of electronic structure 

methods. We have conducted a comparative analysis of environmentally and biologically 

relevant NO∙∙∙H interactions within microhydrated networks of NO, HNO, and HONO, 

yielding valuable insights into the kinetics and mechanisms of water-mediated reactions 

involving these compounds. Additionally, we performed an extensive and quantitative 

theoretical assessment of NO∙∙∙H bonding in nitroxide radicals, potentially contributing to the 

development of stable nitroxides with improved properties. Furthermore, we have also 

investigated the activation of NO radicals through interaction with Brønsted acid site in 

metal-loaded zeolites (ZSM-5), with the obtained results potentially applicable to catalytic 

NO decomposition reactions catalyzed by metal-loaded zeolites. 

Keywords: Nitric oxide, Nitroxyl, Nitrous acid, Nitroxide radicals, Metal-loaded zeolites   

 

  



 
 

സാരാാംശാം 

ജീവശാസ്ത്രം, വവദ്യശാസ്ത്രം, പരിസ്ഥിരി ശാസ്ത്രം, രസ്ര്രം 

മേഖലകളിൽ അടുത്ത കാലത്തായി ്ശമേയോയിരിക്കുകയാണത N‒O 

മ ാണ്ടുള്ള വൈ്ടികത ഓക്സിഡത. ഈ സ്ംയുക്തങ്ങൾ ഇൈതറർമോളികയുലാർ 

NO∙∙∙H വൈ്ഡജൻ മ ാണ്ടിംഗത ഇൈതററാക്ഷൈുകൾ ്പദ്ർശിപ്പിക്കുന്നു, 

വിവിധ ഫിസ്ിമക്കാകകേിക്കൽ മ്പാപ്പർട്ടികൾ, ്പരികരണ പാരകൾ, 

ചലൈാത്മകര, േറ്റത പല ്പാമയാഗിക ്പമയാഗങ്ങൾ എന്നിവ മോഡുമലറ്റത 

കചയ്യുന്നരിൽ ഇരത ഒരു ്പധാൈ പങ്കത വൈിക്കുന്നു. കവാണ്ടം രസ്ര്ര 

സ്മങ്കരങ്ങൾ ഉപമയാഗിചത NO, HNO, HONO, വൈമ്ടാസ്കിഡ്സത, കേറ്റൽ 

വൈമ്ടാസ്ിൽ എന്നിവയികല വിവിധ രാസ് പരിസ്രങ്ങളികല വൈ്ഡജൻ 

മ ാണ്ടിങ്ങുകളുകട അളവും വയാപ്തിയും വിശകലൈ വിമധയോക്കുക 

എന്നരാണത ഗമവഷണ ലകത്‌ഷയം. പരിസ്ഥിരിക, ജീവശാസ്ത്ര മേഖലകളിൽ 

്പസ്ക്തോയ NO, HNO, HONO എന്നിവകയ സ്ൂക്ഷ്മ ജലാശയ 

ശ ംഖലകളികല NO∙∙∙H  ന്ധങ്ങകള രാരരേയ പഠൈത്തിൈത 

വിമധയോക്കുകയുണ്ടായി. വൈമ്ടാകതവസ്ഡത റാഡിക്കലുകളികല NO∙∙∙H 

മ ാണ്ടിംഗിൈതകറ വിപുലവും അളവതപരവുോയ വസ്ോരിക 

വിലയിരുത്തൽ ഞങ്ങൾ ൈടത്തി, കേച്ചകപ്പട്ട ഗുണങ്ങളുള്ള 

വൈമ്ടാകതവസ്ഡുകളുകട വികസ്ൈത്തിൈത സ്ംഭാവൈ ൈൽകാം. കൂടാകര, 

കേറ്റൽ-മലാഡഡത സ്ിമയാവലറ്റുകളിൽ (ZSM-5) മ് ാൺസ്റ്റഡത ആസ്ിഡത 

വസ്റ്റുോയുള്ള രാസ്്പവർത്തൈത്തിലൂകട NO റാഡിക്കലുകകള 

വിഘടിപ്പിക്കുന്നരികൈക്കുറിച്ചും ഞങ്ങൾ അമൈവഷിച്ചു, ലഭിച്ച ഫലങ്ങൾ 

കേറ്റൽ-മലാഡഡത സ്ിമയാവലറ്റുകളാൽ ഉമത്തജിപ്പിക്കകപ്പടുന്ന കാറ്റലിറ്റികത 

NO ഡീകംമപാസ്ിഷൻ രാസ്്പവർത്തൈങ്ങൾക്കത  ാധകോകാൻ 

സ്ാധയരയുണ്ടത. 
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PREFACE 

Nitric oxide (NO) and N‒O bond bearing species play vital roles in various atmospheric and 

biological events. Understanding their hydrogen bonding interactions in various chemical 

environments is crucial for explaining the different chemical reactions that occur during these 

events. In this thesis work, we investigate the hydrogen bonding interactions by NO 

functionality (NO∙∙∙H interactions) of NO, nitroxyl (HNO), nitrous acid (HONO), nitroxides, 

and metal nitrosyls in selected chemical environments using electronic structure methods. 

             This thesis includes seven chapters. Chapter 1 provides a general overview of the 

aforementioned N‒O bond-bearing species and the importance of their intermolecular 

hydrogen bonding interactions in various chemical environments. This chapter also provides 

a brief overview of the theoretical approaches employed in this thesis.  

Chapter 2 investigates the noncovalent interactions present between NO and water 

using molecular electrostatic potential (MESP), quantum theory of atoms in molecules 

(QTAIM), and natural bond orbital (NBO) analyses. NO forms hydrogen bonding (HB) and 

pnicogen bonding (PB) interactions with water. Further, the energies and cooperativity of all 

individual HBs and PBs in the microhydrated networks (up to four water molecules) of NO 

(i.e., NO(H2O)n=1-4) is estimated with the help of molecular tailoring approach (MTA) based 

calculations. Finally, the energies of HBs and PBs in NO…water interactions, as well as the 

total energies of NO…water and water…water interactions in NO(H2O)n=1-4 complexes, are 

compared.   

Chapter 3 explores the HBs in the microhydrated networks (up to four water 

molecules, n = 1 – 4) of reduced forms of NO, such as NO− and HNO. Herein, the energetic 

and cooperativity details of HBs demonstrate the difference in the HBs formed by anionic 

NO and N‒O of HNO.  

Similarly, Chapter 4 discusses the difference in the strength of NO∙∙∙H HBs and other 

HBs formed by HONO in their microhydrated networks (n = 1 – 4). The acidity of HONO 

and electron-withdrawing -OH bound NO functionality of HONO play major roles in 

influencing the strength of HBs present in HONO(H2O)n=1-4 complexes.     

Chapter 5 discusses the intermolecular hydrogen bonding (NO∙∙∙H) interactions 

between nitroxide radicals and HB donors such as HF, H2O, and CH4 molecules. The 

hydrogen bonding ability of nitroxides is measured using molecular electrostatic potential 
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(MESP) minimum (Vmin) located around the O atom of NO functionality. Various 

substitutions on nitroxide radicals (X = H, CH3, and F) influence the NO∙∙∙H interaction 

strength. In addition, these electronic effects on the nitroxide framework reflect on values of 

MESP parameter Vmin and interaction energy (Eint), and a good correlation is obtained 

between these two parameters. Thus, Vmin values can be used as a key descriptor to infer the 

hydrogen bond strength of nitroxides. Additionally, the redistribution of Mulliken spin 

density on NO moiety caused by NO∙∙∙H interactions would have significance in their spin 

labeling applications. Furthermore, the strength and nature of NO∙∙∙H interactions with 

varying substitution and HB donors are assessed using QTAIM analysis. Finally, the 

symmetry-adapted perturbation theory (SAPT) calculations revealed the contributions of 

different energy components viz. electrostatic, exchange, induction, and dispersion to the 

interaction energies.  

Chapter 6 describes the role of NO∙∙∙H interaction between adsorbed NO and 

Brønsted acid sites (BAS) in the adsorption of NO on various metal-loaded ZSM-5 zeolites 

(M-ZSM-5). The N–O bond activation caused by NO∙∙∙H interaction in H∙∙∙(ON)–M-ZSM-5 

complexes is measured using Mayer bond order and QTAIM parameters. The larger 

adsorption energy (Eads) values obtained for H∙∙∙(ON)–M-ZSM-5 complexes compared to 

(ON)–M-ZSM-5 quantifies the hydrogen bonding stabilization in H∙∙∙(ON)–M-ZSM-5 

complexes. Further, the hydrogen bonding ability of adsorbed NO is assessed with molecular 

electrostatic potential (MESP) value at the O atom (VO) of NO in (ON)–M-ZSM-5 

complexes. Interestingly, a good correlation obtained between VO and HB distance suggests 

that VO is a valid descriptor for assessing the hydrogen bond strength in H∙∙∙(ON)–M-ZSM-5 

complexes. Furthermore, the energy decomposition analysis (EDA) quantifies the 

intermolecular interactions in terms of Pauli's repulsion (EPauli), electrostatic (EES), and orbital 

interactions (EOrb) energies.  

Chapter 7 presents the major conclusions of previous chapters, and Chapter 8 

presents the future outlook of work (referred as recommendations).  
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1.1 Abstract 

The nitric oxide (NO) molecule and species bearing N‒O bonds such as nitroxyl ion (NO‒), 

nitrosonium ion (NO+), nitroxyl (HNO), nitrous acid (HONO), nitroxides, and metal nitrosyls 

have received enormous attention from a wide range of research communities over the last 

decades. Their unparalleled efforts unveiled the potential applications of these species in a 

variety of fields, including atmospheric chemistry, therapeutics, magnetism, molecular 

probes, polymer chemistry, and so on. It is intriguing to mention that the influence of 

noncovalent interactions in their applications is indisputable. Noncovalent interaction 

research has grown rapidly in recent decades. The identification, interpretation, and 

prediction of different types of noncovalent interactions are challenging in this field.  It is due 

to the fuzzy character of noncovalent interaction with diverse electron donor-acceptor 

possibilities with short to long contact limits. Part A of this chapter discusses the significance 

of NO, reduced (NO‒ and HNO), and oxidized species (NO+ and HONO) of NO, nitroxide 

radicals, and metal nitrosyls (including NO adsorbed metal-loaded zeolites) in various fields 

of chemistry including atmospheric and biological chemistry, among others. Furthermore, it 

sheds light on the presence and relevance of NO∙∙∙H hydrogen bonding interactions, within 

NO-water cluster systems, NO‒/HNO/HONO-water cluster systems, nitroxide-solvent 

systems, and NO adsorbed metal-loaded zeolites. The NO∙∙∙H hydrogen bonding interactions 

in these systems can be investigated using various quantum mechanical methods. Part B of 

this chapter provides a brief introduction to the theoretical background of the computational 

techniques employed in this thesis. Electronic structure methods such as ab initio, 

semiempirical, and density functional theory are briefly explained. Also, briefly elucidated 

key theoretical analyses such as molecular electrostatic potential (MESP), quantum theory of 

atoms in molecules (QTAIM), natural bond orbital (NBO), energy decomposition (EDA), and 

molecular tailoring approach (MTA). 
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Part A: Nitric Oxide (NO) and Other N‒O Bearing Species 

1.2 Nitric oxide  

Nitric oxide (NO) is a free radical molecule that has paramount importance in the field of 

atmospheric and biological sciences.1,2 Therefore, the chemistry of NO primarily focuses on 

(i) studies aimed at controlling or sequestering NO released into the atmosphere through 

various anthropogenic sources, and (ii) understanding its role in critical biological processes.3 

It is well known that increased NO emissions into the atmosphere lead to the formation of 

photochemical smog, tropospheric ozone production, and acid rain, among other 

consequences.4 On the contrary, the physiological significance of NO was not recognized 

until the late twentieth century. The role of NO in the relaxation of smooth muscle cells 

(vasodilation) and the inhibition of platelet aggregation was identified first.5,6 These 

pioneering findings in medical science led to NO being celebrated as the "Molecule of the 

Year" by the journal Science in 1992.7 Subsequently, in 1998, Robert F. Furchgott, Louis J. 

Ignarro, and Ferid Murad shared the Nobel Prize in medicine for their discoveries concerning 

"the role of NO as a signaling molecule in cardiovascular systems".8 Similarly, numerous 

biological activities of NO as depicted in Figure 1.1 have been uncovered over the last two 

decades, including its involvement in immune response, neurotransmission, and 

angiogenesis, among others.5 

 

Figure 1.1 Roles of nitric oxide (NO) in biological systems. 
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1.3 Reduced and oxidised forms of nitric oxide  

Research into the reduced forms (such as NO‒ and HNO) and oxidized forms (such as NO+ 

and HONO) of NO has also gained attention in recent decades.9–12 Within the field of 

atmospheric chemistry, these species are commonly recognized as intermediates in the 

atmospheric reactions of nitrogen oxides (NOx), and they are also linked to the nitrogen 

cycle, contributing to atmospheric pollution and other atmospheric phenomena.13 It has been 

reported that the redox congeners of NO viz. NO‒ and NO+ have unique chemistry in 

biological systems compared to NO.14  

 

Figure 1.2 NO/HNO interconversion under physiological conditions.10 

Besides, HNO is gaining recognition as a substantial participant in physiological and 

pharmacological processes following the NO species (Figure 1.2).10,15 Certain studies propose 

that HNO could viably act as a substitute for NO in specific pharmacological contexts.16 This 

potential for substitution encompasses various activities, including vasodilation, neurological 

signaling, and the regulation of enzyme activity, among others.10 HNO exhibits the capability 

to exert both direct and indirect effects on diverse physiological conditions, despite its 

chemistry diverging from that of NO. This distinctive chemical behavior designates HNO as 

an innovative class of vasodilators, thus rendering it particularly advantageous for addressing 

heart failure.17 Additionally, it offers a promising avenue for bettering neuronal damage 

linked to strokes.18 Moreover, the reactivity of HNO with different thiols contributes to the 

inhibition of several thiol-containing enzymes.19 On the other hand, the HONO molecule is a 

subject of interest in atmospheric chemistry. The photolysis of HONO stands out as a 

significant focal point in atmospheric chemistry due to its pivotal role in generating the 

hydroxyl radical alongside the NO radical.20 Studies have indicated that the photolysis of 

HONO contributes to as much as 30% of the hydroxyl radicals produced during daylight 

hours.21 Owing to its rapid photolytic decomposition, the lifetime of HONO is exceedingly 
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low during daytime hours.12 During the nighttime, these photolytic processes come to a halt, 

leading to the accumulation of HONO in the atmosphere.22  

1.4 Nitroxide radicals  

Nitroxides are organic free radicals (with a general formula R2N–O• wherein R = alkyl 

group), and their molecular properties are primarily determined by the NO moiety.23 Many 

studies indicate that H2NO• (the prototype of nitroxides) can form through the reaction 

between NO and H2, as well as HNO and H species; these reactions are well-documented in 

the context of combustion chemistry involving nitrogen species.24,25 Nitroxides hold a 

significant position in chemical research due to their versatile applications.26–30 In the field of 

magnetism, nitroxide radicals serve as fundamental building blocks for organic magnetic 

materials.28 Within the domain of EPR spectroscopy, they function as spin labels, facilitating 

investigations into the local environment of large biomolecules.30–34 Moreover, their utility 

extends to medicinal applications, where they act as antioxidant drugs to manage oxidative 

stress and as contrast agents to enhance the relaxation rates of solvent protons in MRI 

scans.35,36 Furthermore, their potential roles as hydrogen abstractors and radical scavengers in 

organic and polymerization reactions, respectively, have sparked keen interest among 

chemical researchers.26  Notably, nitroxides like PROXYL ((2,2,5,5-tetramethylpyrrolidine-

1-yl)oxidanyl), TEMPO (2,2,6,6-tetramethylpiperidin-N-oxyl), and others find extensive use 

in this field owing to their specificity and selectivity (Figure 1.3).37–39 

 

Figure 1.3 General formula of nitroxide radicals (R = alkyl group) and two examples viz., 

PROXYL ((2,2,5,5-tetramethylpyrrolidine-1-yl)oxidanyl) and TEMPO (2,2,6,6-

tetramethylpiperidin-N-oxyl). 

1.5 NO adsorbed on metal-loaded zeolites 

The escalating environmental consequences of increasing NO emissions require effective 

strategies to eliminate them. Several techniques have been developed to promptly mitigate 

NO.40,41 Among them, direct catalytic decomposition (DCD) and selective catalytic reduction 
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(SCR) stand out as extensively employed methods for NO decomposition.40,41 In the SCR 

technique, NO undergoes reduction using reductants such as H2, NH3, urea, hydrocarbons, 

etc., resulting in the production of N2 and H2O, whereas DCD yields N2 and O2. Various 

catalysts come into play for both DCD and SCR techniques, encompassing noble metals, 

metal oxides, perovskites, zeolite-based materials, metal-organic frameworks, etc. (Figure 

1.4). Among these catalysts, metal-loaded zeolites are promising due to their distinct activity 

and thermal stability.40–43 Zeolites exhibit unique pore structures, confinement effects, and 

tunable acidity, making them particularly interesting.44,45 When combined with metals, these 

features culminate in metal-loaded zeolites with exceptional catalytic performance.46,47 

Notably, Cu(I) and other transition metals (such as Fe, Co, Ni, Pd, Ag, Au, etc.) ion-

exchanged zeolites (Figure 1.5), especially ZSM-5, which have been extensively employed in 

both experimental and theoretical investigations pertaining to NO decomposition.48–53  

 

Figure 1.4 Various catalysts used for NO abatement processes.   

Copper-loaded ZSM-5 zeolites (Cu-ZSM-5) have played a pivotal role as catalysts in 

this field since Iwamoto and colleagues unveiled their remarkable activity towards NO 

decomposition in 1984.54 The debate concerning whether the copper within Cu-ZSM-5 exists 

as single or dimer entities persists.55–57 Nonetheless, a multitude of experimental and 

theoretical studies have shed light on the NO decomposition pathway on Cu-ZSM-5, 

indicating the formation of Cu(I)–NO and Cu(I)–(NO)2 species.58,59 The presence of Cu(I)–

NO species in Cu-ZSM-5 adsorbed with NO was identified by employing EPR 
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spectroscopy.60 Their findings unveiled a bent Cu(I)–NO adduct and the spin density 

primarily confined with NO moiety. In an investigation of NO reduction facilitated by Cu- 

and Fe-loaded zeolites, Rudolph and Jacob revealed that NO exhibits stronger binding to Fe 

centers within the zeolite framework than to Cu.61 Similarly, Stepniewski et al. probed the 

Co–NO bonding within Co-ZSM-5 utilizing DFT methods, and elucidated the charge transfer 

between Co and NO along with the activation of the N–O bond upon coordination to Co.62 

Apart from the nature of metals and their respective sites within zeolite matrices, the presence 

of Brønsted acid sites (BAS) within zeolites (See Figure 1.6) has profound implications for 

catalytic applications.63,64 Zeolite-based BAS are known to catalyze numerous organic 

reactions.65–67 These acid sites originate from the presence of Si–(OH)–Al units within the 

zeolite framework.68,69 This is one reason for their categorization as solid acid catalysts.70,71 

 

Figure 1.5 Structure of metal-loaded ZSM-5 zeolite framework. Color codes of atoms are 

listed in the top right corner.    

1.6 Hydrogen bonding: a general perspective  

It is important to highlight that hydrogen bonding plays a significant role in the unique 

properties of water, often referred to as "the elixir of life," as well as in the structure of DNA, 

which holds the fundamental secrets of life. Despite its importance, the term "hydrogen 

bond" only entered literary usage a little over a century ago.72 In fact, a universally accepted 

definition for hydrogen bonding interactions did not emerge until the modern definition 

recommended by IUPAC in 2011.73 According to the modern IUPAC definition, a hydrogen 

bond represents “an attractive interaction between a hydrogen atom from a molecule or 

molecular fragment X‒H in which X is more electronegative than H, and an atom or a group 

of atoms in the same or different molecule, in which there is evidence of bond formation”.73 
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Various experimental and theoretical methods are employed to investigate the evidence of 

hydrogen bond formation. Spectroscopic techniques such as infrared (IR), nuclear magnetic 

resonance (NMR), microwave, Raman, and X-ray diffraction (XRD) are widely utilized for 

the experimental characterization of hydrogen bonds.74 On a theoretical level, several 

analyses are commonly employed in the study of hydrogen bonding. These include the 

molecular electrostatic potential (MESP),75 quantum theory of atoms in molecules 

(QTAIM),76 natural bond orbital (NBO),77 and energy decomposition analyses (EDA).78 A 

concise overview of these theoretical analyses is presented in the second part (Part B) of this 

chapter.  

 Hydrogen bonding studies have unquestionably captivated researchers across diverse 

fields for over a century. Still, many details regarding hydrogen bonding interactions within 

various chemical systems remain to be unveiled. In this thesis, we investigate the NO∙∙∙H 

hydrogen bonding interactions present in NO-water cluster systems, a few reduced and 

oxidized forms of NO-water cluster systems, nitroxide-solvent systems, and NO-adsorbed 

metal-loaded zeolites. A concise review of the relevant literature on these subjects is provided 

below.    

1.7 NO-water clusters 

Studies show that the formation of weakly bound molecular complexes of small atmospheric 

molecules with water clusters affects their molecular behavior.79 Water molecules catalyze 

numerous atmospheric reactions, leading to the creation of aerosols, smog, and other 

significant environmental threats.80–82 Evidence from numerous experimental studies 

highlights water as a medium for a wide range of photochemical reactions involving nitrogen 

oxides. These reactions lead to interconversions of nitrogen oxide species and the formation 

of their hydroxide forms.83–86 In a review by Mack and Bolton on NO formation reactions, it 

was observed that the less stable nitrogen oxides, such as NO3
− and NO2

−, readily undergo 

photolysis, resulting in the production of NO in the presence of water.87 This photoproduction 

of NO over sea surfaces is a significant focus in ocean science research due to its impact on 

the marine environment and aquatic species metabolism.88–92 The steady-state concentration 

of NO in seawater plays a critical role in regulating NO levels in the atmosphere, making the 

ocean a potential reservoir of NO. 89,92,93 Hence, the hydration of NO emerges as a crucial 

process in both atmospheric and biological systems, making the interactions between water 

molecules and NO a focal point of interest within this field. 
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Due to the radical nature of NO, the study of its molecular interactions presents 

challenges. It even serves as a benchmark molecule for investigating the weak interactions of 

open-shell molecules.94,95 Numerous theoretical investigations have been conducted to 

comprehend the interactions involved in microhydration processes of various atmospheric 

and biologically important molecules at the molecular level.96–100 However, the 

microhydration of NO has not been explored at the molecular level. Previously, several 

research groups employed techniques such as infrared and mass spectrometry, along with 

laser ionization, to confirm hydrogen bond interactions between neutral NO and H2O.101–103 

Using ab initio methods, Myszkiewicz and Sadlej were the first to report the potential energy 

surface of the NO(H2O) complex.104 They primarily identified three types of interactions 

between NO and water: interaction between the N-atom of NO and the O-atom of water, 

hydrogen bond through the N-atom, and hydrogen bond through the O-atom of NO. In 

addition, various theoretical analyses, including molecular electrostatic potential (MESP), 

quantum theory of atoms in molecules (QTAIM), and natural bond orbital (NBO), were 

employed to study the interaction between NO and water in NO-(H2O) complexes.105,106 

Orenha et al. applied these analyses to the most stable structure of the NO-(H2O) complex 

and compared it with ionic forms of NO-water complexes.101 Their results indicate that the 

interaction between NO and water in NO-(H2O) is significantly weaker than those in ionic 

forms of NO-water complexes. 

1.8 Nitroxyl anion-, nitrosonium ion-, nitroxyl-, and nitrous acid-water clusters  

As mentioned, the interconversions between NO and its redox species (NO 
̶  and NO+) are 

integral parts of enormous atmospheric and biological processes.9 On top of this, the reaction 

chemistry of hydrated systems of NO ions is discussed in many experimental and theoretical 

studies.107–109 Eaton et al. recorded the photoelectron spectrum of NO−(H2O)2 complexes.107 

In addition, the formation of cyclic hydrogen bond networks in NO−(H2O)n complexes has 

been reported in several studies.108 Besides, many studies have been devoted to studying the 

reaction between NO− and water and the concomitant formation of intracluster nitroxyl 

(HNO) and OH−.110 Similarly, Relph et al. explored the reaction between NO+ and a set of 

water molecules that form nitrous acid (HONO) with the help of isomer-specific vibrational 

spectroscopy and ab initio calculations.109 Hammam et al. provided theoretical insight for the 

same reaction and established the importance of the number of water molecules and its effect 

on the hydration process of NO+.111 Similarly, there are some successful attempts to study the 

intracluster reaction of NO+(H2O)n systems.112,113 
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The hydration reactions of NO ions (NO 
̶  and NO+)  often result in the formation of 

HNO and HONO, respectively. Like NO, the complexes formed by nitroxyl (HNO) and 

nitrous acid (HONO) with water molecules have significance in both atmospheric and 

biological chemistry. HNO's atmospheric and biological chemistry revolves around its 

reactivity in dimerization.114 Numerous experimental and theoretical investigations have 

concurred that the rate of this dimerization process experiences a noteworthy enhancement in 

aqueous solutions.115–117 A case in point is the work of Fehling and Friedrichs, who explored 

the variables influencing the rate of dimerization in solution, presenting a mechanism based 

on DFT calculations utilizing both implicit and explicit solvation models of water.117 Their 

findings indicated a marked reduction in the activation barrier through the presence of 

explicit water molecules, attributed to the stabilizing effect of hydrogen bonding on the 

transition state. A comparable water-mediated mechanism for the dimerization of HNO is 

also postulated by Zhang and Thynell, employing theoretical methods such as DFT and ab 

initio, in conjunction with kinetic simulations.116 On the other hand, Zhao and Du conducted 

an exploration of complexes formed by HONO with dimethylamine and water molecules 

using DFT calculations.22 They predicted the potential for these complexes to initiate new 

particle formation (NPF), a process with significant importance in atmospheric aerosol 

chemistry. Zhao et al. probed the molecular complexes of HONO with HCl and water 

molecules, proposing a mechanism for ClNO formation through the reaction between HONO 

and HCl, facilitated by water molecules.118 Nitrosyl chloride (ClNO), a toxic gas and a 

contributor of Cl radicals to the atmosphere, emerges as a result of this process. Furthermore, 

it is hypothesized that molecular complexes of HONO with water clusters could serve as sites 

for water condensation.119  

1.9 Hydrogen bonding interactions of nitroxide radicals 

The hydrogen bonding interactions of nitroxide radicals play crucial roles in the various 

applications mentioned above.120 These interactions markedly contribute to the stabilization 

of macromolecules and crystals.37,121 Many spin labeling studies have reported on the 

hydrogen bonding interactions between nitroxide-based spin probes and solvent 

molecules.120,122–126 These studies employ site-directed spin-labeling EPR spectroscopy to 

gather insights into the structure and dynamics of biomolecules. The sensitivity of nitroxide 

EPR parameters to the polarity of solvent molecules is a focal point of extensive research 

within this domain.23 Smirnova et al. demonstrated that the high-frequency EPR spectra are 

responsive to hydrogen bonds formed between a nitroxide-based lipid bilayer spin probe and 
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polar solvent molecules.127 Their investigations into the biophysical properties of the lipid 

bilayer environment in cell membranes underscore the significance of these interactions.  

Ikryannikova et al. explored the hydration effects on the NO moiety of nitroxides 

through DFT methods; they observed a redistribution of spin densities on the NO moiety 

induced by the presence of surrounding water molecules.125,126 Owenius et al. employed 

solvents with varying dielectric constants to investigate the alterations in EPR parameters 

resulting from hydrogen bonds formed between nitroxide probes and solvent molecules 

(R2NO∙∙∙H).123 Their DFT findings harmoniously align with the shifts in EPR parameters 

attributed to these R2NO∙∙∙H hydrogen bonds. Similarly, Nalepa et al. detailed the impact of 

R2NO∙∙∙H hydrogen bonding configurations between nitroxides and diverse polar protic 

solvents on the magnetic parameters of nitroxide-based spin probes. They accomplished this 

through high-field EPR and EDNMR spectroscopy techniques.124  

Recently, Chestnut et al. effectively employed this sensitivity of nitroxide spin label 

magnetic parameters on R2NO∙∙∙H interactions with water molecules, to create profiles of 

water concentration across the membranes of lipid bilayers.128 They employed the hyperfine 

sublevel correlation (HYSCORE) spectroscopy technique, which enables the measurement of 

water concentrations by detecting the hydrogen bonds formed by the paramagnetic center on 

nitroxides. The implications of R2NO∙∙∙H interactions are also important in organic reaction 

mechanisms due to the hydrogen abstraction capability of nitroxides.29,38,39 Specifically, 

derivatives like TEMPO and PROXYL find application in abstracting hydrogen atoms from 

weak hydrogen bonds, including metal hydrides, phenols, thiols, and allylic positions.23,38,39 

In the case of organic radical scavenging by nitroxides, the R2NO∙∙∙H hydrogen bond 

interactions result in a reduction of the scavenging reaction rate.129 Furthermore, Romero et 

al. reported the potential for the transmission of ferromagnetic interaction through R2NO∙∙∙H 

interactions in alkyl-substituted nitroxide radicals.130 

1.10 NO and Brønsted acid sites in zeolites  

Several studies have revealed the pivotal role played by Brønsted acid sites (BAS) in the 

catalytic activity of ZSM-5 and other zeolites across a range of chemical reactions.63,131–133 

Similar to the investigation of metal adsorption within metal-loaded zeolites, there has been a 

substantial body of research documenting the binding of adsorbates to BAS in zeolites.134–136 

For instance, Wang et al. investigated the adsorption of several nitrogen oxides on BAS and 

Fe3+ in H-BEA (a beta zeolite containing BAS) and Fe-BEA, respectively, utilizing FT-IR 
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spectroscopy.134 Experimental and theoretical studies demonstrate the formation of hydrogen 

bonds between nitrogen oxides and BAS within BAS-containing zeolites.137,138 In a 

theoretical study, Sajith et al. investigated the role of Brønsted acidic protons in the 

mechanism of direct NO decomposition over the dimeric Cu active center in Cu-ZSM-5, 

employing the quantum-mechanics/molecular-mechanics (QM/MM) method.139 Their 

findings highlight that protonation significantly reduces the activation barrier of key steps in 

the NO decomposition pathway. This conclusion aligns with the observations of Kawakami 

and Ogura, who arrived at a similar deduction in their investigations of the NO 

decomposition reaction on Fe-loaded zeolites with proton sites.140 

 

Figure 1.6 ZSM-5 framework with Brønsted acid site (BAS). Color codes of atoms are listed 

in the top right corner. 

It is interesting to observe that the impact of hydrogen bonding interactions on the 

stabilization of nitrogen oxide adsorption and the cleavage of N‒O bonds has been 

extensively documented within various biological systems.141–143 In a DFT study concerning 

the Cu-containing N2O reductase reaction, Solomon and his colleagues computed the 

stabilization energy resulting from the hydrogen bond between the O-atom of N2O and the 

lysine residue of the reductase, revealing a range of 3 – 5 kcal/mol.141 Furthermore, they 

noted a reduction in the activation barrier for N‒O bond cleavage during the N2O reductase 

reaction when the transition state engaged in hydrogen bonding interactions with neighboring 

water or formic acid molecules. Similarly, Lu et al. investigated NO reduction on the flavo-

diiron nitric oxide reductase (NOR), utilizing a combined approach of QM/MM and 57Fe 

Mössbauer spectroscopy.142 They elucidated the presence of a hydrogen bond between the 

NO molecule bound to Fe and a tyrosine proton of the flavo-diiron protein in an intermediate 

formed during the NO reduction reaction. This interaction led to a reduction in the reaction 
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barrier for N‒O bond cleavage. In a parallel to the biological NOR reactions, numerous 

biomimetic models involving heme/non-heme coordination with metals, particularly Cu, Fe, 

and Co, have been employed to explore the catalytic reduction of NO with the aid of 

hydrogen bonding.143,144 Recently, Wijerante et al. highlighted the pivotal role of hydrogen 

bonding interactions involving ligands or solvent water molecules with NO in a copper 

complex undergoing the NOR reaction.145 They proposed a mechanism wherein the hydrogen 

bonding and protonation capabilities of ligands and the adjacent water molecule govern the 

process of NO reduction. 

 

Part B: Overview of Computational Methods 

1.11 Computational chemistry 

Computational chemistry uses computational modelling and simulations to solve chemical 

problems. In recent decades, rapid advancements in computing technologies have resulted in 

tremendous progress within computational chemistry. This progress in computational 

chemistry is attributed to the development of robust theoretical methods in conjunction with 

fast algorithms. The primary goal of computational chemistry studies is to integrate various 

theoretical methods to achieve synergy between experimental and theoretical results. For 

instance, the advanced spectroscopic data enables better theoretical modeling, while the 

theoretical results serve to validate the experimental findings or vice versa. As a result, the 

experimental and theoretical analyses are in tandem. Fundamentally, the computational 

chemistry methods are based on two approaches, i.e., classical mechanics and quantum 

mechanics. The computational methods developed from quantum mechanics are known to be 

electronic structure methods, and it is further divided into ab-initio methods, semi-empirical 

methods, and density functional theory (DFT). For this thesis work, electronic structure 

methods are used and the descriptions of those methods are briefly given in the following 

section.  

1.12 Ab initio methods     

The word ‘ab-initio’ itself means ‘from the beginning’. For solving the Schrödinger equation, 

this method uses charge and mass of nuclei and electrons, speed of light, Plank’s constant, 
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etc. Though these calculations generate more accurate results for any chemical system, they 

are very time-consuming and require a huge amount of computational power.   

1.12.1 The Schrödinger equation  

Schrödinger equation describes the state of any chemical system in terms of wave function 

(𝛹). The 𝛹 is a function of position and time. In this thesis, our computational methods are 

based on time-independent version of Schrödinger equation, the simplest form of this 

equation is as follows (Eq. 1),    

𝐻̂𝛹 = 𝐸𝛹     (Eq. 1.1) 

Here, 𝐻̂ is Hamiltonian operator, which is made up of kinetic and potential energy operators 

for all the nuclei and electrons of a system, and 𝐸 is the total energy for the corresponding 

system. The 𝐻̂ operator consider nuclear-nuclear, nuclear-electron, and electron-electron 

interactions; it is written as below (Eq. 1.2) for a system containing N-numbers of electrons 

and M-numbers of nuclei.   

𝐻̂ = −
ℏ2

2𝑚𝛼
∑ 𝛻𝛼

2𝑀
𝛼=1 −

ℏ2

2𝑚𝑖
∑ 𝛻𝑖

2𝑁
𝑖=1 + ∑ ∑

𝑍𝛼𝑍𝛽𝑒2

𝑟𝛼𝛽
 − ∑ ∑

𝑍𝛼𝑒2

𝑟𝑖𝛼

𝑁
𝑖=1

𝑀
𝛼=1 + ∑ ∑

𝑒2

𝑟𝑖𝑗

𝑁
𝑗>𝑖

𝑁
𝑖=1

𝑀
𝛽>𝛼

𝑀
𝛼=1    

   (Eq. 1.2) 

In Eq. 1.2, the 𝑚𝑖 and 𝑚𝛼 represent mass of electron and nuclei, respectively, 𝑒 is electronic 

charge, 𝑍 is atomic number, 𝑖 and 𝑗 refer to electrons, 𝛼 and 𝛽 refer to nuclei, ℏ is Plank’s 

constant (h) divided by 2π, 𝛻2 denotes the Laplacian operator, and 𝑟 is the position vector. 

Note that, the first and second terms represent the kinetic energy operators for electrons and 

nuclei, respectively, and the remaining terms are of potential energy operators corresponding 

to nuclear-electron, nuclear-nuclear, and electron-electron interactions (3rd, 4th, and 5th terms, 

respectively). The exact solution of Schrödinger equation is only obtained for hydrogen-like 

atoms because electron-electron repulsion is absent therein. For many electron systems, many 

approximations are made to solve the Schrödinger equation. Among that, a few important 

approximations/methods, such as Born-Oppenheimer, LCAO-MO, Hartree-Fock, and 

electron correlation, are briefly explained below.          

1.12.2 Born-Oppenheimer approximation  

On considering the motion of the nucleus and electron, the speed of the nucleus can be 

approximated to zero as relative to the speed of the electron. It is because a nucleus is much 
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heavier (more than 1000 times) than an electron. Based on these facts, Born and 

Oppenheimer approximated the kinetic energy of the nucleus to be zero and the nuclear-

nuclear repulsion to be a constant value for a chemical system. As a result, the Schrödinger 

equation is simplified as follows, 

(𝐻̂𝑒𝑙 + 𝑉̂𝑁𝑁)𝛹𝑒𝑙 = (𝐸𝑒𝑙 + 𝑉𝑁𝑁)𝛹𝑒𝑙        (Eq. 1.3) 

𝐻̂𝑒𝑙 = −
ℏ2

2𝑚𝑒
∑ 𝛻𝑖

2 − ∑ ∑
𝑍𝛼𝑒2

𝑟𝑖𝛼
+ ∑ ∑

𝑒2

𝑟𝑖𝑗

𝑁
𝑖>𝑗

𝑁
𝑗=1

𝑁
𝑖=1

𝑀
𝛼=1

𝑁
𝑖=1    (Eq. 1.4) 

𝑉̂𝑁𝑁 = ∑ ∑
𝑍𝛼𝑍𝛽𝑒2

𝑟𝛼𝛽

𝑀
𝛽>𝛼

𝑀
𝛼=1      (Eq. 1.5) 

Here, 𝑉̂𝑁𝑁 is the potential energy term for nuclear-nuclear repulsion, this has a constant value 

for a particular system. Hence, the Schrödinger equation for electronic motion can be written 

as follows,  

𝐻̂𝑒𝑙𝛹𝑒𝑙 = 𝐸𝑒𝑙𝛹𝑒𝑙     (Eq. 1.6) 

Further, the total energy of a system can be calculated by adding the 𝐸𝑒𝑙 with 𝑉̂𝑁𝑁, i.e., 

𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑒𝑙 + 𝑉̂𝑁𝑁     (Eq. 1.7) 

1.12.3 Variation theorem 

According to the variation theorem, an approximate (trial) wave function is taken for 

determining the energy of a system with the help of a known Hamiltonian. The calculated 

value of energy is known as the expectation value of energy (<E>), which is always greater 

than or equal to the ground state energy (𝐸0) of the particular system.     

<E> =
∫ 𝛹𝑡𝑟𝑖𝑎𝑙

∗𝐻̂𝛹𝑡𝑟𝑖𝑎𝑙𝑑𝜏

∫ 𝛹𝑡𝑟𝑖𝑎𝑙
∗𝛹𝑡𝑟𝑖𝑎𝑙𝑑𝜏

≥ 𝐸0    (Eq. 1.8) 

In general, the trial wave function is designed with one or more variables that can be 

varied in order to obtain a minimum value for 𝐸 (i.e., a closer value to 𝐸0).    

1.12.4 LCAO-MO approximation  

The trial wave function is often constructed by the method of linear combination of atomic 

orbitals (LCAO). For an electron in a molecular orbital (MO) of a molecule, the trial wave 

function (𝛹) can be formed with a linear combination of atomic orbitals (𝛷) with respective 

coefficients (𝐶).           



16 
 

𝛹 = ∑ 𝐶𝑖𝛷𝑖
𝑛
𝑖=1                   (Eq. 1.9) 

The coefficient (𝐶𝑖) expresses the contribution of an atomic orbital (𝛷𝑖) in MO. The values of 

coefficients that minimize the energy for the 𝛹 can be calculated using the variational 

principle.      

1.12.5 Hartree-Fock method 

Hartree and Fock developed a method to tackle the difficulty of the electron-electron 

repulsion term when solving the Schrödinger equation for many-electron systems. It is also 

known as Hartree-Fock self-consistent field theorem.  

According to Hartree’s approximation, an electron is moving in a static field created 

by all nuclei and an average field of all other electrons. Hence, the Hamiltonian for an 

electron is,  

𝐻̂𝑒𝑙 = −
ℏ2

2𝑚𝑖
∑ 𝛻𝑖

2 − ∑ ∑
𝑍𝛼𝑒2

𝑟𝑖𝛼
+ 𝑉𝑖

𝑁
𝑖

𝑀
𝛼

𝑁
𝑖    (Eq. 1.10) 

Here, the first term represents the kinetic energy operator for electrons and the second term 

refers to the potential energy operator for all nucleus-electron interactions. The 𝑉𝑖 term refers 

to the potential energy operator for an electron (say ith) due to the average field of other 

electrons (≠ i). Thus, 𝑉𝑖 is determined by the summation of potential energies on ith electron 

due to all other electrons (𝑗 ≠ 𝑖) with a wave function 𝛷𝑗. This can be expressed as, 

𝑉𝑖 = ∑ ∫ 𝛷𝑗
2 𝑒2𝑑𝜏𝑗

𝑟𝑖𝑗

𝑁
𝑗≠𝑖     (Eq. 1.11) 

The total wave function (𝛹) of this many electrons system can be expressed as the product of 

‘N’ hydrogen-like orbitals (𝛷),   

𝛹 = 𝛷1(1)𝛷2(2)… ... 𝛷𝑛(𝑛)   (Eq. 1.12) 

In Hartree’s approximation, an iterative procedure is followed to solve the 

Schrödinger equation. Firstly, the 𝐻̂𝑒𝑙 operator is applied for an electron (ith) to generate an 

improved one-electron wave function 𝛷𝑖
′. Then, this procedure is repeated for all other 

electrons, and finally, an improved total wave function 𝛹 will be obtained. Next, the 

improved 𝛷𝑖
′ is used to solve the one-electron Schrödinger equation which results in a more 

improved one-electron wave function. Accordingly, the iterative procedure can be repeated 
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until the 𝑉𝑖 obtained is so close to the earlier 𝑉𝑖. This final potential is called ‘self-consistent 

field (SCF)’ and the associated orbitals are called self-consistent field orbitals.  

The major drawback of Hartree’s approximation is the effect of the interchange of 

electrons. To solve this problem, Fock incorporated antisymmetrized wave function (see Eq. 

1.13) as in a determinant form into Hartree’s method. Now, it is known as the Hartree-Fock 

method. The determinant employed herein is the Slater determinant.  

The Slater determinant is constructed by the spin orbitals. The general form of Slater 

determinant for an N-electron system is,     

  𝛹 =
1

√𝑁! |

|

𝜒𝑖(𝑥1) 𝜒𝑗(𝑥1) … … 𝜒𝑘(𝑥1)

𝜒𝑖(𝑥2) 𝜒𝑗(𝑥2) … … 𝜒𝑘(𝑥2)

⋮ ⋮ ⋮ ⋮
⋮ ⋮ ⋮ ⋮

𝜒𝑖(𝑥𝑁) 𝜒𝑗(𝑥𝑁) … … 𝜒𝑘(𝑥𝑁)

|

|
  (Eq. 1.13) 

where N electrons occupy N spin orbitals (𝜒𝑖, 𝜒𝑗 , … … 𝜒𝑘). 
1

√𝑁!
 is the normalization constant. 

A short-hand notation of the Slater determinant (single Slater determinant) is shown 

below, in which the diagonal elements of the determinant are only present.  

𝛹 (𝑥1, 𝑥2, … … 𝑥𝑁) = |𝜒𝑖𝜒𝑗 … …  𝜒𝑘⟩      (Eq. 1.14) 

The operator used by Fock (Fock operator, 𝐹̂(𝑖)) to solve this antisymmetrized wave function 

is,  

𝐹̂(𝑖) = −
ℏ2

2𝑚𝑒
∑ 𝛻𝑖

2 − ∑ ∑
𝑍𝛼𝑒2

𝑟𝑖𝛼
+ ∑ ∑ (2𝐽𝑖𝑗 − 𝐾̂𝑖𝑗

𝑁/2
𝑗=1

𝑁/2
𝑖=1

𝑁
𝑖

𝑀
𝛼

𝑁
𝑖 )  (Eq. 1.15) 

𝐹̂(𝑖) = 𝐻̂𝑖
𝑐𝑜𝑟𝑒 + ∑ ∑ (2𝐽𝑖𝑗 − 𝐾̂𝑖𝑗)

𝑁/2
𝑗=1

𝑁/2
𝑖=1    (Eq. 1.16) 

Here, the 𝐽𝑖𝑗 and 𝐾̂𝑖𝑗 are Coulomb operator (see Eq 1.17) and exchange operator (see Eq. 

1.18) respectively. The Coulomb operator (𝐽𝑖𝑗) refers to the electrostatic interaction of 

electrons in the 𝜒𝑖 and 𝜒𝑗 orbitals, while the exchange operator (𝐾̂𝑖𝑗) refers to the exchange 

energies of electrons in the 𝜒𝑖 and 𝜒𝑗 orbitals. The 𝐻̂𝑖
𝑐𝑜𝑟𝑒 represents the Hamiltonian of an 

electron in a hydrogen-like atom.   

𝐽𝑖𝑗 = ∫ ∫ 𝜒𝑖(𝑥1)∗𝜒𝑗(𝑥2)∗ [
1

𝑟12
] 𝜒𝑖(𝑥1)𝜒𝑗(𝑥2)𝑑𝜏1𝑑𝜏2          (Eq. 1.17) 
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𝐾̂𝑖𝑗 = ∫ ∫ 𝜒𝑖(𝑥1)∗𝜒𝑗(𝑥2)∗ [
1

𝑟12
] 𝜒𝑖(𝑥2)𝜒𝑗(𝑥1)𝑑𝜏1𝑑𝜏2          (Eq. 1.18) 

The energy of an electron (ith) is calculated by, 

𝐹̂(𝑖)𝛹 = 𝜀𝑖𝛹               (Eq. 1.19) 

The 𝜀𝑖  energy (orbital energy) is in the form of,  

𝜀𝑖 = 𝜀𝑖
0 + ∑ ∑ (2𝐽𝑖𝑗 − 𝐾̂𝑖𝑗)

𝑁/2
𝑗=1

𝑁/2
𝑖=1      (Eq. 1.20) 

where 𝜀𝑖
0 denotes the one-electron energy calculated in the absence of other electrons. The 

remaining term in the equation refers to the sum of electrostatic and exchange energies for 

the interaction of an electron (ith) with all other electrons (i ≠ j).  

1.12.6 RHF, UHF, and ROHF methods 

The restricted Hartree-Fock (RHF) method is applied to molecules with singlet spin. In RHF 

calculation, each pair of electrons in an orbital is constrained to have the same spatial wave 

function for both α and β spin functions. This type of molecular system is called a closed-

shell singlet (css) system. 

The restriction applied in the RHF method is relaxed in the unrestricted Hartree-Fock 

(UHF) method. In UHF calculations, different orbital spatial wave functions are allowed for 

electrons with different spins. This method is applied to molecular systems with unpaired 

electrons.          

Restricted Open Hartree-Fock (ROHF) method can also be used for a molecular 

system with unpaired electrons. Herein, the paired electrons in an orbital have the same 

spatial functions, hence RHF principle is treated therein. But the spatial function of orbital 

with unpaired electron can have either the spin α or β. 

The molecular systems with unpaired electron are called open-shell systems. In this 

thesis, the chemical systems with nitric oxide molecules, nitroxides, and most of the metal 

nitrosyls are open-shell systems.         

1.12.7 Roothaan-Hall equation 

The HF equation is further modified by Roothaan and Hall. They used the trial wave function 

as a linear combination of a complete set of known orthonormal functions. These functions 

are called basis functions, it is represented as,  
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𝛹 = ∑ 𝐶𝑖𝑎 𝜒𝑖
𝑘
𝑖=1     (Eq. 1.21) 

where 𝐶𝑖𝑎 is expansion coefficient, 𝜒𝑖 is the basis function and 𝑘 is the number of basis 

functions.  

 Substitution of this 𝛹 in the above Hartree-Fock equation (Eq. 1.19), followed by 

multiplication of both sides by another basis function 𝜒𝑗
∗ and integrating over the entire space 

will lead to a set of 𝑘 linear equations called the Roothaan-Hall equation. A compact 

expression of the Roothaan-Hall equation in the form of a single matrix is,  

𝐹𝐶 = 𝑆𝐶𝐸         (Eq. 1.22) 

where 𝐹 is the Fock operator in the matrix, 𝑆 is the overlap matrix integral, 𝐶 is the matrix for 

expansion coefficient and 𝐸 is the diagonal matrix for orbital energies 𝜀𝑖.   

1.12.8 Methods for treating electron correlation  

The main limitation of the HF method is that electron-electron interaction is not considered 

explicitly; rather, they approximate that an electron is moving in an average field of other 

electrons. Hence, the difference in HF calculated energy and ground state minimum energy of 

a system is regarded as the electron correlation energy. This electron correlation energy is 

considered in a few methods, viz., Møller-Plesset Perturbation, Configuration Interaction, and 

Coupled Cluster methods. These methods are generally called post-HF methods or higher ab 

initio methods. Of course, these methods produce very accurate results for a system, but the 

computational expenses for performing these calculations are enormous. Hence, these 

methods are applicable only for systems containing a small number of atoms with a 

reasonable computational cost.    

1.12.8.1 Møller-Plesset perturbation theory    

In Møller-Plesset perturbation theory, the electron-electron correlation is treated by a 

perturbation term to a known Hamiltonian (eigenfunctions and eigenvalues are known). The 

sum of known Hamiltonian (𝐻̂0) and the perturbation term 𝑉̂ will give the actual Hamiltonian 

(𝐻̂). The eigenfunctions and eigenvalues of 𝐻̂0 are solved by the HF iterative method. The 

eigenfunctions and eigenvalues of 𝑉̂ is obtained by perturbative procedure with various 

orders. Hence, this is a correction to energy obtained by HF. The actual Hamiltonian (𝐻̂) is 

represented as,  
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𝐻̂ = 𝐻̂0 + 𝜆𝑉̂  

𝐻̂|𝛹𝑖⟩ = (𝐻̂0 + 𝜆𝑉̂)|𝛹𝑖⟩ =  𝜀𝑖|𝛹𝑖⟩     (Eq. 1.23) 

The eigenfunctions and eigenvalues of 𝐻̂0 can be represented as |𝛷𝑖
(0)

⟩ and 𝐸𝑖
(0)

 (HF-energy). 

Expansion of perturbed 𝜀𝑖 and |Ψ𝑖⟩ can be represented as a power series in 𝜆,    

𝜀𝑖  = 𝐸𝑖
(0)

+ 𝜆𝐸𝑖
(1)

+ 𝜆2𝐸𝑖
(2)

+ ⋯     (Eq. 1.24) 

|𝛹𝑖⟩  = |𝛷𝑖
(0)

⟩ + 𝜆 |𝛷𝑖
(1)

⟩ + 𝜆2 |𝛷𝑖
(2)

⟩ + ⋯    (Eq. 1.25) 

If this power series is truncated at second order, then it is known as Møller-Plesset second 

order perturbation (MP2) theory. This MP2 theory is widely used as a post-HF method. The 

energy expression for a MP2 method is,  

      𝐸𝑖
(0)

=  〈𝛷𝑖
(0)

|𝐻̂0|𝛷𝑖
(0)〉,     𝐸𝑖

(1)
=  〈𝛷𝑖

(0)
|𝑉̂|𝛷𝑖

(0)〉, 𝐸𝑖
(2)

=  〈𝛷𝑖
(0)

|𝑉̂|𝛷𝑖
(1)〉  (Eq. 1.26) 

1.12.8.2 Coupled cluster methods 

In coupled cluster (CC) method, the many electrons wave function is constructed by using 

excitation operators to calculate the electron-electron correlation. This method considered as 

a good mathematically refined technique for obtaining electron-electron correlation energy. 

The wave function can be represented as,  

|𝛹⟩  = 𝑒𝑇̂|𝛹0⟩     (Eq. 1.27) 

Here, the |𝛹0⟩ is a Slater determinant obtained in the HF method. The 𝑇̂ is an excitation 

operator, which is expressed as a sum of operators of a single (𝑇̂1), double (𝑇̂2), triple (𝑇̂3), 

etc. excitations.  

𝑇̂ =  𝑇̂1 +  𝑇̂2 +  𝑇̂3 + ⋯     (Eq. 1.28) 

The variations in the CC method are based on the highest number of excitations considered in 

𝑇̂. One of the popular CC methods, i.e., the CCSD method includes single (𝑇̂1) and double 

(𝑇̂2) excitations in 𝑇̂ (i.e., 𝑇̂ =  𝑇̂1 +  𝑇̂2). Herein, the |𝛹0⟩ function is a linear combination of 

singly and doubly excited slater determinants. These calculations require a very huge 

computational cost. Further, the next variants of CC methods such as CCSDT (with single, 
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double, and triple excitations operator) and CCSDQ (with single, double, triple, and 

quadruple excitations operator) are more expensive than CCSD method. The CCSD(T) 

method (T in bracket indicates that perturbative triples) is considered to be the gold-standard 

calculation in quantum chemistry.       

1.12.8.3 Configuration interaction 

In the configuration interaction (CI) method, the excited states are also included for the 

electronic state calculations. The complete CI wave function is a linear combination of Slater 

determinants with all the possible electronic configurations. If only one electron has moved 

from each determinant, then the CI method is known as CIS (configuration interaction single-

excitation). The CIS calculations do not correct ground state energy, but it will give an idea 

about excited states. The CISD (configuration interaction single and double excitation) 

calculations give correlation corrected ground state energy. The CISDT (configuration 

interaction single, double, and triple excitation) and CISDTQ (configuration interaction 

single, double, triple, and quadruple excitation) calculations are computationally expensive, 

hence this is performed only for very highly accurate results required cases. In principle, the 

full CI calculations using an infinitely large basis set will provide exact quantum mechanical 

results.     

1.12.9 Basis sets 

All the electronic structure calculations are based on the trial wave function designed for a 

system. Choosing a trial wave function is the starting point for solving the Schrödinger 

equation for a system. In this regard, the basis set is the set of mathematical functions that can 

be used to construct a trial wave function. There are two types of mathematical basis 

functions extensively used in computational chemistry calculations, i.e., Slater-type orbitals 

(STOs; 𝜒𝑆𝑇𝑂) and Gaussian-type orbitals (GTOs; 𝜒𝐺𝑇𝑂). The mathematical forms of STOs 

and GTOs are described below (Eq. 29 and Eq. 30, respectively),   

𝜒𝑆𝑇𝑂(𝑟, 𝜑, 𝜙) = 𝑁𝑟𝑛−1𝑒(−𝜉𝑟)𝑌𝑚
𝑙 (𝜑, 𝜙)   (Eq. 1.29) 

                 𝜒𝐺𝑇𝑂(𝑟, 𝜑, 𝜙) = 𝑁𝑟2𝑛−2−𝑙𝑒(−𝜉𝑟2)𝑌𝑚
𝑙 (𝜑, 𝜙)       (Eq. 1.30) 

where 𝑁 is the normalization constant, 𝑟 is the distance from the nucleus, 𝑛, 𝑙, and 𝑚 

refers to principal, azimuthal, and magnetic quantum numbers, 𝜉 is orbital exponent, and 

𝑌𝑚
𝑙 (𝜑, 𝜙) term represent the angular part of the wave function. The STOs have very similar 

hydrogen-like atomic orbitals, thus, these basis functions are most efficient in representing 
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the electronic configurations of atoms. The demerit of STOs is their computational cost, 

STOs used in calculations are highly expensive, especially for large systems. To overcome 

this problem, Boys proposed GTOs in 1950. Actually, the linear combination of three or 

more GTOs can mimic the behavior of a STO. An orbital is represented by combinations of 

GTOs, which is known as a contracted Gaussian type orbital, wherein each GTOs is known 

to be a primitive GTO.  

 Basis sets are further classified into minimal, double zeta, triple zeta, etc., based on 

the number of basis functions used to represent an atomic orbital.  

1.12.9.1 Minimal basis set 

The minimal basis set consists of one basis function for each atomic orbital. 

For example: Hydrogen atom, 1s orbital = one basis function 

  Fluorine atom, 1s + 2s + 2px + 2py + 2pz orbitals = five basis functions. 

 STO-3G is generally used minimal basis set in which the basis function consists of 

three primitive Gaussians. This basis set is good for speedy and rough calculations, but has 

poor accuracy in results.  

1.12.9.2 Multi zeta basis sets 

The double zeta and triple zeta basis sets consist of two and three basis functions, 

respectively, for each atomic orbital. For example: there will be ten and fifteen basis 

functions for fluorine atoms according to double zeta and triple zeta basis sets, respectively.     

1.12.9.3 Split valence basis sets 

Pople developed split valence basis sets to increase the basis functions only for valence 

orbitals since the valence orbitals are involved in chemical bonding. In such basis sets, a 

minimal basis set is used for core orbitals, whereas double zeta or triple zeta basis sets are for 

valence orbitals.  

For example: the 6-31G basis set for fluorine atom: 1s orbital (core) is described by 

one basis function (minimal basis set) consisting of six primitive Gaussian functions. 2s, 2px, 

2py, and 2pz (valence) orbitals are described by two types of basis functions (double zeta), in 

which one type consists of 3 primitive Gaussian functions and the other type consists of 1 

primitive Gaussian function. Therefore, total 9 (1 + 4 + 4) basis functions and 22 (6 + 12 + 4) 

primitive functions.    
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6-311G basis set for fluorine atom: 1s orbital (core) is described by one basis function 

(minimal basis set) consisting of six primitive Gaussian functions. 2s, 2px, 2py, and 2pz 

(valence) orbitals are described by three types of basis functions (triple zeta), in which one 

type consists of 3 primitive Gaussian functions and the other two types consist of 1 primitive 

Gaussian function. Therefore, total 13 (1 + 4 + 4 + 4) basis functions and 26 (6 + 12 + 4 + 4) 

primitive functions.   

1.12.9.4 Polarization and diffuse functions 

The polarization and diffuse functions can be incorporated into basis sets. This is done by 

adding functions of higher angular momentum for polarized basis sets, whereas, adding 

functions that have a small exponent to describe the electron density away from the nucleus is 

called diffused basis sets. Generally, p-type functions are used to polarize electrons of 

hydrogen atoms, whereas, d-type functions for other main group atoms, and f-type functions 

for transition metals. The notation used for polarized functions of p and d is (d,p) or **, i.e., 

6-31G(d,p) or 6-31G**. The notation used for the diffuse function is ++. For example, 6-

31G++ is used for diffuse on hydrogen atoms and heavy atoms.  

In this work, we have extensively used these polarization and diffuse functions in our 

split valence basis sets, i.e., 6-311G++(d,p). Besides, Dunning’s correlation-consistent basis 

set viz. aug-cc-pVTZ is used for better energetics in small cluster calculations,146 and 

Ahlrichs and coworkers developed (later modified by Weigend) def2-SVP and def2-TZVP 

basis sets were used for metal complexes.147 Herein, the def2-SVP and def2-TZVP basis sets 

are double zeta and triple zeta, respectively, they contain polarization functions. The aug-cc-

pVTZ basis set is a triple zeta basis set that contains polarization and diffuse functions.                

1.12.9.5 Effective core potential  

For heavy atoms, many basis functions are required to represent the atomic orbitals, hence the 

computational cost will be huge in this case. This problem can be overcome by introducing 

an effective potential for chemically insignificant core orbitals. The effective core potential 

(ECP) is known as pseudopotential, e.g.,  LANL2DZ and def2-TZVP are ECP-enabled basis 

set.147,148 

1.12.10 Basis set superposition error (BSSE) 

When two monomers (A and B) approach each other, their basis sets are going to overlap. In 

this situation, each monomer borrows a basis set of others, this creates a basis set 
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superposition error (BSSE) in their dimer energy calculations.149,150 Boys and Bernardi 

proposed a counterpoise correction (CP) to tackle BSSE.151  

The general equation for the interaction energy of a dimer AB is, 

𝐸𝑖𝑛𝑡(𝐴𝐵) =  𝐸𝐴𝐵
𝐴𝐵(𝐴𝐵) −  𝐸𝐴

𝐴(𝐴) −  𝐸𝐵
𝐵(𝐵)   (Eq. 1.31) 

where the superscripts represent the basis set used and subscripts refer to geometry. 

Therefore, 𝐸𝐴𝐵
𝐴𝐵(𝐴𝐵) is the energy of dimer AB calculated using the dimer basis set (i.e., 

union of basis sets on A and B monomers) and dimer geometry. The CP equation is given 

below,  

𝐸𝑖𝑛𝑡
𝐶𝑃 =  𝐸𝐴𝐵

𝐴𝐵 −  𝐸𝐴
𝐴𝐵 −  𝐸𝐵

𝐴𝐵     (Eq. 1.32) 

where superscript AB means the basis set of AB dimer. That means basis sets of dimer is 

used to calculate the energies of monomers.   

1.13 Semi-empirical methods 

The huge requirements of computational power for performing ab initio calculations on 

larger chemical systems are tackled by semi-empirical methods. This is done by making 

several approximations during solving the Schrödinger equation. In semi-empirical 

calculations, the experimentally derived parameters or high-level calculation data are used to 

simplify the calculations. Since this method employs more approximations in calculations, 

the results obtained are less accurate.    

A few examples of semi-empirical methods are MNDO, AM1, PM3, etc.        

1.14 Density functional theory  

One of the major disadvantages of HF calculations is the complexity of wave function, 

especially in the case of larger chemical systems. In HF calculations, the total wave function 

depends on the 3N spatial coordinates and N spin coordinates for an N-number of the 

electron system. This makes computation extremely difficult for large molecular systems 

with larger basis sets used. In density functional theory (DFT), calculations are based on 

electron density, not the wave function. The electron density depends on 3 coordinates only. 

Hence, the 3N coordinate problem will reduce to a 3 coordinate problem in the DFT method 

as compared to the HF method.         
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1.14.1 Hohenberg-Kohn theorem  

Hohenberg and Kohn proposed two fundamental theorems about DFT, these are known as 

foundations of DFT. According to their first theorem, the ground state energy of a system 

(𝐸0) is a functional of electron density (𝜌).  

𝐸0 = 𝐸[𝜌0(𝑟)]    (Eq. 1.33) 

Here, the 𝜌0 should satisfy the condition when 𝑁 is the total number of electrons. 

𝑁 = ∫ 𝜌0(𝑟)𝑑3𝑟    (Eq. 1.34) 

The second Hohenberg-Kohn theorem states that “the electron density that minimizes the 

energy of the overall functional is the true electron density corresponding to the full solution 

of the Schrödinger equation”. The variational principle is applied in DFT too. For a trial 

electron density (𝜌(𝑟)), the energy calculated (𝐸) is always greater than or equal to the 

ground state energy of the system (𝐸0).   

 𝐸[𝜌(𝑟)] > 𝐸[𝜌0(𝑟)] ≥ 𝐸0                     (Eq. 1.35) 

Note that, the true functional that relates the electron density to the ground state remains 

unknown. Hence, the DFT calculations use approximate functionals.  

1.14.2 Kohn-Sham approach 

Kohn and Sham (K-S) proposed a formalism to calculate the ground state electron density, 

which is regarded as the foundation of current molecular DFT calculations. According to K-S 

formalism, it starts with an assumption that many electrons in a system are a system of non-

interacting electrons. The DFT energy 𝐸[𝜌(𝑟)] calculated by a trial density 𝜌(𝑟) can be 

written as, 

𝐸[𝜌(𝑟)] = 𝑇𝑠[𝜌(𝑟)] + 𝐸𝑛𝑒[𝜌(𝑟)] + 𝐽[𝜌(𝑟)] + 𝐸𝑋𝐶[𝜌(𝑟)]  (Eq. 1.36) 

where, 𝑇𝑠 is kinetic energy functional for non-interacting electrons, 𝐸𝑛𝑒 and 𝐽 is the potential 

energy functional for nuclear-electron interaction and classical electron-electron repulsion 

respectively. 𝐸𝑋𝐶 is exchange-correlation functional, which includes corrections for all non-

classical electron-electron interactions.  
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1.14.3 Exchange-correlation functional  

The exchange-correlation functional 𝐸𝑋𝐶, can be expressed as, 

𝐸𝑋𝐶[𝜌(𝑟)] = ∆𝑇[𝜌(𝑟)] + ∆𝑉[𝜌(𝑟)]    (Eq. 1.37) 

∆𝑇[𝜌(𝑟)] represents the kinetic correlation energy and ∆𝑉[𝜌(𝑟)] refers to the potential 

correlation energy and exchange energy. These exchange-correlation energies are the 

corrections due to electron-electron interactions as compared to the actual system. Note that, 

the accuracy of K-S method relied upon the quality of  𝐸𝑋𝐶[𝜌(𝑟)] term.   

 The exact solution for 𝐸𝑋𝐶[𝜌(𝑟)] term is unknown because the explicit functional 

form of exchange-correlation potential energy for a real system is not known. Hence, several 

approximations are used for obtaining an approximate exchange-correlation functionals.        

1.14.3.1 Local density approximation  

The local density approximation (LDA) uses a functional of uniform electron density as an 

initial guess for 𝐸𝑋𝐶[𝜌(𝑟)] functional. This approximation is based on the notion that 

exchange-correlation functional for a hypothetical system of uniform electron gas can be 

derived exactly. The 𝐸𝑋𝐶[𝜌(𝑟)] term according to LDA can be expressed as follows,         

     𝐸𝑋𝐶
𝐿𝐷𝐴(𝑟) = 𝐸𝑋𝐶

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑔𝑎𝑠[𝜌(𝑟)]   (Eq. 1.38) 

For a uniform electron gas system, the electron density remains the same at all points but in 

the real system, it is not the same. Therefore, the LDA method is not good for calculating the 

various properties of a real system, but it is widely employed in band structure calculations in 

the solid state. The Perdew and Wang (PW), Wilk and Nusair (VWN), etc. are examples of 

LDA functionals.152      

1.14.3.2 Generalized gradient approximation  

According to Generalized Gradient Approximation (GGA), a gradient of electron density is 

added to the LDA functional. Hence, this method depends upon both general electron density 

(𝜌(𝑟)) and electron density gradient (𝛻𝜌(𝑟)). The 𝐸𝑋𝐶[𝜌(𝑟)] term according to GGA can be 

expressed as follows,  

𝐸𝑋𝐶
𝐺𝐺𝐴(𝑟) = 𝐸𝑋𝐶[𝜌(𝑟), 𝛻𝜌(𝑟)]    (Eq. 1.39) 
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The Becke functional (B88)153 and Lee, Yang, and Parr functional (LYP)154 are the popular 

GGA exchange and correlation functionals, respectively.       

1.14.3.3 Meta-generalized gradient approximation 

According to meta-generalized gradient approximation (meta-GGA), a Laplacian of electron 

density (𝛻2𝜌(𝑟)) the term is added to GGA functionals. This is expressed as follows,    

𝐸𝑋𝐶
𝑚𝑒𝑡𝑎−𝐺𝐺𝐴(𝑟) = 𝐸𝑋𝐶[𝜌(𝑟), 𝛻𝜌(𝑟), 𝛻2𝜌(𝑟)]   (Eq. 1.40) 

Minnesota functionals (M06)155 and Tao-Perdew-Staroverov-Scuseria (TPSS)156 functionals 

are popular examples of meta-GGA functionals. The exchange energy for M06-L is 

expressed as,       

𝐸𝑋
𝑀06−𝐿 = ∑ ∫ 𝑑𝑟 [𝐹𝑋𝜎

𝑃𝐵𝐸(𝜌𝜎 , 𝛻𝜌𝜎)𝑓(𝜔𝜎) + 𝜀𝑋𝜎
𝐿𝑆𝐷𝐴ℎ𝑋(𝑥𝜎, 𝑧𝜎)]𝜎  (Eq. 1.41) 

where 𝐹𝑋𝜎
𝑃𝐵𝐸(𝜌𝜎 , 𝛻𝜌𝜎) is exchange energy density of the PBE, 𝜀𝑋𝜎

𝐿𝑆𝐷𝐴 is local spin density 

approximation for exchange. The correlation energy for M06-L is expressed as,       

𝐸𝐶
𝛼𝛽

=  ∫ 𝑒𝛼𝛽
𝑈𝐸𝐺[𝑔𝛼𝛽(𝑥𝛼, 𝑥𝛽) + ℎ𝛼𝛽(𝑥𝛼𝛽 , 𝑧𝛼𝛽)] 𝑑𝑟  (Eq. 1.42) 

1.14.3.4 Hybrid-functionals  

The hybrid functionals include some percentage of exchange energies obtained from the HF 

method (𝐸𝑋
𝐻𝐹) along with exchange and correlation functionals of DFT (𝐸𝑋𝐶

𝐷𝐹𝑇) to improve the 

quality of 𝐸𝑋𝐶 term. The 𝐸𝑋
𝐻𝐹 is the certain percentage of exchange energy from HF theory, 

whereas 𝐸𝑋𝐶
𝐷𝐹𝑇 is the exchange and correlation energy obtained from LDA, GGA, or other 

DFT formalism. This can be expressed as follows,      

𝐸𝑋𝐶 = 𝐸𝑋
𝐻𝐹 + 𝐸𝑋𝐶

𝐷𝐹𝑇    (Eq. 1.43) 

B3LYP and PBE0 are popular examples of hybrid functionals. In B3LYP, Becke 3-term 

correlation functional (B3) and Lee, Yang, and Parr exchange functional (LYP) are 

incorporated.154,157  

𝐸𝑋𝐶
𝐵3𝐿𝑌𝑃 = (𝐸𝑋

𝐿𝑆𝐷𝐴 + 𝐸𝐶
𝑉𝑊𝑁3) + 𝑎0(𝐸𝑋

𝐻𝐹 − 𝐸𝑋
𝐿𝑆𝐷𝐴) + 𝑎𝑋𝛥𝐸𝑋

𝐵88 + 𝑎𝐶(𝐸𝐶
𝐿𝑌𝑃 − 𝐸𝐶

𝑉𝑊𝑁3)    

(Eq. 1.44) 

where Becke specified the semi-empirical parameters 𝑎0 = 0.20, 𝑎𝑋 = 0.72, and 𝑎𝐶 = 0.81. 

These parameters are calculated by using total atomic energies, ionization potentials, fitting 
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atomization energies, and proton affinities. The 𝐿𝑆𝐷𝐴 is local spin density approximated 

functional, the 𝑉𝑊𝑁3 is a LDA functional, and 𝐵88 and 𝐿𝑌𝑃 are GGA functionals.        

1.14.4 Dispersion correction in DFT 

Sometimes DFT calculations fail to effectively describe the dispersion interactions such as 

Van der Waals and hydrogen bonding.158 This leads to inaccurate results in particular systems 

where dispersion effects dominate over other effects. The limitations of standard DFT 

methods can be tackled by adding dispersion correction into the functionals. Grimme 

proposed a dispersion correction known as DFT-D3 in 2011, which is widely recognized in 

this field.159     

1.15 Theoretical analyses 

There are many theoretical analyses available for providing useful chemical information 

about the atoms and bonding properties of any molecular system based on computational 

solutions of the Schrödinger equation. In this thesis, analyses such as molecular electrostatic 

potential, quantum theory of atoms in molecules, natural bond orbital, energy decomposition, 

and molecular tailoring-based approach are used. Those analyses are briefly described below.      

1.15.1 Molecular electrostatic potential (MESP) analysis 

The molecular electrostatic potential of a molecule is a physically observable quantity. It can 

be detected by experimentally using diffraction methods.160 Theoretically, it is calculated 

rigorously based on the distribution of electron density (𝜌(𝑟)) using equation (Eq. 1.45) 

given below.160   

𝑉(𝑟) = ∑
𝑍𝐴

|𝑟−𝑅𝐴|
𝑁
𝐴 − ∫ 𝜌 (𝑟ʹ) 

𝑑3𝑟ʹ

|𝑟−𝑟ʹ|
    (Eq. 1.45) 

The 𝑉(𝑟) is the potential at any point with a position vector ‘𝑟’ in a three-dimensional 

space of a molecule. The 𝑍𝐴 and 𝑅𝐴 represents the nuclear charge and radius vector of atom 

A, and 𝜌 (𝑟ʹ) is the electron density near 𝑟. In Eq. 1.45, the first term refers to the nuclear 

potential and the second term refers to the electronic contributions. Hence, the combination 

of these two terms expresses the effect of nuclei and electrons in a particular region of 

molecular systems. For a neutral molecule, the 𝑉(𝑟) is positive at the nucleus and negative 

values at electron-rich sites. The most positive potential value in a region is termed Vmax, 

which indicates the electron-deficient site, while the more negative potential (Vmin) reflects 
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the electron-rich site. Therefore, MESP analysis on a molecular system is an effective tool to 

figure out the features of lone pairs, π-bonds, electrophilic sites, nucleophilic sites, 

noncovalent interactions, etc.161–165 Thus, MESP analysis on chemical entities would connect 

their chemical features with physical properties. MESP plot of a representative example, i.e., 

electron density distribution on an isodensity (ρ = 0.001 au) surface of water molecule 

calculated at MP2/aug-cc-pVTZ//MP2/6-311++G(d,p) level is illustrated in Figure 1.7. The 

Vmin site appears around the oxygen atom with a value of −32.2 kcal/mol, and Vmax sites are 

near the hydrogen atom with a value of 44.4 kcal/mol. 

 

Figure 1.7 Electrostatic potential mapped on isodensity molecular surface (ρ = 0.001 au) of 

water calculated at the MP2/aug-cc-pVTZ//MP2/6-311++G(d,p) level. The positions of Vmax 

and Vmin sites are represented by golden and cyan spheres respectively. The values of Vmax 

and Vmin are given in kcal/mol and VO (MESP on oxygen atom of water) in au. The color 

ranges: Blue for negative potential and Red for positive potential. 

Further, MESP analysis can also calculate the potential at the nucleus of an atom. In 

Figure 1.7, the potential at the oxygen atom of water (VO) is shown in orange color.  

VB = ∑
𝑍𝐴

|𝑅𝐵−𝑅𝐴|

𝑁
𝐴≠𝐵 − ∫  

𝜌 (𝑟ʹ)𝑑3𝑟ʹ

|𝑅𝐵−𝑟ʹ|
    (Eq. 1.46) 

Eq. 1.46 defines the potential (VB) at a particular atom’s (say B) nucleus with a radius vector r 

= RB located in a three-dimensional space of a molecular system, where ZA and RA represent 

the nuclear charge and radius vector of atom A (A ≠ B), and rʹ is a point near to RB.    

1.15.2 Quantum theory of atoms in molecules (QTAIM) analysis  

Bader’s QTAIM analysis generates the topology of electron density (𝜌(𝑟)) on a chemical 

system. The 𝜌(𝑟) distribution in a chemical system is characterized by critical points. On 

these critical points, the first derivative of 𝜌(𝑟) vanishes and these points are the sites of 

electron density extrema (minima, maxima, and saddle points). There are four types of 
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critical points, viz., (3, -3), (3, -1), (3, +1), and (3, +3). The critical points are labeled by the ω 

(number of nonzero eigenvalues of the Hessian matrix of 𝜌(𝑟)) and σ (algebraic sum of signs 

of eigenvalues) parameters (i.e., (ω, σ)). Here, the (3, -3) critical point is the nuclear critical 

point, the (3, -1) is called as bond critical point, the (3, +1) is a ring critical point, and the (3, 

+3) is a cage critical point. Since the nuclei are attractors of the gradient field of 𝜌(𝑟), the 

region surrounded to nuclei has a certain charge distribution and these regions in a molecular 

system is called basins or atomic basins. The bond critical point (bcp) is present on the 

boundary of the basins of two neighboring atoms. Hence, the presence of bcp between two 

atoms indicates a linkage between electronic charge densities accumulated on those two 

particular atoms. This linkage (a gradient field line) between two atoms in a molecular graph 

is known as a bond path. The molecular graph of a chemical system is the pictorial 

representation of critical points and the network of bond paths. 

 
Figure 1.8 QTAIM molecular graph of NO(H2O) interacted system (hydrogen bond through 

N-atom of NO) calculated at the MP2/aug-cc-pVTZ//MP2/6-311++G(d,p) level. The 

connectivity between atoms are the bond paths, and the green sphere on each bond path is the 

bond critical point. 

In this thesis, the bcp is extensively used to account for the noncovalent interactions 

in our chemical systems. QTAIM parameter 𝜌(𝑟) at the bcp provides valuable information 

about the associated chemical bond. This 𝜌(𝑟) value reflects the strength of a bond. In 

general, the 𝜌(𝑟) value greater than 0.20 au is regarded as a covalent bond, while 𝜌(𝑟) less 

than 0.10 au is considered as closed-shell interaction (ionic, hydrogen, dihydrogen bonding, 

etc.).166 The sign of Laplacian of 𝜌(𝑟) (2𝜌(𝑟)) at bcp signals to the type of bonding present 

between two atoms.167 The values of 2𝜌(𝑟) less than zero is found for covalent bonding, 

whereas 2𝜌(𝑟) greater than zero is observed in the case of closed-shell interactions. The 

electron energy densities such as potential (𝑉(𝑟)), kinetic (𝐺(𝑟)), and total (𝐻(𝑟)) are another 

parameters of QTAIM that can give ideas about the nature of bonding interactions.168 The 
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negative values of total electron energy density (𝐻(𝑟) =  𝐺(𝑟) + 𝑉(𝑟)) at the bcp of a 

noncovalent interaction reveals its shared (covalent) nature, whereas, positive values of 𝐻(𝑟) 

indicate the closed-shell type interactions. QTAIM parameters calculated at MP2/aug-cc-

pVTZ//MP2/6-311++G(d,p) level for bcp on the hydrogen bond present between a nitric 

oxide and water molecule is demonstrated in Figure 1.8.                 

1.15.3 Natural bond orbital (NBO) analysis  

NBO analysis is a technique for investigating the hybridization and covalency of atoms in a 

polyatomic wave function.77 NBO provides a picture of localized orbitals that are involved in 

bonding, bearing lone pairs, etc. NBO analysis treats a set of effective valence atomic orbitals 

as natural atomic orbitals (i.e., NAOs) based on the details in the wave function of an 

optimized molecular structure. The basic requirement for a NAO is the orthonormality and 

maximum occupancy. Hence, these NAOs are compatible for describing the atomic and 

bonding properties of a molecular system. In NBO calculations, the NAOs form natural 

hybrid orbitals (NHOs), and the linear combination of orthonormal NHOs forms a bond. For 

example, the σ-bond present between A and B atoms, i.e., σ𝐴𝐵 forms by the linear 

combination of orthonormal hybrid orbitals such as ℎ𝐴 and ℎ𝐵  (see Eq. 1.47).  

σ𝐴𝐵 =  𝑐𝐴ℎ𝐴 + 𝑐𝐵ℎ𝐵       (Eq. 1.47) 

σ∗
𝐴𝐵 =  𝑐𝐴ℎ𝐴 −  𝑐𝐵ℎ𝐵     (Eq. 1.48) 

Similarly, the antibonding σ∗
𝐴𝐵 are formed by the same NHOs, but which represent the 

unused atomic valence space by covalent bond formation (see Eq. 1.48).  

Overall, the sequence followed by the NBO analysis is, 

𝑖𝑛𝑝𝑢𝑡 𝑏𝑎𝑠𝑖𝑠 𝑠𝑒𝑡 →  𝑁𝐴𝑂𝑠 → 𝑁𝐻𝑂𝑠 → 𝑁𝐵𝑂𝑠 

Natural population analysis (NPA): This gives the natural charge on atoms. The NPA charge 

(𝑞𝑖
(𝐴)

) on NAO of an atom A is the diagonal density matrix element in the NAO basis.    

𝑞𝑖
(𝐴)

=  〈𝜙𝑖(𝐴)|Ѓ|𝜙𝑖(𝐴)〉    (Eq. 1.49) 

The NPA charge is in good agreement with the other theoretical and experimental estimations 

of charges, hence, this charge is extensively used in various chemical systems to measure the 

charge transfer.169  
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Stabilization energy of donor-acceptor orbitals in a chemical bonding: the 

stabilization energy (𝐸(2)) of the interaction between donor(i)-acceptor(j) orbitals can be 

calculated based on second-order perturbation theory in NBO analysis.170 The 𝐸(2) associated 

with this interaction can be estimated as,  

        𝐸(2) =  𝑞𝑖 𝐹(𝑖, 𝑗)2/(𝜀𝑗 − 𝜀𝑖)    (Eq. 1.50) 

Here, 𝑞𝑖  is the electron occupancy in the donor orbital, 𝜀𝑖 and 𝜀𝑗  are the energies (diagonal 

elements) of donor and acceptor orbitals, and 𝐹(𝑖, 𝑗) are the off-diagonal elements of the 

NBO matrix.     

1.15.4 Energy decomposition analysis (EDA)  

Energy decomposition analysis is a technique to investigate the energy components of a 

chemical bonding. This is developed basically from the theories put forward by Morokuma 

and Jeziorski.171 Morokuma’s theory is based on a variational approach and is commonly 

called EDA,172 while Jeziorski et al. followed a perturbative approach known as symmetry-

adapted perturbation theory (SAPT).173 Both of these methods give insight into the physical 

nature of bonding interactions, and thus provide an idea of the attractive and repulsive forces 

involved in a chemical interaction.  

It is reported that a combination of SAPT with HF and DFT calculation is applicable 

for small to large molecular systems.174 It has been reported that SAPT-HF (i.e., SAPT0) 

calculated interaction energies for radical systems are in reasonable agreement with 

experimental results, and these calculations require less computational cost.175 Hence, the 

SAPT0 method attracts much interest in open-shell SAPT calculations. Similarly, the EDA is 

also extensively used in a variety of molecular systems, especially metal complexes, proteins, 

and so on.176             

 In this work, we have used both SAPT0 and EDA methods appropriately based on the 

nature of chemical systems supported by the literature data. A brief description of these 

methods is given below.    

SAPT0: The zeroth-order SAPT (SAPT0) is the simplest form of wave function-based SAPT 

methods. According to SAPT calculation of interactions energy ( 𝐸𝑖𝑛𝑡
𝑆𝐴𝑃𝑇), it is the sum of the 

physically distinct components,173 such as electrostatic, exchange, induction, and dispersion 

(i.e.,  𝐸𝑒𝑙𝑠𝑡,  𝐸𝑒𝑥𝑐ℎ,  𝐸𝑖𝑛𝑑 , and  𝐸𝑑𝑖𝑠𝑝, respectively).    
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It can be expressed as follows,  

          𝐸𝑖𝑛𝑡
𝑆𝐴𝑃𝑇 =   𝐸𝑒𝑙𝑠𝑡 +   𝐸𝑒𝑥𝑐ℎ +   𝐸𝑖𝑛𝑑 +   𝐸𝑑𝑖𝑠𝑝       (Eq. 1.51) 

 𝐸𝑒𝑙𝑠𝑡 =  𝐸10
𝑒𝑙𝑠𝑡  +  𝐸12

𝑒𝑙𝑠𝑡 +  𝐸13
𝑒𝑙𝑠𝑡     (Eq. 1.52) 

 𝐸𝑒𝑥𝑐ℎ =   𝐸10
𝑒𝑥𝑐ℎ +    𝐸11

𝑒𝑥𝑐ℎ +   𝐸12
𝑒𝑥𝑐ℎ    (Eq. 1.53) 

 𝐸𝑖𝑛𝑑 =  𝐸20
𝑖𝑛𝑑 +  𝐸20

𝑒𝑥𝑐ℎ−𝑖𝑛𝑑     (Eq. 1.54) 

 𝐸𝑑𝑖𝑠𝑝 =  𝐸20
𝑑𝑖𝑠𝑝 +   𝐸20

𝑒𝑥𝑐ℎ−𝑑𝑖𝑠𝑝 +   𝐸21
𝑑𝑖𝑠𝑝 +  𝐸22

𝑑𝑖𝑠𝑝   (Eq. 1.55) 

where, superscripts n and l of 𝐸𝑛𝑙 denote the order of perturbation corrections.  𝐸𝑒𝑙𝑠𝑡 (Eq. 

1.52) accounts for the electrostatic interactions of uncorrelated and correlated electric 

multipole moments of monomers.  𝐸𝑒𝑥𝑐ℎ (Eq. 1.53) the term can be interpreted as the effect 

due to the quantum mechanical tunneling of electrons between monomers in an interacted 

system and also the effect of intramonomer correlation on exchange.  𝐸𝑖𝑛𝑑 (Eq. 1.54) 

accounts for the damped interactions between various multipole (permanent and induced) 

moments of monomers and also the additional repulsion because of the coupling of electron 

exchange and the induction interaction.  𝐸𝑑𝑖𝑠𝑝 (Eq. 1.55) accounts the interactions of 

instantaneous electric multipole moments of monomers in an interacted system as well as the 

intramonomer correlation corrections, and also the additional repulsion because of the 

coupling of electron exchange and the dispersion interactions. Additionally, 𝛿𝐸2
𝐻𝐹 the term 

is added to  𝐸𝑖𝑛𝑡
𝑆𝐴𝑃𝑇, which accounts for the approximate third and higher-order exchange and 

induction effects via HF calculation and this will improve the  𝐸𝑖𝑛𝑡
𝑆𝐴𝑃𝑇 value.     

In SAPT0 calculations, it avoids all the intramonomer correlation terms, which speeds 

up the computation.177 Therefore, components of interaction energy calculated by SAPT0 can 

be expressed as follows,              

 𝐸𝑖𝑛𝑡
𝑆𝐴𝑃𝑇0 =  𝐸10

𝑒𝑙𝑠𝑡 + 𝐸10
𝑒𝑥𝑐ℎ + 𝐸20

𝑖𝑛𝑑 + 𝐸20
𝑒𝑥𝑐ℎ−𝑖𝑛𝑑 + 𝐸20

𝑑𝑖𝑠𝑝 + 𝐸20
𝑒𝑥𝑐ℎ−𝑑𝑖𝑠𝑝 + 𝛿𝐸2

𝐻𝐹 

  (Eq. 1.56) 

On the other hand, the main energy components contributed to the energy of a 

chemical bond is calculated by EDA is as follows. 172  

 𝐸𝑖𝑛𝑡
𝐸𝐷𝐴 =   𝐸𝑒𝑙𝑠𝑡 +  𝐸𝑝𝑎𝑢𝑙𝑖 +   𝐸𝑜𝑟𝑏    (Eq. 1.57) 
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The electrostatic term  𝐸𝑒𝑙𝑠𝑡 is usually attractive, Pauli’s term  𝐸𝑝𝑎𝑢𝑙𝑖 is always repulsive and 

the 𝐸𝑜𝑟𝑏 is always attractive. Here, the  𝐸𝑒𝑙𝑠𝑡 accounts for the energy of classical electrostatic 

interaction between the fragments in a molecular system. The  𝐸𝑝𝑎𝑢𝑙𝑖 originates from the 

electron exchange repulsion between fragments based on Pauli’s antisymmetry principle. 

Thus, these two energy component terms are complementary to the  𝐸𝑒𝑙𝑠𝑡 and  𝐸𝑒𝑥𝑐ℎ terms 

described in the SAPT method. Besides, the  𝐸𝑜𝑟𝑏 results from the orbital mixing of 

fragments. The  𝐸𝑜𝑟𝑏 can be further decomposed into different contributions from orbitals, 

which are various irreducible representations Γ of the point group of the molecule. 

 𝐸𝑜𝑟𝑏 =  ∑ 𝛥𝐸ΓΓ      (Eq. 1.58) 

1.15.5 Molecular tailoring approach (MTA)  

MTA is a fragmentation-based method for estimating the energies of individual noncovalent 

interactions in chemical systems.178 This method is proposed by Gadre and co-workers by 

applying the cardinality principle.79 The concept of MTA is how a tailor cuts a large cloth 

into pieces and stitches them together by overlapping the cuts. In MTA, a molecular system is 

divided into different manageable sets of overlapping fragments, on which the calculations 

can be easily performed at any level of theory. Initially, this method was successfully used to 

estimate the intramolecular hydrogen bonding interactions in various molecules.179,180 It is 

now widely used to estimate the energies and cooperativity contribution of individual 

intermolecular interactions in various molecular systems.181–183 These studies show the 

advantages of MTA in estimating the interaction energies in terms of accuracy and 

computational cost. Energetics of individual interactions reveal the binding affinity between 

molecules in their assembly and stabilize the intermediate and transition state during 

chemical reactions. All the individual solute-water interactions are important to understand 

the water-mediated reactions. Besides, cooperativity details are crucial in molecular cluster 

studies for understanding how individual intermolecular interactions affect the characteristics 

of molecular clusters collectively.79 These effects may influence the physical and chemical 

characteristics of clusters. For instance, in hydrogen bonding, the cooperativity can result in 

changes in bond lengths, angles, bond energy and overall molecular conformation.184–186 

Furthermore, these effects are also observed in many biopolymers, including proteins and 

nucleic acids, affecting a large range of biochemical and physiological processes.178 
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Scheme 1.1 Fragmentation scheme for the estimation of energy of hydrogen bond HB5 in a 

representative NO(H2O)4 complex (denoted as M).         

The fragmentation procedure followed in MTA to calculate an individual hydrogen 

bond energy of a representative complex NO(H2O)4 is illustrated in Scheme 1. Herein, four 

water molecules are indicated as W1, W2, W3, and W4. The hydrogen bond denoted by HB5 

is formed by the interaction between the O atom of NO and the H atom of W1. By removing 

W1 and NO from parent NO(H2O)4, respectively, the two primary fragments, F1 and F2, are 

generated. If we virtually place the fragments F1 and F2 together, the geometry of parent 

NO(H2O)4 may be restored. Such virtual geometry of NO(H2O)4 loses out on two things, viz., 

(i) the N ̶ O…H interaction corresponding to HB5 is lost and (ii) the structural part 

corresponding to water trimer (containing W2, W3, and W4), common to both primary 

fragments F1 and F2 is counted twice. In Scheme 1, this common water trimer is represented 

as a secondary fragment F3 (i.e., F1∩F2). Accordingly, the energy of the parent complex (M) 

may be obtained by subtracting the single-point energy of F3 from the sum of the single-point 

energies of F1 and F2. However, this energy of NO(H2O)4 does not include the energy of 

HB5. Therefore, the energy of HB5 is obtained as 𝐸𝐻𝐵5 = (𝐸𝐹1 +  𝐸𝐹2 − 𝐸𝐹3) −  𝐸𝑀, where 

EM is the energy of NO(H2O)4. Furthermore, if we isolate the dimer W1…NO containing 

HB5 bond from the NO(H2O)4, then this dimer lacks cooperativity contribution of other 

HBs/PBs that are present in NO(H2O)4. Note that the geometry of this dimer is the same as 

that in the NO(H2O)4. The interaction energy of such dimer is obtained within the 

supermolecular approach as, 𝐸𝐻𝐵5
𝑑𝑖𝑚𝑒𝑟 = (𝐸𝑊1 + 𝐸𝑁𝑂) − 𝐸𝑊1…𝑁𝑂

𝑑𝑖𝑚𝑒𝑟 , where 𝐸𝑊1, 𝐸𝑁𝑂, and 

𝐸𝑊1…𝑁𝑂
𝑑𝑖𝑚𝑒𝑟  are the energies of W1, NO, and dimer respectively. The difference between EHB5 

and 𝐸𝐻𝐵5
𝑑𝑖𝑚𝑒𝑟 is the cooperativity contribution towards the HB5. From the formalism of the 
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MTA-based method, the positive energy values indicate the stability of a particular 

interaction. The negative values of cooperativity, which is knowns as anti-cooperativity, 

indicating the energy of an interaction in the complex is lower than that of the corresponding 

dimer (isolated from the complex). 

 

1.16 Conclusions  

In Part A of this chapter, a brief overview was presented, emphasizing the significance of 

various forms of NO - ranging from reduced (NO‒ and HNO) to oxidized species (NO+ and 

HONO) - in both atmospheric and biological chemistry. This section also discussed the 

applications of nitroxides and NO-adsorbed metal-loaded zeolites. Furthermore, it sheds light 

on hydrogen bonding (NO∙∙∙H) interactions, examining their presence and relevance within 

NO-water cluster systems, NO‒/HNO/HONO-water cluster systems, nitroxide radical-solvent 

systems, and NO-adsorbed metal-loaded zeolites. Notably, diverse applications of NO∙∙∙H 

interactions were discussed. A deeper investigation into the strength, nature, and influencing 

factors of these NO∙∙∙H interactions is warranted for a comprehensive understanding of their 

applications. In this work, we concentrated on comprehending the strength, nature, and 

influencing factors of NO∙∙∙H interactions within selected chemical systems. 

 Part B of this chapter offered a brief introduction to the theoretical foundations of the 

computational techniques employed in this thesis. It provides a concise account of electronic 

structure methods, including ab initio, semiempirical, and density functional theory. 

Furthermore, it briefly elucidated key theoretical analyses such as molecular electrostatic 

potential (MESP), quantum theory of atoms in molecules (QTAIM), natural bond orbital 

(NBO), energy decomposition (EDA), and molecular tailoring approach (MTA)-based. 
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Chapter 2 

 

 

Quantitative Assessment of Noncovalent Interactions in  

NO(H2O)n=1-4 Complexes  

 

 

 

 

 

 

 

 

 

 



38 
 

2.1 Abstract  

Nitric oxide (NO) plays a vital role in various atmospheric and biological events. Hydration 

of NO is inevitable to describe different reactions that occur during these events. The present 

study is an attempt to investigate the noncovalent interactions in microhydrated networks (up 

to four water molecules) of NO (i.e., NO(H2O)n=1-4) using the MP2/aug-cc-pVTZ//MP2/6-

311++G(d,p) level of theory. The interactions between NO and water have been probed by 

molecular electrostatic potential (MESP), quantum theory of atoms in molecules (QTAIM), 

and natural bond orbital (NBO) analyses. The NO can form hydrogen bonds (HBs; via N- and 

O-atoms of NO, designated as (NO)∙∙∙H interactions) and pnicogen bonds (PBs) with water 

depending on the orientation. The individual energy and cooperativity contributions of HBs 

and PBs present in NO(H2O)n=1-4 complexes are estimated with the help of a molecular 

tailoring approach (MTA) based calculations. The MTA-based analysis revealed that the 

water…water interactions are the strongest in NO(H2O)n complexes, whereas HBs and PBs in 

NO…water interactions are the weakest. Among (NO)∙∙∙H interactions, the HBs formed by 

N- atom (with energies ranging from 0.35 to 2.10 kcal/mol) is stronger than the HBs by O-

atom (energies ranging from −0.10 to 1.09 kcal/mol). The present study quantifies the 

energetics of HBs and PBs and their interplay in microhydrated networks of NO. 

2.2 Introduction  

Nitric oxide (NO) is a fascinating molecule that regulates numerous atmospheric, biological, 

and physiological events.1,2 The interactions of NO with water clusters are highly relevant 

since the hydration of NO is an indispensable process in atmospheric and biological systems. 

Microhydration studies can provide a better understanding of intermolecular interactions in 

hydrated systems at the molecular level.187,188 However, microhydration of NO is not yet 

reported in the literature. It remains a challenge for researchers to conceptually understand 

the interaction of NO with other molecular systems due to its radical character, and often NO 

is considered as a benchmark system for studying the weak interactions shown by open-shell 

species.95,189 Previous studies have addressed the interaction between NO and water within 

the context of hydrogen bonding interactions.106,190 On the other hand, the interaction of NO 

via the N-atom with the O-atom of a water molecule is reported as an electron donor-acceptor 

interaction.105,190 It is obvious that noncovalent interactions other than HBs are present in 

NO(H2O) complexes. Energies and cooperativity details of interactions present between NO 
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and water clusters are beneficial to figuring out the different water-mediated reactions of 

NO.79    

In this study, we aim to investigate the features of interactions between NO and water 

in NO(H2O) complexes with the help of molecular electrostatic potential (MESP), quantum 

theory of atoms in molecules (QTAIM), and natural bond orbital (NBO) analyses. In 

addition, molecular tailoring approach (MTA) based calculations are employed to estimate 

the energies and cooperativity of these noncovalent interactions individually. For the 

microhydration of NO, a stepwise increase in water cluster size (up to 4 water molecules, i.e., 

n = 1–4) is followed because the gradual accumulation of solvent molecules bridges the gap 

between the effect of microsolvation and bulk solvation.191  

2.3 Computational methods 

The structures of all NO(H2O)n=1-4 complexes and their monomers are simulated using the 

MP2/6-311++G(d,p) level of theory with the Gaussian 16 program package.192 For 

optimization, initial structures were modeled according to existing literature data of similar 

molecules and chemical intuitions. A bottom-up approach is also applied for larger clusters, 

e.g., the NO(H2O)3 is modeled by adding one H2O to NO(H2O)2 through different sides.191 

Similarly, the top-down approach also aided in finding any missed configurations of a 

NO(H2O)n complex. In order to achieve the objectives of the study, we have focused on 

configurations having maximum interactions between NO and water. The optimized 

geometries were confirmed as local minima by frequency analysis and noted the absence of 

imaginary frequencies. The Gibbs free energy change (ΔG) associated with the formation of 

the most stable structures of NO(H2O)n=1-4  at 298 K and 1 atm is calculated. 

For improved energetics, single-point calculations are carried out at the MP2 method 

by employing the aug-cc-pVTZ basis set for estimating the binding energy as well as MTA-

based noncovalent interaction energies in all complexes. The MESP, QTAIM, and NBO 

analyses were also performed at the MP2/aug-cc-pVTZ//MP2/6-311++G(d,p) level of theory. 

AIMAll software is used for QTAIM analysis.193 MESP analysis is carried out using 

Multiwfn software,194 and visualized using VMD software.195 NBO analysis is carried out 

using NBO version 3.1 implemented in Gaussian 16 software,196 and the results are 

visualized using Chemcraft software.197 

The binding energy (EBE) of all NO(H2O)n complexes is calculated by supermolecular 

approach using Eq. 2.1, wherein 𝐸𝑁𝑂(𝐻2𝑂)𝑛
, 𝐸𝑁𝑂, and 𝑛𝐸𝐻2𝑂 are the energy of NO(H2O)n 
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complex, the energy of NO molecule, and the energy of a water molecule multiplied by the 

number of water molecules (n) present in that particular complex.  

𝐸𝐵𝐸 =  𝐸𝑁𝑂(𝐻2𝑂)𝑛
− (𝐸𝑁𝑂 + 𝑛𝐸𝐻2𝑂)    (Eq. 2.1) 

2.4 Results and discussion                 

2.4.1 MESP analysis  

The molecular electrostatic potential (MESP) analysis examines the anisotropy in the electron 

density distribution on molecules by mapping the electrostatic potential on an isodensity 

surface of molecules.198–201 Thus, MESP features can be employed to understand the 

interaction sites of molecules.202,203 The electrostatic potential on molecular surfaces (at an 

isodensity value of 0.001 au) of NO and water is shown in Figure 2.1(a). The location of the 

MESP minima (Vmin) and the MESP maxima (Vmax) of monomers can be used to recognize 

the nucleophilic and electrophilic regions, respectively.204 The positions of Vmin and Vmax are 

marked in Figure 2.1. During the complex formation between NO and H2O, there is a change 

in corresponding MESP maxima and minima, and the magnitude of these MESP changes are 

designated as ∆Vmax and ∆Vmin, respectively.205,206  Thus, ∆Vmax = Vmax_iso  ‒ Vmax_com, where 

Vmax_iso and Vmax_com   are Vmax located on a particular site of isolated species and its interacted 

complex, respectively. Similarly, we can define ∆Vmin, and its magnitude is a rough estimate 

of the change in the electron density during the complex formation.  

In the case of H2O, the Vmin values appear around the oxygen atom at −32.2 kcal/mol. 

For NO, the Vmin values are −9.2 and −1.1 kcal/mol observed near the N and O atoms, 

respectively. The electron-rich nature of the oxygen atom of H2O than that of NO is evident 

from the more negative Vmin. MESP topography of NO further reveals that the electron-

deficient regions around the N–O bond axis and are more localized over the N-atom with 

Vmax values of 16.3 kcal/mol. The molecular electrostatic potential surfaces corresponding to 

three possible modes of NO…water interactions are also portrayed in Figure 2.1(b).  

The hydrogen bonding (HB) interactions of NO ((NO)∙∙∙H), through N- (O–N…H) 

and O-atoms (N–O…H) as electron donors with water, are illustrated in Figure 2.1(b). Upon 

complexation with water through N-atom and O-atom, the Vmin values at the interacting sites 

are found to be −2.4 and 3.6 kcal/mol, respectively. The calculated ∆Vmin of interacting atoms 

N and O are 6.8 and 4.7 kcal/mol, respectively. Similarly, for these O–N…H and N–O…H 

interactions, ∆Vmax values on the H atoms of water are 22.0 and 8.7 kcal/mol, respectively. 
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Based on the changes in MESP values, it can be assessed that the HB through the N-atom is 

slightly more stable than through the O-atom. The corresponding EBE values indicate the 

same, which are found to be −1.72 and −0.87 kcal/mol, respectively, for O–N…H and N–

O…H interactions. Previously, Salmi et al. interpreted this with molecular orbitals, the 

greater strength of O–N…H interaction than N–O…H is mainly attributed to the dominant 

contribution of the N-atom to the highest occupied molecular orbital (HOMO) of the NO 

monomer.190 

 

Figure 2.1 Electrostatic potential mapped on isodensity molecular surface (ρ = 0.001 au) of 

(a) monomers, and (b) dimers. The positions of Vmin and Vmax at interacting sites are 

represented by cyan and golden spheres, respectively, and the corresponding values are 

shown in kcal/mol. The color ranges: Blue for negative potential and Red for positive 

potential. 

Besides, the interaction associated with the electron-deficient (Vmax) region on the N-

atom and electron-dense region of water is called a pnicogen bond (PB).207,208 During the 

formation of PB, the Vmax value of 16.3 kcal/mol on the N atom of isolated NO is changed 

into 8.7 kcal/mol; the calculated ∆Vmax value is 7.6 kcal/mol, which is accompanied by a 

change in Vmin on the oxygen atom of H2O from −32.2 to −19.8 kcal/mol (∆Vmin = 12.4 

kcal/mol). These ∆Vmax and ∆Vmin values associated with NO and water indicate a PB 

interaction between NO and water, and the corresponding binding energy (EBE) is −1.39 

kcal/mol. 
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2.4.2 QTAIM analysis 

QTAIM plots of NO-water dimer complexes are displayed in Figure 2.2. The values of 

QTAIM parameters viz. electron density (ρ(r)), Laplacian of electron density (2(r)), and 

the total electron energy density (H(r)) at the bond critical point (bcp) in NO…water 

interactions are shown in Figure 2.2. The ρ(r) value (0.0107 au) for HB through N-atom is 

greater than the ρ(r) value (0.0073 au) of HB through O-atom. This again confirms the 

greater strength of HB formed via N-atom than the O-atom of NO with water. Besides, the 

bond path connecting the N-atom of NO and the O-atom of water is evidence for PB 

interaction between NO and water, with a ρ(r) value of 0.0083 au at the bcp of PB. In 

general, the positive values for ∇2ρ(r) and H(r) parameters for all these noncovalent bonds in 

NO(H2O) complexes suggest that they all are typical closed-shell interactions.   

 

Figure 2.2 The QTAIM molecular graph of NO(H2O) complexes. The QTAIM parameters at 

the bcp (which are shown as small green spheres on each bond path) of intermolecular 

interactions are given in au.   

2.4.3 NBO analysis   

An NBO view of donor-acceptor orbitals involved in the HB/PB interactions of NO(H2O) 

dimers and their stabilization energies (E(2); values greater than 0.1 kcal/mol are considered) 

are displayed in Figure 2.3. For HB interactions via N- and O-atoms of NO, the lone pairs of 

N- (lp(N)) and O-atoms (lp(O)) of NO respectively, interact with the O–H antibonding orbital 

(𝜎𝑂−𝐻
∗ ) of water, wherein the total E(2) energy is calculated to be 1.23 and 0.13 kcal/mol 

respectively. Based on total E(2) energy values, the HB through the N-atom of NO is stronger 

than HB through the O-atom. The interaction associated with lone pairs of oxygen atom of 

water and antibonding (𝜋𝑁−𝑂
∗ ) orbital of the N–O bond has a total stabilization (E(2)) energy 

of 0.67 kcal/mol, which again confirms the PB interaction. 
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Figure 2.3 The donor-acceptor orbitals (isovalue = 0.03 au) involved in hydrogen bonding 

(HB) (via N- and O-atoms of NO) and pnicogen bonding (PB) interactions in NO(H2O) 

complexes. The E(2) energy (in kcal/mol) for these interactions is estimated based on second-

order perturbation theory in NBO analysis. 

2.4.4 Microhydrated complexes of NO (NO(H2O)n=1-4)  

After addressing the possible interactions between NO and H2O in their NO(H2O) dimer 

complexes, we further investigated the microhydration of NO up to four water molecules. 

The NO(H2O)n=1-4 complexes with different isomers are designated according to their cluster 

size (n-value) and the order of stability. The binding energy (EBE) values determine the 

stability order (see Table 2.1); the most stable isomer is indicated with A. The other isomers 

are named B, C, D, etc., based on the decreasing magnitude of EBE. For instance, three 

isomers are present for the NO(H2O)2 complex; the most stable isomer is 2A, followed by 2B 

and 2C, wherein 2C is the least stable isomer. It should be emphasized that we optimized 

several possible configurations of NO(H2O)n complexes; however, a configurational 

sampling of these water complexes was not attempted. In fact, this is not the primary 

objective of our study, and the structures presented here are sufficient to differentiate and 
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quantify the possible noncovalent interactions between NO and water in NO(H2O)n=1-4 

complexes.  

 

Figure 2.4 Optimized geometries of NO(H2O)n=1-4 complexes. The relevant distance of 

noncovalent interactions is given in Å unit.  

The optimized geometries of various isomers of NO(H2O)n complexes for each cluster 

size (n = 1 to 4) are presented in Figure 2.4. The (NO)∙∙∙H HBs (via N- and O-atom of NO) 

and PBs are seen in the complexes with varying cluster sizes. The distances of all the HBs 

and PBs formed by NO are in the range of 2.302 – 3.107 Å and 2.828 – 3.104 Å, 

respectively. In NO(H2O) complexes, the HB through the N-atom of NO with water is the 

most stable isomer (1A), the next stable isomer 1B is interacted with by PB, and the HB 

through the O-atom of NO with water is the least stable isomer. This is in line with the 

strength of intermolecular interactions assessed using QTAIM and NBO analyses. It is worth 

noting that PB and HB via N-atom of NO is observed in all the most stable isomers in each 

category of NO(H2O)n=2-4, i.e., in 2A, 3A, and 4A. This suggests that the N-atom of NO is 
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involved in the noncovalent interactions of energetically preferred configurations of 

NO(H2O)n complexes. Besides, it is worth mentioning that water molecules form a ring (self-

association) in the most stable isomers of NO(H2O)n complexes with cluster sizes three and 

four. Thus, the complexes with self-association of water clusters are the energetically 

preferred configuration in NO(H2O)n=3-4 categories.  

2.4.5 Energetics of noncovalent interactions in NO(H2O)n=1-4 complexes  

As mentioned above, the EBE for various noncovalent bonding, viz. HB through N-atom (1A), 

PB (1B), and HB through O-atom (1C) present in NO(H2O)1 complex are −1.72, −1.39, and 

−0.87 kcal/mol, respectively. We further employed the molecular tailoring approach (MTA)-

based method to estimate the energies of all individual noncovalent interactions in 

NO(H2O)n=1-4 complexes. All these values are displayed in Figure 2.5. In addition, the sum of 

MTA-based energies of all individual noncovalent interactions shown by NO with water 

(designated as ∑𝐸𝑁𝑂…𝐻2𝑂) and the sum of energies of all the individual water…water 

interactions (designated as ∑𝐸𝐻2𝑂…𝐻2𝑂) in NO(H2O)n complexes are presented in Table 2.1 

along with EBE values.  

In dihydrate NO complexes (i.e., NO(H2O)2), three monomers interacted to form a 

cyclic structure, and the EBE values obtained fall in the range of −6.76 to −8.17 kcal/mol. In 

the most stable isomer 2A, the N-atom of NO participates in both HB and PB; the 

∑𝐸𝑁𝑂…𝐻2𝑂 for these interactions is calculated as 3.76 kcal/mol. Similarly, the ∑𝐸𝑁𝑂…𝐻2𝑂 of 

2B is calculated as 2.31 kcal/mol, wherein the interactions of PB and HB through the O-atom 

of NO are observed. Further, 2C shows two HBs through O-atom of NO with a ∑𝐸𝑁𝑂…𝐻2𝑂 of 

1.82 kcal/mol. This again suggests that the energies of HBs through the O-atom of NO are 

weaker than HBs and PBs through the N-atom of NO. The ∑𝐸𝐻2𝑂…𝐻2𝑂 values of 2A, 2B, and 

2C are in a range of 5.21 – 5.33 kcal/mol; this is much higher than that of ∑𝐸𝑁𝑂…𝐻2𝑂 values.  

Among trihydrate NO complexes, i.e., NO(H2O)3, the water cluster forms a cyclic 

trimer in 3A and 3B, whereas a linear form of water trimer is present in 3C. The estimated 

∑𝐸𝐻2𝑂…𝐻2𝑂 values around 21 kcal/mol in the cases of 3A and 3B reveal the exceptional 

stability of cyclic water form compared to the linear form of water (3C), where the 

∑𝐸𝐻2𝑂…𝐻2𝑂 is 9.14 kcal/mol. In contrast to this, the calculated ∑𝐸𝑁𝑂…𝐻2𝑂 values in 3A (1.69 

kcal/mol) and 3B (1.22 kcal/mol) are much lower than that obtained for 3C (4.01 kcal/mol). 

This is attributed to the weaker water…water interactions in linear water trimer that make 
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NO…water interactions much stronger in 3C than other isomers (3A and 3B). Nonetheless, 

the 3C isomer is the least stable among other isomers; the EBE value of 3C (−12.39 kcal/mol) 

is lower by around 6 kcal/mol than 3A (EBE = −18.28 kcal/mol) and 3B (EBE = −18.04 

kcal/mol). 

 

Figure 2.5 Values of all individual interaction energies (in kcal/mol) in NO(H2O)n=1-4 

complexes viz. pnicogen and hydrogen bonding (PB and HB), estimated by MTA.   

 In the case of tetrahydrate NO complexes, the water molecules of 4A and 4B form a 

tetrameric cyclic ring structure. NO interacts with this cyclic ring via HB and PB. The 4A and 

4B are the most stable, with close EBE values, −30.69 and −30.43 kcal/mol, respectively. In 

4C and 4D complexes, the water molecules form a three-membered ring. The NO interacts 

with the three-membered ring via PB and the fourth water molecule through HB. Note that 

the 4C and 4D isomers are less stable, and calculated EBE values are −24.38 and −24.16 

kcal/mol, respectively. This is mainly due to the reason that the cyclic tetramer form of water 

clusters (in 4A and 4B) are more stable (∑𝐸𝐻2𝑂…𝐻2𝑂 values in the order of 32 – 33 kcal/mol) 
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compared to that of 4C and 4D (∑𝐸𝐻2𝑂…𝐻2𝑂  values in the order of 25 – 26 kcal/mol). 

Considering the NO…water interactions in 4A and 4B, the ∑𝐸𝑁𝑂…𝐻2𝑂 is quantified as 1.15 

and 1.06 kcal/mol, respectively, whereas these values in 4C and 4D are calculated to be 3.73 

and 2.64 kcal/mol, respectively. This again suggests that the complexes (4C and 4D) with 

weaker water…water interactions have comparatively stronger NO…water interactions than 

the complexes (4A and 4B) with stronger water…water interactions.  

Table 2.1 Values of binding energies (EBE) calculated by supermolecular approach, and the 

sum of energies of relevant individual interactions estimated by MTA in NO(H2O)n=1-4 

complexes. All energy values are in kcal/mol.        

Structure EBE 

sum of individual interaction 

energies from MTA calculations 

∑𝐸𝑁𝑂…𝐻2𝑂  ∑𝐸𝐻2𝑂…𝐻2𝑂 

1A −1.72 1.76 - 

1B −1.39 1.36 - 

1C −0.87 0.85 - 

2A −8.17 3.76 5.33 

2B −7.13 2.31 5.32 

2C −6.76 1.82 5.21 

3A −18.28 1.69 21.00 

3B −18.04 1.22 20.90 

3C −12.39 4.01 9.14 

4A −30.69 1.15 32.98 

4B −30.43 1.06 33.15 

4C −24.38 3.73 25.45 

4D −24.16 2.64 25.77 

 

In general, the lower range of ∑𝐸𝑁𝑂…𝐻2𝑂 values (from 0.85 to 4.01 kcal/mol) as 

compared to ∑𝐸𝐻2𝑂…𝐻2𝑂 values (range from 5.21 to 33.15 kcal/mol) suggest that the energies 

of NO…water interactions have little contribution towards the stabilization of NO(H2O)n 

complexes. Also, water molecules form cyclic structures mainly by themselves (self-

association), and NO is located on any one side of these rings when the cluster size increases. 

Similar structures of weakly bound complexes can be seen in previous studies of CO(H2O)n, 
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OCS(H2O)n, and CO2(H2O)n.
209–211 For example, the most stable structures reported for the 

CO(H2O)n=1-5 complexes have a similar configuration to the microhydrated network of 

NO(H2O)n=1-4 described here.211 

2.4.6 Cooperativity contributions in NO(H2O)n=2-4 complexes 

The values of cooperativity contributions (𝐸𝐶𝑜𝑜𝑝) along with the energies of all individual 

interactions (𝐸𝐼𝑛𝑡
𝑀𝑇𝐴) in NO(H2O)n=2-4 complexes are presented in Table 2.2. The energies of 

individual interactions calculated in the respective dimers (𝐸𝐷𝑖𝑚𝑒𝑟) isolated from the complex 

are also presented in Table 2.2. The cooperativity contribution is the difference between these 

two energies, i.e., 𝐸𝐼𝑛𝑡
𝑀𝑇𝐴 and 𝐸𝐷𝑖𝑚𝑒𝑟, because the 𝐸𝐷𝑖𝑚𝑒𝑟 lacks the cooperativity contribution 

of other neighboring molecular interactions.  

From Figure 2.5 and Table 2.2, the energies of (NO)∙∙∙H HBs through the N-atom of 

NO with H2O (O–N…H) calculated by MTA-based method fall in the range between 0.35 

and 2.10 kcal/mol, while the corresponding HB energies in the respective isolated dimers fall 

between 0.63 and 1.64 kcal/mol. Hence, the cooperativity contributions towards this O–

N…H interactions range from −0.27 to 0.46 kcal/mol. Similarly, a lower range of energy 

values is found for N–O…H interactions, i.e., from −0.10 to 1.09 kcal/mol; the interaction 

energies in the respective dimers isolated from complexes fall in a range of 0.50 to 0.84 

kcal/mol. Consequently, the cooperativity contributions towards N–O…H interactions fall 

between −0.66 and 0.26 kcal/mol. On the other hand, the energies of PBs present in 

NO(H2O)n=2-4 complexes range between 0.80 and 1.91 kcal/mol, while the corresponding 

energies in the respective dimers isolated from the complex are slightly lower in range (from 

1.03 to 1.43 kcal/mol). The slight difference in the range of these energy values is attributed 

to the modulation in the PB energies by the cooperative network of other HBs present in each 

complex. Accordingly, the cooperativity contributions towards PB range from −0.23 to 0.59 

kcal/mol. The negative values of cooperativity (i.e., anti-cooperativity) indicate that the 

energy of a PB calculated in the complex is lower than that of the corresponding dimer 

(isolated from the complex). In the case of water…water interactions, the individual 

interaction energies obtained by the MTA-based method fall between 4.44 and 8.82 kcal/mol. 

The interaction energy calculated for isolated water…water dimers ranges from 4.21 to 5.06 

kcal/mol. This imparts cooperativity contributions in the range between −0.20 and 3.98 

kcal/mol towards water…water interactions.  
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It is evident from the above discussion that the cooperativity contributions toward 

water networks (water…water interactions) are significant in NO(H2O)n=2-4 complexes, 

whereas the contributions of cooperativity towards interactions of NO with water are 

comparatively less. But more importantly, this is one of the reasons for the lower values of 

∑𝐸𝑁𝑂…𝐻2𝑂 found in NO(H2O)n complexes, as discussed in the previous section. 

Table 2.2 The relevant structural parameters viz. distance (in Å) and bond angle (in degree), 

energy in complex (𝐸𝐼𝑛𝑡
𝑀𝑇𝐴), energy in the dimer (𝐸𝐷𝑖𝑚𝑒𝑟), and cooperativity contribution 

(𝐸𝐶𝑜𝑜𝑝) of all individual interactions in NO(H2O)n=1-4 complexes. All energy values are in 

kcal/mol.    

Complex Interaction 

Labels 

Distance of 

interaction 

Bond 

angle 

𝐸𝐼𝑛𝑡
𝑀𝑇𝐴 

 

𝐸𝐷𝑖𝑚𝑒𝑟 

 

𝐸𝐶𝑜𝑜𝑝 

 

1A HB1 2.360 171 - 1.76 - 

1B PB1 2.872 94 - 1.36 - 

1C HB1 2.395 134 - 0.85 - 

2A HB1 1.946 154 5.33 4.89 0.45 

 HB2 2.381 141 1.99 1.54 0.45 

 PB1 2.940 99 1.77 1.32 0.45 

2B HB1 1.939 165 5.32 5.06 0.26 

 HB2 2.577 125 1.01 0.75 0.26 

 PB1 3.028 84 1.30 1.04 0.26 

2C HB1 1.945 170 5.21 5.06 0.15 

 HB2 2.513 127 0.89 0.74 0.15 

 HB3 3.107 100 0.93 0.79 0.15 

3A HB1 1.952 148 6.87 4.78 2.09 

 HB2 1.924 147 6.98 4.49 2.49 

 HB3 1.909 150 7.15 4.84 2.32 

 HB4 3.050 104 0.58 0.78 -0.19 

 PB1 2.931 97 1.11 1.13 -0.02 

3B HB1 1.889 150 7.45 4.84 2.61 

 HB2 1.948 147 6.63 4.44 2.19 

 HB3 1.941 148 6.82 4.81 2.01 

 HB4 3.082 102 -0.03 0.50 -0.53 

 PB1 3.032 88 1.25 1.36 -0.12 

3C HB1 1.978 179 4.44 4.64 -0.20 

 HB2 2.066 141 4.70 4.59 0.11 

 HB3 2.302 156 2.10 1.64 0.46 

 PB1 2.828 99 1.91 1.32 0.59 

4A HB1 1.784 166 8.36 4.88 3.48 

 HB2 1.787 165 8.25 4.84 3.41 
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 HB3 1.777 166 8.49 4.86 3.63 

 HB4 1.810 165 7.88 4.88 3.01 

 HB5 2.922 110 0.35 0.63 -0.27 

 PB1 3.104 84 0.80 1.03 -0.23 

4B HB1 1.767 167 8.82 4.84 3.98 

 HB2 1.803 165 7.99 4.89 3.10 

 HB3 1.790 166 8.23 4.90 3.33 

 HB4 1.790 166 8.11 4.84 3.27 

 HB5 2.955 108 -0.10 0.56 -0.66 

 PB1 3.053 89 1.16 1.34 -0.19 

4C HB1 1.933 158 5.33 4.55 0.78 

 HB2 2.001 145 6.39 4.46 1.93 

 HB3 1.910 151 7.12 4.83 2.29 

 HB4 1.858 153 6.61 4.80 1.81 

 HB5 2.431 134 1.88 1.50 0.38 

 PB1 2.961 97 1.85 1.39 0.46 

4D HB1 1.933 170 4.64 4.21 0.43 

 HB2 1.861 152 7.29 4.35 2.94 

 HB3 1.874 153 7.41 4.82 2.59 

 HB4 2.055 143 6.43 4.62 1.81 

 HB5 2.363 142 1.09 0.84 0.25 

 PB1 2.877 96 1.54 1.43 0.10 

 

2.4.7 Comparison between (NO)∙∙∙H HBs and PBs in NO(H2O)n=1-4  complexes 

When comparing the (NO)∙∙∙H HBs (formed via N-atom of NO) and PBs in NO(H2O) dimer 

complexes, the (NO)∙∙∙H HB has slightly higher energy (1.76 kcal/mol) than PB (1.36 

kcal/mol), whereas (NO)∙∙∙H HB formed via O-atom of NO has the lowest energy (0.85 

kcal/mol). Further, Figure 2.6 describes the energies and cooperativity contributions of 

(NO)∙∙∙H HBs and PBs in NO(H2O)n=2-4 complexes. Since (NO)∙∙∙H HBs are formed by N- 

and O-atoms of NO, a broader range of energies (from −0.10 to 2.10 kcal/mol) are observed 

for (NO)∙∙∙H HB interactions in Figure 2.6. Herein HBs formed via O-atom have lower range 

of energies (from −0.10 to 1.09 kcal/mol) than the HBs via N-atom of NO (from 0.35 to 2.10 

kcal/mol). In the case of PBs, comparatively shorter range of energies (from 0.80 to 1.91 

kcal/mol) is obtained in NO(H2O)n=2-4 complexes. It is also to be noted that the upper range 

of energy values of HBs and PBs are comparable in NO(H2O)n=2-4 complexes. The 

cooperativity contributions (𝐸𝐶𝑜𝑜𝑝) towards (NO)∙∙∙H HBs and PBs range from −0.66 to 0.46 

kcal/mol and from −0.23 to 0.59 kcal/mol, respectively, also show the same trend.  
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Figure 2.6 Comparison between energies and cooperativity contribution of (NO)∙∙∙H HBs 

and PBs in NO(H2O)n=2-4 complexes.  

2.4.8 Free energy of NO(H2O)n complex formation  

The free energy of formation (ΔG) is a useful parameter for predicting the thermodynamic 

stability of NO(H2O)n complexes. Table 2.3 provides the ΔG values (calculated at 298 K and 

1 atm) of the NO(H2O)n=1-4 complexes. It can be seen that NO(H2O)n=1-4 complexes have 

positive ΔG values ranging from 3.37 to 12.07 kcal/mol. This implies that NO(H2O)n 

complexes are stable only at very low temperatures and pressure, and thus occur in the upper 

atmosphere.4,212 Similar findings were reported for weakly bound complexes like CO2(H2O)n 

and OCS(H2O)n.
209,210 In addition, previous studies have shown that the astronomically 

relevant molecules including NO are adsorbed into dust grains coated with water ice in the 

interstellar medium at low temperature (10 K).213 

Table 2.3 ΔG values (in kcal/mol; at 298 K and 1 atm) of NO(H2O)n=1-4 complexes.    

Complex ΔG 

1A 3.92 

1B 3.37 

1C 4.20 

2A 7.96 

2B 6.71 

2C 7.50 
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3A 7.97 

3B 8.42 

3C 11.33 

4A 7.19 

4B 7.19 

4C 12.07 

4D 11.60 

 

2.5 Conclusions 

In this study, we examined various noncovalent interactions present in NO(H2O)n=1-4 

complexes at the MP2/aug-cc-pVTZ//MP2/6-311++G(d,p) level of theory. The MESP 

analysis revealed the location of the electron-rich and electron-deficient regions of NO. 

Based on this, the (NO)∙∙∙H hydrogen bonding (HB; formed via N- and O-atom of NO) and 

the pnicogen bonding (PB) interactions are discussed in NO(H2O) complexes. Further, 

QTAIM analysis confirmed the HB and PB interactions between NO and water, and NBO 

analysis rendered the orbitals involved in the HB and PB interactions.  

Besides, we applied the MTA-based method to estimate the individual (NO)∙∙∙H HBs 

and PBs in NO…water interactions as well as water…water interactions in NO(H2O)n=1-4 

complexes. The HB formed via N-atom of NO is the strongest interaction between NO and 

water (with an HB energy of 1.76 kcal/mol), followed by PB interaction (1.36 kcal/mol), and 

HB via O-atom of NO (0.85 kcal/mol) is the weakest interaction in NO(H2O) dimer 

complexes. In NO(H2O)n=2-4 complexes, the coexistence of (NO)∙∙∙H HBs and PBs is noted. 

Herein, the energies of (NO)∙∙∙H HBs range between −0.10 and 2.10 kcal/mol, while the 

energies of PBs range between 0.80 and 1.91 kcal/mol. The broader range of (NO)∙∙∙H HB 

energies is owing to the lower energy values of HBs formed via the O-atom of NO (range 

from −0.10 to 1.09 kcal/mol) as compared to the N-atom of NO (range from 0.35 to 2.10 

kcal/mol). Interestingly, the highest HB (2.10 kcal/mol) and PB (1.91 kcal/mol) energies are 

noted in the 3C complex, where NO interacts with a linear water trimer. The weaker 

water…water interactions in the linear form of the water cluster compared to the cyclic form 

might account for the comparatively stronger NO…water interactions (sum of individual 

energies, i.e., ∑𝐸𝑁𝑂…𝐻2𝑂 = 4.01 kcal/mol) observed in 3C. However, in NO(H2O)n=2-4 
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complexes, the energies estimated for the sum of all the NO…water interactions (∑𝐸𝑁𝑂…𝐻2𝑂 

range from 1.06 to 4.01 kcal/mol) show a weaker strength as compared to the sum of all the 

water…water interactions (∑𝐸𝐻2𝑂…𝐻2𝑂 between 5.21 and 33.15 kcal/mol). Comparatively 

lower values of cooperativity contribution found for NO…water (from −0.66 to 0.59 

kcal/mol) than for water…water (between −0.20 and 3.98 kcal/mol) interactions also reveal 

the same. This may be the reason for the ring formation of water clusters (self-association) in 

the most stable isomers of NO(H2O)n=3-4 complexes. Thus, the self-association of water 

molecules is the energetically preferred configuration in NO(H2O)n complexes with cluster 

sizes above three.   

In summary, the present study brings out the interplay of intermolecular hydrogen-, 

and pnicogen-bonding in terms of energetics of these individual interactions present in the 

microhydrated NO complexes. The MTA-based method is indeed useful for this purpose. 

This encourages one to employ the present MTA-based method to understand the 

intermolecular interaction present in the microhydrated structure of other related species. 
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3.1 Abstract:  

Hydration of NO‒ and HNO (reduced species of NO) play important roles in various 

atmospheric and biological events. In this study, we investigate the microhydration of NO‒ 

and HNO (up to four water molecules, n = 1–4) using ab initio method at the MP2/6-

311++G(d,p) level. Molecular electrostatic potential (MESP), quantum theory of atoms in 

molecules (QTAIM), and natural bond orbital (NBO) analyses are used to explore the 

hydrogen bonding (HB) in NO−…water and HNO…water interactions. The energies and 

cooperativity contribution of individual HBs present in the microhydrated clusters of NO− 

and HNO, i.e., NO−(H2O)n=1-4 and HNO(H2O)n=1-4, are examined with the help of molecular 

tailoring approach-based (MTA-based) method. In the case of NO−(H2O) dimer complexes, 

the strength of HB interactions via both N- and O-atoms of NO− with water is comparable (~ 

18 kcal/mol). The addition of water molecules increases the NO−…water interactions in 

NO−(H2O)n complexes, thus increasing the total energies of individual HB interactions 

(∑𝐸𝑁𝑂−…𝐻2𝑂) in the order of 30 – 52 kcal/mol is noted with cluster size from two to four. 

Herein, the individual energies of HBs formed via N- and O-atoms are comparable, with 

energies ranging from 11.34 to 16.56 kcal/mol and from 11.11 to 16.39 kcal/mol, 

respectively. The strength of water…water HB interactions is also seen to increase with the 

increase in the cluster size (∑𝐸𝐻2𝑂…𝐻2𝑂 values range from 0.18 to 25.64 kcal/mol for n = 2 to 

4), which could be explained by the positive values of cooperativity contribution for these 

HBs. On the other hand, HNO can form HB interactions through three of its atoms (H-, N-, 

and O-) with water in their HNO(H2O) dimer complexes. The energies of these HBs are in 

the order of 2 – 5 kcal/mol in their dimers. In HNO(H2O)n=2-4 complexes, the strength of 

HNO…water interactions increased with the increase in cluster size; the total energies of 

individual HB interactions (∑𝐸𝐻𝑁𝑂…𝐻2𝑂) increases up to 18.19 kcal/mol with n=4. Herein, the 

individual energies of HBs formed by N- and O-atoms are in the range of 0.20 – 6.55 

kcal/mol and 0.26 – 5.19 kcal/mol, respectively. Whereas, a slightly higher range of 

individual energy values (ranging from 3.11 to 7.24 kcal/mol) are obtained for HBs via H-

atom of HNO. In the case of water…water interactions in HNO(H2O)n=2-4 complexes, which 

is also increased as the cluster size grew. The larger positive values of cooperativity 

contribution (range from −0.70 to 4.38 kcal/mol) obtained for HBs in HNO(H2O)n=2-4 

complexes also reveal the same. On comparing the HBs (formed via N- and O-atoms, i.e., 

(NO)∙∙∙H interactions) of NO−(H2O)n and HNO(H2O)n complexes, the HBs in NO−…water 

interactions are much stronger than the HBs in HNO…water interactions. This implies that 
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NO− is a stronger HB acceptor than the -N=O functionality of HNO, which is attributed to the 

additional charge on NO. The higher binding energy values of NO−(H2O)n complexes than 

HNO(H2O)n complexes also reveal the same. Further, the strong NO−…water interactions 

result in cross-associated HB networks in most stable complexes of NO−(H2O)n=2-4. On the 

other hand, cross-associated HB networks is energetically preferred for HNO(H2O)n 

complexes with n = 2 and 3, but self-association of water molecules is energetically more 

favored with n = 4.        

3.2 Introduction 

Hydrated systems of reduced species of NO (viz. NO‒ and HNO) have been a subject of 

interest in many atmospheric and biological events. Microhydration studies could provide 

vital information about hydrated systems at the molecular level.187,188 Also, the solute-water 

clusters in the gas phase provide a fundamental model for studying the features of various 

intermolecular interactions of bulk-water systems.214 Both NO‒ and HNO can form hydrogen 

bonding (HB) interactions with water, as evidenced by many experimental and theoretical 

studies.108,215 From a fundamental point of view, Eaton et al. recorded the photoelectron 

spectrum of NO−(H2O)2 clusters.107 Inspired by this, several studies have reported the 

formation of an interconnected cyclic network of HBs in NO−(H2O)n complexes with n 

values varying from one to three.108 Similarly, Solimannejad et al. theoretically investigated 

the HNO(H2O)n complexes (n = 1–4) by using ab initio methods.215 They primarily focussed 

on understanding the blue shift of NH...O interactions in nitroxyl-water clusters. However, no 

systematic investigation of the energies and cooperativity contribution of HBs in NO−…water 

and HNO…water interactions in their microhydrated clusters are reported in the literature.  

Insight into the strength and the cooperativity effect of individual HBs in 

microhydrated networks of a solute is indispensable for understanding the water-mediated 

reactions.79 The present study is an attempt to estimate the energies and cooperativity of HBs 

present in the microhydrated complexes of NO‒ and HNO with the help of molecular 

tailoring approach (MTA) based calculations. This work also investigates the features of HBs 

in NO−…water and HNO…water interactions using molecular electrostatic potential (MESP), 

quantum theory of atoms in molecules (QTAIM), and natural bond orbital (NBO) analyses. 

Furthermore, an energetic comparison between the HBs formed by charged NO− with water 

clusters and neutral HNO with water clusters is also included in this study.    
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3.3 Computational methods 

The structures of all NO‒(H2O)n=1-4 and HNO(H2O)n=1-4 complexes were simulated using 

MP2/6-311++G(d,p) level of theory with Gaussian 16 program package.192 For optimization, 

initial structures were modeled according to existing literature data of similar molecules and 

chemical intuitions. For larger clusters, a bottom-up approach is also applied, e.g. the NO‒ 

(H2O)3 is modeled by adding one H2O to NO‒(H2O)2 through different sides. Similarly, the 

top-down approach also aided in finding any missed configurations of complexes. The 

optimized geometries were confirmed as local minima by frequency analysis due to the 

absence of imaginary frequencies. Further, the Gibbs free energy change (ΔG) associated 

with the formation of the most stable structures of NO‒(H2O)n=1-4 and HNO(H2O)n=1-4 at 298 

K and 1 atm pressure is calculated. 

For improved energetics, single-point calculations are carried out at the MP2 method 

by employing the aug-cc-pVTZ basis set for estimating the binding energy and MTA-based 

HB energies of all complexes. The MESP, QTAIM, and NBO analyses were also performed 

at the MP2/aug-cc-pVTZ//MP2/6-311++G(d,p) level of theory. AIMAll software is used for 

QTAIM analysis.193 MESP analysis is carried out using Multiwfn software,194 and visualized 

using VMD software.195 NBO analysis is carried out using NBO version 3.1 implemented in 

Gaussian 16 software,196 and the results are visualized using Chemcraft software.197 

The binding energy (𝐸𝐵𝐸) of NO‒(H2O)n and HNO(H2O)n clusters is calculated by the 

supermolecular approach using Eq. 3.1.202,216  

𝐸𝐵𝐸 =  𝐸𝑐𝑙𝑢𝑠𝑡𝑒𝑟 − (𝐸𝑁𝑂‒/𝐻𝑁𝑂 + 𝑛𝐸𝐻2𝑂)     (Eq. 3.1) 

In Eq. 3.1, the terms 𝐸𝑐𝑙𝑢𝑠𝑡𝑒𝑟, 𝐸𝑁𝑂‒/𝐻𝑁𝑂, and 𝐸𝐻2𝑂 denote the total energy of the NO
‒
(H2O)n 

or HNO(H2O)n cluster, the energy of the NO
‒
 or HNO monomers, and the energy of a water 

monomer multiplied by the number of water molecules (n) in a given cluster under 

consideration. 

3.4 Results and discussions 

As mentioned in previous studies, both NO‒ and HNO interact with water through hydrogen 

bonds (HBs). The following sections discuss the various HBs present in the monohydrate 

complexes of NO‒ and HNO (i.e., NO‒(H2O)1 and HNO(H2O)1, respectively) based on 

MESP, QTAIM, and NBO analyses. Further, the energies and cooperativity contribution of 
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all individual HBs in the microhydrated complexes of NO‒ and HNO are discussed (i.e., 

NO‒(H2O)n and HNO(H2O)n with n = 1 to 4) in the later sections. A comparison of HBs in 

these microhydrated complexes of NO‒ and HNO are offered in the final section.  

For the sake of simplicity, the NO‒(H2O)n complexes with different isomers are 

designated according to their cluster size (n-value) and the order of stability. The 𝐸𝐵𝐸 values 

determine the stability order; the most stable isomer is indicated with A‒. The other isomers 

are named B‒, C‒, D‒, etc., based on the decreasing magnitude of 𝐸𝐵𝐸 (see Table 3.1). For 

instance, the most stable isomer of NO‒(H2O)2 complex is named as 2A‒, and other isomers 

are 2B‒, 2C‒, etc., depending on their decreasing stability. Similarly, the HNO(H2O)n 

complexes with different isomers are designated according to their cluster size (n-value) and 

the order of stability. The most stable isomer is indicated with AH and the other isomers are 

named BH, CH, DH, etc., based on the decreasing magnitude of 𝐸𝐵𝐸 (see Table 3.3). For 

instance, the most stable isomer of the HNO(H2O)2 complex is named 2AH, and other 

isomers are 2BH, 2CH, 2DH, etc., depending on their decreasing stability.  

3.4.1 MESP analysis 

MESP features can be employed to understand the interaction sites of molecules.202,203 The 

electrostatic potential on molecular surfaces (at an isodensity value of 0.001 au) of NO‒, 

HNO and water is shown in Figure 3.1(a). The Vmin sites are located as a cylindrical belt 

around the π-bond of N–O, and the corresponding value is −147.9 kcal/mol. The two other 

Vmin sites are along the N–O bond axis near N (−143.9 kcal/mol) and O-atoms (−137.8 

kcal/mol). In the case of HNO, Vmin sites are located near N- and O-atoms and a Vmax site is 

located near the H-atom, implying that HNO can act as both HB acceptor and donor, 

respectively.   

In NO−(H2O) complexes (see Figure 3.1(b)), a reduction in these Vmin values is noted 

when NO− interacts with H2O. The Vmin site near the O-atom disappears when NO− interacts 

via O-atom with H2O in 1A−, concomitantly the Vmin value around the N–O bond is reduced 

from −147.9 to −131.8 kcal/mol. In 1B−, the HB formed through the N-atom of NO− reduces 

the Vmin value near the N-atom from −143.9 to −132.5 kcal/mol.   

For HNO(H2O) complexes (see Figure 3.1(c)), a reduction in Vmax value near the H-

atom of HNO is observed (from 32.5 to 19.1 kcal/mol) due to HB interaction with water in 

1AH, implying that HNO acts as HB donor in this interaction. On the other hand, Vmin sites 
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near N- and O-atoms of HNO disappear when these atoms interact with water in 1BH and 

1CH, respectively, indicating that HNO acts as HB acceptor in these complexes.  

 

Figure 3.1 Electrostatic potential mapped on isodensity molecular surface (at 0.001 au) of 

monomers and dimers. (a) monomers, (b) NO−(H2O) dimers, and (c) HNO(H2O) dimers. The 

positions of Vmin and Vmax at interacting sites are represented by cyan and golden spheres, 

respectively, and the corresponding values are shown in kcal/mol. The color ranges: blue for 

negative potential and red for positive potential.  

3.4.2 QTAIM analysis  

QTAIM plots of NO‒(H2O) and HNO(H2O)dimer complexes are displayed in Figure 3.2. In 

NO‒(H2O) complexes, the electron density (ρ(r)) value at the bcp (0.0399 au) of HB formed 

via O-atom of NO‒ with water (in 1A−) is comparable to that of ρ(r) (0.0396 au) value at bcp 

of HB formed via N-atom of NO‒ (in 1B−). Further, the positive Laplacian of electron density 

(∇2ρ(r)) values and negative total electron energy density (H(r)) values for these HBs in 
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NO‒(H2O) complexes suggest that they show a mix of closed-shell and shared type 

interactions.   

 

Figure 3.2 The QTAIM molecular graphs of NO‒(H2O) and HNO(H2O) complexes. The 

QTAIM parameters at bcp (which is shown as small green spheres on each bond path) of 

intermolecular interactions are given in au. 

For HNO(H2O) dimer 1AH, two bond paths are present between HNO and water, one 

is the H-atom of HNO with the O-atom of water, and the other one via the O-atom of HNO 

with the O-atom of water. However, the latter bond path is misleading in the context of 

shortest intermolecular contacts, because an HB interaction is expected for the O-atom of 

HNO with the H-atom of water. Similar, misleading bond paths are reported in the literature 

for QTAIM studies.217,218 The ρ(r) value obtained at the bcp of HB formed via H-atom of 

HNO is 0.0160 au. In 1BH and 1CH, the corresponding bond path for HBs formed via N- 

and O-atoms of HNO with water, respectively, is shown. Herein, comparatively a higher ρ(r) 

value is obtained at bcp of HB via N-atom (0.0197 au) than HB via O-atom of HNO (0.0162 

au). This reveals that the HB formed via the N-atom is stronger than HB via the O-atom of 

HNO. In addition, the positive values for ∇2ρ(r) and H(r) parameters for all of these HBs 

between HNO and water suggest that they are all typical closed-shell interactions.   
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3.4.3 NBO analysis   

An NBO view of donor-acceptor orbitals involved in the HBs of NO‒(H2O) dimers and their 

stabilization energies (E(2); values greater than 0.1 kcal/mol are considered) are displayed in 

Figure 3.3. In 1A− and 1B−, the lone pairs of O- (lp(O)) and N-atoms (lp(N)) of NO‒ 

respectively, interact with the O–H antibonding orbital (𝜎𝑂−𝐻
∗ ) of water. In addition, the N–O 

bonding orbitals (𝜋𝑁−𝑂 & 𝜎𝑁−𝑂) also interact with O–H antibonding orbital (𝜎𝑂−𝐻
∗ ) of water. 

For these interactions, the total E(2) energy is calculated to be 20.73 and 23.83 kcal/mol, for 

HB formed via O- and N-atoms of NO‒,  respectively.  

 
Figure 3.3 The donor-acceptor orbitals (isovalue = 0.03 au) involved in HB interactions via 

O- (1A‒) and N-atoms (1B‒) of NO‒ in NO‒(H2O) complexes. The E(2) energy (in kcal/mol) 

for these interactions is estimated based on second-order perturbation theory in NBO 

analysis. 

Figure 3.4 depicts the donor-acceptor orbitals involved in the HBs in HNO(H2O) 

dimers, as well as the corresponding stabilization energies (E(2); values greater than 0.1 

kcal/mol are considered). For 1AH, the interaction of lone pairs of O-atom (lp(O)) of water 

with the antibonding orbital of the N–H bond (𝜎𝑁−𝐻
∗ ) of HNO is the primary interaction with 

a total E(2) energy of 2.16 kcal/mol. Besides, an overlap of lone pairs of O-atom of HNO with 
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the antibonding orbital (𝜎𝑂−𝐻
∗ ) of water is obtained with a total E(2) value of 0.36 kcal/mol, 

and the N–H bonding orbitals (𝜎𝑁−𝐻) also interact with the O–H antibonding orbital (𝜎𝑂−𝐻
∗ ) 

of water with an E(2) value of 0.26 kcal/mol. Hence, these orbital interactions signify that 

HNO acts as both HB acceptor and donor in 1AH. On the other hand, in 1BH and 1CH, the 

lone pairs of N- and O-atoms of HNO, respectively, interact with antibonding orbital (𝜎𝑂−𝐻
∗ ) 

of water (with a total E(2) value of 4.36 and 2.82 kcal/mol, respectively). In addition, the N–H 

bonding orbitals (𝜎𝑁−𝐻) also interact with the O–H antibonding orbital (𝜎𝑂−𝐻
∗ ) of water with 

an E(2) value of 0.12 kcal/mol in 1BH. Therefore, the NBO results show that HNO acts as 

only HB acceptor (electron donor) in 1BH and 1CH complexes.     

 

Figure 3.4 The donor-acceptor orbitals (isovalue = 0.03 au) involved in hydrogen bonding 

(HB) interactions via H-, N- and O-atoms of HNO in HNO(H2O) complexes (1AH, 1BH, and 

1CH). The total E(2) energy for these interactions is estimated based on second-order 

perturbation theory in NBO analysis. 

3.4.4 Energetics of individual HBs in NO−(H2O)n=1-4  complexes  

The optimized geometries of isomers of each NO−(H2O)n=1-4 categories are given in Figure 

3.5. Herein, NO− forms HBs with water molecules via both N- and O-atoms. The relevant 

structural parameters of these HBs are listed in Table 3.2. The HBs distances in NO−…water 
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and water…water interactions are in the range of 1.676 – 2.150 Å and 1.732 – 2.357 Å, 

respectively. A previous study already reported the structures of NO−(H2O)n complexes 

(where n = 1 to 3).108 Figure 3.5 also depicts the energies of all individual HB interactions 

(calculated by MTA) in each NO−(H2O)n=1-4 complex. The total energies of these HBs present 

between NO− and water (∑𝐸𝑁𝑂−…𝐻2𝑂) and in water…water interactions (∑𝐸𝐻2𝑂…𝐻2𝑂) 

obtained from MTA calculations are reported in Table 3.1. As mentioned, 𝐸𝐵𝐸 calculated by 

supermolecular approach are also given in Table 3.1.  

 

Figure 3.5 Values of all individual hydrogen bonding (HB) energies (in kcal/mol) estimated 

by MTA in NO−(H2O)n=1-4 complexes. 
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The 𝐸𝐵𝐸 calculated for the most stable isomers, 1A− and 1B−, are −17.25 and −17.17 

kcal/mol, respectively. This shows that the strength of HB formed by NO− through O- and N-

atom with water is comparable. This is in line with the QTAIM results based on ρ(r) 

parameter. For NO−(H2O)2 complexes, the 𝐸𝐵𝐸 values (range from −32.07 to −33.76 

kcal/mol) are nearly twice that of 𝐸𝐵𝐸  determined for NO−(H2O) complexes. The higher range 

of ∑𝐸𝑁𝑂−…𝐻2𝑂 values (30.09 to 32.02 kcal/mol) may be the reason for the greater 

stabilization of NO−(H2O)2 complexes. The corresponding ∑𝐸𝐻2𝑂…𝐻2𝑂 values are below 2 

kcal/mol.  

In the case of NO−(H2O)3 complexes (𝐸𝐵𝐸 values range from −46.15 to −50.11 

kcal/mol), the ∑𝐸𝑁𝑂−…𝐻2𝑂 values are in the range between 32.03 and 41.30 kcal/mol, 

whereas, the ∑𝐸𝐻2𝑂…𝐻2𝑂 values fall in the range of 3.34 to 7.75 kcal/mol. This higher range 

of ∑𝐸𝑁𝑂−…𝐻2𝑂 values and moderate values of ∑𝐸𝐻2𝑂…𝐻2𝑂 as compared to NO−(H2O)2 

complexes may be the reason for greater stabilization of NO−(H2O)3 complexes.  

For NO−(H2O)4 complexes (𝐸𝐵𝐸 values fall between −57.37 and −63.87 kcal/mol), the 

∑𝐸𝑁𝑂−…𝐻2𝑂  and ∑𝐸𝐻2𝑂…𝐻2𝑂 values range from 31.15 to 51.53 kcal/mol and from 2.23 to 

25.64 kcal/mol. Herein, the highest ∑𝐸𝑁𝑂−…𝐻2𝑂 value (51.53 kcal/mol) obtained for 4E− 

reveals strong NO−…water interactions pertained in this complex, while the lowest 

∑𝐸𝑁𝑂−…𝐻2𝑂 (31.15 kcal/mol) is obtained for 4F−. Conversely, the lowest ∑𝐸𝐻2𝑂…𝐻2𝑂 value 

(2.23 kcal/mol) is calculated for 4E−, wherein the water dimers stayed apart on each side of 

NO− could explain the weaker water…water interactions observed in this complex. The 

higher ∑𝐸𝐻2𝑂…𝐻2𝑂 value (25.64 kcal/mol) is attributed to the strong water…water interactions 

present in the cyclic water tetramer in 4F−. In comparison to the energetics of these less 

stable complexes, the more stable complexes 4A− to 4D− have moderate values of 

∑𝐸𝑁𝑂−…𝐻2𝑂 (range of 39.52 to 41.07 kcal/mol) and ∑𝐸𝐻2𝑂…𝐻2𝑂  (range of 11.44 to 14.73 

kcal/mol). It should be noted that ∑𝐸𝑁𝑂−…𝐻2𝑂 values of more stable complexes of NO−(H2O)4 

complexes are in similar range of ∑𝐸𝑁𝑂−…𝐻2𝑂 values obtained for more stable complexes of 

NO−(H2O)3.  

Overall, the individual energies of HBs formed via N- and O-atoms are comparable in 

NO−(H2O)n complexes, with energies ranging from 11.34 to 16.56 kcal/mol and from 11.11 to 

16.39 kcal/mol, respectively. The strength of interactions between NO− and H2O increases 

(i.e., ∑𝐸𝑁𝑂−…𝐻2𝑂 values) in NO−(H2O)n complexes with increasing n value. The water…water 
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interactions also strengthen when the water cluster size increases from two to four. The 

strong NO−…water interactions produce cross-associated HB networks in NO−(H2O)n 

clusters. Thus, NO− forms cyclic or cage-like structures with water clusters in stable 

complexes of NO−(H2O)n=2-4. Similarly, microhydration of halides and OCS anions revealed 

cage-like HB networks with water clusters of size three and above.191,219,220  

Table 3.1 Values of binding energies (𝐸𝐵𝐸) calculated by supermolecular approach, and the 

sum of energies of relevant individual interactions estimated by MTA in NO−(H2O)n=1-4 

complexes. All energy values are in kcal/mol. 

 

Structure 

 

𝐸𝐵𝐸 

Sum of individual interaction 

energies from MTA calculations 

∑𝐸𝑁𝑂−…𝐻2𝑂 ∑𝐸𝐻2𝑂…𝐻2𝑂 

1A− −17.25 17.97 - 

1B− −17.17 17.91 - 

2A− −33.76 30.91 1.08 

2B− −33.30 30.09 0.93 

2C− −32.81 31.64 0.18 

2D− −32.25 30.84 0.20 

2E− −32.07 32.02 - 

3A− −50.11 40.25 5.16 

3B−
  −49.71 39.69 5.86 

3C− −48.16 40.96 3.34 

3D− −47.95 41.30 3.51 

3E− −47.23 33.01 7.75 

3F− −46.15 32.03 7.70 

4A− −63.87 40.65 14.72 

4B− −63.65 40.63 14.73 

4C− −62.08 39.52 14.59 

4D− −61.98 41.07 11.44 

4E− −58.04 51.53 2.23 

4F− −57.37 31.15 25.64 

   

The cooperativity contribution towards each of the HBs present in NO−(H2O)n=2-4 

complexes are reported in Table 3.2. As one can be seen from Figure 3.5 and Table 3.2, the 

energies of HBs formed between NO− and water are in the range from 11.34 to 16.56 

kcal/mol and from 11.11 to 16.39 kcal/mol for HBs formed via N- and O-atoms, respectively. 

The energies of HBs calculated for corresponding dimers isolated from complexes are found 

to be in the range from 15.18 to 17.60 kcal/mol and from 14.42 to 17.60 kcal/mol for HBs 
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formed via N- and O-atoms, respectively. Clearly, the range of energy values determined for 

HBs within the complexes is lower than the range of energy values calculated for 

corresponding HBs in isolated dimers. The difference in these two energy values of each HB 

is quantified as cooperativity contribution, which ranges from −0.99 to −4.33 kcal/mol and 

from −0.90 to −4.34 kcal/mol towards HBs formed through N- and O-atom, respectively.  

The negative and positive cooperativity contributions are noted for HBs of 

water…water interactions in NO−(H2O)n=2-4 complexes, i.e., lies in the range of −1.63 to 5.28 

kcal/mol. It is worth mentioning that the complexes containing smaller water clusters (i.e., n 

= 2 – 3) have negative or close to zero values of cooperativity contributions towards 

water…water interactions. However, in the larger water clusters, i.e., NO−(H2O)n=4, primarily 

positive cooperativity contributions are found toward water…water interactions. 

Table 3.2 The relevant structural parameters viz. distance (in Å) and bond angle (in degree), 

energy in complex (𝐸𝐼𝑛𝑡
𝑀𝑇𝐴), energy in dimer (𝐸𝐷𝑖𝑚𝑒𝑟), and cooperativity contribution (𝐸𝐶𝑜𝑜𝑝) 

of all individual HBs in NO−(H2O)n=1-4 complexes. All energy values are in kcal/mol. 

Complex Interaction 

Labels 

Distance of 

interaction 

Bond 

angle 
𝐸𝐼𝑛𝑡

𝑀𝑇𝐴 

 
𝐸𝐷𝑖𝑚𝑒𝑟 

 

𝐸𝐶𝑜𝑜𝑝 

 

1A− HB1 1.761 167 - 17.97 - 

1B− HB1 1.825 162 - 17.91 - 

2A− HB1 2.113 153 1.08 2.53 −1.45 

 HB2 1.741 171 15.83 17.27 −1.45 

 HB3 1.965 163 15.08 16.53 −1.45 

2B− HB1 2.156 152 0.93 2.56 −1.63 

 HB2 1.695 173 15.07 16.71 −1.63 

 HB3 2.024 160 15.02 16.65 −1.63 

2C− HB1 2.265 140 0.18 1.30 −1.12 

 HB2 1.765 169 16.47 17.59 −1.12 

 HB3 2.009 156 15.17 16.29 −1.12 

2D− HB1 2.291 139 0.20 1.29 −1.09 

 HB2 1.726 168 16.30 17.39 −1.09 

 HB3 1.926 154 14.54 15.63 −1.09 

2E− HB1 1.883 161 16.01 17.60 −1.58 

 HB2 1.815 166 16.01 17.60 −1.58 

3A− HB1 2.197 146 2.00 2.51 −0.51 

 HB2 2.305 135 1.29 1.38 −0.09 

 HB3 2.207 145 1.87 2.24 −0.38 

 HB4 1.890 162 13.25 16.05 −2.80 

 HB5 1.940 157 13.34 15.85 −2.51 

 HB6 2.002 156 13.66  16.04 −2.38 
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3B− HB1 2.238 144 2.25 2.45 −0.21 

 HB2 2.158 146 2.10 2.34 −0.24 

 HB3 2.280 137 1.51 1.52 −0.01 

 HB4 1.892 156 12.60 15.17 −2.58 

 HB5 1.953 155 13.61 16.22 −2.61 

 HB6 1.922 159 13.48 16.29 −2.80 

3C− HB1 2.217 151 1.64 2.35 −0.71 

 HB2 2.132 150 1.70 2.50 −0.80 

 HB3 1.794 165 14.22 16.65 −2.43 

 HB4 1.948 160 13.29 15.69 −2.40 

 HB5 2.082 157 13.45 15.79 −2.34 

3D− HB1 2.205 150 1.88 2.40 −0.52 

 HB2 2.186 148 1.63 2.34 −0.70 

 HB3 1.767 166 14.08 16.44 −2.36 

 HB4 2.007 157 13.46 15.75 −2.29 

 HB5 1.974 158 13.76 15.94 −2.17 

3E− HB1 1.994 166 3.86 3.81 0.05 

 HB2 1.992 167 3.89 3.83 0.06 

 HB3 1.767 170 16.45 17.44 −0.99 

 HB4 1.770 172 16.56 17.55 −0.99 

3F− HB1 2.002 167 3.85 3.75 0.10 

 HB2 2.003 167 3.85 3.79 0.07 

 HB3 1.694 169 15.64 16.59 −0.95 

 HB4 1.701 171 16.39 17.29 −0.90 

4A− HB1 2.237 139 2.01 2.09 −0.09 

 HB2 2.087 156 3.60 3.36 0.23 

 HB3 2.032 154 4.56 3.56 1.00 

 HB4 1.938 166 4.55 3.78 0.77 

 HB5 1.933 160 13.99 16.61 −2.62 

 HB6 1.929 167 11.11 15.45 −4.34 

 HB7 1.764 168 15.55 17.30 −1.75 

4B− HB1 2.199 141 2.09 2.16 −0.06 

 HB2 2.117 155 3.50 3.31 0.19 

 HB3 2.031 155 4.64 3.56 1.08 

 HB4 1.952 166 4.50 3.74 0.76 

 HB5 1.873 162 13.99 16.58 −2.60 

 HB6 1.986 164 11.34 15.67 −4.33 

 HB7 1.734 168 15.30 17.10 −1.80 

4C− HB1 2.357 128 1.42 1.23 0.19 

 HB2 2.125 154 3.40 3.14 0.26 

 HB3 2.024 157 4.74 3.76 0.98 

 HB4 1.917 169 5.03 4.06 0.97 

 HB5 1.907 160 13.82 16.32 −2.50 
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 HB6 2.032 161 11.70 15.51 −3.81 

 HB7 1.713 173 14.00 16.08 −2.08 

4D− HB1 1.992 161 4.34 3.67 0.67 

 HB2 2.040 160 3.82 3.81 0.02 

 HB3 2.197 147 1.04 2.50 −1.45 

 HB4 2.139 148 2.24 2.47 −0.23 

 HB5 1.934 156 14.28 15.99 −1.71 

 HB6 1.676 172 14.26 16.19 −1.92 

 HB7 1.997 157 12.53 15.58 −3.05 

4E− HB1 1.802 167 13.63 16.76 −3.13 

 HB2 2.194 145 1.19 1.70 −0.51 

 HB3 2.074 150 11.79 14.42 −2.63 

 HB4 2.150 152 12.39 15.18 −2.79 

 HB5 2.187 144 1.04 1.67 −0.63 

 HB6 1.833 169 13.73 16.93 −3.20 

4F− HB1 1.732 171 9.36 4.08 5.28 

 HB2 2.104 156 3.47 3.61 −0.15 

 HB3 1.749 171 9.20 4.13 5.06 

 HB4 2.064 155 3.61 3.71 −0.10 

 HB5 1.769 169 15.10 16.40 −1.29 

 HB6 1.732 171 16.05 17.11 −1.07 

 

3.4.5 Energetics of individual HBs in HNO(H2O)n=1-4 complexes 

The optimized structures of all HNO(H2O)n=1-4 complexes are displayed in Figure 3.6 and 

Figure 3.7. The HNO(H2O)n complexes with n = 1, 2, and 3 are presented in Figure 3.6, and n 

= 4 is presented in Figure 3.7. The most stable isomers corresponding to different “n” values 

is consistent with the reported lowest energy structures in a previous study.215 The individual 

HB energies of each isomer estimated from MTA are presented in Figure 3.6 and Figure 3.7. 

The sum of MTA-based energies of all HBs present between HNO and water (designated as 

∑𝐸𝐻𝑁𝑂…𝐻2𝑂) and the sum of energies of HBs between water molecules (designated as 

 ∑𝐸𝐻2𝑂…𝐻2𝑂) in HNO(H2O)n complexes are provided in Table 3.3. Moreover, the structural 

parameters of HBs in HNO(H2O)n=1-4 complexes and cooperativity contributions (𝐸𝐶𝑜𝑜𝑝) 

calculated for each HB in HNO(H2O)n=2-4 complexes are presented in Table 3.4. The HB 

distances in HNO(H2O)n=1-4 complexes are in the range of 1.743 – 2.796 Å.  

For HNO monohydrate complexes, the binding energy (𝐸𝐵𝐸) value of the most stable 

isomer 1AH is −5.10 kcal/mol, where the HB interaction is primarily due to the H-atom of 

HNO (HB donor) with water (HB distance is 2.171 Å). It should also be noted that the O-
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atom of HNO (HB acceptor) has a secondary interaction with the H-atom of water (HB 

distance is 2.423 Å). The donor-acceptor orbitals involved in these two types of interactions 

with their stabilization energies are explained in the NBO section above. The HB energy in 

less stable dimeric complexes (1BH and 1CH) is relatively smaller than the most stable 

isomer, the HB formed by N-atom (in 1BH) and O-atom (in 1CH) of HNO have 𝐸𝐵𝐸 values 

−3.91 and −2.93 kcal/mol, respectively (Table 3.3).  

 

Figure 3.6 MTA-based energies of all individual HBs of various isomers in each category of 

HNO(H2O)n=1-3. All energy values are in kcal/mol. 
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Table 3.3 The binding energies (𝐸𝐵𝐸) and the sum of MTA-based energies (kcal/mol) of all 

HBs present between HNO and water (∑𝐸𝐻𝑁𝑂…𝐻2𝑂) and HBs present between water 

molecules ( ∑𝐸𝐻2𝑂…𝐻2𝑂) in HNO(H2O)n=1-4 complexes.  

Structure 𝐸𝐵𝐸 ∑𝐸𝐻𝑁𝑂…𝐻2𝑂  ∑𝐸𝐻2𝑂…𝐻2𝑂 Structure 𝐸𝐵𝐸 ∑𝐸𝐻𝑁𝑂…𝐻2𝑂  ∑𝐸𝐻2𝑂…𝐻2𝑂 

1AH -5.10 5.11 - 3KH -18.28 15.72 6.61 

1BH -3.91 3.93 - 3LH -15.04 9.74 5.96 

1CH -2.93 2.93 - 3MH -14.77 11.59 3.38 

2AH -14.06 11.17 6.64 3NH -13.39 9.00 4.69 

2BH -13.52 10.36 6.28 4AH -34.49 4.51 33.46 

2CH -10.80 5.36 5.68 4BH -33.91 4.17 33.09 

2DH -9.27 9.55 - 4CH -33.53 6.65 29.86 

2EH -9.03 5.09 3.68 4DH -33.39 12.76 24.63 

2FH -8.66 8.93 - 4EH -31.83 9.36 27.10 

2GH -7.45 2.65 4.80 4FH -31.52 4.10 31.74 

3AH -24.02 11.89 15.30 4GH -31.48 9.15 26.79 

3BH -23.43 11.65 15.77 4HH -31.08 3.25 31.26 

3CH -22.08 6.04 20.54 4IH -30.92 10.85 22.66 

3DH -21.25 5.28 20.77 4JH -30.80 2.99 31.71 

3EH -21.25 8.76 14.46 4KH -30.64 13.33 20.73 

3FH -21.01 3.59 20.63 4LH -27.52 15.70 15.26 

3GH -20.16 3.90 20.97 4MH -25.56 9.92 20.78 

3HH -20.09 10.86 13.29 4NH -24.68 15.74 13.50 

3IH -19.41 3.02 20.91 4OH -24.12 16.78 11.72 

3JH -19.35 11.86 11.54 4PH -23.40 18.19 9.93 

 

In the case of HNO(H2O)2 complexes, the calculated 𝐸𝐵𝐸 values are in a range from 

−7.45 to −14.06 kcal/mol. Out of the seven different isomers obtained, the more stable 

structures 2AH and 2BH (with 𝐸𝐵𝐸 values −14.06 and −13.52 kcal/mol, respectively) 

corresponds to a closed trimeric ring structure. Apart from the water…water HB interaction, 

the HBs formed by HNO are through H- and O-atoms in 2AH, and H- and N-atoms in 2BH. 

The ∑𝐸𝐻𝑁𝑂…𝐻2𝑂 and  ∑𝐸𝐻2𝑂…𝐻2𝑂 values of these HBs are in the order of 10 – 11 kcal/mol 

and 6 – 7 kcal/mol, respectively, and the cooperativity contribution (𝐸𝐶𝑜𝑜𝑝) towards these 

HBs is found to be in the order of 1 – 2 kcal/mol. The higher range of these energy values in 

comparison to the remaining isomers could explain the increased stability of 2AH and 2BH. 

The other trimeric ring configuration is present in 2EH, wherein N- and O-atoms of HNO 

participated in HBs (HNO as HB acceptor) with water molecules. A lower ∑𝐸𝐻𝑁𝑂…𝐻2𝑂 value 
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(5.09 kcal/mol) calculated for these HBs, along with a lower  ∑𝐸𝐻2𝑂…𝐻2𝑂 value (3.68 

kcal/mol), indicates that the HNO…water and water…water interactions are weaker in 2EH 

than in 2AH. This might account for the lesser stability of 2EH (with 𝐸𝐵𝐸 = −9.03 kcal/mol) 

compared to 2AH. The remaining complexes (from 2CH to 2GH) have acyclic structures and 

their lower ∑𝐸𝐻𝑁𝑂…𝐻2𝑂 and   ∑𝐸𝐻2𝑂…𝐻2𝑂 values ranging from 2.65 to 9.55 kcal/mol and from 

0.00 to 5.68 kcal/mol, respectively, explain the reduced stability of these complexes (𝐸𝐵𝐸 

values ranging from −7.45 to −10.80 kcal/mol) than 2AH (𝐸𝐵𝐸 = −14.06 kcal/mol). In 

addition, the lower 𝐸𝐶𝑜𝑜𝑝 values noted in these complexes (range from −0.33 to 0.59 

kcal/mol) also reveal the same. It should be noted that in 2CH and 2GH, only one atom of 

HNO is primarily involved in the HB interaction with water, which is H-atom in 2CH (with 

an energy of 5.36 kcal/mol) and O-atom in 2GH (with an energy of 2.65 kcal/mol). This 

suggests that the HB formed by the H-atom of HNO is stronger than the HB formed by the O-

atom of HNO. Furthermore, the negative 𝐸𝐶𝑜𝑜𝑝 values (−0.33 kcal/mol) found for all HBs in 

2GH show that they are anti-cooperative. These anti-cooperative HBs indicate that they are 

weakened by surrounding HBs, and as a result, 2GH is the least stable isomer (with 𝐸𝐵𝐸 = 

−7.45 kcal/mol).     

In various isomers of HNO(H2O)3 complexes, the 𝐸𝐵𝐸 values fall in the range from 

−13.39 to −24.02 kcal/mol. Of the 14 geometries obtained, the majority are four or three-

membered rings except for the least stable 3LH and 3NH complexes. In the more stable 

configurations 3AH and 3BH, the HB energies fall between 5.12 and 8.13 kcal/mol with 

higher cooperativity contribution in the order of 2 – 3 kcal/mol towards these HBs. The small 

energy difference between 3AH and 3BH (with 𝐸𝐵𝐸 values −24.02 and −23.43 kcal/mol, 

respectively) is possibly due to the comparable ∑𝐸𝐻𝑁𝑂…𝐻2𝑂 (~11 kcal/mol) and  ∑𝐸𝐻2𝑂…𝐻2𝑂 

(~15 kcal/mol) values. It is to be noted that the HNO form HBs with water molecules via H- 

and N-atoms in 3AH, while H- and O-atoms of HNO participated in HBs with water 

molecules in 3BH. For the other optimized configurations 3CH to 3NH, the HNO forms HB 

with water via one, two, or three of its atoms. As a result, ∑𝐸𝐻𝑁𝑂…𝐻2𝑂 and  ∑𝐸𝐻2𝑂…𝐻2𝑂 fall in 

a broader range (from 3.02 to 15.72 kcal/mol and 3.38 to 20.97 kcal/mol, respectively), with 

𝐸𝐶𝑜𝑜𝑝 values ranging from −0.43 to 2.96 kcal/mol. It should be noted that the highest 

∑𝐸𝐻𝑁𝑂…𝐻2𝑂 is obtained for 3KH, where all the atoms of HNO participated in HBs with water 

molecules, whereas the highest  ∑𝐸𝐻2𝑂…𝐻2𝑂 is for 3GH with a cyclic water trimer cluster. 

Similar water trimeric rings are found in 3CH, 3DH, 3FH, 3GH, and 3IH; all of these 
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complexes have  ∑𝐸𝐻2𝑂…𝐻2𝑂 values above 20 kcal/mol, but these complexes have a lower 

range of ∑𝐸𝐻𝑁𝑂…𝐻2𝑂 values (from 3.02 to 6.04 kcal/mol). This demonstrates that the self-

association of water molecules weakens HNO…water interaction. Nonetheless, HNO alters 

the formation of cyclic water trimer in the most stable isomers of HNO(H2O)3 category (in 

3AH and 3BH), indicating that cross-association of water clusters with HNO is the 

energetically preferred configuration in HNO(H2O)3 category.   

 

Figure 3.7 MTA-based energies of all individual HBs of HNO(H2O)n=4 complexes. All 

energy values are in kcal/mol. 
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Among the 16 optimized geometries of HNO(H2O)4 complexes, the water molecules 

form a tetrameric ring (self-association) and interact with HNO in 4AH, 4BH, 4CH, 4EH, 

4FH, 4GH, 4HH, and 4JH. As a result, a higher range of  ∑𝐸𝐻2𝑂…𝐻2𝑂 values (range from 

26.79 to 33.46 kcal/mol) obtained for these complexes, whereas ∑𝐸𝐻𝑁𝑂…𝐻2𝑂 ranging from 

2.99 to 9.36 kcal/mol. This indicates that the NO weakly interacted with water molecules due 

to the substantial strength of water...water interactions (with the self-association of water 

molecules). In other optimized configurations of the HNO(H2O)4 category, HNO disrupts the 

formation of water tetrameric rings, and cross-association of water clusters with HNO is 

observed. For 4DH, a five-membered ring structure is formed by HNO and four water 

molecules. The remaining configurations of the HNO(H2O)4 category show fused tetrameric 

(composed of HNO and three water molecules) and trimeric rings (composed of HNO with 

two water molecules or three water molecules). These complexes have higher  ∑𝐸𝐻𝑁𝑂…𝐻2𝑂 

values (ranging from 9.92 to 18.19 kcal/mol) and lower  ∑𝐸𝐻2𝑂…𝐻2𝑂 values (from 9.93 to 

24.63 kcal/mol) than complexes with a water tetrameric ring. More importantly, all the atoms 

of HNO participate in HBs with water molecules in 4KH, 4LH, 4NH, 4OH, and 4PH 

complexes, which account for their higher ∑𝐸𝐻𝑁𝑂…𝐻2𝑂 values (range from 13.33 to 18.19 

kcal/mol). However, the 𝐸𝐵𝐸 values of these complexes varied significantly (from −23.40 to 

−30.64 kcal/mol), which may be due to a considerable drop in their  ∑𝐸𝐻2𝑂…𝐻2𝑂 values (from 

20.73 to 9.93 kcal/mol) because of weakened water…water interactions compared to other 

more stable isomers. Overall, the complexes with self-association of water clusters are the 

energetically preferred configuration in the HNO(H2O)4 category. The slightly higher 𝐸𝐶𝑜𝑜𝑝 

values (ranging between −0.31 and 4.38 kcal/mol) for water…water interactions than 

HNO…water interactions (range from −0.70 to 3.68 kcal/mol) also reveal the same.    

As it is evident from the above discussions, the cyclic structures of HB networks in 

HNO(H2O)n complexes are more stable than the noncyclic structures. In HNO(H2O)2-3 

complexes, the strength and extent of both HNO…water and water…water HB interactions 

determine the most stable isomer. In HNO(H2O)n=4 complexes, the strength and extent of 

water…water HB interactions determine the most stable isomer. In HNO…water interactions, 

the individual energies of HBs formed by N- and O-atoms are in the range of 0.20 – 6.55 

kcal/mol and 0.26 – 5.19 kcal/mol, respectively, which is lower than the individual energy 

values (ranging from 3.11 to 7.24 kcal/mol) obtained for HBs via H-atom of HNO. In 

general, both HBs of HNO…water and water…water interactions are cooperative in 
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HNO(H2O)n=2-4 complexes, and the negative cooperativity contributions towards HBs are not 

common. 

Table 3.4 The relevant structural parameters viz. distance (in Å) and bond angle (in degree), 

energy in complex (𝐸𝐼𝑛𝑡
𝑀𝑇𝐴), energy in dimer (𝐸𝐷𝑖𝑚𝑒𝑟), and cooperativity contribution (𝐸𝐶𝑜𝑜𝑝) 

of all individual HBs in HNO(H2O)n=1-4 complexes. All energy values are in kcal/mol.    

Complex Interaction 

Labels 

Distance of 

interaction 

Bond 

angle 

𝐸𝐼𝑛𝑡
𝑀𝑇𝐴 

 

𝐸𝐷𝑖𝑚𝑒𝑟 

 

𝐸𝐶𝑜𝑜𝑝 

 

1AH HB1 2.17 131 - 5.11 - 

1BH HB1 2.12 166 - 3.93 - 

1CH HB1 2.13 174 - 2.93 - 

2AH HB1 2.02 157 6.02 4.20 1.83 

 HB2 2.07 155 5.15 3.32 1.83 

 HB3 1.88 153 6.64 4.81 1.83 

2BH HB1 2.20 124 5.01 3.56 1.46 

 HB2 2.10 144 5.35 3.89 1.46 

 HB3 1.92 153 6.28 4.83 1.46 

2CH HB1 2.06 140 5.36 4.78 0.59 

 HB2 1.91 178 5.68 5.10 0.59 

2DH HB1 2.09 173 4.39 3.86 0.53 

 HB2 2.03 138 5.16 4.64 0.53 

2EH HB1 2.46 149 2.71 2.88 -0.17 

 HB2 2.17 149 2.38 2.55 -0.17 

 HB3 2.03 161 3.68 3.85 -0.17 

2FH HB1 2.10 136 3.67 3.20 0.48 

 HB2 2.11 169 5.26 4.78 0.48 

2GH HB1 2.17 169 2.65 2.98 -0.33 

 HB2 1.98 174 4.80 5.13 -0.33 

3AH HB1 1.97 162 6.16 3.85 2.31 

 HB2 2.01 147 5.73 3.34 2.40 

 HB3 1.82 168 7.72 4.96 2.76 

 HB4 1.82 167 7.58 4.91 2.68 

3BH HB1 1.80 170 8.13 4.86 3.27 

 HB2 1.81 165 7.64 4.85 2.79 

 HB3 1.98 178 5.12 2.76 2.36 

 HB4 1.95 172 6.53 3.69 2.84 

3CH HB1 1.84 154 7.67 4.71 2.96 

 HB2 1.91 149 6.84 4.44 2.40 

 HB3 2.19 134 6.03 4.10 1.92 

 HB4 2.04 167 4.27 3.55 0.72 

 HB5 2.23 144 1.77 1.62 0.16 

3DH HB1 1.87 153 7.29 4.81 2.47 
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 HB2 1.95 144 6.59 4.45 2.15 

 HB3 1.96 147 6.89 4.87 2.02 

 HB4 2.18 132 5.28 5.15 0.13 

3EH HB1 1.84 172 7.18 5.00 2.18 

 HB2 1.84 172 7.28 5.10 2.18 

 HB3 2.33 101 4.63 3.02 1.61 

 HB4 2.03 152 4.13 2.53 1.61 

3FH HB1 1.85 154 7.65 4.83 2.82 

 HB2 1.95 147 6.51 4.33 2.18 

 HB3 2.05 144 6.47 4.68 1.79 

 HB4 2.40 109 3.39 3.10 0.30 

 HB5 2.80 105 0.20 0.55 -0.35 

3GH HB1 1.99 145 6.62 4.73 1.89 

 HB2 1.94 148 6.72 4.50 2.22 

 HB3 1.85 154 7.63 4.82 2.81 

 HB4 2.11 171 3.90 3.68 0.21 

3HH HB1 1.80 161 7.52 4.79 2.73 

 HB2 1.90 1.78 5.77 5.08 0.69 

 HB3 2.17 148 4.91 3.27 1.64 

 HB4 2.02 159 5.95 4.13 1.82 

3IH HB1 1.97 148 6.66 4.77 1.89 

 HB2 1.94 148 6.75 4.49 2.26 

 HB3 1.86 153 7.50 4.83 2.68 

 HB4 2.09 175 3.02 2.92 0.10 

3JH HB1 1.95 149 6.15 4.83 1.33 

 HB2 1.93 176 5.39 5.10 0.30 

 HB3 1.95 159 6.67 4.01 2.66 

 HB4 2.05 159 5.19 3.38 1.81 

3KH HB1 1.88 153 6.61 4.82 1.79 

 HB2 1.96 157 6.53 3.99 2.53 

 HB3 2.10 175 4.31 3.86 0.46 

 HB4 2.15 150 4.88 3.31 1.57 

3LH HB1 2.11 162 3.97 3.18 0.79 

 HB2 1.99 149 5.77 4.30 1.47 

 HB3 1.89 179 5.96 5.03 0.93 

3MH HB1 2.04 158 3.38 3.61 -0.23 

 HB2 2.39 151 2.97 2.74 0.23 

 HB3 2.05 143 5.32 4.47 0.85 

 HB4 2.09 156 3.30 3.02 0.27 

3NH HB1 2.11 135 5.12 4.81 0.31 

 HB2 2.15 164 3.88 3.83 0.05 

 HB3 1.99 173 4.69 5.13 -0.43 

4AH HB1 1.74 168 9.06 4.67 4.38 



76 
 

 HB2 1.77 165 8.62 4.76 3.85 

 HB3 1.78 165 8.44 4.81 3.63 

 HB4 1.89 161 7.34 4.86 2.48 

 HB5 2.12 166 3.77 3.44 0.33 

 HB6 2.27 141 0.74 1.17 -0.43 

4BH HB1 1.76 168 8.76 4.74 4.02 

 HB2 1.77 166 8.55 4.77 3.78 

 HB3 1.78 165 8.44 4.80 3.64 

 HB4 1.91 161 7.34 4.85 2.48 

 HB5 2.26 134 3.11 2.95 0.16 

 HB6 2.34 129 1.06 1.33 -0.27 

4CH HB1 1.88 158 6.67 4.73 1.94 

 HB2 1.75 161 8.50 4.32 4.19 

 HB3 1.75 164 8.67 4.64 4.03 

 HB4 1.90 157 6.02 4.19 1.82 

 HB5 2.23 149 3.50 3.08 0.42 

 HB6 2.26 137 3.15 2.67 0.48 

4DH HB1 1.77 175 8.23 4.83 3.40 

 HB2 1.77 176 8.35 4.80 3.55 

 HB3 1.78 174 8.05 4.82 3.22 

 HB4 1.92 170 6.55 3.66 2.89 

 HB5 1.92 163 6.21 3.09 3.12 

4EH HB1 2.10 145 2.18 2.42 -0.24 

 HB2 1.98 140 5.71 4.21 1.50 

 HB3 2.13 143 5.53 4.02 1.51 

 HB4 1.80 155 8.19 4.71 3.48 

 HB5 2.18 135 5.49 4.22 1.26 

 HB6 1.99 164 5.74 3.64 2.10 

 HB7 2.03 174 3.62 2.49 1.13 

4FH HB1 1.84 164 7.11 4.50 2.61 

 HB2 1.81 166 7.91 4.89 3.02 

 HB3 1.81 165 7.87 4.46 3.41 

 HB4 1.75 169 8.85 4.73 4.12 

 HB5 2.11 180 4.10 3.84 0.26 

4GH HB1 2.17 141 5.26 3.99 1.27 

 HB2 1.96 142 5.77 4.23 1.53 

 HB3 2.12 145 2.09 2.40 -0.31 

 HB4 2.23 134 5.38 4.12 1.27 

 HB5 1.79 156 8.29 4.74 3.55 

 HB6 2.14 137 4.79 3.09 1.70 

 HB7 2.06 159 4.36 3.01 1.35 

4HH HB1 1.81 164 7.83 4.90 2.93 

 HB2 1.80 167 8.19 4.87 3.32 



77 
 

 HB3 1.79 164 8.19 4.35 3.84 

 HB4 1.82 168 7.05 4.15 2.90 

 HB5 2.78 118 0.26 0.97 -0.70 

 HB6 2.27 147 3.24 3.01 0.23 

4IH HB1 1.96 152 3.44 2.64 0.80 

 HB2 1.91 150 5.43 4.19 1.24 

 HB3 2.23 136 5.82 3.81 2.01 

 HB4 1.76 170 7.97 4.74 3.23 

 HB5 1.94 164 6.10 3.45 2.65 

 HB6 1.97 174 4.75 2.58 2.17 

4JH HB1 1.85 163 7.19 4.56 2.64 

 HB2 1.80 167 8.01 4.91 3.10 

 HB3 1.80 165 7.87 4.42 3.44 

 HB4 1.76 168 8.64 4.73 3.91 

 HB5 2.09 175 2.99 2.95 0.04 

4KH HB1 1.81 170 7.87 4.87 3.01 

 HB2 1.79 168 8.15 4.79 3.36 

 HB3 1.94 155 4.71 3.52 1.19 

 HB4 2.31 134 4.42 2.78 1.64 

 HB5 2.07 131 5.57 3.08 2.49 

 HB6 2.09 149 3.34 2.60 0.74 

4LH HB1 1.82 165 7.24 4.88 2.36 

 HB2 1.79 170 8.02 4.84 3.18 

 HB3 1.89 173 6.94 3.37 3.57 

 HB4 2.02 176 4.50 2.88 1.62 

 HB5 2.09 172 4.26 3.80 0.46 

4MH HB1 1.84 156 7.63 4.74 2.89 

 HB2 1.95 143 6.51 4.41 2.10 

 HB3 2.02 144 6.64 4.78 1.86 

 HB4 2.05 142 5.43 4.51 0.92 

 HB5 2.08 170 4.49 3.86 0.62 

4NH HB1 1.80 161 7.56 4.79 2.77 

 HB2 1.89 179 5.94 5.06 0.88 

 HB3 2.29 142 4.70 3.09 1.60 

 HB4 1.95 159 6.53 3.92 2.60 

 HB5 2.08 179 4.51 3.82 0.69 

4OH HB1 1.95 148 6.08 4.82 1.26 

 HB2 1.91 174 5.64 5.12 0.52 

 HB3 1.88 162 7.24 3.56 3.68 

 HB4 2.13 154 4.98 3.45 1.53 

 HB5 2.08 174 4.56 3.85 0.72 

4PH HB1 1.87 154 6.55 4.82 1.74 

 HB2 2.20 147 4.97 3.26 1.71 
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 HB3 2.09 156 3.21 2.76 0.44 

 HB4 2.05 159 3.38 3.62 -0.24 

 HB5 2.42 149 3.20 2.94 0.26 

 HB6 1.94 159 6.81 3.94 2.87 

 

3.4.6 Comparison between NO−(H2O)n  and HNO(H2O)n complexes 

The most stable microhydrated complexes of NO− are found as cyclic or cage-like structures, 

which might be due to the strong HBs present between NO− and water. Thus cross-

association is energetically preferred in NO−(H2O)n complexes. Microhydration frameworks 

of HNO show that the cyclic structure formed by HNO and water molecules (cross-

association) is energetically more favorable for small clusters (n = 1–3), whereas self-

association of water molecules is energetically preferred for larger clusters (n = 4) wherein 

HNO interact with a tetrameric water ring. The 𝐸𝐵𝐸 values obtained for NO−(H2O)n  (in a 

range from −17.17 to −63.87 kcal/mol) and HNO(H2O)n (ranging between −2.93 and −33.91 

kcal/mol) complexes suggest that microhydrated complexes of NO− are more stable than 

HNO. Figure 3.8 illustrates the higher 𝐸𝐵𝐸 values of the most stable isomers of NO−(H2O)n  

as compared to HNO(H2O)n with various numbers (n = 1 – 4) of water molecules.  

The free energy of the formation (ΔG) is a useful parameter for predicting the 

thermodynamic stability of microhydrated complexes. Table 3.5 provides the ΔG values 

(calculated at 298 K and 1 atm) of the most stable complexes of NO−(H2O)n=1-4 and  

HNO(H2O)n. ΔG values of NO−(H2O)n=1-4 complexes are ranging from −8.97 to −19.90 

kcal/mol. The negative ΔG values indicate that the formation of microhydrated complexes of 

NO− ions is favored at room temperature and pressure, but it does not mean that these clusters 

will be formed in the atmosphere regularly. If the concentrations of the species are 

considered, the concentrations of the clusters would be quite low. It is also to be noted that 

the ΔG values become more negative with the increase in cluster size, which is consistent 

with the generally observed trend of ΔG values of microhydrated complexes of charged 

species.219,221 On the other hand, most stable complexes of HNO(H2O)n have positive ΔG 

values ranging from 4.11 to 6.86 kcal/mol. This implies that neutral HNO water clusters are 

stable only at very low temperatures and pressure, and thus occur in the upper atmosphere. 

Previous studies have shown that the astronomically relevant molecules including HNO are 

adsorbed into dust grains coated with water ice in the interstellar medium at low temperature 

(10 K).213  
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Figure 3.8 A comparison of 𝐸𝐵𝐸 (in kcal/mol) calculated by supermolecular approach of 

most stable isomers of NO−(H2O)n =1-4 and HNO(H2O)n=1-4.  

Table 3.5 ΔG values (in kcal/mol) at 298.15 K and 1 atm of most stable complexes of 

NO−(H2O)n=1-4 (anionic) and  HNO(H2O)n (neutral).  

NO−(H2O)n  complex 

(anionic) 
ΔG 

HNO(H2O)n complex 

(neutral) 
ΔG 

1A− −8.97 1AH 4.11 

2A− −14.14 2AH 6.21 

3A− −17.44 3AH 6.35 

4A− −19.90 4AH 6.86 

 

On comparing the HBs formed via N- and O-atoms ((NO)∙∙∙H interactions) of NO− 

and HNO with water, the topological parameter ρ(r) obtained from QTAIM analysis (see 

Figure 3.2), as well as the E(2) energy estimated for orbitals overlap in NBO analysis suggest 

that the (NO)∙∙∙H HBs in NO−…water is much stronger than in the HNO…water interactions 

(see Figure 3.3 and Figure 3.4). Further, the MTA-based energies of the individual (NO)∙∙∙H 

HBs present in NO−(H2O)n=1-4 and HNO(H2O)n=1-4 complexes fall in the range of 11.11 – 

16.56 kcal/mol and 0.20 – 6.55 kcal/mol, respectively (see Table 3.2 and Table 3.4). This also 

reveals that the (NO)∙∙∙H HBs of NO− are much stronger than those in HNO…water 

interactions. However, negative values of cooperativity contribution (𝐸𝐶𝑜𝑜𝑝) are obtained for 

(NO)∙∙∙H HBs of NO−(H2O)n=2-4 complexes (ranging between −0.90 and −4.34 kcal/mol). 

This indicates that HBs in NO−…water interactions are less stabilized in the complex than in 

their isolated dimer. For (NO)∙∙∙H HBs of HNO in HNO(H2O)n=2-4 complexes, 𝐸𝐶𝑜𝑜𝑝 values 
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ranging between −0.70 and 3.68 kcal/mol, this shows that the HBs in HNO…water 

interactions are more stabilized in the complex than in their isolated dimer.  

3.5 Conclusions  

In this study, we examined the HBs present in NO−…water as well as in HNO…water 

interactions with the help of MESP, QTAIM, and NBO analyses. The electron donor (HB 

acceptor) sites on NO− and HB donor as well as HB acceptor sites on HNO are identified with 

MESP analysis. QTAIM molecular graphs revealed that the HBs in NO−…water interactions 

are much stronger than HBs in HNO…water interactions. The orbitals involved in different 

HBs in NO−…water and HNO…water interactions are demonstrated by NBO analysis.  

Further, we investigated the energies and cooperativity contributions of all HBs in the 

microhydrated networks of NO− and HNO, i.e., NO−(H2O)n=1-4 and HNO(H2O)n=1-4, 

respectively, with the help of MTA-based calculations. In NO−(H2O)n=1-4 complexes, the 

individual energies of HBs formed via N- and O-atoms are comparable, with energies ranging 

from 11.34 to 16.56 kcal/mol and from 11.11 to 16.39 kcal/mol, respectively. The strength of 

NO−…water interactions (total energies of individual HBs, i.e., ∑𝐸𝑁𝑂−…𝐻2𝑂) show an 

increase in NO−(H2O)n complexes with an increase in cluster size from one to four 

(∑𝐸𝑁𝑂−…𝐻2𝑂 increased from 17.91 to 51.53 kcal/mol). These strong NO−…water interactions 

result in cross-associated HB networks in NO−(H2O)n=2-4 complexes. However, the negative 

𝐸𝐶𝑜𝑜𝑝 values (anti-cooperativity) obtained for HBs (range between −0.70 and −3.68 

kcal/mol) in NO−…water interactions of NO−(H2O)n=2-4 complexes indicate that they are less 

stabilized in the complex than in their isolated dimer. Though HBs in the NO−…water 

interactions are much stronger than that of HNO…water interactions. Further, the HBs in 

water…water interactions in NO−(H2O)n complexes show anti-cooperativity in complexes 

with smaller cluster sizes (n = 2 – 3), whereas they are primarily cooperative with larger 

water clusters (n = 4).    

Among the three possible interactions of HNO (via H-, N-, and O-atoms) with a 

single water molecule, the HB energies are in the order of 2 – 5 kcal/mol. In HNO(H2O)n=2-4 

complexes, the HBs via H-atom have an energy range of 3.11 – 7.24 kcal/mol, while the 

energies of HBs formed via N- and O-atoms are in the range of 0.20 – 6.55 kcal/mol and 0.26 

– 5.19 kcal/mol, respectively. Herein, the highest HB energy values of 7.24 kcal/mol (via H-

atom) and 6.55 kcal/mol (via N-atom) are obtained for HNO(H2O)n complexes with cluster 

size four. The higher HB energies noted with increased water cluster size in HNO(H2O)n 
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complexes emphasize the strengthening of HNO…water interactions with increased cluster 

size. However, a significant ∑𝐸𝐻2𝑂…𝐻2𝑂 value (33.46 kcal/mol) in comparison to ∑𝐸𝐻𝑁𝑂…𝐻2𝑂 

(4.51 kcal/mol) is obtained for the most stable isomer in HNO(H2O)n=4 category. Hence, the 

self-association of water molecules is energetically more favored for n = 4, whereas, cross-

associated HB networks is energetically preferred for HNO(H2O)n complexes with n = 2 and 

3. In general, the strength of both HNO…water and water…water interactions increased with 

an increase in cluster size. The larger positive values of cooperativity contribution (range 

from −0.70 to 4.38 kcal/mol) obtained for HBs in HNO(H2O)n=2-4 complexes also reveal the 

same. 

When comparing the HBs formed via N- and O-atoms (i.e., (NO)∙∙∙H HBs) in 

NO−(H2O)n and HNO(H2O)n complexes, the (NO)∙∙∙H HBs of NO− (with energies in the range 

of 11.11 – 16.56 kcal/mol) are much stronger than those in HNO…water interactions 

(energies ranging from 0.20 to 6.55 kcal/mol). This implies that NO− is a stronger HB 

acceptor than HNO’s -N=O functionality due to the additional charge on NO. Overall, it 

appears that the microhydrated complexes of NO− are more stable than the HNO since the 

binding energy values of NO−(H2O)n complexes (which range from −17.17 to −63.87 

kcal/mol) are higher than those of HNO(H2O)n complexes (ranging between −2.93 and 

−33.91 kcal/mol). This is also attributed to the additional charge on NO in NO−(H2O)n 

complexes than neutral HNO(H2O)n complexes. 
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4.1 Abstract  

Hydration of HONO plays important roles in various atmospheric events. The present study 

is an attempt to investigate the hydrogen bonding (HB) interactions in microhydrated 

networks (up to four water molecule) of HONO (i.e., HONO(H2O)n=1-4) at the MP2/6-

311++G(d,p) level. The HBs are probed by molecular electrostatic potential (MESP), 

quantum theory of atoms in molecules (QTAIM), and natural bond orbital (NBO) analyses. 

Several HBs are possible between HONO and water due to four atoms and cis-trans 

isomerism in HONO, this includes (NO)∙∙∙H HBs (formed via -N=O functionality) and other 

HBs (formed via -OH functionality). Further, the energies and cooperativity contribution of 

all individual HBs in HONO(H2O)n=1-4 complexes are examined with the help of molecular 

tailoring approach-based (MTA-based) method. The HBs formed via H-atom of HONO 

(energy varies in a range of 8.03 – 15.08 kcal/mol) are much stronger than the (NO)∙∙∙H HBs 

of HONO (range from 0.01 to 6.77 kcal/mol). Among (NO)∙∙∙H interactions, the HBs formed 

by N- and O-atoms have comparable strength (with energies ranging from 0.01 to 6.77 

kcal/mol and from 1.09 to 6.25 kcal/mol, respectively). In addition, the greater positive 

values of cooperativity contribution (𝐸𝐶𝑜𝑜𝑝; ranging from 0.61 to 7.01 kcal/mol) for HBs via 

H-atom of HONO than that of (NO)∙∙∙H HB interactions (𝐸𝐶𝑜𝑜𝑝 in the range from −0.95 to 

3.60 kcal/mol) in HONO(H2O)n=2-4 complexes also demonstrate the similar trend. The HB 

energies of water…water interactions are in a range of 2.71 – 9.75 kcal/mol. In general, the 

energies of all HBs in HONO(H2O)n=2-4 complexes increased with the increase in cluster size. 

Overall, the strong HONO…water interactions result in cross-associated HB networks in 

most stable complexes of HONO(H2O)n=2-4.  

4.2 Introduction 

Hydrated systems of oxidised species of NO (viz. NO+ and HONO) have been studied in 

variety of atmospheric events. Formation of HONO from the reaction between NO+ and a set 

of water molecules have been reported in many experimental as well as theoretical 

studies.111–113,222 The size and shape of microhydrated networks have a pronounced influence 

on the formation of HONO. It has been reported that NO+ interacts via N-atom with the O-

atom of water molecule in their NO+(H2O) complexes,111,223 however the interaction between 

NO+ and water is not well understood. On the other hand, studies on molecular clustering of 

HONO with other atmospheric species in the presence of water is well documented.20,224 It is 

even predicted that molecular complexes of HONO with water clusters could be a site for 
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water condensation.119 However, to the best of our knowledge, a systematic study on 

microhydration of HONO is not yet reported in the literature. It is evident from experimental 

as well as theoretical studies that hydrogen bond (HB) is formed between HONO and water 

in their dimer complexes.22,225 In fact, energies and the cooperativity effect of individual HBs 

in microhydrated networks are beneficial for understanding the different reactions mediated 

by water.79   

The objective of this work is to investigate (NO)∙∙∙H HB (formed via N- and O-atoms 

in -N=O of HONO) interactions in the oxidised form of NO. For this purpose, HB 

interactions present in microhydrated complexes of HONO (up to four water molecules) are 

selected for this study. The energies and cooperativity of individual HB interactions in the 

microhydrated complexes of HONO are estimated with the help of molecular tailoring 

approach (MTA) based calculations. It was previously reported that NO+ interacts with the O 

atom of water through the N atom and there is no HB interaction between NO+ and water. 

This is further verified using MESP, QTAIM, and NBO analysis, and we compared the 

NO+...water and HONO...water interactions. 

4.3 Computational methods 

The structures of all microhydrated complexes were simulated using MP2/6-311++G(d,p) 

level of theory with the Gaussian 16 program package.192 For optimization, initial structures 

were modelled according to existing literature data of similar molecules and chemical 

intuitions. For larger clusters, a bottom-up approach is also applied, e.g. the HONO(H2O)3 is 

modelled by adding one H2O to HONO(H2O)2 through different sides. Similarly, the top-

down approach also aided to find any missed configurations of complexes. The optimized 

geometries were confirmed as local minima by frequency analysis due to the absence of 

imaginary frequencies. The Gibbs free energy change (ΔG) associated with the formation of 

the most stable structures of these complexes at 298 K and 1 atm is calculated. 

For improved energetics, single-point calculations are carried out at the MP2 method 

by employing the aug-cc-pVTZ basis set for estimating the binding energy as well as MTA-

based noncovalent interaction energies of all complexes. The MESP, QTAIM, and NBO 

analyses were also performed at the MP2/aug-cc-pVTZ//MP2/6-311++G(d,p) level of theory. 

AIMAll software is used for QTAIM analysis.193 MESP analysis is carried out using 

Multiwfn software,194 and visualized using VMD software.195 NBO analysis is carried out 

using NBO version 3.1 implemented in Gaussian 16 software,196 and the results are 
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visualized using Chemcraft software.197 The binding energy (𝐸𝐵𝐸) of HONO(H2O)n clusters 

is calculated by the supermolecular approach using Eq. 4.1.202,216  

𝐸𝐵𝐸 =  𝐸𝑐𝑙𝑢𝑠𝑡𝑒𝑟 − (𝐸𝐻𝑂𝑁𝑂 + 𝑛𝐸𝐻2𝑂)     (Eq. 4.1) 

In the above equation, the terms 𝐸𝑐𝑙𝑢𝑠𝑡𝑒𝑟, 𝐸𝐻𝑂𝑁𝑂, and 𝐸𝐻2𝑂 denote the total energy of 

the HONO(H2O)n cluster, the energy of the HONO monomer, and the energy of a water 

monomer multiplied by n, which is the number of water molecules in a given cluster under 

consideration.  

Further, the relative energies (represented by ΔE) are calculated for all the isomers 

with respect to the energy of the most stable one in their HONO(H2O)n category (n = 1 – 4). 

For the sake of simplicity, the microhydrated complexes of HONO is written simply as OH 

and the number of water molecules (n) in the water cluster is denoted by Wn. Thus, the 

HONO(H2O)n is abbreviated as OHWn. Additionally, the different isomers of OHWn are 

designated with natural numbers (1, 2, 3, etc.) based on their order of stability (ΔE values). 

For instance, the most stable isomer of HONO(H2O)2 complex is named OHW2-1, and other 

isomers are OHW2-2, OHW2-3, etc., depending on their decreasing stability (increasing ΔE 

values).  

4.4 Results and discussion 

The following sections discuss the findings of MESP, QTAIM, and NBO analyses on 

NO+(H2O) and HONO(H2O) dimer complexes.  

4.4.1 MESP analysis 

MESP features can be employed to understand the interaction sites of molecules.202,203 The 

electrostatic potential on molecular surfaces (at an isodensity value of 0.001 au) of NO+ and 

water is shown in Figure 4.1(a). The Vmax regions (195.5 kcal/mol) are located as a cylindrical 

belt around the N–O bond axis that is near the N-atom of NO+. The Vmax value on NO+ is 

reduced to 176.1 kcal/mol in the interacted complex of NO+ and H2O. Herein, the interaction 

associated with the electron-deficient (Vmax) region on the N-atom and electron-dense region 

of water can be called a pnicogen bond (PB).207,208 Thus, NO+…water interaction is a 

pnicogen bonding (PB) interaction. 
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Figure 4.1 Electrostatic potential mapped on isodensity molecular surface (at 0.001 au) of 

monomers and dimers of (a) NO+(H2O) complex (b) HONO(H2O) complexes. The positions 

of Vmin and Vmax at interacting sites are represented by cyan and golden spheres, respectively, 

and the corresponding values are shown in kcal/mol. The color ranges: blue for negative 

potential and red for positive potential.  
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For HONO(H2O) dimer complexes (see Figure 4.1(b)), a reduction in Vmax value near 

the H-atom of trans-HONO is observed (from 56.9 to 16.6 kcal/mol) due to HB interaction 

with water in OHW1-1, implying that HONO acts as HB acceptor in this interaction. 

Similarly, the H-atom of cis-HONO formed HB with water in OHW1-2 with a reduction in 

Vmax value from 52.5 to 6.5 kcal/mol. Hence, HONO acts as HB donor (electron acceptor) in 

the HB interactions of OHW1-1 and OHW1-2. On the other hand, Vmin sites near O-atom in -

OH of HONO interact with water in OHW1-3 and OHW1-4, a reduction in Vmin value from 

−19.7 to −7.9 kcal/mol and from −16.4 to −6.1 kcal/mol, is observed for trans- (in OHW1-3) 

and cis-forms (in OHW1-4) of HONO, respectively. In OHW1-5, the Vmin value of −15.6 

near the N-atom of cis-HONO disappeared when HB formed via N-atom with water. In the 

case of OHW1-6 and OHW1-7, Vmin sites near O-atom in -N=O functionality of HONO 

interact with water, a change in Vmin value from −13.6 to 4.1 kcal/mol and from −13.1 to −0.4 

kcal/mol, is observed for trans- (in OHW1-6) and cis-forms (in OHW1-7) of HONO, 

respectively. The change in Vmin values from more negative to less negative or positive values 

on HONO when interacting with water indicates that the HONO acts as HB acceptor 

(electron donor) in complexes of OHW1-3, OHW1-4, OHW1-5, OHW1-6, and OHW1-7.     

4.4.2 QTAIM analysis  

QTAIM plot of NO+(H2O) dimer complex is displayed in Figure 4.2(a). The molecular graph 

of NO+(H2O) complex shows that the N-atom of NO+ interacts with O-atom water. Thus, this 

bond path confirms the PB interaction in NO+ and water. The electron density (ρ(r)), 

Laplacian of electron density (2(r)), and the total electron energy density (H(r)) values at 

bcp on PB is 0.0309, 0.1233, and 0.0021 au, respectively. The positive ∇2ρ(r) and H(r) values 

suggest that the PB is a closed-shell interaction in the NO+(H2O) complex. 

For HONO(H2O) dimer OHW1-1 (see Figure 4.2(b)), the HB formed via H-atom of 

trans-HONO with O-atom of water has a ρ(r) value (at bcp) of 0.0342 au. Similarly, in 

OHW1-2, the ρ(r) value at HB formed via the H-atom of cis-HONO with the O-atom of 

water is 0.0339 au. In addition, the positive ∇2ρ(r) and negative H(r) values at bcp of these 

HBs suggest that they are a mix of closed-shell and shared-type HB interactions. On the other 

hand, HB formed via O-atom of -OH of HONO with water in OHW1-3 (trans-HONO) and 

OHW1-4 (cis-HONO), have ρ(r) values of 0.0193 and 0.0182 au, respectively. In OHW1-5, 

the N-atom of cis-HONO participated in HB with a ρ(r) value of 0.0141 au. In the case of 

OHW1-6 (trans-HONO) and OHW1-7(cis-HONO), the HB formed via O-atom in -N=O 
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functionality of HONO with water have ρ(r) values of 0.0136 and 0.0134 au, respectively. 

Based on the magnitudes of ρ(r), the strength of HBs in HONO(H2O) complexes are in the 

decreasing order of OHW1-1, OHW1-2, OHW1-3, OHW1-4, OHW1-5, OHW1-6, and 

OHW1-7. Further, the ∇2ρ(r) and H(r) values are positive for HBs in complexes OHW1-3 to 

OHW1-7, indicating that these HBs are of closed-shell type interactions.  

 

Figure 4.2 The QTAIM molecular graphs with values (in au) of QTAIM parameters at bcp 

(which is shown as small green spheres on each bond path) of relevant interaction in (a) 

NO+(H2O) complex (b) HONO(H2O) complexes.     

4.4.3 NBO analysis   

An NBO view of donor-acceptor orbitals involved in the PB interaction of NO+(H2O) dimer 

and their stabilization energies (E(2); values greater than 0.1 kcal/mol are considered) are 

rendered in Figure 4.3(a). The interaction of lone pairs of water oxygen atom (lp(O)) with 

antibonding orbitals of N–O bond (𝜋𝑁−𝑂
∗ ) confirms the PB interaction involved between NO+ 
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and water. The total stabilization (E(2)) energy (sum of E(2) values of each orbital interaction) 

associated with the orbital interactions of PB is 6.45 kcal/mol. 

 

Figure 4.3 The donor-acceptor orbitals (isovalue = 0.03 au) with their stabilization energy 

(E(2); in kcal/mol) estimated based on second-order perturbation theory in NBO analysis for 

(a) PB interaction of NO+(H2O) complex (b) HB interactions in HONO(H2O) complexes.  
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The donor-acceptor orbitals involved in the HBs of HONO(H2O) dimers and their 

stabilization energies (E(2); values greater than 0.1 kcal/mol are considered) are displayed in 

Figure 4.3(b). For OHW1-1, the lone pairs of O-atom (lp(O)) of water interact with the 

antibonding orbital of the O–H bond (𝜎𝑂−𝐻
∗ ) of trans-HONO, with a total E(2) value of 15.84 

kcal/mol. Similarly, the lone pairs of O-atom (lp(O)) of water interact with the antibonding 

orbital of O–H bond (𝜎𝑂−𝐻
∗ ) of cis-HONO in OHW1-2, in addition, to O–H bonding (𝜎𝑂−𝐻) 

orbital of water also interacts with the antibonding orbital of O–H (𝜎𝑂−𝐻
∗ ) of cis-HONO. The 

total E(2) energy estimated for these orbitals interactions in OHW1-2 is 16.76 kcal/mol. 

Based on orbital interactions, it can be said that the HONO acts as HB donor in the HB 

interactions of OHW1-1 and OHW1-2 complexes. On the other hand, the lone pairs of O-

atom in -OH functionality of HONO interact with antibonding orbital (𝜎𝑂−𝐻
∗ ) of water in HBs 

of OHW1-3 (trans-HONO) and OHW1-4 (cis-HONO. The total E(2) values for these 

interactions are 3.36 and 2.93 kcal/mol, respectively. In OHW1-5, the lone pairs of N-atom 

of cis-HONO interacted with the antibonding orbital (𝜎𝑂−𝐻
∗ ) of water with a E(2) value of 1.75 

kcal/mol. Similarly, the lone pairs of O-atom in N=O functionality of HONO interact with 

antibonding orbital (𝜎𝑂−𝐻
∗ ) of water in HBs of OHW1-6 (trans-HONO) and OHW1-7 (cis-

HONO); the total E(2) values for these interactions are 2.11 and 1.96 kcal/mol, respectively. 

Therefore, the orbitals involved in the HBs of OHW1-3 to OHW1-7 complexes indicate that 

HONO is acting as HB acceptor (electron donor) when interacting with water.  

Therefore, we found that PB interaction is only present between NO+ and water in 

their NO+(H2O) dimer, and hence the NO+ is unable to form the HB interaction (via N- and 

O-atoms, i.e., (NO)∙∙∙H) with water. On the other hand, (NO)∙∙∙H and other HB interactions 

are present between HONO and water, hence the energies and cooperativity details of these 

HBs in the microhydrated networks of HONO are further discussed in the following section. 

Furthermore, a comparison between (NO)∙∙∙H HBs and other HBs in HONO(H2O)n=1-4  

complexes is also discussed in the final section.   

4.4.4 Energetics of individual HBs in HONO(H2O)n=1-4 complexes 

As mentioned, various HB interactions are present between HONO and water. This is due to 

the participation of four atoms of HONO in HBs and the cis-trans isomers of HONO. As a 

result, many isomers are possible for each category in HONO(H2O)n=1-4. The binding energy 

(EBE) values of all HONO(H2O)n=1-4 complexes are listed in Table 4.1. The individual HB 

energies estimated by MTA and the ΔE values of optimized geometries of HONO(H2O)n 
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complexes with n = 1, 2, 3, 4 are presented in Figure 4.4, Figure 4.5, Figure 4.6, and Figure 

4.7, respectively. The relevant structural parameters of HBs, along with their energetics, 

including cooperativity contribution (𝐸𝐶𝑜𝑜𝑝) values, are listed in Table 4.2. The HB distances 

in HONO(H2O)n=1-4 complexes fall in a broader range of 1.541 – 2.745 Å. Furthermore, the 

sum of energies of individual HBs present between HONO and water (designated as 

∑𝐸𝐻𝑂𝑁𝑂…𝐻2𝑂) and the sum of energies of HBs present between water molecules (designated 

as  ∑𝐸𝐻2𝑂…𝐻2𝑂) are listed in Table 4.3. 

For HONO(H2O) dimer complexes (see Figure 4.4), the 𝐸𝐵𝐸 calculated for these 

complexes (see Table 4.1) falls in a range between −2.32 and −7.74 kcal/mol. The HB arising 

from the H-atom of trans-HONO is the most stable isomer OHW1-1 ( 𝐸𝐵𝐸 = −7.74 

kcal/mol), while the HB formed via the H-atom of cis-HONO is present in the OHW1-2 

(−7.57 kcal/mol). In other low-lying isomers, HONO is an HB acceptor when interacting 

with a water molecule. The O-atom in -OH functionality of trans-HONO engaged in HB in 

OHW1-3 (𝐸𝐵 = −3.46 kcal/mol), whereas cis-HONO engaged in OHW1-4 (𝐸𝐵 = −3.08 

kcal/mol). For OHW1-5, O-atom of -N=O in cis-HONO participated in HB in OHW1-5 (𝐸𝐵 

= −2.52 kcal/mol). In the case of OHW1-6 and OHW1-7, the HB formed via O-atom of -

N=O in trans-HONO and cis-HONO, respectively; are found with 𝐸𝐵𝐸 values −2.41 and 

−2.32 kcal/mol, respectively. Overall, for HONO(H2O) dimer complexes, the HB strength 

decreases in the order of OHW1-1, OHW1-2, OHW1-3, OHW1-4, OHW1-5, OHW1-6, 

and OHW1-7. This trend in HB strength of complexes is consistent with the trend observed 

by QTAIM analysis based on the ρ(r) parameter. Inferred from these results, the complexes 

in which HONO acts as an HB donor are more energetically favorable than the complexes in 

which HONO acts as an HB acceptor. 

 

Figure 4.4 MTA-based energies of HBs present between HONO and water. Relative energies 

(ΔE) of HONO(H2O) dimer complexes and HB energies are in kcal/mol. 
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Table 4.1 The binding energy (EBE) values of HONO(H2O)n=1-4 complexes.  

Structure EBE Structure EBE 

OHW1-1 −7.74 OHW3-21 −17.07 

OHW1-2 −7.57 OHW4-1 −38.52 

OHW1-3 −3.46 OHW4-2 −37.45 

OHW1-4 −3.08 OHW4-3 −37.43 

OHW1-5 −2.52 OHW4-4 −37.39 

OHW1-6 −2.41 OHW4-5 −37.00 

OHW1-7 −2.32 OHW4-6 −36.86 

OHW2-1 −18.60 OHW4-7 −36.77 

OHW2-2 −16.91 OHW4-8 −36.67 

OHW2-3 −16.51 OHW4-9 −36.64 

OHW2-4 −15.65 OHW4-10 −36.42 

OHW2-5 −15.48 OHW4-11 −36.42 

OHW2-6 −14.91 OHW4-12 −36.22 

OHW2-7 −11.45 OHW4-13 −36.18 

OHW2-8 −10.82 OHW4-14 −35.93 

OHW2-9 −7.00 OHW4-15 −35.66 

OHW2-10 −6.99 OHW4-16 −35.57 

OHW2-11 −6.94 OHW4-17 −35.52 

OHW3-1 −28.68 OHW4-18 −35.29 

OHW3-2 −28.59 OHW4-19 −35.26 

OHW3-3 −27.44 OHW4-20 −35.15 

OHW3-4 −27.40 OHW4-21 −35.03 

OHW3-5 −26.72 OHW4-22 −34.93 

OHW3-6 −25.30 OHW4-23 −34.74 

OHW3-7 −25.06 OHW4-24 −34.65 

OHW3-8 −25.04 OHW4-25 −33.83 

OHW3-9 −24.65 OHW4-26 −33.79 

OHW3-10 −24.44 OHW4-27 −33.44 

OHW3-11 −23.99 OHW4-28 −33.07 

OHW3-12 −23.28 OHW4-29 −31.52 

OHW3-13 −22.61 OHW4-30 −31.37 

OHW3-14 −20.84 OHW4-31 −30.89 

OHW3-15 −20.16 OHW4-32 −29.93 

OHW3-16 −19.56 OHW4-33 −28.08 

OHW3-17 −18.74 OHW4-34 −27.37 

OHW3-18 −18.72 OHW4-35 −25.30 

OHW3-19 −18.71 OHW4-36 −25.09 

OHW3-20 −18.60   
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Figure 4.5 MTA-based energies of all individual HBs and relative energies (ΔE) of 

HONO(H2O)n complexes with n = 2. All energy values are in kcal/mol. 

In the case of HONO(H2O)2 complexes (see Figure 4.5), the EBE values fall in a wide 

range from −6.94 to −18.60 kcal/mol. Among the 11 structures of optimized HONO(H2O)2 

complexes, in the most stable isomer OHW2-1, the H- and N-atoms of trans-HONO 

participated in HB with water molecules and form a cyclic trimeric structure. Herein, the sum 

of energies of individual HBs (∑𝐸𝐻𝑂𝑁𝑂…𝐻2𝑂) is 18.03 kcal/mol, whereas ∑𝐸𝐻2𝑂…𝐻2𝑂 is 7.47 

kcal/mol. The OHW2-2, OHW2-3, and OHW2-4 complexes also show a cyclic trimeric 

configuration. Lower values of ∑𝐸𝐻𝑂𝑁𝑂…𝐻2𝑂 (range from 13.17 to 16.25 kcal/mol) 

determined in these complexes than OHW2-1 could explain the lower stability of these 

complexes (ΔE values ranging between 1.69 and 2.95 kcal/mol). It is also to be noted that 

HBs (in HONO…water and water…water interactions) in OHW2-1 have a larger 𝐸𝐶𝑜𝑜𝑝 

value (2.72 kcal/mol) than other low-lying isomers. The 𝐸𝐶𝑜𝑜𝑝 values for HBs in other low-

lying isomers range between −0.22 and 2.69 kcal/mol. In the other low-lying isomers (from 

OHW2-5 to OHW2-11), an acyclic structure is observed. Herein, the ∑𝐸𝐻𝑂𝑁𝑂…𝐻2𝑂 and 

∑𝐸𝐻2𝑂…𝐻2𝑂 values range from 2.00 to 12.77 kcal/mol and from 4.85 to 7.47 kcal/mol, 

respectively. The lowest ∑𝐸𝐻𝑂𝑁𝑂…𝐻2𝑂 value (~ 2 kcal/mol) is obtained for OHW2-9, 

OHW2-10, and OHW2-11 complexes, this could be the explanation for the lesser stability of 

these complexes (ΔE = ~12 kcal/mol). It should be noted that only atoms in the -N=O 

functionality of HONO are involved in the HBs of these lower stable complexes. Further, 
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anti-cooperative HBs are found in these complexes (with 𝐸𝐶𝑜𝑜𝑝 values between −0.22 and 

−0.29 kcal/mol, respectively), which also account for their reduced stability. It is worth 

mentioning that the H-atom of HONO is primarily involved in HB formation in remaining 

more stable isomers. This again suggests that the HONO as HB donor when interacting with 

water has greater strength in comparison to HBs where HONO acts as HB acceptor. 

For HONO trihydrates (see Figure 4.6), the EBE values fall between −17.07 and 

−28.68 kcal/mol. Overall, there are 21 optimized geometries in this category. Of these, the 

tetrameric ring structure (composed of HONO and three water molecules) containing isomers 

from OHW3-1 to OHW3-5 shows greater stability (ΔE range from 0.00 to 1.98 kcal/mol). 

These complexes have a moderate value for both ∑𝐸𝐻𝑂𝑁𝑂…𝐻2𝑂 and ∑𝐸𝐻2𝑂…𝐻2𝑂, a range from 

15.83 to 18.48 kcal/mol and from 16.17 to 16.75 kcal/mol, respectively. Isomers OHW3-1 

and OHW3-2 are comparable in energy (ΔE = 0.09 kcal/mol for OHW3-2). It is to be noted 

that OHW3-1, OHW3-2, and OHW3-3 contain trans-HONO and hence more stable than the 

cis-HONO orientation present in OHW3-4 and OHW3-5. These complexes have a higher 

range of 𝐸𝐶𝑜𝑜𝑝 values (in the order of 2 – 5 kcal/mol). In the case of other low-lying isomers 

from OHW3-6 to OHW3-21, all have a trimeric ring composed of either one HONO and two 

water molecules or three water molecules except in OHW3-18 and OHW3-21, which are 

noncyclic structures. The ΔE values of these complexes fall in a range from 3.38 to 11.61 

kcal/mol. These complexes have a broader range of ∑𝐸𝐻𝑂𝑁𝑂…𝐻2𝑂 (2.36 – 24.55 kcal/mol) and 

∑𝐸𝐻2𝑂…𝐻2𝑂 (5.75 – 21.07 kcal/mol) values, as well as a broad range of 𝐸𝐶𝑜𝑜𝑝 values (from 

0.26 to 5.39 kcal/mol). It is obvious that the complexes containing a trimeric ring of HONO 

with two water molecules exhibit higher ∑𝐸𝐻𝑂𝑁𝑂…𝐻2𝑂 values than ∑𝐸𝐻2𝑂…𝐻2𝑂. On the other 

hand, the complexes with trimeric water rings have higher ∑𝐸𝐻2𝑂…𝐻2𝑂 values than 

∑𝐸𝐻𝑂𝑁𝑂…𝐻2𝑂. For instance, the maximum ∑𝐸𝐻𝑂𝑁𝑂…𝐻2𝑂 value (24.55 kcal/mol) is obtained 

for complex OHW3-12, which contains two fused trimeric rings composed of HONO and 

two water molecules. In addition, the strongest HB (formed via the H-atom of HONO) with 

the highest cooperativity contribution in the HONO(H2O)3 category is also found in OHW3-

12, the energy and 𝐸𝐶𝑜𝑜𝑝 values for this HB are 13.49 and 5.39 kcal/mol, respectively. The 

highest ∑𝐸𝐻2𝑂…𝐻2𝑂 value of 21.07 kcal/mol is found in OHW3-10, wherein a water trimer is 

present. Further, reduced number of HNO…water or water…water contacts in complexes 

from OHW3-13 to OHW3-21 validate the lesser stabilization of these complexes. The 

weakest HB in the HONO(H2O)3 category is formed by O-atom in -N=O functionality of 
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HONO in OHW3-20, with an energy of 2.36 kcal/mol. This also suggest that the HONO as 

HB donor when interacting with water have greater strength in comparison to HBs where 

HONO act as HB acceptor. 

 

Figure 4.6 MTA-based energies of all individual HBs and relative energies (ΔE) of 

HONO(H2O)n complexes with n = 3. All energy values are in kcal/mol. 

In the case of HONO(H2O)4 complexes (see Figure 4.7), the EBE values span in the 

range between −25.09 and −38.52 kcal/mol. Out of 36 optimized geometries, the most stable 

isomer OHW4-1 is a pentameric ring of trans-HONO and four water molecules (cross-

association). Similar cross-associated pentameric ring is found in OHW4-2, OHW4-6, 

OHW4-12, and OHW4-24 complexes.  The -OH functionality of trans-HONO is involved in 
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HBs with water molecules in OHW4-1. Further, the cis-HONO analogy of OHW4-1 

configuration is observed in OHW4-2. The lower stability of OHW4-2 (ΔE = 1.07 kcal/mol) 

compared to OHW4-1 is attributed to the lower stability of cis-HONO compared to trans-

HONO. Among other cyclic pentameric ring complexes, the O-atom in -N=O functionality 

and H-atom of HONO form HBs with water molecules in OHW4-6 (ΔE = 1.66 kcal/mol) and 

OHW4-12 (ΔE = 2.30 kcal/mol). The cis-HONO in OHW4-12 in contrast to trans-HONO in 

OHW4-6 may account for their lower stability. Similarly, cis-HONO in OHW4-24 with a 

ΔE value of 3.87 kcal/mol forms HBs via N-atom in -N=O functionality and H-atom with 

water molecules in their cyclic pentameric structure. These cross-associated complexes have 

moderate ∑𝐸𝐻𝑂𝑁𝑂…𝐻2𝑂 and ∑𝐸𝐻2𝑂…𝐻2𝑂 values in the order of 16 – 19 kcal/mol and 24 – 26 

kcal/mol, respectively, compared to other isomers. In the other isomers, a cyclic water 

tetramer (self-association of water molecules) is present in isomers viz., OHW4-3, OHW4-4, 

OHW4-5, OHW4-7, OHW4-9, OHW4-10, OHW4-13, OHW4-14, OHW4-15, OHW4-31, 

OHW4-32, and OHW4-35. Obviously, the stronger water…water interactions in water 

tetrameric rings contribute to larger ∑𝐸𝐻2𝑂…𝐻2𝑂 values (range of 20.34 – 33.24 kcal/mol), but 

a broader range of  ∑𝐸𝐻𝑂𝑁𝑂…𝐻2𝑂 values (2.26 – 20.75 kcal/mol) also be noted. The lowest 

∑𝐸𝐻𝑂𝑁𝑂…𝐻2𝑂 (2.26 kcal/mol) is due to the HB formed via O-atom in -N=O functionality of 

cis-HONO with water tetrameric ring in OHW4-31. Similar HB formed by trans-HONO in 

OHW4-32 also have a lower energy value of 2.54 kcal/mol. In comparison to this, HB 

formed via O-atom in -OH functionality of trans-HONO with water tetrameric ring has a 

slightly higher energy value of 4.56 kcal/mol in OHW4-35. It should also be noted that the 

HB formed via O-atom in -OH functionality is slightly destabilized in OHW4-3 and OHW4-

9 (with a negative HB energy value of −0.72 and −0.66 kcal/mol, respectively), and the 

negative 𝐸𝐶𝑜𝑜𝑝 value (−0.64 kcal/mol) obtained for these HBs reveals that these HBs are less 

stabilized in the complex than in their isolated dimer. The remaining isomers in 

HONO(H2O)4 category contain either a tetrameric ring composed of HONO and three water 

molecules or trimeric rings (formed by HONO and two water molecules or three water 

molecules) or both except in OHW4-36 (noncyclic structure). The ∑𝐸𝐻𝑂𝑁𝑂…𝐻2𝑂 and 

∑𝐸𝐻2𝑂…𝐻2𝑂 values for these complexes span in a wide range of 12.30 – 26.42 kcal/mol and 

12.67 – 29.14 kcal/mol, respectively. The highest ∑𝐸𝐻𝑂𝑁𝑂…𝐻2𝑂 value (26.42 kcal/mol) is 

found in OHW4-8, in which HB via H-atom of trans-HONO with water have an energy of 

14.88 kcal/mol is the major contributor. Similarly, the stronger HBs formed via H-atom of 

HONO are found in OHW4-18 and OHW4-27 complexes with energies of 14.54 and 15.08 
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respectively, as well as higher 𝐸𝐶𝑜𝑜𝑝 values (in the order 4 – 7 kcal/mol) also calculated for 

these HBs. The large positive 𝐸𝐶𝑜𝑜𝑝 values for these HBs indicate that they are situated in a 

strong cooperative network of HBs by other HONO…water and water…water interactions. In 

general, 𝐸𝐶𝑜𝑜𝑝 values (ranging between −0.95 and 7.01 kcal/mol) obtained for HBs in 

HONO…water and water…water interactions in HONO(H2O)4 complexes are more positive 

than HONO(H2O)n=2-3 complexes. Furthermore, the least stable isomer OHW4-36 in 

HONO(H2O)n=4 category has an acyclic structure with a lowest ∑𝐸𝐻2𝑂…𝐻2𝑂 value (12.67 

kcal/mol) compared to other isomers. This may be the reason for their lower stability (ΔE = 

13.43 kcal/mol). Overall, the cross-associated HONO-water clusters with large cyclic 

structure is the energetically preferred configuration in HONO(H2O)4 category. 

In short, the HONO can form HB interactions via four of their atoms in 

HONO(H2O)n=1-4 complexes. The most stable isomer in each cluster size of HONO(H2O)n=2-4 

complexes is formed by a cyclic structure of trans-HONO and water molecules (cross-

associated). This is in agreement with the previous studies, the trans-HONO is more stable 

than cis-HONO.22,119 In general, the ∑𝐸𝐻𝑂𝑁𝑂…𝐻2𝑂 values are increased when cluster size 

increases from one to four. The 𝐸𝐶𝑜𝑜𝑝 values are also increased when cluster size increases 

from one to four. The cross-associated cyclic HB networks of HONO with water clusters are 

formed in the most stable complexes of HONO(H2O)n=2-4. Thus, the strength of both 

HONO…water and water…water interactions contribute to the overall stability of 

HONO(H2O)n=2-4 complexes. On comparing the strength of HBs in HONO(H2O)n=1-4 

complexes, the HBs formed by -OH functionality of HONO have greater energy than HBs 

formed by -N=O functionality ((NO)∙∙∙H interactions). A detailed comparison of the strength 

of HBs in HONO(H2O)n=1-4 complexes is given in the following sections.  

Further, the free energy of the formation (ΔG) is a useful parameter for predicting the 

thermodynamic stability of microhydrated complexes. The ΔG values (calculated at 298.15 K 

and 1 atm) of the most stable complexes of HONO(H2O)n are 1.01, 2.99, 3.18, and 1.90 

kcal/mol for n = 1, 2, 3, and 4, respectively. The lower positive ΔG values indicate that 

HONO(H2O)n complexes are not stable at room temperature and pressure; they may be stable 

at lower temperature and pressure. 
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Figure 4.7 MTA-based energies of all individual HBs and relative energies (ΔE) of 

HONO(H2O)n complexes with n = 4. All energy values are in kcal/mol. 
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Table 4.2 The relevant structural parameters viz. distance (in Å) and bond angle (in degree), 

energy in complex (𝐸𝐼𝑛𝑡
𝑀𝑇𝐴), energy in the dimer (𝐸𝐷𝑖𝑚𝑒𝑟), and cooperativity contribution 

(𝐸𝐶𝑜𝑜𝑝) of all HBs in HONO(H2O)n=1-4 complexes. All energy values are in kcal/mol.    

Complex Interaction 

Labels 

Distance of 

interaction 

Bond 

angle 

𝐸𝐼𝑛𝑡
𝑀𝑇𝐴 

 

𝐸𝐷𝑖𝑚𝑒𝑟 

 

𝐸𝐶𝑜𝑜𝑝 

 

OHW1-1 HB1 1.81 174 - 8.20 - 

OHW1-2 HB1 1.81 178 - 7.88 - 

OHW1-3 HB1 2.03 166 - 3.52 - 

OHW1-4 HB1 2.05 160 - 3.17 - 

OHW1-5 HB1 2.25 179 - 2.56 - 

OHW1-6 HB1 2.18 170 - 2.55 - 

OHW1-7 HB1 2.20 175 - 2.49 - 

OHW2-1 HB1 1.83 154 7.47 4.75 2.72 

 HB2 1.71 172 11.52 8.80 2.72 

 HB3 2.18 148 6.51 3.79 2.72 

OHW2-2 HB1 1.84 157 7.19 4.50 2.69 

 HB2 1.71 173 10.86 8.17 2.69 

 HB3 2.15 145 5.39 2.70 2.69 

OHW2-3 HB1 1.92 148 6.67 4.73 1.94 

 HB2 1.78 153 8.82 6.88 1.94 

 HB3 2.17 132 5.44 3.50 1.94 

OHW2-4 HB1 1.92 147 6.57 4.73 1.84 

 HB2 1.80 149 8.17 6.33 1.84 

 HB3 2.15 133 5.10 3.26 1.84 

OHW2-5 HB1 1.85 176 6.62 5.04 1.58 

 HB2 1.72 178 9.98 8.40 1.58 

OHW2-6 HB1 1.86 177 6.50 5.06 1.44 

 HB2 1.73 177 9.32 7.88 1.44 

OHW2-7 HB1 2.11 170 3.53 2.86 0.67 

 HB2 1.77 170 9.24 8.57 0.67 

OHW2-8 HB1 2.20 172 3.21 2.60 0.61 

 HB2 1.77 179 8.58 7.98 0.61 

OHW2-9 HB1 1.97 176 4.85 5.13 -0.29 

 HB2 2.30 169 2.08 2.37 -0.29 

OHW2-10 HB1 1.96 175 4.90 5.14 -0.23 

 HB2 2.26 155 2.10 2.33 -0.23 

OHW2-11 HB1 1.96 175 4.92 5.13 -0.22 

 HB2 2.23 154 2.00 2.22 -0.22 

OHW3-1 HB1 1.74 172 9.06 4.65 4.42 

 HB2 1.79 164 7.69 4.76 2.93 

 HB3 2.03 173 5.57 2.99 2.59 

 HB4 1.65 178 12.91 8.84 4.08 
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OHW3-2 HB1 1.81 165 7.76 4.62 3.13 

 HB2 1.77 165 8.66 5.08 3.58 

 HB3 1.67 165 10.84 7.45 3.39 

 HB4 1.92 157 6.03 3.08 2.95 

OHW3-3 HB1 1.76 172 9.02 4.83 4.20 

 HB2 1.87 164 7.46 4.93 2.53 

 HB3 2.18 173 4.29 2.15 2.13 

 HB4 1.67 178 12.91 9.12 3.79 

OHW3-4 HB1 1.82 165 7.66 4.89 2.77 

 HB2 1.77 165 8.51 4.81 3.70 

 HB3 1.68 162 10.51 7.02 3.49 

 HB4 1.94 157 5.32 2.77 2.55 

OHW3-5 HB1 1.76 179 9.03 4.77 4.26 

 HB2 1.83 173 7.44 4.91 2.53 

 HB3 2.03 142 4.10 1.84 2.27 

 HB4 1.66 175 12.13 8.12 4.01 

OHW3-6 HB1 1.77 157 8.54 4.64 3.89 

 HB2 1.94 148 6.23 4.32 1.91 

 HB3 2.23 133 5.92 4.24 1.68 

 HB4 1.74 166 9.63 8.13 1.51 

OHW3-7 HB1 1.90 151 7.00 4.81 2.19 

 HB2 1.88 178 5.59 4.61 0.98 

 HB3 1.63 173 13.49 8.96 4.54 

 HB4 2.13 152 6.77 3.89 2.88 

OHW3-8 HB1 1.76 160 8.48 4.59 3.88 

 HB2 1.89 179 5.56 4.65 0.92 

 HB3 2.31 142 6.62 3.72 2.89 

 HB4 1.69 173 11.90 8.78 3.12 

OHW3-9 HB1 2.16 130 5.50 4.19 1.31 

 HB2 1.94 147 6.34 4.58 1.75 

 HB3 1.79 158 8.68 4.68 4.00 

 HB4 1.79 169 9.07 7.79 1.28 

 HB5 2.75 109 3.03 1.31 1.72 

OHW3-10 HB1 1.80 158 8.16 4.73 3.42 

 HB2 1.92 144 6.73 4.62 2.11 

 HB3 2.10 139 6.18 4.45 1.74 

 HB4 1.76 178 8.92 8.08 0.84 

OHW3-11 HB1 2.04 137 5.39 4.26 1.13 

 HB2 1.88 154 6.89 4.84 2.05 

 HB3 2.29 130 4.64 3.12 1.51 

 HB4 1.62 164 11.72 7.30 4.42 

 HB5 2.22 146 5.34 2.91 2.43 

OHW3-12 HB1 1.92 151 6.14 4.19 1.95 
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 HB2 1.92 151 6.13 4.18 1.95 

 HB3 2.32 137 5.63 2.85 2.78 

 HB4 2.32 137 5.63 2.85 2.78 

 HB5 1.59 176 13.29 7.89 5.39 

OHW3-13 HB1 1.84 154 7.42 4.74 2.68 

 HB2 2.26 143 6.25 3.78 2.47 

 HB3 1.66 174 12.00 8.50 3.50 

 HB4 2.01 165 3.56 2.99 0.57 

OHW3-14 HB1 1.81 164 7.77 4.84 2.93 

 HB2 2.25 137 5.36 2.61 2.75 

 HB3 1.67 175 11.82 8.22 3.60 

 HB4 2.17 179 3.33 2.67 0.65 

OHW3-15 HB1 1.96 148 6.73 4.84 1.89 

 HB2 1.85 152 7.48 4.76 2.71 

 HB3 2.02 144 5.88 4.74 1.14 

 HB4 2.14 148 3.45 3.19 0.26 

OHW3-16 HB1 1.92 146 6.52 4.61 1.91 

 HB2 1.72 158 9.88 7.32 2.55 

 HB3 2.28 127 5.35 3.48 1.87 

 HB4 2.12 177 3.28 2.74 0.54 

OHW3-17 HB1 1.92 146 6.43 4.60 1.83 

 HB2 1.73 154 9.14 6.67 2.47 

 HB3 2.29 128 4.94 3.20 1.73 

 HB4 2.15 171 3.07 2.52 0.55 

OHW3-18 HB1 1.84 177 6.76 5.02 1.73 

 HB2 1.68 175 10.39 8.00 2.39 

 HB3 2.17 171 3.53 2.62 0.90 

OHW3-19 HB1 1.98 144 6.43 4.81 1.61 

 HB2 1.92 150 7.05 4.85 2.20 

 HB3 1.87 152 7.39 4.81 2.58 

 HB4 2.16 168 2.62 0.23 2.39 

OHW3-20 HB1 1.98 145 6.45 4.80 1.65 

 HB2 1.91 150 7.09 4.84 2.25 

 HB3 1.88 151 7.37 4.81 2.56 

 HB4 2.15 170 2.36 0.18 2.18 

OHW3-21 HB1 1.76 178 8.85 7.98 0.87 

 HB2 2.10 174 3.86 2.59 1.28 

 HB3 1.91 180 5.75 5.12 0.64 

OHW4-1 HB1 1.72 174 9.35 4.58 4.77 

 HB2 1.75 176 8.68 4.73 3.96 

 HB3 1.78 174 8.07 4.79 3.28 

 HB4 1.88 168 5.70 2.74 2.96 

 HB5 1.62 174 12.30 7.72 4.57 
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OHW4-2 HB1 1.72 174 9.30 4.62 4.68 

 HB2 1.75 174 8.62 4.74 3.89 

 HB3 1.78 174 8.06 4.83 3.23 

 HB4 1.86 169 5.45 2.57 2.88 

 HB5 1.62 171 11.67 7.26 4.40 

OHW4-3 HB1 1.71 169 9.75 4.47 5.28 

 HB2 1.76 166 8.65 4.72 3.93 

 HB3 1.80 165 8.00 4.88 3.12 

 HB4 2.03 153 6.84 4.69 2.15 

 HB5 1.76 160 8.98 7.59 1.39 

 HB6 2.45 120 -0.72 -0.08 -0.64 

OHW4-4 HB1 1.78 166 7.04 3.66 3.38 

 HB2 1.83 161 7.30 4.56 2.74 

 HB3 1.86 169 6.08 4.51 1.57 

 HB4 2.27 132 6.07 3.89 2.17 

 HB5 1.61 175 14.08 8.99 5.09 

 HB6 1.98 165 6.67 3.51 3.16 

OHW4-5 HB1 1.94 150 5.66 4.35 1.31 

 HB2 1.71 164 9.47 4.10 5.37 

 HB3 1.75 164 8.79 4.56 4.23 

 HB4 1.86 161 6.74 4.68 2.06 

 HB5 2.50 133 2.19 1.59 0.59 

 HB6 1.79 175 9.46 8.22 1.23 

OHW4-6 HB1 1.73 176 9.22 4.11 5.11 

 HB2 1.76 177 8.49 4.62 3.87 

 HB3 1.82 176 7.28 4.49 2.79 

 HB4 1.95 164 5.61 2.83 2.78 

 HB5 1.62 173 13.86 8.99 4.86 

OHW4-7 HB1 1.71 161 9.31 4.13 5.17 

 HB2 1.99 153 5.77 4.56 1.21 

 HB3 1.90 157 5.77 4.11 1.66 

 HB4 1.77 162 8.43 4.48 3.95 

 HB5 2.29 132 2.82 2.19 0.63 

 HB6 1.76 166 9.17 7.72 1.45 

OHW4-8 HB1 1.93 148 6.52 4.73 1.79 

 HB2 1.81 160 7.94 4.89 3.05 

 HB3 1.85 165 7.29 4.95 2.35 

 HB4 1.99 154 5.20 2.85 2.34 

 HB5 1.54 174 14.88 8.19 6.70 

 HB6 2.26 145 6.34 4.03 2.31 

OHW4-9 HB1 1.71 169 9.62 4.51 5.12 

 HB2 1.76 166 8.61 4.74 3.88 

 HB3 1.80 165 8.03 4.87 3.16 
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 HB4 1.99 155 6.95 4.75 2.20 

 HB5 2.46 120 -0.66 -0.02 -0.64 

 HB6 1.80 154 8.03 6.86 1.17 

OHW4-10 HB1 1.84 164 7.20 4.90 2.29 

 HB2 1.92 154 5.97 4.55 1.43 

 HB3 1.71 167 9.52 4.07 5.45 

 HB4 1.75 167 8.89 4.69 4.19 

 HB5 1.81 171 8.65 7.59 1.06 

 HB6 2.61 109 1.09 0.62 0.47 

OHW4-11 HB1 1.72 172 9.60 4.54 5.06 

 HB2 1.78 159 7.94 4.19 3.75 

 HB3 1.99 150 4.28 3.13 1.15 

 HB4 2.13 152 4.04 2.80 1.24 

 HB5 2.19 153 5.04 2.56 2.48 

 HB6 1.61 175 14.12 8.98 5.14 

OHW4-12 HB1 1.73 176 9.54 4.49 5.05 

 HB2 1.77 176 8.52 4.71 3.81 

 HB3 1.80 172 7.68 4.86 2.83 

 HB4 1.92 156 5.44 2.21 3.23 

 HB5 1.63 174 12.48 8.06 4.41 

OHW4-13 HB1 1.70 171 9.72 4.41 5.31 

 HB2 1.79 163 8.06 4.37 3.68 

 HB3 1.81 164 7.64 4.81 2.83 

 HB4 1.90 161 6.91 4.74 2.17 

 HB5 1.77 172 9.38 8.40 0.98 

OHW4-14 HB1 1.71 170 9.59 4.47 5.12 

 HB2 1.79 163 8.03 4.37 3.66 

 HB3 1.81 164 7.71 4.82 2.89 

 HB4 1.89 162 6.92 4.73 2.19 

 HB5 1.77 178 8.92 8.11 0.81 

OHW4-15 HB1 2.11 142 6.60 4.26 2.33 

 HB2 1.88 169 5.77 4.52 1.25 

 HB3 1.84 160 7.12 4.60 2.52 

 HB4 1.80 164 6.63 3.62 3.01 

 HB5 1.61 171 13.48 8.10 5.38 

 HB6 1.94 167 6.25 2.66 3.60 

OHW4-16 HB1 2.02 139 2.83 1.83 1.00 

 HB2 1.95 152 4.59 4.03 0.56 

 HB3 2.04 154 7.51 4.51 3.00 

 HB4 1.84 177 7.87 4.80 3.07 

 HB5 2.10 155 4.84 2.30 2.54 

 HB6 1.63 165 13.94 9.11 4.83 

OHW4-17 HB1 1.92 152 5.76 4.08 1.68 
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 HB2 1.77 159 8.55 4.62 3.93 

 HB3 2.44 126 5.43 3.70 1.73 

 HB4 1.77 159 7.84 4.27 3.58 

 HB5 1.70 174 10.15 7.88 2.27 

 HB6 2.52 125 2.67 1.65 1.02 

 HB7 2.52 122 0.01 0.96 -0.95 

OHW4-18 HB1 1.89 154 6.61 4.54 2.07 

 HB2 1.81 162 7.98 4.97 3.01 

 HB3 1.84 165 7.36 4.94 2.43 

 HB4 1.96 156 5.07 2.65 2.42 

 HB5 1.54 168 14.54 7.53 7.01 

 HB6 2.21 146 5.63 2.97 2.66 

OHW4-19 HB1 1.81 164 7.46 4.87 2.59 

 HB2 1.77 169 8.46 4.86 3.60 

 HB3 2.06 135 5.31 4.25 1.06 

 HB4 2.31 128 4.93 3.36 1.58 

 HB5 1.56 168 14.22 8.12 6.10 

 HB6 2.05 173 5.53 3.16 2.36 

OHW4-20 HB1 1.84 154 7.30 4.39 2.91 

 HB2 1.93 144 6.89 4.74 2.15 

 HB3 1.99 147 6.92 4.88 2.04 

 HB4 1.84 155 7.37 4.77 2.60 

 HB5 2.16 148 6.58 3.90 2.68 

 HB6 1.68 174 12.26 8.87 3.39 

OHW4-21 HB1 1.81 157 8.00 4.82 3.18 

 HB2 1.84 155 7.68 4.80 2.87 

 HB3 1.94 144 6.84 4.73 2.11 

 HB4 2.00 145 6.47 4.51 1.96 

 HB5 2.20 148 6.52 3.72 2.79 

 HB6 1.70 171 11.58 8.78 2.80 

OHW4-22 HB1 1.73 172 9.35 4.57 4.77 

 HB2 1.73 166 8.77 4.57 4.20 

 HB3 1.89 180 5.81 4.99 0.82 

 HB4 2.09 171 5.23 3.03 2.20 

 HB5 1.65 177 12.73 8.78 3.95 

OHW4-23 HB1 1.79 173 7.97 4.81 3.16 

 HB2 1.96 151 4.59 3.97 0.62 

 HB3 2.01 141 2.71 1.86 0.84 

 HB4 2.01 157 7.64 4.54 3.10 

 HB5 1.62 177 13.10 8.10 5.01 

 HB6 1.99 144 4.51 1.83 2.68 

OHW4-24 HB1 1.74 171 9.00 4.54 4.46 

 HB2 1.77 178 8.30 4.78 3.52 
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 HB3 1.83 174 6.97 4.50 2.47 

 HB4 2.08 146 4.25 2.16 2.09 

 HB5 1.63 165 11.60 7.44 4.16 

OHW4-25 HB1 1.80 163 8.15 4.83 3.31 

 HB2 1.83 155 7.75 4.80 2.95 

 HB3 1.94 144 6.82 4.72 2.10 

 HB4 2.01 144 6.42 4.51 1.91 

 HB5 1.70 174 11.11 8.21 2.89 

 HB6 2.18 145 5.52 2.66 2.87 

OHW4-26 HB1 1.83 161 7.58 4.84 2.73 

 HB2 1.85 153 7.26 4.43 2.84 

 HB3 1.93 144 6.91 4.75 2.16 

 HB4 1.98 148 6.96 4.88 2.08 

 HB5 1.69 171 11.62 8.23 3.40 

 HB6 2.14 145 5.54 2.77 2.77 

OHW4-27 HB1 1.89 174 5.87 5.04 0.83 

 HB2 1.81 173 8.31 5.01 3.30 

 HB3 1.89 176 7.18 4.94 2.25 

 HB4 2.17 155 4.59 2.18 2.40 

 HB5 1.59 168 15.08 10.60 4.48 

OHW4-28 HB1 2.07 135 5.38 4.29 1.09 

 HB2 1.78 175 8.51 4.95 3.56 

 HB3 1.83 172 7.23 4.98 2.25 

 HB4 2.06 150 4.08 1.95 2.14 

 HB5 2.25 131 4.76 3.14 1.61 

 HB6 1.57 164 13.23 7.16 6.07 

OHW4-29 HB1 1.82 165 7.63 4.92 2.71 

 HB2 1.76 165 8.85 4.74 4.11 

 HB3 1.62 167 12.42 7.73 4.69 

 HB4 1.96 154 5.42 3.05 2.36 

 HB5 2.13 175 3.25 2.75 0.50 

OHW4-30 HB1 1.75 174 9.21 4.76 4.45 

 HB2 1.86 176 7.39 4.95 2.44 

 HB3 2.30 152 3.79 1.97 1.82 

 HB4 1.62 167 13.61 8.83 4.79 

 HB5 2.05 169 3.45 2.77 0.68 

OHW4-31 HB1 1.81 165 7.82 4.93 2.89 

 HB2 1.79 166 8.20 4.89 3.31 

 HB3 1.78 166 8.36 4.84 3.52 

 HB4 1.77 167 8.70 4.79 3.91 

 HB5 2.15 177 2.26 2.22 0.04 

OHW4-32 HB1 1.78 165 8.02 4.34 3.68 

 HB2 1.79 167 4.93 1.72 3.21 
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 HB3 1.82 165 7.65 4.51 3.13 

 HB4 1.81 165 4.96 1.72 3.24 

 HB5 2.18 166 2.54 2.50 0.04 

OHW4-33 HB1 1.77 160 8.38 4.66 3.72 

 HB2 1.92 144 6.69 4.60 2.08 

 HB3 2.15 137 6.06 4.37 1.69 

 HB4 1.71 178 10.19 8.32 1.88 

 HB5 2.09 178 3.55 2.66 0.88 

OHW4-34 HB1 1.92 150 7.07 4.84 2.23 

 HB2 1.86 153 7.57 4.77 2.80 

 HB3 1.99 145 6.38 4.43 1.95 

 HB4 2.05 171 3.46 2.55 0.92 

 HB5 1.77 178 8.84 2.53 6.31 

OHW4-35 HB1 2.11 175 4.14 4.78 -0.64 

 HB2 2.01 162 3.75 3.72 0.04 

 HB3 1.88 167 6.45 5.09 1.36 

 HB4 1.87 158 6.00 4.53 1.47 

 HB5 1.94 154 4.56 3.35 1.21 

OHW4-36 HB1 1.83 177 6.85 5.01 1.84 

 HB2 1.67 176 10.80 9.03 1.76 

 HB3 2.08 176 4.28 3.63 0.65 

 HB4 1.91 177 5.82 5.04 0.78 

Table 4.3 The sum of MTA-based energies (kcal/mol) of all HBs present between HONO 

and water (designated as ∑𝐸𝐻𝑂𝑁𝑂…𝐻2𝑂) and all HBs present between water molecules 

(designated as  ∑𝐸𝐻2𝑂…𝐻2𝑂) in HONO(H2O)n=1-4 complexes.  

Structure ∑𝐸𝐻𝑂𝑁𝑂…𝐻2𝑂  ∑𝐸𝐻2𝑂…𝐻2𝑂 Structure ∑𝐸𝐻𝑂𝑁𝑂…𝐻2𝑂  ∑𝐸𝐻2𝑂…𝐻2𝑂 

OHW1-1 8.20 - OHW3-21 12.71 5.75 

OHW1-2 7.88 - OHW4-1 18.00 26.10 

OHW1-3 3.52 - OHW4-2 17.12 25.98 

OHW1-4 3.17 - OHW4-3 8.26 33.24 

OHW1-5 2.56 - OHW4-4 20.75 26.49 

OHW1-6 2.55 - OHW4-5 11.65 30.66 

OHW1-7 2.49 - OHW4-6 19.47 24.99 

OHW2-1 18.03 7.47 OHW4-7 11.99 29.28 

OHW2-2 16.25 7.19 OHW4-8 26.42 21.75 

OHW2-3 14.26 6.67 OHW4-9 7.37 33.21 

OHW2-4 13.17 6.57 OHW4-10 9.74 31.58 

OHW2-5 9.98 6.62 OHW4-11 23.20 21.82 

OHW2-6 9.32 6.50 OHW4-12 17.92 25.74 

OHW2-7 12.77 - OHW4-13 9.38 32.33 

OHW2-8 11.79 - OHW4-14 8.92 32.25 
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OHW2-9 2.08 4.85 OHW4-15 19.73 26.12 

OHW2-10 2.10 4.90 OHW4-16 18.78 22.80 

OHW2-11 2.00 4.92 OHW4-17 12.83 27.58 

OHW3-1 18.48 16.75 OHW4-18 25.24 21.95 

OHW3-2 16.87 16.42 OHW4-19 24.68 21.23 

OHW3-3 17.20 16.48 OHW4-20 18.84 28.48 

OHW3-4 15.83 16.17 OHW4-21 18.10 28.99 

OHW3-5 16.23 16.47 OHW4-22 17.96 23.93 

OHW3-6 9.63 20.69 OHW4-23 17.61 22.91 

OHW3-7 20.26 12.59 OHW4-24 15.85 24.27 

OHW3-8 18.52 14.04 OHW4-25 16.63 29.14 

OHW3-9 12.10 20.52 OHW4-26 17.16 28.71 

OHW3-10 8.92 21.07 OHW4-27 19.67 21.36 

OHW3-11 21.70 12.28 OHW4-28 22.07 21.12 

OHW3-12 24.55 12.27 OHW4-29 21.09 16.48 

OHW3-13 21.81 7.42 OHW4-30 20.85 16.60 

OHW3-14 20.51 7.77 OHW4-31 2.26 33.08 

OHW3-15 3.45 20.09 OHW4-32 2.54 25.56 

OHW3-16 18.51 6.52 OHW4-33 13.74 21.13 

OHW3-17 17.15 6.43 OHW4-34 12.30 21.02 

OHW3-18 13.92 6.76 OHW4-35 4.56 20.34 

OHW3-19 2.62 20.87 OHW4-36 15.08 12.67 

OHW3-20 2.36 20.91    

4.4.5 Comparison between (NO)∙∙∙H HBs and other HBs in HONO(H2O)n=1-4  complexes 

In HONO(H2O) dimer, the HBs formed via N- and O-atoms in -N=O of HONO (i.e., 

(NO)∙∙∙H HBs) have energy values around 2.50 kcal/mol in OHW1-5, OHW1-6, and 

OHW1-7 complexes (see Figure 4.4). Whereas, the HBs formed via the H-atom of HONO 

(HONO as HB donor) in OHW1-1 and OHW1-2 have energy values in the order of 7 – 8 

kcal/mol. The HBs formed via O-atom in -OH functionality of HONO (as HB acceptor) in 

OHW1-3 and OHW1-4 have energies in the order of 3 – 4 kcal/mol. This implies that the 

HONO forms stronger HBs with water when they act as HB donor than HB acceptor, which 

is attributed to the acidic nature of the H-atom of HONO and this effect is more pronounced 

in HONO(H2O)n=2-4 complexes as well. In HONO(H2O)n=2-4 complexes, the H-atom of 

HONO forms HBs with energies in the range of 8.03 – 15.08 kcal/mol, and the (NO)∙∙∙H HBs 

have energies in the range from 0.01 to 6.77 kcal/mol. In Figure 4.8, it can be seen that the 

energies of HBs formed via H-atom increased with an increase in cluster size from 2 to 4, 

whereas, energies of (NO)∙∙∙H HBs are comparable for varying cluster size from 2 to 4. 

However, the energies of (NO)∙∙∙H HBs in HONO(H2O)n=2-4 complexes are greater than the 
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HONO(H2O) dimer complexes. The positive cooperativity contribution (𝐸𝐶𝑜𝑜𝑝) towards 

(NO)∙∙∙H HBs (ranging from −0.95 to 3.60 kcal/mol) also indicate that the (NO)∙∙∙H HBs are 

more stable in complexes than in dimer. For HBs via H-atom of HONO in HONO(H2O)n=2-4 

complexes, significant positive 𝐸𝐶𝑜𝑜𝑝 values ranging from 0.61 to 7.01 kcal/mol are obtained, 

supporting their higher HB energies. Thus, both the energies and cooperativity contribution 

of HBs in HONO(H2O)n=2-4 complexes manifest that the HBs formed via H-atom of HONO is 

much stronger than the (NO)∙∙∙H HBs.  

 

Figure 4.8 Comparison between energies and cooperativity contribution of HBs formed via -

N=O functionality ((NO)∙∙∙H interaction) and H-atom of HONO in HONO(H2O)n=2-4  

complexes.  

4.5 Conclusions  

In this study, we investigated various noncovalent interactions present between NO+
 and 

water as well as HONO and water through various analyses such as MESP, QTAIM, and 

NBO. Only pnicogen bonding (PB) interaction is noted in NO+(H2O) complex. On the other 

hand, four atoms of HONO can form hydrogen bonds (HBs) with water, hence (NO)∙∙∙H HBs 

(formed via N- and O-atoms in -N=O of HONO) and other HBs are present between HONO 

and water. The interaction sites on monomers (NO+, HONO, and H2O) and dimers 

(NO+(H2O) and HONO(H2O)) are identified using MESP analysis. QTAIM molecular graphs 

confirmed the PB and HB interactions in NO+(H2O) and HONO(H2O) complexes, 

respectively. The orbitals involved in the PB and HB interactions are demonstrated by NBO 

analysis.  
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Further, in the microhydrated complexes of HONO (i.e., HONO(H2O)n=1-4), the 

energies and cooperativity contributions of all HBs are estimated with the help of MTA-

based calculations. In HONO(H2O) dimer complexes, HBs formed via H-atom of HONO 

(HONO as HB donor) have the highest energy (in the order of 7 – 8 kcal/mol), whereas 

energies of HBs formed by remaining atoms of HONO (as HB acceptor) are in the order 2 – 4 

kcal/mol. The stronger HBs by H-atom of HONO is attributed to its acidic nature, and this 

effect is more pronounced in HONO(H2O)n=2-4 complexes. For HONO(H2O)n=2-4 complexes, 

the H-atom of HONO forms HBs with energies ranging from 8.03 to 15.08 kcal/mol, and the 

HBs formed by -N=O functionality ((NO)∙∙∙H) of HONO have energies in the range from 

0.01 to 6.77 kcal/mol. In (NO)∙∙∙H interactions, the energy range of HBs formed by N- and O-

atoms are comparable (with energies ranging from 0.01 to 6.77 kcal/mol and from 1.09 to 

6.25 kcal/mol, respectively). The strongest HB energy (15.08 kcal/mol) is found in OHW4-

27, wherein the H-atom of trans-HONO forms HB with an acyclic water tetrameric cluster. A 

substantial positive cooperativity contribution (𝐸𝐶𝑜𝑜𝑝 ranging from 0.61 to 7.01 kcal/mol) are 

obtained for HBs formed via H-atom of HONO. The 𝐸𝐶𝑜𝑜𝑝 values obtained for (NO)∙∙∙H HBs 

(ranging from −0.95 to 3.60 kcal/mol) in HONO(H2O)n=2-4 complexes are lower than that of 

HBs via H-atom of HONO. This also explains the greater strength of HBs formed via H-atom 

than (NO)∙∙∙H HBs.  

Besides, the strength of water…water interactions are increased (HB energies up to 

9.75 kcal/mol) for varying cluster size from 2 to 4. The 𝐸𝐶𝑜𝑜𝑝 values toward HBs in 

water…water interactions are mostly positive (ranging from −064 to 5.45 kcal/mol), which 

could be a reason for increase in the strength of water…water interactions with increased 

cluster size. In general, both energies and 𝐸𝐶𝑜𝑜𝑝 of HBs in HONO…water and water…water 

interactions increased when cluster size increases from 2 to 4. As a result, cross-associated 

HB networks formed by HONO and water clusters are found in most stable complexes in 

each categories of HONO(H2O)n=2-4.  

 

Publication based on this chapter: 

Thufail M. Ismail; Patkar, D.; Sajith, P. K.; Deshmukh, M. M. Hydrogen Bond Strengths in 

Microhydrated Clusters of HNO and HONO: Energetic Insights via Molecular Tailoring 

Approach. New Journal of Chemistry (communicated). 
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5.1 Abstract 

Intermolecular hydrogen bonding (HB) interactions of nitroxide radicals (NO∙∙∙H) with 

various electron acceptors accounts for their interesting properties and key applications. In 

this work we have performed a comprehensive and quantitative theoretical analysis of the 

NO∙∙∙H HBs formed by nitroxide radicals with HF, H2O, and CH4 molecules as electron 

acceptors, employing DFT calculations at UM06L/6-311++G(d,p) level. The electronic 

effects of nitroxide radicals are assessed in terms of the molecular electrostatic potential 

minimum (Vmin) around nitroxide oxygen atom. The observed Vmin values reflect the electron 

donating and withdrawing features of the substituents present in the structural framework of 

nitroxide radicals. Similarly, the interaction energy (Eint) of hydrogen bonded complexes of 

nitroxides also reflects on electronic effects such as inductive and steric. Accordingly, a 

linear relationship has been established between Vmin of nitroxides and interaction energy 

(Eint) values of their hydrogen bonded complexes. Further, quantum theory of atoms in 

molecules (QTAIM) analysis demonstrated that the nature of HB in complexes with electron 

donating substituent is a mix of closed shell and shared interaction while it is mostly closed 

shell in systems with electron withdrawing substituent. Besides, the symmetry adapted 

perturbation theory (SAPT) calculations show that the HBs are largely dependent on 

electrostatic component of the interaction energy in nitroxide-HF and nitroxide-H2O 

complexes whereas the dominant contributor is dispersion in nitroxide-CH4 complexes. The 

results herein suggest that, modifying the substituents in the structural motif of nitroxide 

radicals help to fine-tune the strength and nature of HBs in their complexes with electron 

acceptors. Moreover, quantification of the strength and nature of HB in nitroxide radicals can 

be effectively done with topological features of MESP and QTAIM parameters, and orbitals 

involved in the HBs are offered by NBO analysis. At the end of this chapter, a comparison of 

the HB strength of NO, HNO, HONO, and nitroxide molecules is provided.  

5.2 Introduction 

The significance of NO∙∙∙H interactions of nitroxide radicals has been recognized by many 

experimental studies.121,123–125 However, theoretical investigation on the strength and 

characteristics of NO∙∙∙H interactions in nitroxides is less explored. In this regard, studies 

related to quantifying the hydrogen bond (HB) strength formed by various nitroxide radicals 

are discussed in Alkorta and Elguero’s papers.226,227  Alkorta and Elguero have determined 

the thermodynamics and hydrogen bond basicity of TEMPO and related nitroxides 
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theoretically and their studies have pointed out that in those nitroxides where other O-atoms 

(ketone, hydroxyl, and ether) are present the O-atom of the NO functionality is better HB 

acceptor than other O-atoms.227 Recently, Alkorta et al. explored Cambridge Structural 

Database (CSD)228 for intermolecular HBs formed by nitroxide radicals in crystals and 

reported a qualitative and quantitative analysis of such interactions.226 However, a systematic 

theoretical study on HBs of nitroxide radicals and the factors influencing them has not been 

done so far. The present study focuses on exploring the HBs of a range of different 

substituted nitroxide radicals with hydrogen Fluoride (HF). The characteristics of HB in these 

complexes are further compared with iminoxyl radicals. In addition, other HB donors viz. 

H2O and CH4 were also incorporated in complexes of a few representative nitroxide radicals. 

Herein, results obtained from molecular electrostatic potential (MESP), quantum theory of 

atoms in molecules (QTAIM), symmetry-adapted perturbation theory (SAPT), and natural 

bond orbitals (NBO) analyses are also comprehended.   

5.3 Computational methods 

All the calculations were performed with the DFT method using UM06L229 functional in 

conjunction with 6-311++G(d,p) basis set by using Gaussian 09 program packages.230 It has 

been reported that M06L is the best performed functional in a benchmark study on 

noncovalent interactions of small organic molecules, its geometries and interaction energies 

are in close agreement with those derived from the higher ab initio level of theory (CCSD 

level).231 The optimized geometries were confirmed as local minima by frequency analysis 

due to the absence of imaginary frequencies. The interaction energy (Eint) of all interacted 

systems of nitroxides with HF, H2O, and CH4 molecules were calculated by a supermolecular 

approach using Eq. 5.1, wherein 𝐸𝑐𝑜𝑚𝑝𝑙𝑒𝑥, 𝐸𝑁𝑂, and 𝐸𝐻𝐹/𝐻2𝑂/𝐶𝐻4
 are the energy of interacted 

system, energy of NO molecule, and energy of HF, H2O or CH4 molecules respectively.  

𝐸𝑖𝑛𝑡 =  𝐸𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − [𝐸𝑁𝑂 +  𝐸𝐻𝐹/𝐻2𝑂/𝐶𝐻4
]   (Eq. 5.1) 

Symmetry-adapted perturbation theory (SAPT) analysis was performed at the zeroth-

order SAPT177 level with aug-cc-pVTZ basis set by using Psi4 suite of programs.232 natural 

bond orbitals (NBO) analysis is carried out using NBO version 3.1 implemented in Gaussian 

16 software.196 NBO and MESP results are visualized using Chemcraft software.197 QTAIM 

analysis is performed using the AIMAll software package.193  
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5.4 Results and discussion  

A set of 23 nitroxide free radicals, mostly selected from the recent work by Alkorta et al.,226 

are used in this study. These are primarily retrieved from different structural moieties of X-

ray structures in CSD.228 In order to compare the hydrogen bonding (HB) ability of nitroxide 

radicals, four iminoxyl radicals were also selected in this study. Figure 5.1 presents the set of 

radicals considered in this study wherein 1–23 are nitroxide radicals and 24–27 are iminoxyl 

radicals.  

 

Figure 5.1 Structures of nitroxide and iminoxyl radicals considered in the study. The X 

represents substituents viz., H, CH3, or F.  

The symbol X represents the substituent present in the nitroxide structural motifs. In 

order to understand the influence of substituent present in the structural framework on NO 
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moiety of nitroxide, we used unsubstituted reference H, electron-donating CH3 and electron-

withdrawing F (i.e., X = H, CH3, and F) substituents. Structures 1 and 24 are open chain 

radicals whereas the remaining are five, six, or seven-membered ring structures. The 

geometries of these radicals are first theoretically investigated to understand the influence of 

substituents on the structural framework of NO group before analysing their HB interactions. 

Systems 11–19 possess at least one heteroatom such as oxygen, nitrogen, boron, and 

phosphorus in the ring other than nitrogen atom of nitroxide radical. Structures 20–23 are 

dinitroxide radicals.      

5.4.1 MESP analysis 

Electronic features especially inductive effect due to differences in substituents, the presence 

of heteroatom, and the effect of ring size greatly influence the electron-rich region around 

oxygen atom of NO moiety in nitroxides, which can be easily monitored using MESP 

analysis.161–165
 The most negative potential value (Vmin) of MESP is a crucial parameter to 

quantify the through-bond electronic effects in organic molecules.165,233 The location of Vmin 

most often reflects the electron-rich region of a molecule and hence Vmin is expected at the 

lone pair region of O atom of NO moiety. Thus, the Vmin value of the oxygen atom of NO 

moiety is used to assess the electronic effects of nitroxide radicals. The MESP topographical 

features for three representative radicals viz. 4, 15, and 24 with and without substituents are 

presented in Figure 5.2. A convenient as well as an arbitrarily chosen isopotential value 

−16.32 kcal/mol is adopted for MESP topography. MESP plots help to compare the regions 

of the negative electrostatic potential on molecular surfaces of nitroxide radicals. The 

isopotential surface is present around the lone pair regions of NO moiety in all cases and it is 

also visible around the lone pair of N atoms of the heterocyclic radical 15. As depicted in 

Figure 5.2, Vmin is marked as a black dot in the lone pair region on the O atom of NO moiety. 

MESP plots reveal a greater region of the negative electrostatic potential surface when 

electron-donating substituent CH3 is present, whereas the comparatively smaller region of 

negative electrostatic potential for electron-withdrawing F substituent. Vmin values also reflect 

the same fact and for the 15 series, the structure with electron-donating CH3 substituent has 

shown the largest Vmin value (−43.24 kcal/mol) while the electron-withdrawing F substituted 

species has shown the least negative Vmin (−17.63 kcal/mol) with respect to the unsubstituted 

structure wherein the observed Vmin is −41.60 kcal/mol. As expected from previous studies, 

Vmin values reflect the substituent effects in nitroxide radicals.165 
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Figure 5.2 Molecular electrostatic potential mapped on isopotential surface value of −16.32 

kcal/mol. The Vmin values (in kcal/mol) of radicals 4, 15, and 24 with different substitutions 

(X = H, CH3, and F) are marked as a black sphere.    

A similar trend of substituent effects as in the case of 15 is noted for the iminoxyl 

radical 24. In contrast to this, in the radical 4 series, the most negative Vmin value of −55.28 

kcal/mol was obtained for the unsubstituted species while the CH3 substituted system has 

shown a Vmin of −51.02 kcal/mol; apparently the fluorine substituted radical showed the least 

Vmin (−39.71 kcal/mol). The observed difference in Vmin noted for the CH3 substituted species 

may be attributed to the steric effects of methyl groups which cause deformation of the ring 

moiety and result in lowering the electron density on the O-atom of NO functionality.234  
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Table 5.1 MESP (Vmin) values of nitroxide radicals with substituents (X = H, CH3, and F).      

                       

Structure 

Vmin (kcal/mol) 

H CH3 F 

1 −46.69 −53.59 2.51 

2 −55.91 −53.46 −34.76 

3 −53.28 −52.02 −32.99 

4 −55.28 −51.02 −39.71 

5 −55.85 −52.46 −41.09 

6 −50.15 −49.01 −45.06 

7 −51.95 −50.39 −35.14 

8 −50.33 −46.81 −40.29 

9 −48.93 −44.36 −43.86 

10 −41.79 −41.48 −32.25 

11 −53.15 −51.64 −24.45 

12 −48.42 −48.63 −27.51 

13 −54.91 −60.43 −39.78 

14 −47.67 −48.41 −26.67 

15 −41.60 −43.24 −17.63 

16 −43.49 −44.18 −26.96 

17 −32.32 −34.01 −25.38 

18 −54.34 −51.52 −34.01 

19 −45.15 −44.30 −42.17 

20 −42.04 −43.32 −23.61 

21 −44.79 −46.81 −26.79 

22 −48.80 −50.81 −36.02 

23 −40.47 −40.54 −39.53 

24 −25.04 −34.13 −20.26 

25 −26.02 −28.79 −23.45 

26 −25.84 −31.17 −25.14 

27 −27.67 −28.38 −30.06 

Table 5.1 lists the Vmin values of all the radicals considered in this study. The Vmin 

value ranged from −25.04 to −55.91 kcal/mol for unsubstituted radicals, −28.38 to −60.43 

kcal/mol for methyl-substituted, and 2.51 to −45.06 kcal/mol for fluorine substituted radicals. 

For the substituted systems, the electron-donating effect of the methyl group makes the 

nitroxide radical more electron-rich, whereas fluorine substitution withdraws electrons from 

the carbon chain thereby making the nitroxide radical electron poor. In general, when going 

from electron-withdrawing to electron donating group, an increase in the negative value of 

Vmin is observed. Among all the radicals considered, methyl substituted 13 shows the deepest 

Vmin value (−60.43 kcal/mol), indicating more electron donating ability of this radical. A 
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positive Vmin value (2.51 kcal/mol) is obtained for fluorine substituted radical 1 which shows 

marked electron deficiency on the O-atom of NO moiety. In some cases, the unsubstituted 

radicals show more negative Vmin values compared to methyl-substituted radical. This can be 

attributed to the steric effect caused by the methyl group resulting in decreased electron 

density on O on NO moiety as seen in the case of 4. From Table 5.1 it can be noted that the 

Vmin values of iminoxyl radicals are less negative compared to that of nitroxide radicals, these 

characteristics can be explained based on electron-donating character of alkyl residues 

present in nitroxide radicals. 

5.4.2 Hydrogen bonding in nitroxide radicals 

We analyzed the HBs in various complexes of nitroxide radicals with HF as the Lewis acid. 

Presented in Figure 5.3 are the optimized geometries of hydrogen-bonded complexes of 

radical 4 as a representative species. Table 5.2 presents the distance of NO∙∙∙H interaction (d2) 

for all the complexes along with the calculated interaction energy values (Eint).  

 

Figure 5.3 Optimized geometries of hydrogen bonded complexes (with HF molecule) of 

radicals 4, 15, and 24 with different substitutions viz. H, CH3, and F. The hydrogen bond 

distances are given in Å. 

As postulated in earlier studies226,235 herein we considered two conformations (syn 

and anti) about the nitroxide-HF unit for all complexes, however, the Eint values given in 

Table 5.2  correspond to the more stable conformer. The d2 values fall in the range of 1.559 

to 1.831Å for unsubstituted nitroxide complexes whereas the corresponding values in CH3 

and F substituted intermolecular complexes are respectively in the range of 1.562 to 1.797Å 

and 1.674 to 2.122Å. It is found that the lowest Eint (−0.23 kcal/mol) value which suggests a 

weak HB interaction (d2 = 2.122Å) is observed in a complex formed by fluorine substituted 

radical 1. The strongest HB interaction is obtained in a complex formed from the methyl-

substituted radical 13 (Eint = −15.64 kcal/mol) wherein d2 = 1.562 Å. It can be interpreted that 

shorter d2 corresponds to greater Eint and hence stronger hydrogen-bonded complex. Eint 
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values of unsubstituted systems fall in the range from −5.42 to −14.99 kcal/mol while in CH3 

and F substituted systems Eint values respectively lie in the range from −6.62 to −15.64 

kcal/mol and from −0.23 to −10.28 kcal/mol. Higher Eint values noted for complexes 

containing CH3 substituted nitroxide radicals in comparison to their F substituted analogues 

can be explained based on electron-donating inductive effects of the CH3 group. But in some 

cases, for instance, complexes involving radical 4 (see Figure 5.3), the unsubstituted species 

form stronger HBs than CH3 substituted radicals on account of steric hindrance caused by 

CH3 groups as discussed in the previous section. 

Table 5.2 NO∙∙∙H interaction distance (d2) and interaction energy (Eint) of various hydrogen 

bonded complexes with and without substituents (X = H, CH3, and F). 

 

Structure 

d2 (in Å) Eint (in kcal/mol) 

H CH3 F H CH3 F 

1 1.714 1.659 2.122 −10.54 −12.23 −0.23 

2 1.657 1.693 1.812 −12.70 −11.74 −7.09 

3 1.664 1.697 1.809 −12.35 −11.46 −6.82 

4 1.656 1.693 1.819 −12.51 −11.57 −7.58 

5 1.647 1.677 1.782 −12.96 −12.26 −8.96 

6 1.661 1.656 1.707 −12.16 −12.26 −9.87 

7 1.666 1.700 1.802 −12.33 −11.21 −7.09 

8 1.659 1.657 1.778 −12.20 −11.71 −7.99 

9 1.662 1.655 1.781 −12.07 −11.47 −8.37 

10 1.678 1.680 1.703 −10.42 −10.14 −8.84 

11 1.665 1.656 1.834 −12.22 −12.68 −5.78 

12 1.675 1.659 1.824 −11.69 −12.38 −6.18 

13 1.559 1.562 1.674 −14.99 −15.64 −9.73 

14 1.673 1.653 1.835 −11.77 −12.69 −6.14 

15 1.693 1.680 1.848 −10.72 −11.25 −4.90 

16 1.693 1.679 1.789 −10.65 −10.81 −7.04 

17 1.723 1.710 1.807 −9.05 −9.39 −6.70 

18 1.647 1.651 1.791 −12.85 −12.13 −8.93 

19 1.667 1.655 1.723 −11.28 −11.64 −8.94 

20 1.689 1.668 1.838 −12.41 −11.80 −5.85 

21 1.661 1.635 1.782 −11.95 −12.99 −7.17 

22 1.646 1.641 1.704 −12.39 −12.56 −9.79 

23 1.675 1.671 1.691 −11.04 −11.08 −10.28 

24 1.831 1.787 1.861 −5.42 −7.85 −5.12 

25 1.816 1.797 1.817 −6.11 −6.62 −5.93 

26 1.811 1.764 1.784 −6.01 −7.67 −6.52 

27 1.809 1.786 1.829 −6.49 −7.27 −6.56 
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5.4.3 Relationship between Eint values and Vmin values 

It has been observed that both the Eint and Vmin values reflect on electronic effects such as 

inductive and steric. In addition, it has been found that the highest Vmin value is found for CH3 

substituted radical 13, interestingly the same radical shows the strongest HB interaction with 

HF (see Table 5.1 and Table 5.2). Similarly, the lowest Vmin value is obtained for F 

substituted radical 1, for this radical has detected the least HB strength among other radicals. 

All these findings predict a relation between Vmin values and Eint values, and Figure 5.4 

illustrate the relationship between the Vmin and Eint values for all radicals with different 

substitution. A strong correlation is obtained for unsubstituted radicals with a correlation 

coefficient of 0.944, whereas moderately good correlations are obtained for methyl and 

fluorine substituents with correlation coefficients 0.918 and 0.917 respectively. The factors 

such as steric effects, polarization, and the secondary interactions between the fluorine atom 

of HF and nearby atoms of the nitroxide radicals also contribute significantly to Eint values 

and hence some deviations from the linear plot shown by Vmin are expected.234,236 The 

correlation between Vmin and Eint suggests that the Vmin values reflect the electronic effect of 

nitroxide radicals and hence it can be used as a descriptor to assess the strength of HB 

interactions in such systems.  

 
Figure 5.4 Correlation between Vmin and Eint values of nitroxide-HF complexes (with 

substituents, X = H, CH3, and F), orange triangles for X = H, gray squares for X = CH3, and 

blue circles for X = F. The correlation coefficients is denoted by orange, gray and blue 

colours for X=H, CH3, and F, respectively. All values are in kcal/mol. 
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5.4.4 Mulliken spin-density analysis 

The Mulliken spin densities on nitrogen and oxygen atoms of NO moiety in nitroxide free 

radicals with different substituents are presented in Table 5.3. In general, the unpaired spin 

density is largely distributed on the NO moiety of the radical.126 In the case of unsubstituted 

nitroxide radicals, a moderately lower spin density population is noted on the N atom 

compared to that of the O atom. The substituent present in the structural motif of nitroxide 

radical causes a fractional redistribution of unpaired spin density between N and O atoms. 

For instance, in the case of methyl-substituted nitroxide radicals, a slight increase in spin 

density value on the N atom at the expense of spin density on the O atom is observed in most 

of the cases, which is attributed to the partial shift of unpaired electron spin density 

population when an electron-donating substituent is present. A significant displacement of 

spin density from the N-atom towards the O-atom of NO moiety is noted in most of the cases 

when an electron-withdrawing substituent F is present in the structural motif of nitroxide 

radical. This is due to the greater contribution from the resonance structure >N–O• compared 

to the dipolar resonance structure > N•+–O−, and hence a reduction in the spin density of N 

atom is noted.125 

Table 5.3 Mulliken spin densities on N and O atoms of NO unit in nitroxide and iminoxyl 

radicals with and without substituents (X = H, CH3, and F).  

 

Structure  

Spin density (in au)  

X = H X = CH3 X = F 

N O N O N O 

1 0.4351 0.5984 0.4191 0.5296 0.3650 0.2187 

2 0.4327 0.5121 0.4532 0.5038 0.3223 0.6195 

3 0.4273 0.5224 0.4687 0.5072 0.3315 0.6169 

4 0.4501 0.5365 0.4407 0.5206 0.3268 0.6291 

5 0.4038 0.5243 0.4491 0.5225 0.3597 0.5896 

6 0.3231 0.4538 0.3424 0.4453 0.3016 0.5051 

7 0.4206 0.5194 0.4793 0.5002 0.3197 0.6105 

8 0.3403 0.4673 0.3565 0.4752 0.3159 0.5292 

9 0.3110 0.4443 0.3386 0.4400 0.2774 0.5191 

10 0.2948 0.4443 0.2957 0.4420 0.2825 0.4696 

11 0.4344 0.5131 0.4789 0.4954 0.3096 0.6218 

12 0.4347 0.5170 0.4701 0.5000 0.3254 0.6169 

13 0.3254 0.5322 0.3406 0.5273 0.1828 0.6298 

14 0.4235 0.5234 0.4721 0.5047 0.3237 0.6216 

15 0.3150 0.4753 0.3482 0.4750 0.2688 0.5884 

16 0.3208 0.5048 0.3290 0.4970 0.2805 0.5764 
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17 0.2426 0.4501 0.2706 0.4525 0.2132 0.5638 

18 0.4005 0.5224 0.4588 0.5221 0.3817 0.5774 

19 0.3343 0.4576 0.3444 0.4499 0.3195 0.5057 

20 0.4144 0.5320 0.4486 0.5193 0.2989 0.6326 

21 0.2487 0.3309 0.2780 0.3150 0.2079 0.3739 

22 0.2447 0.3409 0.2545 0.3316 0.2201 0.3752 

23 0.1687 0.3455 0.1797 0.3367 0.1654 0.3491 

24 0.4731 0.5591 0.4401 0.5872 0.3448 0.6723 

25 0.4458 0.5750 0.4523 0.5790 0.4130 0.6170 

26 0.4449 0.5743 0.4633 0.5797 0.4156 0.6190 

27 0.4619 0.5878 0.4532 0.5770 0.4663 0.5807 

Table 5.4 Mulliken spin densities on atoms nitrogen, oxygen, hydrogen, and fluorine 

calculated for nitroxide-HF complexes of unsubstituted nitroxide radicals.  

 

Structure 

Spin density (in au) 

N O H F 

1 0.4833 0.5596 −0.0076 −0.0004 

2 0.4659 0.4839 −0.0142 0.0049 

3 0.4599 0.4943 −0.0141 0.0050 

4 0.4826 0.5023 −0.0127 0.0039 

5 0.4542 0.4767 −0.0114 0.0076 

6 0.3464 0.4203 −0.0128 0.0047 

7 0.4464 0.4991 −0.0155 0.0060 

8 0.3669 0.4303 −0.0137 0.0047 

9 0.3368 0.4042 −0.0121 0.0057 

10 0.3412 0.3698 −0.0025 0.0068 

11 0.4684 0.4835 −0.0135 0.0046 

12 0.4732 0.4826 −0.0122 0.0040 

13 0.3864 0.4792 −0.0102 0.0016 

14 0.4578 0.4949 −0.0127 0.0043 

15 0.3442 0.4451 −0.0114 0.0043 

16 0.3509 0.4761 −0.0125 0.0042 

17 0.2782 0.4154 0.0005 0.0007 

18 0.4401 0.4851 −0.0095 0.0032 

19 0.3603 0.4164 −0.0114 0.0037 

20 0.4460 0.4988 −0.0122 0.0044 

21 0.2563 0.2907 −0.0076 0.0028 

22 0.2520 0.2914 −0.0069 0.0026 

23 0.1616 0.2897 −0.0069 0.0017 

24 0.4953 0.5346 −0.0052 0.0023 

25 0.4702 0.5469 −0.0064 0.0026 

26 0.4686 0.5450 −0.0067 0.0027 

27 0.4840 0.5573 −0.0090 0.0038 
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The HB-induced redistribution of spin densities of nitroxide radicals has been 

reported in earlier studies.122 We further analyzed the redistribution of spin densities of NO 

moiety induced by the HB interaction in unsubstituted nitroxide-HF complexes (see Table 5.4 

and Figure 5.5). In all complexes, nonzero values of spin densities on HF fragments is an 

evidence for the fractional spin transfer from nitroxide radical. Calculated electron spin 

density on the nitrogen atom is increased slightly in HF complexes, which indicates that there 

is a transfer of spin density from the O atom towards the N atom of NO moiety with HB.237 

This observation is in agreement with the previous findings of Ikryannikova et al. on a few 

nitroxides specifically used for spin probe applications.125,126 Ikryannikova et al. investigated 

the effect of HB interactions on piperidine and imidazoline based nitroxides with water 

clusters. They concluded that spin density redistribution induced by hydration is significant 

for a spin label molecule. In spin-label applications, the changes in spin density distribution is 

very sensitive for a spin label molecule.  

 

Figure 5.5 Plots of Mulliken spin densities on N- and O-atom of NO moiety of radicals in 

their isolated state (dotted line) and in complex with HF (bold line). The values of spin 

density on atoms are represented by blue and red color for N- and O-atoms of nitroxide 

radicals.   
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5.4.5 QTAIM analysis  

The strength and nature of HBs in nitroxide-HF complexes are analysed using QTAIM 

parameters viz. electron density (ρ(r)), Laplacian of electron density (2(r)), and the total 

electron energy density (H(r)) at the bond critical point (bcp) of NO∙∙∙H HB interaction. 

QTAIM topological plots of a representative complex with and without substituents are given 

in Figure 5.6. Table 5.5 presents the values of QTAIM parameters at the bcp for all 

complexes.  

 

Figure 5.6 QTAIM plot of the complexes of 4 with substituents viz. H, CH3 and F. Values of 

QTAIM parameters at the BCP (green spheres on bond path) on NO∙∙∙H HB are given in au. 

At first we consider the QTAIM parameters at the bcp of NO∙∙∙H interaction of 

unsubstituted complexes of nitroxide radicals. The (r) value at the bcp is considered as an 

indicator of the strength of HB interaction.76,238 The (r) values for all unsubstituted 

complexes fall in the range of 0.0405 − 0.0653 au; the minimum and maximum (r) value 

were noted for complexes formed by the radicals 17 and 13 respectively. The 2 value, a 

measure of nature of a HB, fall within the range of 0.1376 – 0.1642 au. Generally it is 

considered that, for a typical HB, (r) and2(r) should be lie respectively in the range of 

0.002 − 0.035 au and 0.024 − 0.139 au.167,168 High values of (r) and2(r) are observed in 

all unsubstituted  complexes, which indicates the presence of strong HB interactions in them. 

Apart from (r) and2(r), H(r) values at the bcp provide valuable information about the 

nature of a chemical bond. It can be seen that negative H(r) values are observed for all 

nitroxide complexes, which fall in the range from −0.0013 to −0.0138 au. A positive2  

along with a negative H value stand for a mix of closed-shell and shared NO∙∙∙H HB 

interactions in complexes involving unsubstituted nitroxide radicals.239 
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Table 5.5 Values of QTAIM parameters (in au) at the bcp of NO∙∙∙H HB in all complexes 

with and without substituents (X = H, CH3, and F).  

Structure 
X= H X = CH3 X = F 

(r) 2(r) H(r) (r) 2(r) H(r) (r) 2(r) H(r) 

1 0.0434 0.1385 −0.0029 0.0478 0.1501 −0.0042 0.0125 0.0560 0.0029 

2 0.0483 0.1501 −0.0044 0.0406 0.1425 −0.0010 0.0305 0.1175 0.0020 

3 0.0474 0.1489 −0.0041 0.0401 0.1415 −0.0008 0.0308 0.1184 0.0020 

4 0.0482 0.1504 −0.0043 0.0401 0.1433 −0.0008 0.0297 0.1156 0.0022 

5 0.0489 0.1526 −0.0046 0.0431 0.1459 −0.0021 0.0323 0.1236 0.0013 

6 0.0471 0.1493 −0.0043 0.0459 0.1498 −0.0029 0.0399 0.1414 −0.0007 

7 0.0451 0.1480 −0.0036 0.0361 0.1404 −0.0006 0.0306 0.1187 0.0017 

8 0.0469 0.1507 −0.0040 0.0453 0.1506 −0.0028 0.0325 0.1261 0.0016 

9 0.0471 0.1502 −0.0037 0.0423 0.1438 −0.0017 0.0321 0.1194 0.0014 

10 0.0424 0.1474 −0.0016 0.0418 0.1445 −0.0013 0.0387 0.1421 −0.0002 

11 0.0473 0.1488 −0.0040 0.0467 0.1527 −0.0034 0.0290 0.1128 0.0023 

12 0.0461 0.1472 −0.0035 0.0466 0.1518 −0.0034 0.0296 0.1149 0.0021 

13 0.0653 0.1642 −0.0138 0.0631 0.1637 −0.0122 0.0488 0.1498 −0.0054 

14 0.0464 0.1472 −0.0037 0.0475 0.1526 −0.0038 0.0295 0.1120 0.0019 

15 0.0439 0.1428 −0.0027 0.0436 0.1478 −0.0021 0.0279 0.1097 0.0025 

16 0.0427 0.1417 −0.0021 0.0432 0.1492 −0.0018 0.0342 0.1223 0.0005 

17 0.0405 0.1376 −0.0013 0.0397 0.1426 −0.0005 0.0329 0.1180 0.0007 

18 0.0490 0.1530 −0.0046 0.0459 0.1561 −0.0028 0.0320 0.1222 0.0013 

19 0.0451 0.1503 −0.0032 0.0461 0.1535 −0.0031 0.0371 0.1387 0.0003 

20 0.0475 0.1485 −0.0042 0.0463 0.1537 −0.0032 0.0285 0.1117 0.0024 

21 0.0490 0.1499 −0.0049 0.0491 0.1577 −0.0044 0.0335 0.1260 0.0012 

22 0.0503 0.1526 −0.0054 0.0480 0.1563 −0.0039 0.0430 0.1407 −0.0025 

23 0.0467 0.1456 −0.0040 0.0438 0.1380 −0.0026 0.0406 0.1375 −0.0018 

24 0.0279 0.1118 0.0026 0.0333 0.1221 0.0009 0.0285 0.1075 0.0017 

25 0.0298 0.1031 0.0025 0.0318 0.1196 0.0016 0.0303 0.1157 0.0018 

26 0.0297 0.1150 0.0021 0.0338 0.1236 0.0013 0.0330 0.1185 0.0011 

27 0.0301 0.1152 0.0018 0.0306 0.1110 0.0015 0.0283 0.1108 0.0022 
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For CH3 substituted nitroxide complexes, (r), 2(r), and H(r) values at the bcp 

range from 0.0361 to 0.0631au, from 0.1380 to 0.1637 au, and from −0.0005 to −0.0122 au, 

respectively. Remarkably, high positive values of (r) and 2(r) along with negative values 

of H(r) show stronger HB interaction with partial closed-shell and shared nature.167,168,240 

When the substituent X = F, the QTAIM parameters (r), 2(r), and H(r) at the bcp are 

respectively fall in the range from 0.0125 to 0.0488 au, from 0.0560 to 0.1498 au, and from 

−0.0054 to 0.0029 au. Accordingly, ρ(r) value decrease with F substitution which indicates 

the decrease in the strength of HB interaction as compared to X = H or CH3 complexes. In 

addition, the positive 2(r) values and H(r) values are either positive or close to zero in 

most of the cases (with X = F) suggesting ionic character of HB.168,241 

5.4.6 Hydrogen bonded complexes with H2O and CH4 

We used H2O and CH4 as Lewis acids for the purpose of assessment of HB interaction of 

unsubstituted nitroxide/iminoxyl radical with other HB donors. We have selected ten radicals 

viz. 3, 4, 11, 12, 13, 16, 17, 21, 24, and 25 from the set of radicals depicted in Figure 5.1; 

among them 24 and 25 are iminoxyl radicals. We incorporated all categories of radicals in the 

ten representative systems from a total of 27 radicals. 

 

Figure 5.7 (a) Optimized geometries of complexes of unsubstituted nitroxide radical 4 with 

H2O and CH4. The distance of hydrogen bond is given in Å. (b) QTAIM topological plot with 

values of QTAIM parameters (in au) at NO∙∙∙H interaction of the corresponding complexes. 

The optimized geometries of hydrogen bonded complexes of unsubstituted radical 4 

with H2O and CH4 are depicted in Figure 5.7(a). It should be noted that we have taken only 

the conformer of hydrogen bonded complexes in which a single H-atom of either H2O or CH4 

is having HB with the O-atom of NO unit. The NO∙∙∙H HB distance (d2) and Eint values 
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computed for complexes are presented in Table 5.6. For complexes with H2O, d2 values range 

from 1.803Å to 2.146Å and Eint values range from −3.74 to −12.04 kcal/mol; the complex of 

25 has the lowest Eint value (−3.74 kcal/mol) and complexes of 13 possess the highest Eint 

value (−12.04 kcal/mol). In the case of nitroxide-CH4 complexes, d2 values range from 2.440 

to 3.257Å and Eint values range from −0.29 to −2.25 kcal/mol. It is clear that the HB 

interactions in nitroxide-CH4 are very weak as compared to nitroxide-H2O complexes. The 

complex formed between CH4 and iminoxyl radical 25 has the lowest (−0.29 kcal/mol) and 

those formed by nitroxide radical 12 showed the highest (−2.25 kcal/mol) Eint values.  

Table 5.6 Distance of hydrogen bond (HB; in Å) and interaction energy (Eint; in kcal/mol) 

values for hydrogen bonded complexes of unsubstituted nitroxide/iminoxyl radical with H2O 

and CH4.  

Structure 
Complexes with H2O Complexes with CH4 

HB distance  Eint  HB distance  Eint  

3 1.894 −8.04 2.948 −0.52 

4 1.889 −7.84 2.950 −0.59 

11 1.890 −7.96 2.571 −2.00 

12 1.901 −7.88 2.630 −2.25 

13 1.803 −12.04 2.440 −1.81 

16 1.925 −7.20 2.953 −0.47 

17 1.954 −6.51 2.956 −0.42 

21 1.913 −8.41 2.940 −0.46 

24 2.146 −4.60 2.959 −0.34 

25 2.086 −3.74 3.257 −0.29 

The QTAIM topological plot along with QTAIM parameters of hydrogen bonded 

complexes of a representative radical with H2O and CH4 are sketched in Figure 5.7(b). The 

values of QTAIM parameters located at the bcp of NO∙∙∙H bond paths of nitroxide-H2O and 

nitroxide-CH4 complexes are listed in Table 5.7. In nitroxide-H2O complexes, values of (r) 

and 2(r) lie within the range of 0.0153 – 0.0369 au and 0.0582 – 0.1242 au, respectively, 

and H(r) values ranging from −0.0002 to 0.0026 au. The positive 2(r) values and positive 

or close to zero values of H(r) indicate typical closed-shell NO∙∙∙H interactions in nitroxide-

H2O complexes. The calculated QTAIM parameters on NO∙∙∙H HB for the nitroxide-CH4 

complexes have low (r) values (range from 0.0013 to 0.0106 au), positive 2(r) values 

(range from 0.0063 to 0.0303 au), and positive H(r) values (ranging between 0.0004 and 
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0.0007 au). This suggests a weak and closed shell interaction in these hydrogen-bonded 

complexes. 

Table 5.7 Values of QTAIM parameters (in au) on NO∙∙∙H HB of nitroxide-H2O and 

nitroxide-CH4 complexes with radicals of 3, 4, 11, 12, 13, 16, 17, 21, 24, and 25.  

 

Structure 

Complexes with H2O Complexes with CH4 

(r) 2(r) H(r) (r) 2(r) H(r) 

3 0.0286 0.1013 0.0017 0.0023 0.0104 0.0005 

4 0.0288 0.1019 0.0016 0.0023 0.0104 0.0005 

11 0.0287 0.1021 0.0017 0.0074 0.0239 0.0006 

12 0.0280 0.1004 0.0018 0.0067 0.0213 0.0005 

13 0.0369 0.1242 −0.0002 0.0106 0.0303 0.0007 

16 0.0264 0.0956 0.0020 0.0023 0.0104 0.0005 

17 0.0248 0.0911 0.0021 0.0023 0.0103 0.0005 

21 0.0277 0.0984 0.0017 0.0023 0.0105 0.0005 

24 0.0153 0.0582 0.0020 0.0022 0.0102 0.0005 

25 0.0160 0.0671 0.0026 0.0013 0.0063 0.0004 

5.4.7 SAPT calculations 

The contributions of different energy components viz. electrostatic, exchange, induction, and 

dispersion to the interaction energies are investigated at the SAPT0/aug-cc-pVTZ method on 

a selected number of hydrogen-bonded complexes formed by unsubstituted radicals namely, 

3, 4, 11, 12, 13, 16, 17, 21, 24, and 25. All SAPT-derived components of the interaction 

energy of nitroxide-HF complexes are plotted in Figure 5.8(a) and corresponding values are 

listed in Table 5.8. The total SAPT interaction energy  𝐸𝑖𝑛𝑡
𝑆𝐴𝑃𝑇of the complexes range from 

−6.25 to −18.14 kcal/mol. The lower value of −6.25 kcal/mol corresponds to iminoxyl 

complex of 25 and a higher value of −18.14 kcal/mol is obtained for the complex formed by 

13. It can be seen that all values of exchange energy Eexch are positive; thereby it destabilizes 

the interacted complexes.242,243 The sum of other energy components (i.e., Eelst + Eind + Edisp) 

imparts stabilization of the interacted complex.243 As evident from Figure 5.8(a), the 

electrostatic component (Eelst) is the dominant contributor, about 52% to 58% to the overall 

stabilization energy. This is followed by the induction term (Eind), which is 28% to 30% of 

the overall stabilizing energy. The dispersion component Edisp make comparatively modest 

contributions, ranging from −2.23 to −7.28 kcal/mol, in all complexes. The contribution of 

Edisp is about 14% to 19% to the total interaction energy. The magnitude of Eelst is comparable 

to that of Eexch except in a complex of 13. In general, the Eelst is the most attractive term and 

plays a major role in the overall stabilization energy along with the induction term. 
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Table 5.8 The SAPT partitioning of interaction energy for unsubstituted complexes of 3, 4, 

11, 12, 13, 16, 17, 21, 24, and 25 radical with HF. All energy values are in kcal/mol. 

Structure Eelst Eexch Eind Edisp  𝐸𝑖𝑛𝑡
𝑆𝐴𝑃𝑇  

3 −17.62 16.78 −8.44 −4.32 −13.60 

4 −18.31 18.08 −8.82 −4.47 −13.52 

11 −17.73 16.96 −8.45 −4.35 −13.57 

12 −16.96 16.48 −8.07 −4.29 −12.83 

13 −27.53 31.60 −14.94 −7.28 −18.14 

16 −15.21 15.82 −7.63 −4.20 −11.22 

17 −13.04 13.94 −6.88 −3.94 −9.91 

21 −19.06 17.96 −9.11 −4.70 −14.92 

24 −7.59 7.22 −3.81 −2.23 −6.41 

25 −7.58 8.34 −4.17 −2.84 −6.25 

Table 5.9 The SAPT partitioning of interaction energy for unsubstituted complexes of 3, 4, 

11, 12, 13, 16, 17, 21, 24, and 25 radical with H2O. All energy values are in kcal/mol. 

Structure Eelst Eexch Eind Edisp  𝐸𝑖𝑛𝑡
𝑆𝐴𝑃𝑇  

3 −11.33 11.04 −3.77 −4.22 −8.27 

4 −11.89 12.18 −4.00 −4.21 −7.91 

11 −11.74 11.70 −3.93 −4.26 −8.23 

12 −11.60 11.60 −3.78 −4.28 −8.06 

13 −21.51 22.57 −7.67 −6.92 −13.52 

16 −10.34 10.79 −3.38 −4.05 −6.98 

17 −9.52 10.37 −3.17 −4.10 −6.43 

21 −14.10 13.66 −4.61 −4.70 −9.74 

24 −5.98 6.38 −1.86 −3.14 −4.60 

25 −5.33 5.79 −1.58 −3.03 −4.15 

Table 5.10 The SAPT partitioning of interaction energy for unsubstituted complexes of 3, 4, 

11, 12, 13, 16, 17, 21, 24, and 25 radical with CH4. All energy values are in kcal/mol.  

Structure Eelst Eexch Eind Edisp  𝐸𝑖𝑛𝑡
𝑆𝐴𝑃𝑇  

3 −0.26 0.21 −0.13 −0.48 −0.66 

4 −0.27 0.22 −0.13 −0.49 −0.67 

11 −1.24 2.74 −0.44 −2.99 −1.93 

12 −1.43 3.19 −0.44 −3.39 −2.06 

13 −2.21 4.22 −1.03 −3.05 −2.07 

16 −0.22 0.21 −0.08 −0.49 −0.58 

17 −0.21 0.21 −0.06 −0.48 −0.54 

21 −0.26 0.21 −0.12 −0.51 −0.68 

24 −0.17 0.20 −0.05 −0.43 −0.44 

25 −0.09 0.08 −0.03 −0.32 −0.36 
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Figure 5.8 The SAPT partitioning of interaction energy for unsubstituted complexes of 3, 4, 

11, 12, 13, 16, 17, 21, 24, and 25 with (a) HF (b) H2O, and (c) CH4. The total SAPT 

interaction energy (blue) is the sum of all components viz. electrostatic (Eelst, green), 

exchange (Eexch, orange), dispersion (Edisp, yellow), and induction (Eind, gray). 
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The SAPT0/aug-cc-pVTZ calculations were also performed on a series of complexes 

of unsubstituted radicals with H2O and CH4. The  𝐸𝑖𝑛𝑡
𝑆𝐴𝑃𝑇 values and the components of 

various energy terms for all the complexes of nitroxide-H2O and nitroxide-CH4 are plotted in 

Figure 5.8(b) and Figure 5.8(c), respectively (corresponding values are listed in Table 5.9 and 

Table 5.10, respectively). For nitroxide-H2O complexes, as given in Figure 5.8(b), the 

electrostatic term is the most prominent stabilizing component to overall SAPT energy like 

nitroxide-HF complexes. For methane interacted complexes, an analysis of SAPT result 

showed that the overall stabilization energy receives a contribution of about 21% to 35% 

from Eelst, 7% to 16% from Eind, and 48% to 73% from Edisp. The energy components for 

nitroxide-CH4 complexes are plotted in Figure 5.8(c). It is clear from Figure 5.8(c) that the 

overall stabilization energy is mainly composed of dispersion, resulting from the dipole - 

induced dipole interaction between nitroxide and CH4. The next important attractive term is 

Eelst whereas Eind plays comparatively least role in the overall stability of the hydrogen 

bonded complexes of CH4. 

5.4.8 NBO analysis  

An NBO view of donor-acceptor orbitals (with E(2) energy larger than 0.1 kcal/mol) involved 

in the NO∙∙∙H HBs of hydrogen-bonded complexes of 1 (1-HF) with various substituents is 

depicted in Figure 5.9. The lone pairs of oxygen atoms in NO moiety (lp(O)NO) of radical 1 

interact with the antibonding (𝜎𝐻−𝐹
∗ ) orbital of H ̶ F bond in all 1-HF complexes with various 

substituents. A total stabilization (E(2)) energy of 17.99, 24.10, and 1.66 kcal/mol is calculated 

for complexes with unsubstituted, CH3 substituted, and F substituted radical 1, respectively. 

This again shows that CH3 substituted radical 1 forms the strongest HB with HF, then it is 

followed by unsubstituted radical, and F substituted radical forms the weakest HB. Hence, 

NBO results are in agreement with the MESP and QTAIM results. 

5.4.9 Comparison of strength of hydrogen bonding interactions of NO, HNO, HONO, 

and nitroxide  

The hydrogen-bonded (with NO∙∙∙H interaction) complexes of NO, HNO, HONO, and 

nitroxide radicals viz., H2NO and (CH3)2NO with a water molecule is illustrated in Figure 

5.10(a) along with their HB distances and interaction energy (Eint) values. The Eint values of 

(CH3)2NO…H2O, H2NO…H2O, HNO…H2O, HONO…H2O, NO…H2O interactions are 

−7.86, −8.25, −2.76, −2.14, and −0.77 kcal/mol, respectively. Therefore, the nitroxide-water 
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complexes is the most stable, and it is followed by HNO…H2O, HONO…H2O complexes, 

and the NO…H2O is the least stable complex. 

 

Figure 5.9 The donor-acceptor orbitals (isovalue = 0.03 au) involved in hydrogen-bonded 

complexes of 1 (1-HF) with various substituents (X = H, CH3, and F). The E(2) energy for 

these interactions is estimated based on second-order perturbation theory in NBO analysis. 

The distance of HB (NO∙∙∙H) indicates that the strongest HB is present between 

(CH3)2NO and H2O (distance = 1.887 Å), then it is followed by H2NO…H2O (2.004 Å), 

HNO…H2O (2.062 Å), HONO…H2O (2.123 Å), and the weakest HB in NO…H2O complex 

(2.249 Å). Hence, the nitroxide-water complexes have the strongest HB compared to other 

complexes, and the trend in HB strength corresponds to the trend in stability of these 

complexes based on Eint values. Furthermore, the HB strength in these complexes is also 

assessed using QTAIM parameters (see Figure 5.10(b)). Based on electron density (ρ(r)) 

values, the trend of NO∙∙∙H HB strength followed by (CH3)2NO…H2O (ρ(r) = 0.0289 au), 
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H2NO…H2O (0.0238 au), HNO…H2O (0.0189 au), HONO…H2O (0.0158 au), NO…H2O 

(0.0114 au) complexes is consistent with the trend found based on their HB distances. 

  

 

Figure 5.10 Hydrogen bonded (NO∙∙∙H) complexes of NO, HNO, HONO, H2NO, and 

(CH3)2NO with water: (a) Optimized geometries with distance of hydrogen bond is given in 

Å and interaction energies (Eint) in kcal/mol, and (b) QTAIM topological plot with values of 

QTAIM parameters at hydrogen bonds in au. 

It should also be noted that in nitroxide-water complexes, a weak HB is formed via 

CH3 and H substituents of (CH3)2NO and H2NO nitroxides, respectively, with O-atom of 
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water (with a ρ(r) value of 0.0118 and 0.0182 au, respectively). The higher ρ(r) value of 

H2NO…H2O complex suggest a stronger secondary interaction in H2NO…H2O compared to 

that of (CH3)2NO…H2O. This may be the reason for greater stability of H2NO…H2O 

complex (Eint = −8.25 kcal/mol) than (CH3)2NO…H2O (−7.86 kcal/mol). 

5.5 Conclusions 

In the present study, intermolecular hydrogen bond (HB) involving nitroxide radical has been 

investigated by using DFT calculations at the UM06L/6-311++G(d,p) level. The deepest 

minimum of MESP (Vmin) around the O-atom of NO moiety is used to monitor the electronic 

effect of various substituted nitroxide radicals. The Vmin values can be used as a good 

descriptor to measure the interaction energy of hydrogen-bonded complexes of nitroxide 

radicals. Further, the strength and nature of intermolecular HB interaction were characterized 

by QTAIM analysis. For all studied complexes of HF, the nature of HB is predicted to be 

partially closed-shell and shared-type interactions with electron-donating substituents 

whereas the HB is mostly closed-shell type interactions in systems with electron-withdrawing 

substituents. The SAPT calculations have revealed that the interaction energies of nitroxide 

complexes largely depend on the electrostatic term while the dispersion term is the major 

contributor to the interaction energy of nitroxide-CH4 complexes. The NBO analysis rendered 

a picture of donor-acceptor orbitals involved in the HBs of a nitroxide hydrogen-bonded 

complex with various substituents. Furthermore, this chapter included a comparison of the 

HB interactions of NO, HNO, HONO, and nitroxide molecules. This shows that the strongest 

HB is formed by the nitroxide radical, followed by HNO and HONO, and the weakest HB is 

formed by NO. A fundamental understanding of the nature and strength of HB in nitroxide 

radicals is crucial since their chemical and biological applications rely largely on their ability 

to form intermolecular HB interactions. Insights on HB strength in nitroxide radicals revealed 

in this work could be beneficial in designing stable nitroxides for diverse applications viz. 

spin labeling, and hydrogen abstracter, amongst others.          

 

Publication based on this chapter: 

Thufail M. Ismail; Mohan, N.; Sajith, P. K. “Theoretical study of hydrogen bonding 

interactions in substituted nitroxide radicals”. New Journal of Chemistry 2021, 45, 3866-

3875. 
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6.1 Abstract 

Understanding the characteristics of nitric oxide (NO) adsorption on metal-loaded zeolites is 

a prerequisite for developing efficient catalysts for NO abatement reactions. In this study, we 

probed the effect of the hydrogen bond (NO∙∙∙H interaction) that exists between adsorbed NO 

and Brønsted acid sites (BAS) in various metal-loaded ZSM-5 zeolites (M-ZSM-5, wherein 

M = Fe, Co, Ni, Cu, Zn, Pd, Ag, and Au) by using DFT calculations at B3LYP/def2-SVP 

level. The presence of NO∙∙∙H hydrogen bond (HB) has altered the NO adsorption energies 

significantly; appreciable stabilization via HB is noted for NO complexes of Zn, Fe, and Co, 

and reasonable stabilization is obtained for Ni and Cu complexes, whereas an anomalous 

effect of a HB is identified in Ag, Pd, and Au species. Moderate weakening of N–O bond in 

all NO adsorbed complexes primarily due to a HB has been realized in terms of Mayer bond 

order and quantum theory of atoms in molecules (QTAIM) topological analyses; N–O bond 

activation follows the order, Ag < Pd < Au < Ni < Cu < Co < Fe < Zn. We obtained a good 

correlation between HB distance and molecular electrostatic potential (MESP) at the O-atom 

(VO) of NO adsorbed on BAS-free M-ZSM-5; which suggests that VO can be considered a key 

descriptor to infer the strength of a HB between the adsorbed NO and M-ZSM-5 with BAS. 

Finally, the energy decomposition analysis (EDA) in combination with natural orbitals for 

chemical valence (NOCV) has provided the qualitative aspects of electron back donation 

from the metal to the antibonding MO of NO; this back donation is quite impressive in HB-

assisted NO adsorption. We expect that the findings of this study will open up the possibility 

of the design of BAS containing metal-loaded zeolites for the catalytic mitigation of NO. 

6.2 Introduction  

The metal-loaded ZSM-5 (denoted as M-ZSM-5) is extensively used as a catalyst for 

NO abatement reactions. The catalytic activity of different metals in M-ZSM-5 is reported in 

many experimental as well as theoretical studies.40-44 Besides, studies have shown that 

Brønsted acid sites (BAS) have significant roles in the catalytic activity of ZSM-5 and other 

zeolites in many reactions.135,244,245 It is evident from many experimental studies that 

hydrogen bond (HB) is formed between BAS and organic molecules.134,137,246 However, to 

the best of our knowledge, a systematic experimental/theoretical exposition of the influence 

of BAS in M-ZSM-5 on the adsorption of NO has not been done so far. It is essential to 

address a cooperative effect of NO adsorption onto the metal atom, and the HB formed 

between the BAS and adsorbed NO. The HB formation can affect the N–O (or the M–NO) 
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bond in NO adsorbed on M-ZSM-5, which has an impact on the electronic structures and NO 

adsorption energy. Similarly, the extent of HB formation may differ with the type of metal 

atom being used in M-ZSM-5. Hence, we used different transition metals such as Fe, Co, Ni, 

Cu, Zn, Pd, Ag, and Au for the present study. Accordingly, the disparate metal atoms will 

produce differences in the adsorption of NO to M-ZSM-5. In the present work, we aim to 

delineate the characteristics of electronic interactions in NO adsorbed M-ZSM-5 using 

quantum computational calculations. In order to gain more insight into the energetics of 

adsorption, HB interactions, and electronic structures of the M–NO bond, various theoretical 

analyses such as Mulliken spin density analysis, bond order analysis, and energy 

decomposition analysis (EDA) combined with natural orbitals for chemical valence (NOCV) 

are carried out in addition to quantum theory of atoms in molecules (QTAIM) and molecular 

electrostatic potential (MESP) analyses.  

6.3 Computational methods 

A cluster model of ZSM-5 with 32 tetrahedra sites (T) obtained from the zeolite database was 

used for computational simulations.247 The model contains terminal Si- or O-atoms; 

therefore, an adequate number of H-atoms were added to terminal Si/O-atoms to fulfil their 

valence. Standard single bond distances (viz. 1.47 Å for Si–H bond and 0.90 Å for O–H 

bond) were assigned to those capped H-atoms. The M-ZSM-5 structure is created by the 

replacement of a quadrivalent Si cation in the ten membered ring (10-MR) of the original 

cluster model of the ZSM-5 framework by a trivalent Al cation with the simultaneous 

insertion of a monovalent metal ion (M+ = Fe+, Co+, Ni+, Cu+, Zn+, Pd+, Ag+, and Au+). The 

BAS containing M-ZSM-5 structure was obtained via substituting two vis-à-vis quadrivalent 

Si-cations in the 10-MR of the 32 tetrahedra cluster with two trivalent Al cations, separated 

by four SiO4 tetrahedra units, and this model is designated as 4T, accompanied by the 

incorporation of M and H ions. The structures with aluminium pairs separated by one, two, 

and three SiO4 tetrahedra designated as 1T, 2T, and 3T, respectively, were also modeled. In 

fact, we attempted various orientations of HBs by changing the position of BAS on the Cu-

ZSM-5 cluster. We obtained that the 4T model has the strongest HB with adsorbed NO and 

BAS with a distance of 1.904 Å, whereas the corresponding distances of 3T, 2T, and 1T are 

2.090 Å, 2.466 Å, and 4.372 Å respectively; the optimized geometries are depicted in Figure 

6.1. Thus, the orientation in which the strongest HB interaction is present, i.e., the 4T model, 

is selected for the present study. The cluster models of M-ZSM-5 with and without BAS are 

depicted in Figure 6.2. The complexations of NO to M-ZSM-5 with and without BAS are 
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conveniently represented in the text as H∙∙∙(ON)–M-ZSM-5 (or M–NO∙∙∙H) and (ON)–M-

ZSM-5 (or, M–NO), respectively. 

 
Figure 6.1 Optimized geometries of H∙∙∙(ON)–Cu-ZSM-5 complexes (1T, 2T, 3T, and 4T) 

with different positioning of BAS. The relevant bond distance is given in Å. 

 
Figure 6.2 The cluster model of M-ZSM-5 used in this study. (a) System without BAS. (b) 

System with BAS (4T model). In the structures, M denotes (Yellow spheres) the monovalent 

transition metal ions (M = Fe, Co, Ni, Cu, Zn, Pd, Ag, and Au).  
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Density functional theory (DFT) within the formalism of B3LYP157 level with def2-

SVP147 basis set was used for geometry optimization and subsequent frequency calculations 

of all the structures simulated by employing the Gaussian 16 program package.192 During 

geometry optimizations, the Si-atoms and the terminal H-atoms capped to Si/O-atoms in the 

cluster model of M-ZSM-5 were kept fixed to maintain the confinement of the ZSM-5 

framework. For better energy estimates, single-point calculations were additionally 

performed at B3LYP and the dispersion-corrected B3LYP-D3 methods using the def2-TZVP 

basis set.147,159  

Adsorption energy (𝐸𝑎𝑑𝑠) was calculated using equation (Eq. 6.1), wherein 𝐸𝑐𝑜𝑚𝑝𝑙𝑒𝑥, 

𝐸𝑁𝑂 , and 𝐸𝑀−𝑍𝑆𝑀−5 are the energies of (ON)–M-ZSM-5 (or H∙∙∙(ON)–M-ZSM-5), NO, and 

M-ZSM-5 (or M-ZSM-5 with BAS) species respectively. 

𝐸𝑎𝑑𝑠 =  𝐸𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − (𝐸𝑁𝑂 + 𝐸𝑀−𝑍𝑆𝑀−5)         (Eq. 6.1) 

The optimized geometries were further utilized for quantum theory of atoms in 

molecules (QTAIM) and molecular electrostatic potential (MESP) and energy decomposition 

(EDA) analyses. QTAIM analysis is carried out in AIMAll software.193 EDA is performed 

using Amsterdam Density Functional (ADF) package introduced by Morokuma78 and 

subsequently improved by Ziegler et al.248 Relativistic adjustments based on Zero Order 

Regular Approximation (ZORA)249 are employed during the EDA as encoded in ADF 

2019.105 software.250 The generalized gradient approximation functional BP86 composed of 

Becke exchange and Perdew correlation functional is utilized for EDA.157,251 The spin-

unrestricted EDA is carried out assuming spin-unrestricted fragments (NO and M-ZSM-5) 

form a spin-unrestricted complex.252 As discussed in the chapter 1 based on EDA, the total 

interaction energy ( 𝐸𝑖𝑛𝑡
𝐸𝐷𝐴) or total binding energy (TBE) is the sum of energies of 

electrostatic term  𝐸𝑒𝑙𝑠𝑡, Pauli’s term  𝐸𝑝𝑎𝑢𝑙𝑖, and the orbital contribution term 𝐸𝑜𝑟𝑏 (see Eq. 

6.2).252  

𝑇𝐵𝐸 =  𝐸𝑃𝑎𝑢𝑙𝑖 +  𝐸𝐸𝑆 +  𝐸𝑂𝑟𝑏   (Eq. 6.2) 

Ultimately, the extended transition state (ETS) approach253, in combination with the 

natural orbitals for chemical valence (NOCV) theory254, has been used to get insights into the 

nature of charge transfer in these complexes. 
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6.4 Results & discussion  

6.4.1 Electronic-structural features and N–O stretching frequencies of M–NO and M–

NO∙∙∙H complexes 

It has been noted that NO binding to a metal atom can occur either via end-on (through N-

terminal or O-terminal) or side-on mode.255 Herein, we obtained that N-terminal end-on 

adsorption to M-ZSM-5 is the most favorable mode of NO adsorption, which agrees with 

previous reports.138 Therefore, further discussions are based on the optimized geometries of 

the N-terminal mode of NO adsorption over M-ZSM-5 structures. It should be noted that 

except for Cu, Ag, and Au species, more than one spin multiplicities is possible for the NO 

adsorbed complexes. For instance, the Fe(I) complex can have singlet, triplet, quintet, and 

septet spin multiplicities. The optimized geometries of NO-adsorbed complexes with 

different spin multiplicities were determined for each M+ species at the B3LYP/def2-SVP 

level of theory. The correct multiplicity of the complex in each case is then assigned as the 

species with the lowest energy in accordance with the strategy employed by Fellah.256 In the 

case of (ON)–Fe-ZSM-5, the complex with triplet multiplicity was found to be the most 

stable species; the singlet, quintet, and septet spin multiplicity structures are found to be 

45.88, 18.81, and 38.18 kcal/mol higher in energy than the triplet species. The energetics of 

M-ZSM-5 and (ON)–M-ZSM-5 complexes with different spin multiplicities are given in 

Table 6.1. The correct spin state obtained for (ON)–M-ZSM-5 complexes is also applicable 

to H∙∙∙(ON)–M-ZSM-5 complexes, which is verified from single point calculation performed 

for different spin states at B3LYP/def2-SVP level of theory using optimized geometry of 

most stable spin state. The most stable spin states obtained in this study are consistent with 

the previous theoretical studies on NO adsorption to various metal-loaded zeolites.50,256,257 

For instance, triplet spin state for (ON)–Fe-ZSM-5 using DFT method,256 doublets for NO 

adsorbed M-ZSM-5 complexes of Ag and Au using DFT method,50 and also the well-studied 

NO adsorbed Cu loaded zeolites have doublet spin state.257 Similarly, the most stable spin 

state obtained in this study for Co–NO, Ni–NO, Pd–NO, and Zn–NO complexes are doublet, 

singlet, singlet, and triplet, respectively. 

The optimized geometries of (ON)–M-ZSM-5 and H∙∙∙(ON)–M-ZSM-5 complexes 

with M = Fe, Co, Ni, Cu, Zn, Pd, Ag, and Au ions in their most stable spin multiplicity state 

are depicted in Figure 6.3. The important geometrical parameters at the complexation sites of 

the various complexes are listed in Table 6.2. It can be noted from Table 6.2 that the M–N 

distances for the (ON)–M-ZSM-5 complexes range from 1.601 to 2.166 Å while the N–O 
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bond distances range from 1.140 to 1.212 Å. The bond distances predicted herein reasonably 

agree with the values computed earlier.50,256,258 The calculated M–N–O bond angle (∠MNO) 

for the Fe, Co, and Ni complexes are roughly (~4º to 6º) close to 180º; while the ∠MNO for 

the Cu, Zn, Pd, Ag, and Au complexes are about 50º to 30º lower than 180º indicating the 

bent nature of the M–N–O moiety. The ∠MNO values obtained herein are consistent with 

those estimated in earlier studies for NO adsorbed metal complexes.50,256,257,259,260 The end-on 

linear M–NO species (as in M = Fe, Co, and Ni, vide supra) in the metal nitrosyls might have 

a NO+ state; while the end-on bent (angle ~ 120º) M–NO segment indicates the presence of 

NO ̶  state.261 Moreover, the half-bent M–N–O with a bond angle of ~ 140 – 150º (as in M = 

Cu, and Pd, noted above) is expected to be a NO radical state, while an angle between 130 – 

140º is shown by Zn, Ag, and Au suggests an intermediate state between NO ̶  and NO radical 

states.262  

Table 6.1 The relative energies of M-ZSM-5 and (ON)–M-ZSM-5 complexes in their 

different spin states (M  = Fe, Co, Ni, Zn, and Pd).   

M-ZSM-5 
Spin 

Multiplicity 

Relative Energy 

(kcal/mol) 
(ON)–M-ZSM-5 

Spin 

Multiplicity 

Relative Energy 

(kcal/mol) 

Fe 

2 

4 

6 

29.74 

0.00 

3.69 
Fe–NO 

1  

3 

5 

7 

45.88 

0.00 

18.81 

38.18 

Co 

1 

3 

5 

39.81 

0.00 

12.72 

Co–NO 

2 

4 

6 

0.00 

14.03 

49.79 

Ni 
2 

4 

0.00 

26.68 
Ni–NO 

1  

3 

0.00 

10.44 

Zn 
2 

4 

0.00 

120.15 
Zn–NO 

1  

3 

7.04 

0.00 

Pd 
2 

4 

0.00 

68.23 
Pd–NO 

1  

3 

0.00 

21.03 

 

The computed stretching frequencies of the N–O bond (NO) in various (ON)–M-

ZSM-5 complexes are also given in Table 6.2. The lowest NO was observed for the Zn 

complex (1672 cm-1), while the highest value was obtained for the Ni complex (2081 cm-1). 

The experimental NO reported for Fe–NO, Cu–NO, Ag–NO, and Au–NO complexes are 

1786 cm-1, 1813 cm-1, 1884 cm-1, and 1817 cm-1 respectively;48,263–265 the corresponding 

calculated values are respectively 1930 cm-1, 1986 cm-1, 2019 cm-1, and 1981 cm-1. 
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Obviously, the calculated NO values are overestimated compared to experimental values. 

Previous studies have shown that most popular DFT methods cannot exactly reproduce the 

experimental NO values; thus, scaling factors were used therein.266,267 Thus, it is quite 

obvious from the calculated N–O bond distances and stretching frequencies that considerable 

N–O bond elongation occurs upon adsorption of NO to various M-ZSM-5 structures. 

Table 6.2 Important structural parametersa, N–O stretching frequenciesa, adsorption 

energiesb, and ∆Eads of various (ON)–M-ZSM-5 and H∙∙∙(ON)–M-ZSM-5 complexes. 

Complex 
Bond distance (Å) ∠MNO 

(º) 
NO 

(cm-1) 

Eads 

(kcal/mol) 

∆Eads 

(kcal/mol) M–N N–O NO∙∙∙H 

Fe–NO 1.721 1.172 -- 176.26 1930 –59.22 

–5.27 
Fe–NO∙∙∙H 1.734 1.183 1.748 177.50 1887 –64.49 

Co–NO 1.689 1.163 -- 173.79 1969 –47.94 

–3.59 
Co–NO∙∙∙H 1.703 1.175 1.802 169.21 1914 –51.53 

Ni–NO 1.601 1.144 -- 175.61 2081 –38.89 

–0.79 
Ni–NO∙∙∙H 1.598 1.153 1.922 177.31 2036 –39.68 

Cu–NO 1.835 1.153 -- 148.16 1986 –26.09 

–0.87 
Cu–NO∙∙∙H 1.802 1.160 1.904 156.02 1944 –26.96 

Zn–NO 1.891 1.212 -- 131.27 1672 –18.23 

–8.87 
Zn–NO∙∙∙H 1.891 1.215 1.645 138.67 1700 –27.10 

Pd–NO 1.777 1.140 -- 145.57 2007 –42.46 

1.64 
Pd–NO∙∙∙H 1.770 1.151 2.006 144.21 1946 –40.82 

Ag–NO 2.166 1.144 -- 134.23 2019 –13.01 

–0.11 
Ag–NO∙∙∙H 2.145 1.147 2.223 136.96 1997 –13.12 

Au–NO 1.977 1.147 -- 133.28 1981 –31.97 

0.21 
Au–NO∙∙∙H 1.959 1.152 2.176 135.83 1952 –31.76 

a From the B3LYP/def2-SVP level of theory. 

b From the B3LYP/def2-TZVP//B3LYP/def2-SVP level of theory. 
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Figure 6.3 Optimized geometries of (ON)–M-ZSM-5 and H∙∙∙(ON)–M-ZSM-5 complexes. 

The M–N, N–O, and HB distances are in Å unit. 
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         The M–N bond distances listed in Table 6.2 for the H∙∙∙(ON)–M-ZSM-5 complexes 

range from 1.598 Å to 2.145 Å. It may be noted that the M–N distance remains the same in 

both H∙∙∙(ON)–M-ZSM-5 and (ON)–M-ZSM-5 complexes of Zn metal. Table 6.2 also depicts 

that the N–O bond is elongated in all H∙∙∙(ON)–M-ZSM-5 complexes compared to their 

(ON)–M-ZSM-5 counterparts. Moreover, a considerable decrease in N–O bond stretching 

frequencies (except for the Zn complex) has been noticed in the H∙∙∙(ON)–M-ZSM-5 

complexes. Clearly, additional elongation of the N–O bond in H∙∙∙(ON)–M-ZSM-5 

complexes as compared to (ON)–M-ZSM-5 systems can be attributed due to the HB 

formation between the BAS and NO. A similar weakening of the N–O bond is observed in 

BAS-assisted NO adsorption on Cu-SAPO-34 studied by Uzunova using DFT methods.268 

The HB distances estimated herein fall in the range of 1.645 to 2.223 Å. Further, from the HB 

distances, it can be assumed that the weak HB formation occurs in H∙∙∙(ON)–M-ZSM-5 for 

Pd (HB distance = 2.006 Å), Ag (2.223 Å), and Au (2.176 Å) while all other metals have 

strong HBs (with HB distances below 2.000 Å). Based on the HB distances, the HB strength 

follows the order for different metal species as Ag < Au < Pd < Ni < Cu  < Co < Fe < Zn. 

6.4.2 Adsorption energies (Eads) 

The Eads values obtained for NO adsorption on various M-ZSM-5 without BAS at the 

B3LYP/def2-TZVP//B3LYP/def2-SVP level of theory are listed in Table 6.2; apparently, the 

Eads fall within –13.01 to –59.22 kcal/mol. The Eads obtained herein are comparable with the 

Eads for adsorption of NO on various metal-loaded zeolites reported earlier.51,269 For instance, 

the Eads calculated using the periodic DFT method (PW91) and higher level ab initio for NO 

adsorption on Cu-loaded zeolite clusters are about –27.00 kcal/mol.257,269 Similarly, an Eads of 

–41.8 kcal/mol for NO adsorption on Pd-SSZ-13 (using the HSE06 method) reasonably 

agrees with our predictions herein.51 The Eads obtained with different metals in this study 

follow the order: Ag  <  Zn  <  Cu  <  Au  <  Ni  <  Pd  < Co < Fe.  

        With a few exceptions, the Eads for NO adsorption on M-ZSM-5 with BAS computed at 

B3LYP/def2-TZVP//B3LYP/def2-SVP level of theory are more negative than systems 

without BAS (see Table 6.2). A comparison of Eads for NO adsorptions on M-ZSM-5 with 

and without BAS at the B3LYP/def2-TZVP//B3LYP/def2-SVP level is shown in Figure 6.4. 

Also, we computed the difference in adsorption energy (∆Eads = Eads (complex with BAS) - 

Eads (complex without BAS)) and given in Table 6.2. The Eads values calculated at the 

B3LYP-D3/def2-TZVP//B3LYP/def2-SVP level for both systems are also depicted in Figure 
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6.4; the corresponding values are listed in Table 6.3. Although Grimme's dispersion corrected 

(GD3) B3LYP method gives higher Eads values, the relative ordering and trends obtained in 

Eads from both levels of theories are the same. It is clear from Figure 6.4 that except for Pd 

and Au metals, the NO adsorbed M-ZSM-5 with BAS possesses more stabilization than M-

ZSM-5 without BAS (hence negative ∆Eads values). In fact, this stabilization effect is minimal 

for Ag metal, characterized by a weak HB (2.223 Å) and a low negative value for ∆Eads (–

0.12 kcal/mol). The weak HB formation (HB length > 2.000 Å) obtained for Pd and Au in 

H∙∙∙(ON)–MZSM-5 complexes can rationalize the slight destabilization reflected in their 

positive ∆Eads values. It can be recognized that the strength of the HB (NO∙∙∙H) in the 

H∙∙∙(ON)–M-ZSM-5 complexes influence the stabilization of NO complexes of M-ZSM-5 

with BAS. Thus, it is important to assess the strength of the NO∙∙∙H HB on the stabilization of 

NO complexes with a simultaneous slight weakening of the N–O bond. 

For completeness, we present an excerpt of the results (Eads values) obtained from 

modeling the end-on (through O-atom) and side-on adsorptions of NO to M-ZSM-5. The 

obtained Eads for O-terminal attachment of NO to M-ZSM-5 without BAS lies within a range 

of –5.89 to –41.39 kcal/mol at the B3LYP/def2-SVP level of theory. The Eads values for Fe, 

Co, Ni, Cu, Zn, Pd, Ag, and Au are –41.39, –33.18, –6.36, –16.83, –11.83, –5.89, –8.54, and 

–15.56 kcal/mol, respectively. We obtained the optimized structures of complexes with the 

side-on attachment of NO to the M-atom of M-ZSM-5 for only Fe, Co, Ni, Cu, and Au. The 

adsorption energies obtained at the B3LYP/def2-SVP level for Fe, Co, Ni, Cu, and Au 

systems are –50.69, –39.55, –35.67, –17.32, and –11.34 kcal/mol, respectively. Thus, in 

agreement with previous studies, the NO's O-terminal and side-on binding possess fewer 

stabilizations than its N-terminal adsorption to M-ZSM-5.138 

Table 6.3 The Eads for various NO complexes of M-ZSM-5 in their most stable spin state 

(without and with BAS) calculated at B3LYP-D3/def2-TZVP//B3LYP/def2-SVP, and 

B3LYP/def2-SVP levels of theories. 

 

Metal 

Eads (in kcal/mol) 

B3LYP-D3/def2-TZVP// 

B3LYP/def2-SVP 
B3LYP/def2-SVP 

Fe–NO –63.40 –64.89 

Fe–NO∙∙∙H –68.05 –72.42 

Co–NO –51.37 –58.72 

Co–NO∙∙∙H –55.90 –63.72 

Ni–NO –43.15 –49.06 
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Ni–NO∙∙∙H –44.40 –51.51 

Cu–NO –30.14 –30.94 

Cu–NO∙∙∙H –31.38 –32.75 

Zn–NO –24.69 –24.39 

Zn–NO∙∙∙H –32.44 –34.24 

Pd–NO –47.00 –43.92 

Pd–NO∙∙∙H –45.95 –42.67 

Ag–NO –17.37 –15.98 

Ag–NO∙∙∙H –17.65 –16.68 

Au–NO –37.49 –33.56 

Au–NO∙∙∙H –36.90 –33.86 

 

Figure 6.4 Comparison of adsorption energy (Eads) for NO adsorption on M-ZSM-5 with and 

without BAS calculated at the B3LYP/def2-TZVP//B3LYP/def2-SVP and B3LYP-D3/def2-

TZVP//B3LYP/def2-SVP levels of theory.  

6.4.3 Mulliken spin density analysis 

Mulliken spin densities on metal atom (M) and O- & N- atoms of NO for (ON)–M-ZSM-5 

and H∙∙∙(ON)–M-ZSM-5 complexes obtained at the B3LYP/def2-TZVP//B3LYP/def2-SVP 

level of theory are given in Table 6.4. It has been reported that variation in the Mulliken spin 

densities on M can be used as an indicator of change in the oxidation state of the metal atom 

in the zeolite framework upon adsorption of adsorbate like NO molecule.52,53 It can be noted 

from Table 6.4 that the Mulliken spin densities on Fe, Co, Cu, Ag, and Au have increased 

from bare M-ZSM-5 to (ON)–M-ZSM-5 complex. On the other hand, lower spin densities are 

noted on Ni, Zn, and Pd in their (ON)–M-ZSM-5 complexes than their bare metal 

counterparts. The spin densities on M atoms have exhibited similar trends while moving from 

BAS containing M-ZSM-5 to H∙∙∙(ON)–M-ZSM-5 complexes. 
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The spin densities on N-atoms of adsorbed NO in all (ON)–M-ZSM-5 and H∙∙∙(ON)–

M-ZSM-5 complexes are higher than that on O-atoms; concomitantly, the spin densities on 

N-atoms in H∙∙∙(ON)–M-ZSM-5 complexes are greater than that in (ON)–M-ZSM-5 

complexes. In contrast to this, the spin densities on O-atoms in H∙∙∙(ON)–M-ZSM-5 

complexes are lower than that in (ON)–M-ZSM-5 complexes; this is probably due to the HB 

formations in H∙∙∙(ON)–M-ZSM-5 complexes. It may be considered that the transfer of spin 

density from O-atom to N-atom occurred during the NO∙∙∙H HB formations in all these 

H∙∙∙(ON)–M-ZSM-5 complexes. A moderate amount of spin accumulation on N-atom has 

been noticed in H∙∙∙(ON)–M-ZSM-5 complexes with M as Fe, Co, and Zn. Interestingly, the 

strong NO∙∙∙H HB formations can account for substantial stabilization of these complexes as 

estimated in terms of Eads. 

Table 6.4 Mulliken spin densities on metal atom (M) of M-ZSM-5 (with and without BAS), 

and M, N, and O atoms of NO adsorbed complexes (with and without BAS) calculated at the 

B3LYP/def2-TZVP//B3LYP/def2-SVP level of theory.  

 

 

Metal 

Without BAS With BAS 

M-ZSM-5 (ON)–M-ZSM-5 M-ZSM-5 H∙∙∙(ON)–M-ZSM-5 

M M N O M M N O 

Fe 2.958 3.257 –0.696 –0.608 2.949 3.348 –0.842 –0.564 

Co 1.964 2.139 –0.620 –0.567 1.961 2.253 –0.762 –0.549 

Ni 0.943 0 0 0 0.940 0 0 0 

Cu 0 0.043 0.585 0.373 0 0.002 0.659 0.339 

Zn 0.906 0.244 0.981 0.763 0.903 0.175 1.111 0.689 

Pd 0.850 0 0 0 0.845 0 0 0 

Ag 0 0.085 0.574 0.343 0 0.073 0.600 0.325 

Au 0 0.147 0.495 0.356 0 0.143 0.521 0.331 

6.4.4 NBO charges 

Basically, charge redistribution can be considered an impetus of charge transfer between 

atoms (or groups) in a molecule; herein, the charge delocalization in NO complexes has been 

traced using NBO analysis.170 A comparison of NBO charges on M-, N-, and O-atoms of NO 

complexes of M-ZSM-5 with and without BAS is shown in Figure 6.5 (the NBO results are 

collected in Table 6.5). It is evident from Table 6.5 that charges on Fe, Co, and Zn in bare M-

ZSM-5 have increased upon NO adsorption, while charges have dropped for Ni, Cu, Ag, Pd 

and Au-atoms in (ON)–M-ZSM-5 with respect to bare M-ZSM-5. A similar trend for changes 

in NBO charges on M-atoms has been noticed while moving from BAS containing M-ZSM-5 
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to H∙∙∙(ON)–M-ZSM-5. Nevertheless, the change in charge on Fe, Co, and Zn upon NO 

adsorption is more pronounced in NO complexes with BAS than in their BAS-free 

counterparts, whereas the change in charge on Ni, Cu, Pd, Ag, and Au induced by NO 

adsorption in BAS containing NO complexes are slighter than their BAS-free equivalents. It 

may be a reason for significant stabilization noted in the Eads values of H∙∙∙(ON)–M-ZSM-5 

complexes for Fe, Co, and Zn metals.270  

Additionally, we compared the charges on N- and O-atoms of both (ON)–M-ZSM-5 

and H∙∙∙(ON)–M-ZSM-5 complexes. We found that the charge on N-atoms (except for the Pd 

system) became more positive, whereas the charge on O-atoms turned out to be more 

negative on moving from (ON)–M-ZSM-5 to H∙∙∙(ON)–M-ZSM-5. Further, the negative 

charge change on O-atoms is more prominent than the development of positive charge on N-

atoms. An appreciable increase in negative charge on O-atoms in H∙∙∙(ON)–M-ZSM-5 can be 

considered a result of partial charge transfer from N to O due to the HB interaction of the O 

atom with BAS. It can be noted from Figure 6.5 and Table 6.5 that the net charge on NO 

moiety is more negative in H∙∙∙(ON)–M-ZSM-5 complexes with Fe, Co, Ni, Cu, and Zn 

metals than their corresponding (ON)–M-ZSM-5 complexes, while the charge on NO is 

positive for metals Pd, Ag and Au in H∙∙∙(ON)–M-ZSM-5 complexes. This is again a point of 

the reason for higher Eads values observed for Fe, Co, Ni, Cu, and Zn metals in H∙∙∙(ON)–M-

ZSM-5 complexes, and similar or lower Eads values found for Ag, Au, and Pd in H∙∙∙(ON)–

M-ZSM-5 complexes as compared to their corresponding (ON)–M-ZSM-5 complexes. 

Table 6.5 NBO charges on metal atom (M) of bare M-ZSM-5 (with and without BAS) & on 

M, N, and O of (ON)–M-ZSM-5 complexes (with and without BAS).  

 

Metal  

Without BAS With BAS 

M-ZSM-5 (ON)–M-ZSM-5 M-ZSM-5 H∙∙∙(ON)–M-ZSM-5 

M M N O M M N O 

Fe 0.853  1.002  –0.109 –0.169 0.838 1.071 –0.086 –0.255 

Co 0.865  0.890 –0.042 –0.137 0.853 0.971 –0.038 –0.226 

Ni 0.846  0.676 0.136 –0.117 0.836 0.719 0.142 –0.187 

Cu 0.896  0.805 0.053 –0.090 0.890 0.843 0.076 –0.166 

Zn 0.829  1.280 –0.320 –0.228 0.819 1.330 –0.270 –0.286 

Pd 0.721 0.564 0.203 –0.082 0.709 0.625 0.198 –0.163 

Ag 0.844  0.726  0.124 –0.070 0.838 0.742 0.139 –0.112 

Au 0.743 0.606  0.145 –0.043 0.737 0.652 0.148 –0.107 
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Figure 6.5 NBO charges on metal (M), N-, and O- atoms of NO in (ON)–M-ZSM-5 and 

H∙∙∙(ON)–M-ZSM-5 systems. Rectangular bars filled with yellow, blue, and red colors 

represent M, N, and O atoms, respectively.  

6.4.5 Bond order 

The appraisal of N–O bond strength in (ON)–M-ZSM-5 and H∙∙∙(ON)–M-ZSM-5 complexes 

is beneficial for understanding the N–O bond activation upon adsorption. The Mayer bond 

order index has been successfully used to evaluate the strength of N–O bonds in many (ON)–

M complexes and  (ON)–M-zeolites.271,272 Table 6.6 reports the Mayer bond orders obtained 

for M–N and N–O of NO-complexes at the B3LYP/def2-SVP level of theory.  

Table 6.6 Mayer Bond Order for M–N and N–O Bonds in (ON)–M-ZSM-5 and H∙∙∙(ON)–M-

ZSM-5 Complexes.   

    Metal 

Mayer bond order index  

(ON)–M-ZSM-5 H∙∙∙(ON)–M-ZSM-5 

M–N N–O M–N N–O 

Fe 1.004 1.673 0.961 1.599 

Co 1.072 1.736 1.042 1.646 

Ni 1.405 1.861 1.443 1.796 

Cu 0.704 1.903 0.736 1.823 

Zn 0.760 1.450 0.705 1.399 

Pd 1.343 1.922 1.403 1.837 

Ag 0.431 1.973 0.453 1.953 

Au 0.697 1.926 0.744 1.883 

It can be seen that reasonable changes (either increase or decrease) in the M–N bond 

order have occurred while moving from (ON)–M-ZSM-5 to H∙∙∙(ON)–M-ZSM-5. However, 

the N–O bond order has reduced in all H∙∙∙(ON)–M-ZSM-5 complexes compared to (ON)–M-
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ZSM-5 complexes. Thus, the BAS (in H∙∙∙(ON)–M-ZSM-5) has a marked effect on the N–O 

bond weakening, symbolizing the hydrogen bond-assisted N–O bond activation expected in 

the present study. 

6.4.6 MESP analysis 

The MESP of atoms or molecular entities is a valuable parameter to express a variety of 

chemical behavior of a molecule, such as electronegativity, reactive sites, ability to 

participate in noncovalent interactions, and so on.75,201 Herein, we calculated the MESP on 

the O-atom (the HB acceptor) of NO in BAS free (ON)–M-ZSM-5 complex, and the results 

are given in Table 6.7. The electron-rich character of the O-atom is reflected in the potential 

at its nucleus (denoted as VO). It is well-known that the more the negative potential value on 

the HB acceptor, the stronger the  ability of that atom to interact with a proton.164,202 It can be 

noted that the most negative VO value (–22.288 au) is obtained for Zn–NO while the lower 

negative (–22.156 au) VO is possessed by Ag–NO complex. Interestingly, the Zn–NO∙∙∙H 

complex has the shortest HB distance (1.645 Å), while the longest HB distance (2.223 Å) is 

shown by Ag–NO∙∙∙H. This noteworthy relation between VO in (ON)–M-ZSM-5 and HB 

distance in H∙∙∙(ON)–M-ZSM-5 complexes for Zn and Ag metals can also be extended to 

other structures, and the correlation is depicted in Figure 6.6. We obtained a decent 

correlation (correlation coefficient = 0.937) between VO of (ON)–M-ZSM-5 complexes and 

HB distances in H∙∙∙(ON)–M-ZSM-5 complexes.  

Table 6.7 Molecular electrostatic potential value on oxygen atom (VO) of NO in (ON)–M-

ZSM-5 and H-bond (NO∙∙∙H) distance in H∙∙∙(ON)–M-ZSM-5 complexes.    

Complex VO (in au) NO∙∙∙H (in Å)   

Fe –22.252 1.748 

Co –22.228 1.802 

Ni –22.194 1.922 

Cu –22.184 1.904 

Zn –22.288 1.645 

Pd –22.164 2.006 

Ag –22.156 2.223 

Au –22.151 2.176 
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Figure 6.6 Correlation between the VO of the (ON)–M-ZSM-5 complexes and NO∙∙∙H 

hydrogen bond distances in the H∙∙∙(ON)–M-ZSM-5 complexes.  

6.4.7 QTAIM analysis 

The values of QTAIM parameters viz. electron density (ρ(r)), 2ρ(r), and total electron 

energy density (H(r)) at the bond critical point (bcp) of N–O bond in (ON)–M-ZSM-5 and 

H∙∙∙(ON)–M-ZSM-5 complexes are listed in Table 6.8. The ρ(r) values range from 0.5017 to 

0.6104 au in (ON)–M-ZSM-5 complexes, while it typically falls in the range from 0.4955 to 

0.5927 au in H∙∙∙(ON)–M-ZSM-5 complexes. Intuitively, the low range of ρ(r) noted for the 

H∙∙∙(ON)–M-ZSM-5 complexes suggest that N–O bond weakening has occurred due to 

NO∙∙∙H HB, which further confirms our notion that N–O bond weakening can be possible 

upon NO binding to M-ZSM-5 with BAS. The QTAIM parameters of a representative system 

(H∙∙∙(ON)–Fe-ZSM-5) are shown in Figure 6.7. 

The QTAIM parameters at the BCP of NO∙∙∙H HB in H∙∙∙(ON)–M-ZSM-5 complexes 

are also given in Table 6.8. In these structures, the computed ρ(r) range from 0.0106 to 

0.0465 au, the 2ρ(r) values are between 0.0374 and 0.1532 au. Their corresponding H(r) 

values lie between –0.0002 and 0.0040 au. The positive 2ρ(r) value and negative H(r) value 

noted in Zn–NO∙∙∙H complex indicate partial covalent character for the HB, and also this HB 

is characterized by the highest ρ(r) value (0.0465 au). On the contrary, the positive values of 

2ρ(r) and H(r) for HB in all other complexes indicate typical closed-shell interactions. The 

successors of Zn in terms of high ρ(r) values are Fe (0.0344 au), Co (0.0294 au), Cu (0.0241 

au), and Ni (0.0218 au); this array is in line with the decreasing order of ∆Eads values 

obtained for these complexes (H∙∙∙(ON)–M-ZSM-5). Moreover, low ρ(r) values found for Pd 
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(0.0177 au), Ag (0.0106 au), and Au (0.0113 au) in H∙∙∙(ON)–M-ZSM-5 complexes reveal a 

relatively weaker HB interaction, corroborating with their anomalous ∆Eads values. 

Table 6.8 QTAIM parameters (in au) at the BCP of N–O bond in (ON)–M-ZSM-5 and 

H∙∙∙(ON)–M-ZSM-5 complexes, as well as at the BCP of NO∙∙∙H hydrogen bond of 

H∙∙∙(ON)–M-ZSM-5 complexes. 

Metal 
N–O bond NO∙∙∙H bond 

ρ(r) 2ρ(r) H(r) ρ(r) 2ρ(r) H(r) 

Fe–NO 0.5569 –1.7312 –0.9043 --- --- --- 

Fe–NO∙∙∙H 0.5401 –1.6429 –0.8573 0.0344 0.1290 0.0035 

Co–NO 0.5715 –1.8511 –0.9608 --- --- --- 

Co–NO∙∙∙H 0.5519 –1.7360 –0.9012 0.0294 0.1142 0.0040 

Ni–NO 0.6027 –2.0857 –1.0628 --- --- --- 

Ni–NO∙∙∙H 0.5882 –1.9985 –1.0140 0.0218 0.0832 0.0032 

Cu–NO 0.5857 –2.0004 –1.0488 --- --- --- 

Cu–NO∙∙∙H 0.5735 –1.9122 –1.0003 0.0241 0.0855 0.0029 

Zn–NO 0.5017 –1.3723 –0.7468 --- --- --- 

Zn–NO∙∙∙H 0.4955 –1.3461 –0.7319 0.0465 0.1532 –0.0002 

Pd–NO 0.6104 –2.1870 –1.1097 --- --- --- 

Pd–NO∙∙∙H 0.5927 –2.0623 –1.0425 0.0177 0.0648 0.0023 

Ag–NO 0.5994 –2.1701 –1.1317 --- --- --- 

Ag–NO∙∙∙H 0.5926 –2.1226 –1.1099 0.0106 0.0374 0.0009 

Au–NO 0.5970 –2.0908 –1.0878 --- --- --- 

Au–NO∙∙∙H 0.5863 –2.0162 –1.0515 0.0113 0.0420 0.0013 

 

Figure 6.7 The QTAIM molecular graph of Fe–NO∙∙∙H complex. The values of QTAIM 

parameters at the BCP (which is shown as small green spheres on each bond path) of the N–

O bond and NO∙∙∙H bond are in au. 
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6.4.8 Energy decomposition analysis 

Energy decomposition analysis (EDA) is an indispensable method to quantify the 

intermolecular interactions and is thus used to predict the nature of interactions in the 

complexes of NO and M-ZSM-5 (with and without BAS). In the EDA calculations, NO, M-

ZSM-5, and their complexes have been treated as neutral entities. The total binding energy 

(TBE) predicted via EDA has contributions from Pauli's repulsion (EPauli), electrostatic (EES), 

and orbital interactions (EOrb).
252 Results of EDA are conveniently represented in Figure 6.8, 

and corresponding values are given in Table 6.9. 

Table 6.9 Contribution of energy components (in eV) towards TBE for (ON)–M-ZSM-5 and 

H∙∙∙(ON)–M-ZSM-5 complexes from EDA. 

Metal 

Pauli's 

Repulsion, 

EPauli 

Electrostatic 

Interactions, 

EES 

Orbital 

Interactions, 

EOrb 

Total Binding Energy, 

TBE 

Fe–NO 6.44 –3.45 –8.81 –5.82 

Fe–NO∙∙∙H 6.71 –3.45 –9.28 –6.01 

Co–NO 7.80 –4.32 –10.24 –6.76 

Co–NO∙∙∙H 8.96 –4.98 –10.87 –6.88 

Ni–NO 9.01 –5.24 –8.66 –4.89 

Ni–NO∙∙∙H 10.25 –5.63 –9.57 –4.95 

Cu–NO 3.24 –1.93 –3.28 –1.97 

Cu–NO∙∙∙H 4.40 –2.77 –3.69 –2.06 

Zn–NO 9.36 –4.09 –6.95 –1.69 

Zn–NO∙∙∙H 9.72 –3.94 –7.89 –2.12 

Pd–NO 10.00 –5.81 –7.40 –3.21 

Pd–NO∙∙∙H 10.43 –5.85 –7.70 –3.12 

Ag–NO 1.77 –0.91 –2.03 –1.17 

Ag–NO∙∙∙H 2.19 –1.31 –2.05 –1.17 

Au–NO 5.12 –3.28 –4.10 –2.26 

Au–NO∙∙∙H 5.30 –3.16 –4.39 –2.25 

It can be seen that the H∙∙∙(ON)–Co-ZSM-5 complex has the highest TBE (–6.88 eV); 

whereas the complex(es) with Ag has the lowest TBE (–1.17 eV). In all the complexes, it is 

observed that the EPauli component of TBE is greater than EES. Moreover, it is interesting to 

note that, in the Ni, Zn, Pd, and Au complexes (with and without BAS), the estimated EPauli is 

greater than EOrb. Therefore, Pauli's repulsion plays a significant role in lowering the TBE in 

these complexes. In line with the Eads values, the TBE is greater in H∙∙∙(ON)–M-ZSM-5 

complexes (except in the case of Pd and Au complexes) than in (ON)–M-ZSM-5 complexes. 

For instance, the TBE obtained for (ON)–Fe-ZSM-5 and H∙∙∙(ON)–Fe-ZSM-5 complexes are 
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–5.82 eV and –6.01 eV, respectively; however, TBE for the (ON)–Pd-ZSM-5 and H∙∙∙(ON)–

Pd-ZSM-5 complexes are –3.21 eV and –3.12 eV, respectively. Consequently, this supports 

our earlier perception that HB helps stabilize the NO complexes in most of the cases. 

 

Figure 6.8 Contributions of energy components EPauli, EES, and EOrb towards TBE for (ON)–

M-ZSM-5 and H∙∙∙(ON)–M-ZSM-5 complexes. Rectangular bars filled with orange, blue, 

gray, and green colors represent EPauli, EES, EOrb, and TBE, respectively. 

The NOCV analysis254 permits one to draw quantitative details of the intra-fragment 

charge transfer profile along the interaction axis of the fragments in a complex as well as the 

orbital energy contributions. Three NOCV contours (denoted as 1, 2, and 3) with the largest 

eigenvalues along the bond region of M and NO derived from NOCV analysis for (ON)–M-

ZSM-5 and H∙∙∙(ON)–M-ZSM-5 complexes with M = Fe, Co, Ni, Cu, Zn, Pd, Ag, and Au are 

given in Figure 6.9. In the contours, the color code of CT is from red → blue (i.e., red 

denotes loss of electrons while blue signifies gain of electrons). The orbital energy 

contributions corresponding to 1, 2, and 3 for all complexes are consolidated in Table 6.10 

along with their eigenvalues. From the data in Table 6.10, it can be noted that the orbital 

binding energy values are negative for 1, 2, and 3 of all the complexes, and eigenvalues are 

higher than 0.1. The highest contribution (–101.39 kcal/mol) for type 1 is associated with the 

H∙∙∙(ON)–Zn-ZSM-5 species. Type 1 contours shown in Figure 6.9 illustrate that electrons 

are shifted from M towards NO. However, contour types 2 and 3 for the H∙∙∙(ON)–Cu-ZSM-5 

complex demonstrate that an outflow of charge from antibonding orbital of NO to the empty 

s-orbital on copper as demonstrated previously by Kozyra et al.273 The outflow of charge 

from antibonding orbital of NO to vacant s-orbital on M-atom have also been noticed for 
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contour type 2 of Zn and Au as well as contour type 3 of Co in their (ON)–M-ZSM-5 and 

H∙∙∙(ON)–M-ZSM-5 complexes. Inspection of all the remaining NOCV contours points at the 

back-donation of charge from the metal d-orbital to the antibonding orbital of NO. 

A close inspection of the NOCV contours of H∙∙∙(ON)–M-ZSM-5 complexes reveals 

the fact that the BAS of the zeolite (i.e., the host fragment) plays a significant role in the 

intra-fragment charge transfer processes. For instance, in the type 1 contour of H∙∙∙(ON)–Fe-

ZSM-5 complex, there is charge flow from the hydrogen of BAS to the NO species; a similar 

trend can be noticed BAS containing systems. This charge flow from the hydrogen implies 

that the HB helps the NO adsorption on the M atom of the zeolite. In brief, the EDA and 

NOCV analyses have shown that systems stabilized by a HB (i.e., H∙∙∙(ON)–M-ZSM-5) show 

an additional N–O bond weakening and a predominant charge transfer character than (ON)–

M-ZSM-5 systems. 

Table 6.10 Orbital Energy Contributions of three major NOCVs of (ON)–M-ZSM-5 and 

H∙∙∙(ON)–M-ZSM-5 complexes and their eigenvalues.  

Complexes 
Orbital Energy Contributions (in kcal/mol) Eigenvalues 

1 2 3 1 2 3 

Fe–NO –78.42 –48.38 –6.30 0.98 0.54 0.24 

Fe–NO∙∙∙H –77.14 –49.31 –4.18 1.00 0.54 0.24 

Co–NO –84.51 –28.64 –12.32 1.00 0.38 0.21 

Co–NO∙∙∙H –93.40 –20.85 –22.77 1.00 0.36 0.25 

Ni–NO –19.33 –29.01 –36.90 0.51 0.45 0.25 

Ni–NO∙∙∙H –23.39 –23.28 –42.96 0.53 0.44 0.28 

Cu–NO –71.21 –7.10 –15.62 0.99 0.16 0.13 

Cu–NO∙∙∙H –67.26 –20.52 –15.34 0.81 0.21 0.16 

Zn–NO –90.07 –56.11 --- 0.87 0.54 --- 

Zn–NO∙∙∙H –101.39 –66.57 --- 0.93 0.52 --- 

Pd–NO –45.73 –18.54 –10.31 0.57 0.33 0.17 

Pd–NO∙∙∙H –42.93 –25.01 –9.27 0.52 0.39 0.17 

Ag–NO –40.45 –20.38 --- 0.55 0.22 --- 

Ag–NO∙∙∙H –69.41 –4.16 --- 0.90 0.14 --- 

Au–NO –76.70 –11.45 –19.76 0.91 0.23 0.12 

Au–NO∙∙∙H –72.64 –15.69 –24.79 0.83 0.25 0.15 
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Figure 6.9 Contours of major NOCV’s of (ON)–M-ZSM-5 and H∙∙∙(ON)–M-ZSM-5 

complexes. 

6.5 Conclusions 

Effective NO adsorption to the metal species and synergic N–O bond activation are prime 

aspects of the metal-loaded zeolite mediated NO abatement approach. In this DFT-based 

theoretical study, we found that the incorporation of Brønsted acid sites (BAS) in several 

transition metal-loaded ZSM-5 zeolites has a marked effect on NO adsorption. It was 

obtained that the HB (NO∙∙∙H) in BAS containing NO complex (viz. H∙∙∙(ON)–M-ZSM-5, 
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with M as Fe, Co, Ni, Cu, and Zn) significantly improves the NO adsorption energy (Eads) in 

comparison with NO adsorption to BAS free M-ZSM-5. The calculated Eads values in both 

BAS assisted and free complexes follow the order: Ag < Zn < Cu < Au < Ni < Pd < Co < Fe. 

The NBO analyses on M-, N-, and O-atoms have established that charge redistribution is 

more profound in H∙∙∙(ON)–M-ZSM-5 complexes than (ON)–M-ZSM-5 complexes. It is 

noteworthy that the MESP on the O-atom (VO) of BAS free (ON)–M-ZSM-5 is a valid 

theoretical descriptor of NO∙∙∙H HB strength in H∙∙∙(ON)–M-ZSM-5 complexes as we have 

obtained a good correlation between VO and HB distance. The QTAIM-based parameter ρ(r) 

at the bond critical point of the NO∙∙∙H bond path in H∙∙∙(ON)–M-ZSM-5 complexes 

corroborated the differences in HB strengths associated with different metal species. The 

Mayer bond order and QTAIM analyses have shown noticeable N–O bond weakening in all 

BAS-containing complexes. The N–O bond weakening follows the order:  Ag < Pd < Au < 

Ni < Cu < Co < Fe < Zn. The EDA-NOCV analysis reveals that the back-donation plays a 

crucial role in activating the N–O bond by increasing the electrons in the antibonding orbital 

of NO. We hope that the BAS-assisted NO adsorption/N–O bond activation can be extended 

to further model zeolite compounds. 

 

Publication based on this chapter: 

Thufail M. Ismail; Prasanthkumar, K. P.; Ebenezer, C.; Anjali, B. A.; Solomon, R. V.; Sajith, P. K. 

Hydrogen-Bond-Assisted Adsorption of Nitric Oxide on Various Metal-Loaded ZSM-5 Zeolites. 

Langmuir 2022, 38, 10492–10502. 
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The detrimental impact of increasing emission of nitric oxide in the environment 

urges its effective mitigation strategies. Studies have shown several techniques for the 

adsorption and decomposition of NO on noble metals, metal oxides, and perovskite 

surfaces.41 Over the past three decades, porous materials such as metal-loaded zeolites have 

been explored for long-lasting impact on applications of adsorption, diffusion, separation, 

catalysis, etc.44,274 In this regard, these materials have shown immense potential in nitric 

oxide (NO) adsorption and decomposition processes. The combination of specific metals and 

the features of the porous framework are vital factors to the superior catalytic activity of these 

materials. 

The role of Brønsted acid site (BAS) present nearby adsorbed NO on various metal-

loaded ZSM-5 has been investigated in Chapter 6. The weakening of the N‒O bond due to 

the hydrogen bonding interaction (NO∙∙∙H) of adsorbed NO with BAS is observed therein. 

Thus, this intends to investigate the role of BAS in NO decomposition reaction. The 

mechanistic pathways of NO decomposition reaction over Cu-loaded zeolites are well 

explored.257,275 Accordingly, it is anticipated to design a Cu-ZSM-5 catalyst with the proper 

positioning of BAS in the proximity of adsorbed NO on the Cu-center and investigate the role 

of BAS in the NO decomposition. The mechanism shown in Scheme 7.1 is generally 

observed for catalytic direct decomposition of NO over Cu-loaded zeolites;275 based on this 

scheme, the mechanistic pathway for the NO decomposition reaction over BAS-presented 

metal-loaded zeolites can be proposed.  

 

Scheme 7.1 Proposed mechanism for catalytic direct decomposition of NO over Cu-loaded 

zeolite.275  
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