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ABSTRACT

I1LWULF R[LGH 12 DQG 1A2 ERQG EHDULQJ VSHFLHV KDYH
their fundamental importance in diverse fields such as biology, medicine, environmental
VFLHQFH DQG FKHPLVWU\ 7KHVH FRPSRXQGV H[KLELW LQ'
interactions, which play a pivotal role in modulating various physicochemical properties,
reaction pathways, kinetics, and many other practical applications. Our research aims to
TXDQWLWDWLYHO\ DQDO\]H 12AAA+ LQWHUDFWLRQV H[KLE!
(HONO), nitroxides, and metal nitrosyls in different chemical environments using various
guantum chemically derived descriptovgithin the frameworkof electronic structure

methods We have conducted a comparative analysis of environmentally and biologically
UHOHYDQW 12AAA+ LnQcvotydrdedd WiehRogky oZ N@Y KINQ, and HONO,

yielding valuable insights into the kinetics and mechanisms of waeiated reactions

involving these compounds. Additionally, we performed an extensive and quantitative
WKHRUHWLFDO DVVHVVPHQW RI 12AAA+ ERQGLQJ LQ QLWUR
development of stable nitroxides with improved properties. Furthermore, we have also
investigated the activation of NO radicals through interaction Bithnstedacid site in

metatloaded zeolites (ZSM), with the obtained results potentially applicable to catalytic

NO decomposition reactions catalyzed by miiatled zeolites.

Keywords: Nitric oxide, Nitroxyl, Nitrous acid, Nitroxide radicals, Mefaladed zeolites
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PREFACE

Nitric oxide (NO) and1 A 2 E PReéafing specieplay vital roles in various atmospheric and
biological eventsUnderstanding their hydrogen bonding interactions in various chemical
environmentss crucialfor explaining the different chemical reactidhsat occurduring these
events. In this thesis work, we investigate the hydrogen bonding interactions by NO
IXQFWLRQDOLW)\ 12 AN ritrtx@ \WHNO) Dritnauls Ba@l \HORID), nitroxides,

and metal nitrosyls selected chemical environments usahgctronic structurenethods.

This thesis includes seven chaptéthapter 1 provides a general overview of the
aforementioned 1 A2 E Péafing speciesand 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(HO)n=1.4) is estimated with the help of molecular tailoring approach (MTA) based
FDOFXODWLRQV )LQDOO\ WKH HQHUJLHV RI +%V DQG 3%V
WRWDO HQHUJLHV RI 12«ZDWHU DQG ZOMiHOmpaad, tdld L Q W H L
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 N&nhd HNO. Herein, the energetic
and cooperativity details of HBs demonstrate the difference in the HBs formed by anionic
NOand 1 A 2f HNO.

Similarly, Chapter4 GLVFXVVHV WKH GLIIHUHQFH LQ WKH VWUH
HBs formed by HONO in their microhydrated networks (n =4). The acidity of HONO
and electrorwithdrawing -OH bound NO functionality of HONO play major roles in

influencing the strength of HBs present in HONQDhh-1.4a complexes

Chapter 5 discusses théntermolecular hydrogen bondingl@ A A Ateractions
between nitroxide radicals and HB donors such as HE), Find CH molecules.The

hydrogen bonding ability of nitroxides is measured using molecular electrostatic potential



(MESP) minimum Ymin) located around the O atom of NO functionalityarious
substitutions on nitroxide radicals (X = KHs, and F) influence thel2AAA+ LQWHUDFW
strength. In addition, these electronic effects on the nitroxide framework reflect on values of
MESP parametemin and interaction energyEtt:), and a good correlation is obtained
between these two parameters. This, values can be used as a key descriptor to infer the
hydrogen bond strength of nitroxides. Additionally, the redistribution of Mulliken spin
GHQVLW\ RQ 12 PRLHWintem@dtionhsl Boul\ hdve Aidriieance in their spin
labeling applications. Furthermore, the strength and naturel ®fA AiAteractions with
varying substitution and HB donors are assessed using QTAIM analysis. Fithaly,
symmetryadapted perturbation theory (SAPT) calculations reve#iedcontributions of
different energy componentsz. electrostatic, exchange, induction, and dispersion to the

interaction energies.

Chapter 6 GHVFULEHV WKH UROH RI 12AAA+ LQWHUDFWLI
Brognsted acid sites (BAS) in tlaelsorption of NO on various mefalhded ZSM5 zeolites
(M-ZSM-5). The Nv2 ERQG DFWLYDWLRQ FDXVHGABMWN M-ASMG LQWHU
complexes is measured using Mayer bond order and QTp#vameters. The larger
adsorption energyELq9 values obtained for+ AGNY #M-ZSM-5 complexes compared to
(ON) M-ZSM-5 quantifies the hydrogen bonding stabilization i+ AGM) #M-ZSM-5
complexes. Further, the hydrogen bonding ability of adsorbed NO is assessatlegithlar
electrostatic potential (MESP) value at the O atow) (of NO in (ON)#M-ZSM-5
complexes Interestingly, a good correlation obtained betw&erand HB distance suggests
thatVo is a valid descriptor for assessing the hydrogen bond strengti(@¥) #M-ZSM-5
complexes. Furthermore, thenergy decomposition analysis (EDA) quantifies the
intermolecular interactions in terms of Pauli's repulskEw), electrostaticEes), and orbital

interactions Eorb) energies.

Chapter 7 presents the major conclusions of previous chaptemg Chapter 8

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

The nitric oxide (NO) molecule arspeciesEHDULQJ 1A2 ERQG Viod XK, DV QLW
nitrosoniumion (NO"), nitroxyl (HNO), nitrous acid (HONO)itroxides, 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 ofsiesesn a

variety of fields, including atmospheric chemistry, therapeutics, magnetism, molecular
probes, polymer chemistry, and so dn.is intriguing to mention thathe 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 fietddue

to the fuzzy character of noncovalent interaction with diverse electron -doneptor
possibilities with short to long contact limiRart A of thischapterdiscusgsthe significance

of NO, reduced (NC’5‘and HNO) and oxidized species (NOand HONO)of NO, nitroxide
radicals and metal nitrosyl¢including NO adsorbed metabaded zeolitesin various fields

of chemistryincluding atmospheric and biological chemistry, among othEusthermore, it

shed light on the presence and relevance bR A Ahjidrogen bonding interactions, within
NO-water cluster systems, NIBINO/HONO-water cluster systems, nitroxidelvent
systemsand NO adsorbed metaladed zeolitesThe 1 2 A Awdrogen bondingnteractions

in these systemsan beinvestigated using variouguantum mechanicahethods.Part B of

this chaptemprovides a brief introduction to the theoretichhckgroundof the computational
techniques employed in this thesiElectronic structure methodsuch asab initio,
semiempirical, and density functional theane briefly explained. Alsobriefly 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



Part A: Nitric Oxide (NO) andOther N A Bearing Species

1.2 Nitric oxide

Nitric oxide (NO) is a free radicaholeculethat hasparamounimportance in the field of
atmospheric and biological sciencesTherefore the chemistry oNO primarily focuse on

(i) studies aimed at controllingr sequestering NO released into the atmosph@@ugh
various anthropogenic sources, and (ii) understanding its role in critical biological protesses.
It is well known that increased NO emissions into dtiosphere lead to the formation of
photochemical smog, tropospheric ozone production, and acid rain, among other
consequencesOn the contrary, the physiological significance of NO was not recognized
until the late twentieth centuryhe role of NO in the relaxation of smooth muscle cells
(vasodilation) and the inhibition of platelet aggregation videntified first.>® These
pioneering findings in medical science ledN® being celebrated as tti&lolecule of the

Year" by the journal Science in 199&ubsequently, 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 systéh®imilarly, numerous
biological activities of NCas depicted irFigure 11 have been uncovered over the last two
decades, including its involvement in immune response, neurotransmission, and

angiogenesis, among othérs

Figurel.1 Roles ofnitric oxide (NO) in biological systems.



1.3 Reducedand oxidised forms of nitric oxide

Research into the reduced forms (such as' Al HNO)and oxidized forms (such as NO
and HONO)of NO has also gained attention in recent dec&@esVithin the field of
atmospheric chemistry, thespeciesare commonly recognized as intermediates in the
atmospheric reactions of nitrogen oxid@$Ox), and they aralso linked to the nitrogen
cycle, contributing to atmospheric pollution amither atmospheriphenomena?® It has been
reported that the redox congeners of Ni. NO*and NO have unique chemistry in

biological systemsompared to N&*

Figure 1.2NO/HNO interconversion under physiological conditidhs.

BesidesHNO is gaining recognition as a substantial participant in physiological and
pharmacological processes following the si@cies Figure1.2).1%1°Certain studies propose
that HNO could viably act as a substitute for NO in specific pharmacological cotft&kis.
potential for substitution encompasses various activities, including vasodilation, neurological
signaling, and the regulation of enzyme activity, among offi¢#5lO 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 failuret” Additionally, it offers a promising avenue for bettering neuronal damage
linked to strokes® Moreover, the reactivity of HNO with different thiols contributes to the
inhibition of several thietontaining enzyme®.On the other handhe HONO molecule isa
subject of interest imtmospheric chemistryThe photolysis of HONO stands out as a
significant focalpoint in atmospheric chemistry due to its pivotal role in generating the
hydroxyl radical alongside the NO radié@IStudies have indicated that the photolysis of
HONO contributes to as much as 30% of the hydroxyl radicals produced during daylight
hours?! Owing to its rapid photolytic decomposition, the lifetime of HONO is exceedingly



low during daytime hour¥: During the nighttime, these photolytic processes come to a halt,

leading to the accumulation of HONO in the atmospfere.

1.4 Nitroxide radicals

Nitroxides are organic free radicals (with a general forrRg 2+ ZKHUHLQ 5 DON
group), and their molecular properties are primadiggermined by the NO moiefy.Many

studies indicate that H2f WKH SURWRW\SH RI QLWUR[LGHVY FDQ |
between NO and Kl as well as HNO and Hpeciesthese reactions are welbcumented in

the context of combustion chemistry involving nitrogen spedi&sNitroxides hold a

significant position in chemical research due to their versatile applicafi8h the field of

magnetism, nitroxide radicals serve as fundamental building blocks for organic magnetic
materials?® Within the domain of EPR spectroscopy, they function as spin labels, facilitating
investigations into the local environment of large biomolecif&$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®3® Furthermore, their potential roles as hydrogen abstractors and radical scavengers in
organic and polymerization reactions, respectively, have sparked keen interest among
chemical researchefs. Notably, nitroxides like PROXYL ((2,2,5:&tramethylpyrrolidine
1-yl)oxidanyl), TEMPO (2,2,6,&etramethylpiperidirN-oxyl), and others find extensive use

in this field owing to their specificity and selectivityigure1.3).375°

Figure 1.3 General formula ohitroxide radicals (R = alkyl group) and two examples,
PROXYL  ((2,2,5,5tetramethylpyrrolidinel-yl)oxidanyl) and TEMPO (2,2,6,6
tetramethylpiperidirN-oxyl).

1.5 NO adsorbedon metal-loaded zeolites

The escalating environmental consequences of increasing NO emissions require effective
strategies to eliminatthem Several techniques have been developed to promptly mitigate

NO A4 Amongthem direct catalytic decomposition (DCD) and selective catalytic reduction



(SCR) stand out as extensively employed methods for NO decompditidn the SCR
technique, NO undergoes reduction using reductants such, &Hsl urea, hydrocarbons,
etc., resulting in the production of2Mind HO, whereas DCD yields Nand Q. Various
catalysts come into play for both DCD and SCR techniques, encompassing noble metals,
metal oxides, perovskites, zeollbased materials, metatganic frameworksetc. (Figure

1.4). Among these catalysts, metahded zeolitesre promisinglue to their distinct activity
and thermal stabilitf®*® Zeolites exhibit unique pore structures, confinement effects, and
tunable acidity, making them particularly interesttt@®When combined with metals, these
features culminate in metlladed zeolites with exceptional catalytic performaficé.
Notably, Cu(l) and other transition metals (such as Fe, Co, Ni, Pd, Ag, Au, ete.) ion
exchanged zeolite$(gurel1.5), especially ZSMb, which have been extensively employed in
both experimental and theoretical investigations pertaining to NO decompd&ftion.

Figurel.4 Various catalysts used for NO abatement processes.

Copperloaded ZSM5 zeolites (CtZSM-5) have played a pivotal role as catalysts in
this field since Iwamoto and colleaguasveiled their remarkable activity towards NO
decomposition in 1982 The debate concerning whether the copper withifZSM-5 exists
as single or dimer entities persist®¥’ Nonetheless, a multitude of experimental and
theoretical studies have shed light on the NO decomposition pathway -@SNHb,
indicating the formation of Cu(BNO and Cu(I¥NO), species®>° The presence of Cu(®
NO species in GZSM-5 adsorbed with NO was identified by employing EPR
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spectroscop§® Their findings unveiled a bent Cu@JO adduct and the spin density
primarily confined with NO moiety. In amvestigationof NO reduction facilitated by Cu

and Feloaded zeolites, Rudolph and Jageliealedthat NO exhibits stronger binding to Fe
centers within the zeolite framework than to €&®imilarly, Stepniewski et aprobed the
Co#NO bonding within CaZSM-5 utilizing DFT methodsandelucidaedthe charge transfer
between Co and NO along with the activation of th#®Nond upon coordination to Cé.

Apart from the nature of metals and their respective sites within zeolite matrices, the presence
of Brgnsted acid sites (BAS) within zeolit€SeeFigure 1.9 has profound implications for
catalytic application&%4 Zeolitebased BAS are known to catalyze numerous organic
reactions°®’ These acid sites originate from the presence &fCHi) #Al units within the

zeolite framework®5°Thisis one reason for their categorization as solid acid catdR/Sts.

Figure 1.5Structure of metaloaded ZSM5 zeolite framework. Color codes of atoms are

listed in the top right corner.

1.6 Hydrogen bonding: a general perspective

It is important tohighlight 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 liRespite its importance, the term "hydrogen

bond" only entered literary usage a little over a century’afjofact, a universally accepted

definition for hydrogen bonding interactions did not emerge until the modern definition
recommended by IUPAC in 2013 According to the modern IUPAC definition, a hydrogen

ERQG UHSUHVHQWY :DQ DWWUDFWLYH LQWHUDFWLRQ EHWV
molecular fragment X in which X is more electronegative than H, and an atora group

of atomsin the same or different moleculi®, which thereiSHYLGHQFH Rl ER®G IRUPI
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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, Ramamand Xray diffraction (XRD) are widely utilized for

the experimental characterization of hydrogen bdhddn a theoretical level, several
analyses are commonly employed in the study of hydrogen bonding. These include the
molecular electrostatic potential (MESP) quantum theory of atoms in molecules
(QTAIM),’® natural bond orbital (NBG)" and energy decomposition anaygEDA)."® 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
YDULRXV FKHPLFDO V\VWHPV UHPDLQ WR EH XQYHLOHG
hydrogen bonding interactions present in -M@er cluster systems, a few reduced and
oxidized forms of NGwater cluster systems, nitroxigelvent systemsand NQadsorbed
metatloaded 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 comptéhxasall atmospheric
moleculeswith water clustersaffect their molecular behavidP Water molecules catalyze
numerous atmospheric reactions, leading to the creation of aerosols, smog, and other
significant environmental threat$®? 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 form&3£® In a review by Mack and Bolton on NO formation reactions, it
was observed that the less stable nitrogen oxides, sudi@dsand NQ', readily undergo
photolysis, resulting in the production of NO in the presence of Wafdis 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 metab&li&hThe steadystate concentration

of NO in seawater plays a critical role in regulating NO levels in the atmosphakeg the

ocean a potential reservoir of N&:9%%3 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.



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
openshell molecule$*®> Numerous theoretical investigations have been conducted to
comprehend the interactions involved in microhydration processes of various atmospheric
and biologically important molecules at the molecular 1&&1° However, the
microhydration of NO has not been exploradthe molecular level.Previously, several
research groups employed techniques such as infrared and mass spectrometry, along with
laserionization to confirm hydrogen bond interactions between neutral NO as@i'f4203
Usingab initio methods, Myszkiewicz and Sadlej were the first to report the potential energy
surface of the NO(KD) complexi® They primarily identified three types of interactions
between NO and water: interaction between thatdin of NO and the @tom of water,
hydrogen bondhrough the Natom, andhydrogen bondhrough the @atom of NO.In
addition, various theoretical analyses, including molecular electrostatic potential (MESP),
guantum theory of atoms in molecules (QTAIM), amatural bond orbital (NBO), were
employed to study the interaction between NO and water in(H¥O) complexeg?°1%®
Orenha et al. applied these analyses to the most stable structure of {lre@yQomplex
and compared it with ionitorms of NGwater complexe&! Their results indicate that the
interaction between NO and water in NiB2O) is significantly weaker than those in ionic

forms of NOwater complexes.

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

As mentioned, he interconversions between NO and its redox spebi€ssand NO") are
integral pars of enormous atmospheric and biological proce$ss.top of this, the reaction
chemistry of hydrated systems of NO ions is discussed in many experimental and theoretical
studiest®’2% Eaton et al. recorded the photoelectron spectrum of(NK®). complexes®’

In addition the formation of cyclidydrogen bonchetworks in NO'(H20)» complexeshas
beenreported in several studié&® Besides, many studies have been devoted to studying the
reaction between NOand water andhe concomitant formation of intracluster nitroxyl
(HNO) and OH.° Similarly, Relph et al. explored the reaction between*d@d a set of

water molecules that form nitrous acid (HONO) with the help of isespecific vibrational
spectroscopy anab initio calculations'®® 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 N&*! Similarly, there are some successful attempts to study the

intracluster reaction of N@QH20) systems#113



The hydration reactions dlO ions(NO Sand NO) oftenresultin the formation of
HNO and HONO, respectivelyLike NO, the complexes formed hyitroxyl (HNO) and
nitrous acid (HONO)with water moleculeshave significance in both atmospheric and
biological chemistry.HNO's atmospheric and biological chemistry revolves around its
reactivity in dimerizatiot}* Numerous experimental and theoretical investigations have
concurred that the rate of this dimerization process experiences a noteworthy enhancement in
aqueous solution$>41” A case in point is the work of Fehling and Friedrichs, who explored
the variables influencing the rate of dimerization in solution, presenting a mechanism based
on DFT calculations utilizing both implicit and explicit solvation models of wateFheir
findings indicated a marked reduction in the activation barrier through the presence of
explicit water molecules, attributed to the stabilizing effect of hydrogen bonding on the
transition state. A comparable wataediated mechanism for the dimerization of HNO is
also postulated by Zhang and Thynell, employing theoretical methods such as DFT and ab
initio, in conjunction with kinetic simulation'$® On the other hand@hao and Du conducted
an exploration of complexes formed by HONO with dimethylamine and water molecules
using DFT calculation& 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 HCI and water
molecules, proposing a mechanism for CINO formation through the reaction between HONO
and HCI, facilitated by water molecul&S. Nitrosyl chloride (CINO), 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 condensatioh?®

1.9 Hydrogen bonding interactions of nitroxide radicals

The hydrogen bonding interactions of nitroxide radicals play crucial roles in the various
applicationsmentioned abov&® These interactions markedly contribute to the stabilization
of macromolecules and crystdlsi?! Many spin labeling studies have reported on the
hydrogen bonding interactions between nitroxidsed spin probes and solvent
molecules:?0122426 These studies employ sitirected spidabeling EPR spectroscopy to
gather insights into the structure and dynamics of biomolecules. The sensitivity of nitroxide
EPR parameters to the polarity of solvent molecides focal point of extensive research
within this domair?® Smirnova et al. demonstrated that the Higlyuency EPR spectra are

responsive to hydrogen bonds formed between a nitrd»aded lipid bilayer spin probe and
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polar solvent molecule$! 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 watelecules-?>126 Owenius et al. employed
solvents with varying dielectric constants to investightealterations in EPR parameters
resulting from hydrogen bonds formed between nitroxide probes and solvent molecules
(R2 12 A A¥R+Their DFT findings harmoniously align with the shifts in EPR parameters
attributed to thes® 12AAA+ K\GURJHQ ERQGV 6LPLODUO\ 1DOHSD |
R:12AAA+ K\GURJHQ ERQGLQJ FRQILIJXUDWLRQV EHWZHHQ
solvents on the magnetic parameters of nitroxidseed spin probes. They accomplished this
through highfield EPR and EDNMR spectroscopy technigtiés.

Recently, Chestnut et al. effectively employed this sensitivity of nitroxide spin label
magnetic parametersn R, 12AAA+ LQWHU D F Wblec@as, dlcveéde grbivesHad
water concentration across the membranes of lipid bilag&ishey 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 ®R212AAA+ LQWHUDFWLRQV DUH DOVR LPSR
mechanisms due to the hydrogen abstraction capability of nitro3&ée®. Specifically,
derivatives like TEMPO and PROXYL find application in abstracting hydrogen atoms from
weak hydrogen bonds, including metal hydrides, phenols, thiols, and allylic po$it#8as.
In the case of organic radical scavenging by nitroxides,Rh&2AAA+ K\GURJHQ ER
interactions result in a reduction of the scavenging reactiort?sferthermore, Romero et
al. reported the potential for the transmission of ferromagnetic interaction thRadgh A A A +

interactions in alkykubstituted nitroxide radicat$?

1.10NO and Brgnstedacid sitesin zeolites

Severalstudies haveevealedthe pivotal role played brgnsted acid sites (BAS) in the
catalytic activity of ZSM5 and other zeolites across a range of chemical reaétiéig
Similar to the investigation of metal adsorption within métalded zeolites, there has been a
substantial body of research documenting the binding of adsorbates to BAS in 2&diifes.
For instance Wang et alinvestigatedhe adsorption of several nitrogen oxides on BAS and
Fe** in H-BEA (a beta zeolite containing BAS) and-BEA, respectively, utilizing FAIR
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spectroscopy>* Experimental and theoretical studidsmonstratéhe formation of hydrogen
bonds between nitrogen oxides and BAS within Bd®taining zeolite$*”1% In a
theoretical study, Sajith et alnvestigatedthe role of Bregnsted acidic protons in the
mechanism of direct NO decomposition over the dimeric Cu active center-ESKIb,
employing the quantummechanics/moleculanechanics (QM/MM) methot?® 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 ffi@aded zeolitewvith proton sites*°

Figurel.6 ZSM-5 framework withBrgnsted acid site (BASTolor 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 @ Nonds has been
extensively documented within various biological syst&ti¥*® In a DFT study concerning
the Cucontaining NO reductase reaction, Solomon and his colleagues computed the
stabilization energy resulting from the hydrogen bond between th®i® of NO and the
lysine residue of the reductase, revealing a range ef53kcal/mol'*! Furthermore, they
noted a reduction in the activation barrier foNbond cleavage during thex® reductase
reaction when the transition state engaged in hydrogen bonding interactions with neighboring
water or formic acid moleculeSimilarly, Lu et al.investigatedNO reduction on the flavo
diiron nitric oxide reductase (NOR), utilizing a combined approach of QM/MM °4rel
Mossbauer spectroscopif. They elucidated the presence of a hydrogen bond between the
NO molecule bound to Fe and a tyrosine proton of the {fthivon proteinin an intermediate

formed during the NO reduction reaction. This interaction led to a reduction in the reaction
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barrier for N bond cleavage. In a parallel to the biological NOR reactions, numerous
biomimetic models involving heme/ndreme coordination with metals, particularly Cu, Fe,
and Co, have been employed to explore the catalytic reduction of NO with the aid of
hydrogen bonding®14*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 reactiti 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
chemistryis attributed to the development of robust theoretical methods in conjunction with
fast algorithms. The primary goal of computational chemistry stusli@sintegrate 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 a&itanitio methods, serrempirical
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 Abinitio methods

7KH ZRkri#iof LWVHOI PHDQV plURP WKH EHJLQQLQJY )RU VR
this methodusescharge and mass of nuclei and elecsronV SHHG RI OLJKW 3O0ODQNY}
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etc. Though these calculations generate more accurate results for any chemical system, they

are very timeconsuming and requihuge amount of computational power.

1.12.1 The Schrodingerequation

Schrédinger equation describes the state of any chemical system in terms of wave function
(9. The Qis a function of position and time. In this thesis, our computational methods are
based on timéndependent version of Schrddinger equation, the simplest form of this
equation is as follow&q. 1),

aoL"' o (Eq.1.1)
Here, Bis Hamiltonian operator, which is made up of kinetic and potential energy operators
for all the nuclei and electrons of a system, ang the total energy for the corresponding
system. The® operator consider nucleauclear, nucleaelectron, and electreelectron
interactions; it is written as belovieq. 1.2) for a system containing-Numbers of electrons

and M-numbers of nuclei.

6060@

’ 0 ~ 0 ~ ~ ~
AL F— Afg @ |=g©A<g@5 g E Afg AT
(Eg. 12)

In Eq.1.2,the | gand | represent mass of electron and nuclei, respectivaily electronic

charge, <is atomic number,Eand Frefer to electronsUand Urefer to nuclei,0 LV 30DQNY{V
FRQVWDQW K @Adéno@sitGe Edplacn operator, aNi$ the position vector.

Note that, tle first and second tesmepresent the kinetic energy operators for electrons and
nuclei, respectively, anthe remaining terms are of potential energy operators corresponding

to nuclearelectron,nuclearnuclear, and electrealectron interactions (& 4", and %' terns,
respectively). The exact solution 8throdinger equation is only obtained for hydrotka

atoms because electratectron repulsion is absent therein. For many electron systems, many
approximations are made to solve the Schrodinger equation. Among fleat, important
approximations/methods, such as B@ppenheimer, LCA&MO, HartreeFock, and

electron correlation, are briefly explained below.

1.12.2 Born-Oppenheimerapproximation

On considering the motion dhe nucleus and electron, the speedtloé nucleus can be

approximated to zero as relative to the speetth@électron. 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 energythaf nucleus to be zero and the nuclear
nuclear repulsion to be a constant value for a chemical system. As a result, the Schroédinger

equation is simplified as follows,

k8 E & colp i ' o &ciOn (Eq. 13)
: 2 AC 09 £ Ac AG 9
Fo o FeaDA % F A Al W Y@BAuné_oo (Eq. 14)
X < xg 00D
&cL AMgAl — (Eq. 15)

Here, & cis the potential energy term fauclearnuclear repulsion, this has a constant value
for a particular system. Hence, the Schrédinger equation for electronic motion can be written

as follows,

B ok (Eq. 16)
Further, the total energy of a system can be calculated by adding; #uigh &; G l.e.,

"cacok ' oE &c (Eq. 17)
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 dke expectation value of energgE>), which is always greater

thanor equal to the ground state energy)(of the particular system.

<E> L i rsvovﬁ BYOTx v . (Eq. 18)

i BYlersYoi‘x

In general, the trial wave function is designed with one or more vesititslecan be

varied in order to obtain a minimum value fofi.e., a closer value t6,).

1.12.4 LCAO-MO approximation

The trial wave function is often constructed by the method of linear combination of atomic
orbitals (LCAQO). For arelectron in a molecular orbital (MO) of a molecule, the trial wave
function (O can be formed witka linear combination of atomic orbitals) with respective

coefficients Ok
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O L Ag %y (Eq. 19)

The coefficient (% expresses the contribution of an atomic orbid) {n MO. The values of
coefficients that minimize the energy for th® can be calculated usinthe variational

principle.
1.12.5 Hartree-Fock method

Hartree and Focldeveloped a method to tackle the difficulty of the electtmttron
repulsion term when solving the Schrddinger equation for retegtron systems. It is also
known as Hartre€ock selfconsistent field theorem.

$FFRUGLQJ WR +DUWUHHYYV DSSUR[LPDWLRQ DQ HOHF\
by all nuclei and an average field of all other electrons. Hence, the Hamiltonian for an
electron is,

, 0 ~ ~rrxcO00
Bl FgOAS a F A‘EASg—aO E 8 (Eq. 110)

Here, the first term represents the kinetic energy operator for electronkessetond term
refers to the potential energy operator for all nuckdestron interactions. Th&jerm refers
to the potential energy operator for an electron (§xydue to the average field of other
H O H F Will RiQg/ 8;is determined by the summation of potential energieg"ariectron

due to all other electrond<M Ewith a wave function3; This can be expressed as,

gL AS i & (Eq. 111)

dx @
4006
The total wave function @) of this many electrons system can be expressed as the product of
UL fydrogenlike orbitals (O,

OL G&:s:0:t;« §13; (Eq. 112)
,Q +DUWUHHYV DSSUR[LPDWLRQ DQ LWHUDWLYH SU
Schrodinger equation. Firstly, théy gperator is applied for an electraif)(to generate an
improved oneelectron wave function@{-} Then, this procedure is repeated for all other
electrons, and finally, an improved total wave functi@will be obtained.Next, the

improved @Bis used to solve the oradectronSchrodinger equation which results in a more

improved oneelectron wave function. Accordinglyhe iterative procedurean be repeated

16



until the §;obtained is so close to tlearlier 8§ 7KLV ILQDO SRWH-QwWsister® LV FDC
ILHOG 6&) 1 DQG W K shrécHlMdRdelfcbndidteat fielt) drlhitdlsD O

7KH PDMRU GUDZEDFN RI +DUWUHH Y e bht8rghamgeloP DW LR Q
electrons.To solve this problem, Fock incorporated antisymmetrized wave functiori-(see

DV LQ D GHWHUPLQDQW IRUP LQWR + DhdMatireeAdEK PHW KR
method. The determinant employed hereith&sSlater determinant.

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

determinant for an Mlectron system is,

.|.0:T5; .|ly:T5; aa '|ID:T5;
¢ TuTer TviTs; aa ipTs;
= - - - - Eg. 113
;%Qép i i i i p ( q )
TgTe: TviTe; 8é& ipiTe;
where N electrons occupy spin orbitaly( T @ vé@ & Tp; — @ is the normalization constant.

A shorthand notation ofhe Slater determinant (single Slater determinant) is shown

below, in which the diagonal elements of the determinant are only present.
O:Tsélg&8 a To; L Higivadd 1p¢ (Eqg. 114)

The operator used by Fock (Fock operaf@rE) to solve thisantisymmetrized wave function

is,
O AChE AEACOD £ AC 6K
(&ELFEAUQSFA Aug—aOEA A o Ay (Eq. 115)
QE L 80248 Ap P ALt o F dv (Eq. 116)
Here, the ,;@nd &;are Coulomb operatorsge ) and exchange operatseg

respectively. The Coulomb operator) refers to the electrostatic interaction of
electrors in the 1 gand 1yorbitals, whilethe exchange operatord;)refers to the exchange
energies of electrons in thig;and iy orbitals. The’égéé%presents the Hamiltonian of an

electron in a hydrogelke atom.

oL 10T L-,:TS;L‘*W:TG;UI':;a‘E Qg Tsiiv:Ts @@ (Eq. 117)
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By 11T T5;O|'Y:T6;U%i QuTsliv Ty, @@ (Eqg. 118)
The energy of an electroil'f is calculated by,

@EOL YO (Eq. 119)

The Yenergy (orbital energy) is itheform of,
YL Y E Al At oF 4y (Eq. 120)

where Y denotes the orelectron 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 electroi"j with all other electrons (+j).

1.12.6 RHF, UHF, and ROHF methods

The estrictedHartreeFock (RHF) methods applied to molecules with singlet spin. In RHF
calculation, each pair of electrons in an orbisatonstrained to havihe same spatial wave
IXQFWLRQ IRU ERWK . DQG VSLQ IXQFWLRQVaclésedV W\SH
shell singlet (css) system.
The restriction applied ithe RHF method is relaxed ithe unrestrictedHartreeFock
(UHF) method. In UHF calculations, different orbital spatial wave functions are allowed for
electrons with different spins. This method is appliednolecular systems with unpaired
electrors.
Restricted OperHartreeFock (ROHF) method can also be used fomalecular
system with unpaired electranHerein, the paired electrons in an orbital have the same
spatial functions, hence RHF principle is treated therein. But the spatial function of orbital
ZLWK XQSDLUHG HOHFWURQ FDQ KDYH HLWKHU WKH VSLQ
The molecular systems with unpaired electron are called-sipelh systems. In this
thesis, the chemical systems with nitric oxide moles;udroxides, and most of the metal

nitrosyls are opeshell systems.

1.12.7 RoothaanrtHall equation

The HF equation is further modified by Roothaan and Hall. They theddal wave function
as a linear combination @ complete set of known orthonormal functions. These functions

are called basis functions, it is represented as,
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OLAig%du (Eq. 121)

where % ds expansion coefficient] yis the basis function andsis the number of basis
functions.

Substitution of thisOin the above Hartredock equation K. 119), followed by
multiplication of both sides by another basis functi‘cﬂand integrating over the entire space
will lead to a set of Glinear equations callethe RoothaarHall equation. A compact

expression ofhe RoothaarHall equation in the form of a single matrix is,

(%L 5% (Eq. 122)

where ( is the Fock operator ithe matrix, 5is theoverlap matrix integral%s the matrix for

expansion coefficient antlis the diagonal matrix for orbital energids

1.12.8 Methods for treating electron correlation

The main limitation of the HF method is that electsactron 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 irafew methodsyiz., Mgller-Plesset Perturbation, Configuration Interaction, and
Coupled Cluster methods. These methods are generally calleHpaosethods or higheab

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 contairingmall number of atoms with a
reasonable computational cost.

1.12.8.1 Mgller-Plessetperturbation theory

In Mgller-Plesset perturbation theory, the electebectron correlation is treated by a
perturbation term to a known Hamiltonian (eigenfunctions and eigenvalues are known). The
sum of known Hamiltonian®®,) and the perturbation terr@will give theactual Hamiltonian

(8. The eigenfunctions and eigenvalues®fare solved bythe HF iterative methodThe
eigenfunctions and eigenvalues &fis obtained byperturbative procedure with various
orders. Hence, this is a correction to energy obtained by HF. The actual Hamilt®hian (

represented as,
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AL 8 E &
8 QgL k8, Eago QgL Y Qg (Eq. 123)

The eigenfunctions and eigenvalues®fcan be represented &&;," €and ' ;" (HF-energy).

Expansion of perturbedand 2ygan be represented as a power series in

YL EER ES® JE® (Eq. 124)

Ok L &), €E aX) €E & )V €E ® (Eq. 125)

If this power series is truncated at second grtiem itis known as MgllePlesset second
order perturbation (MP2) theory. This MP2 theory is widely used as eHsostethod. The
energy expression for a MP2 method is,

v 4 A4 A AL R v 1 5; A4 &AL R 1 6; A4 & AD R
oL ATt A L A e A LAY 8 AEg. 126)
1.12.8.2 Coupledcluster methods

In coupledcluster (CC) method, the many electrons wave function is constructed by using
excitation operators to calculate the electetectron correlation. This method considered as
a good mathematically refined technique for obtaining eleattectron correlation energy.

The wave function can be represented as,

Oc L AR O (Eq. 127)

Here, the O,cis a Slater determinant obtained tire HF method. The@&is an excitation
operator, which is expressed as a sum of operatasiofjle k& o double k& g triple k& o

etc. excitations.
6L BEQE &E® (Eq. 128)

The variations irthe CC method are based on the highest number of excitations considered in
& One of the popular CC methd.e., the CCSD method includsigle k& oand double
k& oexcitations in@(i.e., @ L & E &). Herein, the O, function is a linear combination of

singly and doubly excited slater determinants. These calculations remuiesy 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
guadruple excitations operator) are more expensive than CCSD method. The CCSD(T)
method (T in bracket indicates that perturbative triples) is considered to peldrstandard

calculation in quantum chemistry.

1.12.8.3 Configuration interaction

In the configuration interaction (Cl) method, the excited states are also included for the
electronic state calculations. The complete Cl wave function is a linear combination of Slater
determinants with all thpossible electronic configurations. If only one electron has moved
from each determinant, then the Cl 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 higlaccurate results required cases. In principle, the
full CI calculations usin@ninfinitely large basis set will provide exact quantum mechanical

results.

1.12.9 Basissets

All the electronic structure calculations are based on the trial wave function designed for a
system. Choosing a trial wave function is the starting pfmntsolving the Schrdédinger
equation for a system. In this regatftk 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.,-8la¢eorbitals
(STOs '|'”E) and Gaussiatype orbitals (GTOs '|'ME). The mathematical forms of STOs
and GTOs are described belowg(29 andEq. 30, respectively),

PTTE:NG &; L ONVPSA? & 87 &; (Eq.1.29)

TATE:NG & L ONPA?6787 & - 8:7 5, (Eq. 130)

where 0 is the normalization constantNs thedistance fronthe nucleus, J, Hand |
refers to principal, azimuthal, and magnetic quantum numkeas,orbital exponent, and
- 8:1 & term represent the angular part of the wave function. The $&@sverysimilar

hydrogenlike atomic orbitals, thus, these basis functions are most efficier@presenting
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the electronic configurations of atoms. The demerit of STOs is their computational cost,
STOs usedn calculations are highly expensjvespecially 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 whichis known asa contracted Gaussian type orbital, wherein each GE®sown

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 atdoitil.
For example: Hydrogen atom, 1s orbital = one basis function
Fluorine atom, 1s + 2s + 2p 2p, + 2, orbitals = five basis functions.
STO-3G is generally used minimal basis set in which the basis functinsistsof
three primitive Gaussians. This basis set is good for speedy and rough calculatidvas but

poor accuracy in results.

1.12.9.2 Multi zeta basis sets

The double zeta andriple 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 atoaccording to double zeta and triple zeta basis sets, respectively.

1.12.9.3 Splitvalence 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 basef@ets
valence orbitals.

For examplethe 6-31G basis set for fluorine atom: 1s orbital (core) is described by
one basis function (minimal basis set) consisting of six primitive Gaussian functionsx,2s, 2p
2py, and 2p (valence) orbitals are described by two types of basis functions (double zeta), in
which one typeconsistsof 3 primitive Gaussian functions and the other type caneisi
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 functi@ss.2p, 2p, and 2p
(valence) orbitals are described by three types of basis functions (triple zeta), in which one
type consistof 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 Polarizationand diffuse functions

The polarization and diffuse functions can be incorporattm basis sets. This is done by
adding functions of higher angular momentum for polarized basis sets, whereas, adding
functionsthathave a small exponent to describe the electron density awayteoracleus is
called diffused basis sets. Generallytype functions are used to polarize electsaof
hydrogen ators) whereasg-type functions forother main group atomandf-type functions
for transition metalsThe notation used for polarized functionspadndd is (d,p) or **, i.e.,
6-31G(d,p) or 831G**. The notation used fathe diffuse function is ++. For example; 6
31G++ is used for diffuse on hydrogen atoms and heavy atoms.

In thiswork, we have extensively used these polarization and diffuse functions in our
split valence basis sets, i.e:361G++(d,p). Besides,XQQLQJTV FdohsistenDiasisL R Q
set viz. augcc-pVTZ is used for better energetics in small cluster calculatitSnand
Ahlrichs and coworkers developed (lateodified by Weigend) defSVP and defZI'ZVP
basis sets were used for metal compléféslerein, the defB5VP and def2ZTZVP basis set
aredouble zetaand triple zeta, respectivelihey contain polarization functions. Thaigcc

pVTZ basis set is a triple zeta basistbat contais polarizationand diffusefunctions.

1.12.9.5 Effectivecore potential

For heavy atoms, many basis functions are required to represent the atomic orbitals, hence the
computational cost will be huge in this case. Tgnsblem can be overcome by introducing
an effective potential for chemically insignificant core orbitals. The effective core potential

(ECP) is know as pseudopotentiat.g., LANL2DZ anddef2TZVP areECRenabled basis
set147148

1.12.10 Basisset superposition error(BSSE)

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

this situation, each monomer borroves basis set of other this creates a basis set
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superposition error (BSSE) in their dimer energy calculafiti'$® Boys and Bernardi
proposed a counterpoise correction (CP) to tackle BS'SE.

The general equation faheinteraction energy of a dimer AB is,
‘oAt S L oy #SF O F S (Eq. 131)

where the superscripts represent the basis set used and subscripts refer to geometry.
Therefore, 's,” :# $; is the energy of dimer AB calculated usitige dimer basisset (i.e.,
union of basis sets on A and B monomers) and dimer geometry. The CP equation is given

below,
' 345 IOO;) F |00)) F l;)) (Eq. 132)

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 Semiempirical methods

The huge requirements of computational power for perfornaipgnitio calculations on
larger chemical systems are tackled by sempirical methods. This is done by making
several approximations during solving the Schrdodinger equation. In-esepirical
calculations, the experimentally derived parameters orlewgl 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 ser@mpirical 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
dependson the 3N spatial coordinates and N spin coordinates for -mouniber ofthe
electron system. This makes computation extremely difficult for large molecular systems
with larger basis sstused. In density functional theory (DFT), calculations are based on
electron densitynot the wave function. The electron densigpendn 3 coordinates only.
Hence, the 3N coordinate problem will reduce to a 3 coordinate probldre DFT method

as compared tthe HF method.
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1.14.1 HohenbergKohn theorem

Hohenberg andohn 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

(' 4 is a functional of electron density)(
"AL N7 (Eqg. 133)
Here, theé, should satisfy the condition whebis the total number of electrons.

OLié:NA@N (Eq. 134)

The secondHohenberg. RKQ WKHRUHP VWDWHV WKDW 3WKH HOHFWL
energy of the overall functional is the true electron demsityesponding to the full solution

RI WKH 6FKU|GLQJHU HTXDWLRG appligdHin DBTUthd WL R Qi@ O S U L (
electron density €:N), the energy calculated') is always greater than or equal to the

ground state energy of the systehf
' >:N?P' %§,:N?R"* (Eq. 135)

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-Shamapproach

Kohn and Sham (¥S) proposed a formalism to calculate the grostade electron density,
which is regarded as the foundation of current molecular DFT calculations. Accordin§ to K
formalism, it starts with an assumption that many elestiom systermarea system of non
interacting electrons. The DFT enerdy>€: N ?calculated by a trial density:N can be

written as,

":N?L 66:N?E "' 456 N?E ,>6:N?E ' 2€:N? (Eq. 136)

where, 64s kinetic energy functional for neinteracting electrons; 5 gand , is the potential
energy functional for nucleaglectron interaction and classical electadectron repulsion
respectively.’ g S exchangeorrelation functional, which includes corrections for all non

classical electrowlectron interactions.
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1.14.3 Exchangecorrelation functional

Theexchangecorrelationfunctional ' ,can be expressed as,
"n:N?L ¢6%8:N7E ¢8>:N7? (Eq. 137)

¢6>€:N ?represents the kinetic correlation energy ap8>e:N ?refers to the potential
correlation energy and exchange energy. These excltangdation energies are the
corrections due to electragiectron interactions as compared to the actual system. Note that,

the accuracy of KS method relied upon the quality ofg .2€: N Zerm.

The exact solution for' g.2€:N ?term is unknown because the explicit functional
form of exchangeorrelation potential energy for a real system is not knévemce, several

approximations are used for obtaining an approximate exckangaation functionals.

1.14.3.1 Localdensity approximation

The local density approximation (LDA) wsa functional of uniform electron density as an
initial guess for ' g 2€: N ?functional. This approximation is based on the notion that
exchangecorrelation functional for a hypothetical system of uniform electron gas can be

derived exactly. The g .2€: N 2erm according to LDA can be expressed as follows,
hreN L @Ro0dag (Eq. 138)

For a uniform electron gas system, the electron density remains the same at all points but in
thereal systemit is not the same. Therefortie 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 exavhples
LDA functionals!®?

1.14.3.2 Generalizedgradient approximation

According to Generalized Gradient Approximation (GGA), a gradient of electron density is
added tahe LDA functional. Hence, this method depends upon both general electron density
(é:N) and electron density gradien®B(€N). The ' g 2€: N %erm according to GGA can be

expressed as follows,

"ABUN L g2 NAD EN? (Eqg. 139)
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The Becke functional (B88) and Lee, Yang, and Parr functional (LYP)are the popular

GGA exchange and correlation functionals, respectively.

1.14.3.3 Metageneralizedgradient approximation

According tometageneralizedgradientapproximation (metaGGA), a Laplacian of electron

density (& é: N) theterm is added to GGA functionals. This is expressed as follows,
'ROCOAANN | 28 NAD ENEPEIN? (Eqg. 140)

Minnesotafunctionals (M063>° and TaePerdewStaroverovScuseria (TPS$Y functionals
are popular examples of me®GA functionals. The exchange energy for MOGs

expressed as,
ECALA T @NE e a6 BiR CEWR DT &2 (Eq.140)

where (NE» %é &% ;is exchange energy density of the PBﬁ‘,iWis local spin density

approximation for exchang&he correlation energy for M6 is expressed as,
', L1 A%AC KT &T 0ED KT & og@N (Eq. 142)

1.14.3.4 Hybrid-functionals

The hybrid functionals include some percentage of exchange energies obtaindiaefktin
method ( ,éi‘) along with exchange and correlation functionals of DFﬁ%ﬂ to improve the
quality of ' gyterm. The' ,édis the certain percentage of exchange energy from HF theory,
whereas' ,ifl;;;"is the exchange and correlation energy obtained from LDA, G&/Ather

DFT formalism. This can be expressed as follows,
‘il TR E " (Eq. 143)

B3LYP and PBEO are popular examples of hybrid functionals. In B3LYP, Bed¢kenB3
correlation functional (B3) and Lee, Yangnd Parr exchange functional (LYP) are

incorporated>*1%7

1 »7A0F o Al IDC7. £ Ao Al o A e<<p — . AOR= 1 IDCT.
RO U RIPE RO ES QR R ExRARTE S, R O0F 20T,

(Eq. 144)

where Becke specified the seampirical parameters, L r&r, g L r&tand=,L ras

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

functional, the8 9 Ouis a LDA functional, and$z zand . ; 2 are GGA functionals.

1.14.4 Dispersioncorrection in DFT

Sometimes DFT calculations fail to effectively describe the dispersion interactions such as
Van derWaals and hydrogen bondi#gf. This leads to inaccurate results in particular systems
where dispersion effects dominate over other effect® lirhitations of standard DFT
methods can be tackled by adding dispersion correction into the functionals. Grimme
proposed a dispersion correction known as fIRTin 2011, which is widely recognized in

this field 1>°

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 ofthe Schrédinger equation. In this thesis, analyses such as molecular electrostatic
potential, quantum theory of atoms in molesuleatural bond orbital, energy decomposition,

and molecular tailoringpased 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 meth6tiTheoretically, it is calculated
rigorously based on the distribution of electron densigyN; using equationEq. 145)

given below®°

Q
a?E

x! &

8:N L A%

Fieée:N; (Eq. 145)

a? &

The 8:NLV WKH SRWHQWLDO DW D Q\Np R RQMVEdMIKAMD SRV L\
space of a molecule. The and 4. represents the nuclear charge and radius vector of atom
A, and é:N; is the electron density nead In Eq. 145, the first termrefersto the nuclear
potential and the second term rafer 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, &1\ is positive atthe nucleus and negative
values at electronch sites The most positive potentiaaluein a regionis termedVmax

which indicatesthe electrondeficient site, whilethe more negative potentiaVin) reflects

28



the electrorrich site.Therefore MESP analysi®n a molecular system is affective tool to
ILIXUH RXW WKH [|HDW Xddndy, eRttrophRi€Q bitesS Milicledphili€E sites,
noncovalent interactions, ettt Thus,MESP analysis on chemical entities would connect
their chemical features with physical propertigleSP plot of a representative example.,
electron density distribution on an isodensity{ 0.001 au) surface oivater molecule
calculated aMP2/augcc-pVTZ/IMP2/6:311++G(d,p) leveis illustrated inFigure 1.7. The
Vmin Site appeararound the oxygen atom with a value i#2.2 kcal/mol, and/maxSsites are

nearthe hydrogen atom with galue of 44.4 kcal/mol.

Figure 1.7 Electrostatic potential mapped on isodensity molecular surfaee0(001 au) of
water calculated ghe MP2/augcc-pVTZ//IMP2/6-311++G(d,p) levelThe positions oWmax
and Vmin sites are represented by golden and cyan spheres respedihelyalues oVmax
and Vmin are given in kcal/mol an¥¥o (MESP on oxygen atom of water) in.alhe color

ranges: Blue for negative potential and Red for positive potential.
Further, MESP analysisanalso calculate the potential at thecleus of an atomin

Figure 1.7 thepotential at the oxygen atom of wat®p) is shown in orange color.

- X o N -
Ve = Af | g5 Tl Eos (Eq. 146)

Eq. 146 defines the potentiaMg) at D SDUWLFXODU DWRPTV VD\ % QXFOH?

= Rg locatedin a threedimensional space of a molecular system, wizarand Ra represent

WKH QXFOHDU FKDUJH DQG UDGLXi apbii e tRsRI DWRP $ $

1.15.2 Quantumtheory of atoms in moleculegQTAIM) analysis

% D G QUM analysis generates the topology of electron densityN(; on a chemical
system.The é:N distributionin a chemical systerns characterized by critical point®©n

these critical points, the first derivative @: N 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, DQG 7TKH FULWLFDO SRLQWYV
(number of nonzereigenvalues othe Hessiamrmatrixof &:N) DQG 1 DOJHEUDLF VXP |
Rl HLJHQYDOXHV SD U.Dbierel WidBlJ-¥) critichd poin&is thenuclear critical

point, the (3;1) is called as bond critical point, the ¢3,) is a ring critical point, and the (3,

+3) is a cage critical point. Since the nuclei are attractotheofradient field of é:N, the

region surrounded to nuclei$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(¥D) interacted system (hydrogen bond through
N-atom of NO) calculated at théMP2/augcc-pVTZ/IMP2/6-311++G(d,p) level The
connectivity between atoms are thend paths, and the green sphere on each bond path is the

bond critical point.

In this thesis, the bcp is extensively used to acctarmihe noncovalent interactions
in our chemical systems. QTAIM parametérN at thebcp provids valuable information
about the associated chemical bond. TkiS\ value reflecs the strength of a bond. In
general, theé: N value greater than 0.20 au is regarded as a covalent bond, éviNléess
than 0.10 au is considered as cleshdll interaction (ionic, hydrogen, dihydrogen bonding,
etc.)1% The sign of Laplacian o&: N ( ' ©é:N) at bcp signals to the type of bonding present
between two atom®’ The values of '®é:N less than zero is found for covalent bonding,
whereas ' ©é:N greater than zero is observed in the case of clskelll interactions. The
electronenergy densities such pstential (8:N), kinetic () : N), and total * : N) are another

parameters of QTAIM that can give ideas about the nature of bonding interdétidhs.
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negative values of totatlectron energy density {:N L ) :N E 8:N;at the bcp of a
noncovalent interaction reveals its shared (covalent) nature, whereas, positive valué$ of
indicate the closedhell type interactionsQTAIM parameterscalculated atMP2/augcc-
pVTZ/IMP2/6:311++G(d,p) levelfor bcp o the hydrogen bond present betweemitric
oxideandwatermolecule is demonstrated figure 1.8.

1.15.3 Natural bond orbital (NBO) analysis

NBO analysis is a technique for investigatthg hybridization and covalency of atoms in a
polyatomic wave functiod’ NBO provides a picture of localized orbitals tha¢ involvedn
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 descthmenatomic and
bonding properties of a molecular system. In NBO calculations, the NAOs form natural
hybrid orbitals (NHOs), and the linear combination of orthonormal NHOssfarbond. For
H[DP S OH -bowdKptlesdnt between A and B atoms, i.B, forms by the linear

combination of orthonormal hybrid orbitals such@sand D, (seeEq. 1.47).
R,L 2D E 2D (Eq. 147)

PA, L 2D F 2,0 (Eq. 148)

Similarly, the antibondinglj%» are formed bythe same NHOSs, but which represent the
unused atomic valence space by covalent bond formatioii (se€e!8).

Overall, the sequence followed by the NBO analysis is,
EJLOGRPOEBAP 0#1Q 0*10\ 0%10

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

( I\{IJ ) on NAO of an atom A is the diagonal density matrix element in the NAO basis.

M L AEFHEA (Eq. 149)

The NPA charge is in good agreement with the other theoretical and experimental egimation
of charges, hence, this charge is extensively used in various chemical systems to measure the

charge transfel®

31



Stabilization energy of donacceptor orbital in a chemical bonding the
stabilization energy(' ‘®) of the interaction between donrécceptolj) orbitals can be
calculatedbased orsecondorder perturbation theoip NBO analysis’® The ' ‘% associated

with this interaction can be estimated as,
VO M(ER® DYF Y (Eq. 150)

Here, Mijs the electron occupancy the donor orbital, Y;and Y,are the energies (diagonal

elements) of donor and acceptor orbitals, gnd&F are the offdiagonal elements dahe
NBO matrix.

1.15.4 Energydecomposition analysifEDA)

Energy decomposition analysis a technique to investigate the energy components of a
chemical bonding. This is developed basically from the theories put forward by Morokuma
and Jeziorskt’? ORURNXPD TV W K H RaWariatignat &pwrelaGh Bn@ commonly

called EDAL"? while Jeziorski et al. followed perturbative approach known agmmetry
adapted perturbation theof@APT)1”® 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 thah combination of SAPT wititHF andDFT calculation is applicable
for small to large molecular systertfé.It has been reported that SAPF (i.e., SAPTO)
calculated interaction energies for radical systems iargeasonable agreement with
experimental results, and these calculations require less computationsP ¢testice, the
SAPTO method attracts much interest in opkell SAPT calculations. Similarly, the EDA is
also extensively used mvariety of molecular systemsspecially metal complexes, proteins,

and so ort’®

In thiswork, we have used both SAPTO and EDA methods appropriately based on the
nature of chemical systems supported by the literature Bataief description of these
methodss given below.

SAPTO: The zerotorder SAPT (SAPTO) ithe simplest form of wave functichased SAPT
methods. According to SAPT calculation of interactions ener'g.y’é&"), it is the sum of the

physically distinct component$® such aselectrostatic, exchange, induction, and dispersion

(le., "greecoedm vaxand ' ,ggkespectively).
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It can be expressed as follows,

VE L ond '0edE TuaE xu=a (Eq. 151)
"grade  Ponak "ord: P orec (Eq. 152)
'gevl "penE ' °%BenE °%en (Eg. 153)
"vadk Pk " pemuax (Eg. 154)
"cuel " huaB e uak 0B C%uwa (Eg. 155)

where, superscripts and| of ' 2®denote the order of perturbation correctionss  £50.

152) accountsfor the electrostatic interactions of uncorrelated and correlated electric
multipole moments of monomers. g s@(EQ. 153) theterm 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 exchahgg«(Eq. 1.54)
accountsfor 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.. j6=0. 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. Additiortihlfmétheterm

is added to" l-iféégi, which accounts for the approximate third and higireler exchange and

induction effects via HF calculation and this will improve thé"e&\i value.

In SAPTO calculations, it avoids all the intramonoroerrelation terms, which speeds
up the computatio.” Therefore, components of interaction energy calculated by SAPTO can

be expressed as follows,
ag LM ondk S'0enB *Uak Phemuak Chual Cemxual U %,
(Eq. 156)

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

chemical bond isalculated by EDA is as follows’

UL grd: lacer® 'aao (Eq. 157)
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The electrostatic term' gz AV XVXDOO\ DWW U D W ds dlinaysSepiieitefavid W H U P
the ' 5 5 ds always attractive. Here, thég g agcountsor the energy of classical electrostatic
interaction between the fragments in a molecular system. Thg.Qfiginates from the
HOHFWURQ H[FKDQJH UHSXOVLRQ EHWZHHQ IUDJPHQWYV E|
Thus, these two energy component terms are complementary togheapd ' g spterms

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

fragments. The' ; 3 can be further decompasénto different contributions from orbitals,

ZKLFK DUH YDULRXV LUUHGXFLEOH UHSUHVHQWDWLRQV + R

"azol AL A (Eqg. 158)
1.15.5 Molecular tailoring approach (MTA)

MTA is a fragmentatiofbased method for estimating the energies of individual noncovalent
interactions in chemical systerff8.This method isproposedby Gadreand ceworkers by
applying the cardinality principle’® 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 tlyednitially, this method was successfully used to
estimate the intramolecular hydrogen bonding interactions in various moléCufédt is

now widely used to estimate thenergies and cooperativity contribution wofdividual
intermolecular interactions in various molecular syst&hs¥3 These studies show the
advantages of MTA in estimating the interaction energies in terms of accuracy and
computational costEnergetics 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 soluteater interactions are important to understand
the watermediated reactions. Besidegoperativity details are crucial in molecular cluster
studies for understanding how indivaduntermolecular interactions affect the characteristics

of molecular clusters collectively 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 confofftéfion.
Furthermore, these effects are also observed in many biopolymers, including proteins and

nucleic acids, affeaig alarge range of biochemical and physiological proceSSes.
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Scheme 1.IFragmentation scheme for the estimation of energy of hydrogen bond HB5 in a
representativelO(H20)4 complex (denoted as M).

The fragmentation procedure followed in MTA to calculateiratividual hydrogen
bond energy of aepresentative complex NO£B), is illustrated inScheme 1Herein, 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 NOthe#l atom of W1. By removing
W1 and NO from parent NO@®)s, 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(H20)s may be restored. Such virtual geometry of Neijhd loses out on two thingsjz.,
() the N 2«+ LQWHUDFWLRQ FRUUHVSRQGLQJ WR +% LV OR
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 trienesented
DV D VHFRQGDU\ IUDJPHQW ) L H ) @) $FFRUGLQJO\ Wi
may be obtained by subtracting the singtent energy of F3 from the sum of the singlant
energies of F1 and F2. However, this energy of Nk does not include the energy of
HB5. Therefore, the energy of HBS is obtained'agg L ' ;5 E ' ,6 F ' ,7; F ' 5 where
Ewm is the energy of NO(¥D)s. Furthermore, if we isolate the dimer WNO containing
HB5 bond from the NO(ED)s, then this dimer lacks cooperativity contribution of other
HBs/PBs that are present in NQ®)s. Note that the geometry of this dimer is the same as
that in the NO(HO)s. The interaction energy of such dimer is obtained witthe
supermolecular approach as,;(ffgwﬁ UpsE'ces F 'ggéagﬁé where 'psa’'cg and
'gg;gg re the energies of W1, NO, and dimer respectively. The difference beBngen

and ';’{ngié the cooperativity contribution towards the HBSom the formalism othe
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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 knownsaas-cooperativity,
indicating the energy of an interaction in the complex is lower than that of the corresponding
dimer (isolated from the complex).

1.16 Conclusiors

In Part A of this chapter, a brief overview was presented, emphasizing the significance of
various forms of NGO ranging fromreduced (Nd‘and HNO) tooxidized speciegNO" and

HONO) - in both atmospheric and biological chemistry. This secttso discussedhe
applications of nitroxides and N@dsorbednetatloaded zeolites. Furthermore, it sedight

on hydrogen bonding 1 2 A AiAteractions, examining their presence and relevance within
NO-water cluster systems, NIBINO/HONO-water cluster systems, nitroxidadicatsolvent

systems and NQadsorbed metdbaded zeolites1RWDEO\ GLYHUVH DSSOLFDW
interactions were discussedl.deeper investigation into the strength, nature, and influencing
IDFWRUV RI WKHVH 12AAA+ L @ahpebanitemieystarndvigZtbeif UD Q W H C
applications In this work we concentratd on comprehendindghe strength, nature, and
LQIOXHQFLQJ IDFWRUV R Isldcfed ehdnraVsystdBEWLRQV ZLWKLQ

Part B of this chapter offered a brief introduction to the theoretical foundations of the
computational techniques employed in this thesigrdvidesa concise account of electronic
structure methods, includingb 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 (MiB&agd.
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Chapter 2

Quantitative Assessment of Noncovalent Interactions

NO(H20)n=1.4 Complexes

Pnicogen bonding interaction
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2.1 Abstract

Nitric oxide (NO) plays a vital role in various atmospheric and biological eveiytdration

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{®I)=14) using theMP2/augcc-pVTZ//IMP2/6-
311++G(d,p) level of theoryThe interactions between N@nd water have been probed by
molecular electrostatic potential (MESP), quantum theory of atoms in moleQi@dN),

and natural bond orbital (NBO) analys&se NO can fornhydrogen bonds (HBs; via-Mind
O-DWRPV RI 12 GHVLJQDWHG DYV pnicagenbohds (PB)Writh) Refew L R Q V
depending on the orientation. The individual energy and cooperativity contributions of HBs
and PBs present in NO{B).=14 complexes are estimated with the help of a molecular
tailoring approach (MTA) based calculations. The Mbdsed analysis revealed that the
water« water interactions are the strongesNO(H.O), complexes, whereas HBs and PBs in

NO « water interacionsDUH WKH ZHDNHVW $PRQJ 12 AAA+ LQWHUDT
N- atom (with energies rangirfigom 0.35 to 2.10 kcal/mplis stronger than the HBs by-O

atom (energies ranginfom i0.10 to 1.09 kcal/myl 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: 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 1€§&L 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-bledpen
specie$>'® Previous studies have addressed the interaction between NO and water within
the context of hydrogen bonding interactié?fsi®°On the other hand, the interaction of NO

via the Natom with the @Gatom of a water molecule is reported as an electron esmtaptor
interactiont®1%° |t is obvious that noncovalent interactions other than HBs are present in

NO(H20) complexes. Energies and cooperativity details of interactions present between NO
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and water clusters are beneficial to figuring out the different waéesliated reactions of
NO.”®

In this study, we aim to investigate the features of interactions between NO and water
in NO(H20) complexes with the help ofiolecular electrostatic potential (MESP), quantum
theory of atoms in moleculexQTAIM), 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 solvatfn.

2.3 Computationalmethods

The structures of all NO@#D)n=14 complexes and their monomers are simulated using the
MP2/6-311++G(d,p) level of theory with the Gaussian 16 program pacRageor
optimization, initial structures were modeled according to existing literature data of similar
molecules and chemical intuitions. A bottamp approach is also applied for larger clusters,
e.g., the NO(O); is modeled by adding one-8 to NO(HO), through different side¥*
Similarly, the topdown approach also aided in finding any missed configurations of a
NO(H20)» 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 frequenciesThe Gibbs free energy changé&3) associated with the formation of

the most stable structuresO(H-O)n=1.4 at 298 K and 1 atm is calculated.

For improved energetics, singb®int calculations are carried out at the MP2 method
by employing theaugcc-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 MP2ampVTZ//MP2/6-311++G(d,p) level of theory.
AIMAIl software is used for QTAIM analysi®® MESP analysis is carried out using
Multiwfn software!®* and visualized using VMD softwat&> NBO analysis is carried out
using NBO version 3.1 implemented in Gaussian 16 softWéarand the results are
visualized using Chemcraft softwa.

The binding energyHge) of all NO(HO), complexes is calculated by supermolecular

approach usingeq. 2.1 wherein ' cg4 g, 'cs and J'4 g are the energy of NO@D),
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complex, the energy dfiO molecule, and the energy of a water molecule multiplied by the

number of water moleculer)(present in that particular complex.
"»ul ‘ceaegy Fi'ceEJd A (Eg. 2.1)
2.4 Results andliscussion

2.4.1MESP 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 molecule$®2%t Thus, MESP features can be employed to understand the
interaction sites of moleculé®?°The electrostatic potential on molecular surfaces (at an
isodensity value of 0.001 au) of NO and water is showrignre 2.1(a) The location of the
MESP minima ¥min) and the MESP maxima/tay of monomers can be used to recognize
the nucleophilic and electrophilic regionsspectively’** The positions o¥min and Vmax are
marked inFigure 2.1 During the complex formation between NO angHthere is a change

in corresponding MESP maxima and minima, and the magnitude of these MESP changes are
designated as$Vmaxand “Vmin, respectivelff?>2% Thus, “Vmax= Vmax iso AVmax_com Where
Vmax_iso@NdVmax_com areVmaxlocated on a particular site of isolated species and its interacted
complex, respectivel\Similarly, we can defin€'Vmin, and its magnitude is a rough estimate

of the change in the electron density during the complex formation.

In the case of kD, theVmin values appear around the oxygen atonm3&.2 kcal/mol.
For NO, theVmin values arei9.2 and il.1 kcal/mol observed near the N and O atoms,
respectively. The electremch nature of thexygen atom of BO than that of NO is evident
from the more negativ®min. MESP topography of NO further reveals that the eleetron
deficient regions around the £ bond axis and are more localized over thatdin with
Vmax vValues of 16.3 kcal/mol. The molecular electrostatic potential surfaces corresponding to

three possible modes of NOZ D Whitetactions are also portrayedrgure 2.1(b)

The hydrogen bonding (HB) interactions of NOL@ A A &rough N (O N «H)
and Oatoms (N « H) as electron donors with water, are illustratedioure 2.1(b) Upon
complexation with water through-tom and @atom, theVmin values at the interacting sites
DUH IRXQG WR EH i DQG NFDO P RGiotimevastihd Stbmg H O \
N and O are 6.8 and 4.7 kcal/mol, respectively. Similarly, for the#¢ «H and N+2 « +

interactions, "Vmaxvalueson 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 througtothesN
slightly more stable than through theafm. The correspondinBse values indicate the
VDPH ZKLFK DUH IRXQG WR EH i DQG ixl«INPOQ@G PIR O
O «H interactions. Previously, Salmi et al. interpreted this with molecular orbitals, the
greater strength of @ « H interaction than NO « H is mainly attributed to the dominant

contribution of the Natom to the highest occupied molecular orbital (HOMO) of the NO

monomer®

Figure 2.1 Electrostatic potential mapped on isodensity molecular surfased(001 au) of

(@) monomers, and (b) dimers. The positionsVef, 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 elealaditient ¥may region on the N
atom and electrodense region of water is called a pnicogen bond tPB$ During the
formation of PB, théVmax value of 16.3 kcal/mol on the N atom of isolated NO is changed
into 8.7 kcal/mol; the calculatedVmax value is 7.6 kcal/mol, which is accompanied by a
change inVmin On the oxygen atom of 42 IURP i WR i MfnB Q2B R O
kcal/mol). These "Vmax and "Vmin values associated with NO and water indicate a PB
interaction between NO and water, and the corresponding binding ertgxgy LV i
kcal/mol.
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2.4.2 QTAIM analysis

QTAIM plots of NOwater dimer complexes are displayedFimure 2.2 The values of

QTAIM parametersviz. electron density {r)), Laplacian of electron density’t )), and

the total electron energy densiti(()) DW WKH ERQG FULWLFDO SRLQW
interactions are shown iRigure 2.2 The (r) value (0.0107 au) for HB through-&tom is

greater than thel(r) value (0.0073 au) of HB through-&@om. This again confirms the
greater strength of HB formed via-@&dom than the @tom of NO with water. Besided)d

bond path connecting the-&om of NO and the @tom of water is evidence for PB
interaction between NO and water, with!@) value of 0.0083 au at the bcp of PB. In
general the positive values foi? I(r) andH(r) parameters for all these noncovalent bonds in

NO(H20) complexes suggest that they all are typical ckstedl interactions.

Figure 2.2The QTAIM molecular graph of N(H20) 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 donoracceptor orbitals involved in the HB/PB interactionsN&)(H20)
dimers and their stabilization energi@?; valuesgreater than 0.1 kcal/mol are considered)
are displayed irfrigure 2.3 For HB interactions via Nand Oatoms of NO, the lone pairs of

N- (Ip(N)) and Gatoms(Ip(O)) of NO respectively, interact with the #8l antibonding orbital
(é,g?,;) of water, wherein the totd® energy is calculated to be 1.23 and 0.13 kcal/mol
respectively. Based on tot&f? energy values, thelB through the Natomof NO is stronger
than HB through the @tom. The interaction associated with lone pairs of oxygen atom of
water and antibondingé@_og) orbital of the N#O bond has a total stabilizatio&}) energy

of 0.67 kcal/mol, which again confirms the PB interaction.
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Figure 2.3 The donofacceptor orbitals (isovalue = 0.03 au) involved in hydrogen bonding
(HB) (via N- and QGatoms of NO) and pnicogen bonding (PB) interactions in(H¢O)
complexes. Th&® energy (in kcal/mol) for these interactions is estimated basséamnd

order perturbation theory in NBO analysis.

2.4.4 Microhydrated complexes of NO (NO(EHO)n=1-4)

After addressing the possible interactions between NO a ifl their NO(HO) dimer
complexes, we further investigated the microhydration of NO up to four water molecules.
The NO(HO)n=1.4 complexes with different isomers are designated according to their cluster
size (nvalue) and the order of stability. The binding enerBye)( values determine the
stability order (se@able 2.); the most stable isomer is indicated withThe other isomers

are named, C, D, etc., based on the decreasing magnitud&gef For instance, three
isomers are present for the NQ®). complex; the most stable isomer2i&, followed by2B

and 2C, wherein2C is the least stable isomer. It should be emphasized that we optimized
several possible configurations of NQ®» complexes; however, a configurational
sampling of thesevater complexes was not attempted. In fact, this is not the primary
objective ofour study, and the structures presented here are sufficient to differentiate and
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guantify the possible noncovalent interactions between NO and water in {t

complexes.
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Figure 2.4 Optimized geometries of NO@)n-14 complexes. The relevant distance of

noncovalent interactions is given in A unit.

The optimized geometries of various isomers of N€Jicomplexes for each cluster
size (n = 1 to 4) are presentedfigure 2.4 The (12 A ABs (via N and Gatom 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 2.303.107 A and 2.828 +3.104 A,
respectively. In NO(kLD) complexes, the HB through thedtom of NO with water ishe
most stable isomerlf), the next stable isomdmB is interacted with by PB, and the HB
through the @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 Jdtom of NO is observed in all the most stable isomers in each
category ofNO(H20)n=24, i.e., IN2A, 3A, and4A. This suggests that the-&ddom of NO is
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involved in the noncovalent interactions of energetically preferred configurations of
NO(H20), complexes. Besides, it is worth mentioning thatev molecules form a ring (self
association) in the most stable isomersNa@i(H-O), complexes withcluster sizes three and
four. Thus, the complexes witlselfassociation of water clusters are the energetically

preferred configuration in NO@®)n-34 categories.

2.45 Energetics of noncovalent interactions in NO(EO)n=1-4complexes

As mentioned above, th&se for various noncovalent bondingz. HB through Natom (LA),

PB (1B), and HB through eéatom (C) present in N(H20); FRPSOH[ DUH i i D
i NFDO PRO UHVSHFWLYHO\ :H IXUWKHU HPSORAHG WKH
based method to estimate the energies of all individual noncovalent interactions in
NO(H20)n=1.4 complexes. All these values are displayeéimure 2.5 In addition, the sum of
MTA-based energies of all individual noncovalent interactions shown by NO with water
(designated asA'QEéA_E; DQG WKH VXP RI HQHUJLHV RI DOO WKH

interactions (designated & A eaA &) In NO(H:0), complexes are presented Table 2.1

along withEge values.

In dihydrate NO complexes (i.e., NO{Bl).), three monomers interacted to form a
cyclic structure, and theEgge YDOXHV REWDLQHG IDOO LQ WKH UDQJH RI
the most stable isome2A, the Natom of NO participates in both HB and PB; the
A’ c A efor these interactions is calculated as 3.76 kcal/mol. Similarly,ﬁth@EéA_ g of
2B is calculated as 2.31 kcal/mol, wherein the interactions of PB and HB throughatioenO
of NO are observed. Furth@C shows two HBs through-@tom of NO with aA' ceaA eof
1.82 kcal/mol. This again suggests that the energies of HBs throughdtwenQof NO are
weaker than HBs and PBs through thetdm of NO. TheA' A eaA eVvalues of2A, 2B, and

2C are in a range of 5.235.33 kcal/mol; this is much higher than thatfb‘f(; A evalues.

Among trihydrate NO complexes, i.e., NOQ®)s, the water cluster forms a cyclic
trimer in 3A and 3B, whereas a linear form of water trimer is preser3@ The estimated
A’ A eaA g values around 21 kcal/mol in the cases3af and 3B reveal the exceptional
stability of cyclic water form compared to the linear form of wat&€)( where the
A’ A eaA £1s 9.14 kcal/mol. In contrast to this, the calculatéUC e A e Values in3A (1.69
kcal/mol) and3B (1.22 kcal/mol) are much lower than that obtained3for(4.01 kcal/mol).

This is attributed to the weaker watewater interactions in linear water trimer that make
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NO « Z D Wirttethctions much strongén 3C thanother isomers3A and 3B). Nonetheless,

the 3C isomer is the least stable among other isomers=gbealue of3C i NFDO PRO
is lower by around 6 kcal/mol tha®A (Ese i NFDO PBB)EsD QG
kcal/mol).

0. 10

PB1/ 0. © X pBi

) 1.16
HB2 3 36 S HBZX
* / B3

& 525" ’7.99 3 H
HB3 ¢~@HB4

J
849 | 7.88 /6""34 J/'

o 8.11

Figure 2.5 Values of all individual interaction energies (in kcal/mol) in N@Dhh-1.4

complexewiz. pnicogen and hydrogen bonding (PB and HB), estimated by MTA.

In the case of tetrahydrate NO complexes, the water molecutes afid4B form a
tetrameric cyclic ring structure. NO interacts with this cyclic ring via HB and PB4Arand
4B are the most stable, with cloBge YDO XHV i DQG i NFDO PRO Ut
4C and4D complexes, the water molecules forntheeemembered ring. The NO interacts
with the threemembered ring via PB and the fourth water molecule through HB. Note that
the 4C and 4D isomersare less stable, and calculatégk values arei DQG i
kcal/mol, respectively. This is mainly due to the reaban the cyclic tetramer form of water

clusters (irdA and4B) are more stable&' A eaA eVvalues in the order of 3233 kcal/mol)
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compared to that ofC and 4D ( A' A eaA g values in the order of 25:26 kcal/mol).
Considering the N& water interactions idA and 4B, the A’ ceaA e is quantified as 1.15
and 1.06 kcal/mol, respectively, whereas these valué€ end4D are calculated to be 3.73
and 2.64 kcal/mol, respectively. This again suggests that the compf#e&Xesd 4D) with
weaker watex water interactions have comparatively stronger N@ater interactions than

the complexes4A and4B) with stronger watek water interactions.

Table 2.1Values of binding energieg4e) calculated by supermolecular approach, and the
sum of energies of relevant individual interactions estimated by MTA in NO)H.4

complexes. All energy values are in kcal/mol.

sum of individual interaction

Structure Ege energies from MTA calculations
A cea e A4 eaa e

1A i1.72 1.76 -

1B i1.39 1.36 -

1C i0.87 0.85 -

2A i8.17 3.76 5.33
2B i7.13 2.31 5.32
2C i6.76 1.82 5.21
3A i18.28 1.69 21.00
3B i18.04 1.22 20.90
3C i12.39 4.01 9.14
4A i30.69 1.15 32.98
4B i30.43 1.06 33.15
4C i24.38 3.73 25.45
4D i24.16 2.64 25.77

In general, the lower range oA’ ceA e values (from 0.85 to 4.01 kcal/mol) as
compared toA' A eaA eVvalues (range from 5.21 to 33.15 kcal/mol) suggest that the energies
of NO «water interactions have little contribution towards the stabilization of NOXH
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 studie@hOg§0O
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OCS(HO)n, and COz(H20)..2%9%1 For example, the most stable structures reported for the
CO(H20)n=1.5 complexeshave a similar configuration to theicrohydratednetwork of
NO(H20)n-1-4 described heré'!

2.46 Cooperativity contributions in NO(H20)n=2-4 complexes

The values of cooperativitgontributions ( **233along with the energies of all individual
interactions ( ,{Eéi;) in NO(H20)n=24 complexes are presentediable 2.2 Theenergies of
individual interactions calculated in the respective dimerl“éf(é?%olated from the complex
are also presented irable 2.2 The cooperativity contribution is the difference between these
two energies, i.e.! ,{Eéié and ' %Y2%Because th' %2Ya94cks the cooperativity contribution

of other neighboring molecular interactions.

From Figure 2.5and Table 2.2 the energies of 12 A AlBsthrough the MNatom of
NO with H.O (O N « H) calculatedby 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, t®perativity contributions towards this ¥
l«+ LQWHUDFWLR QY7 tbD@GkERl/MdlRImilarly, a lower range oénergy
values is found folN +2 «H interactions i.e., from i0.10 to 1.0%cal/mol the interaction
energies in the respective dimers isolated from complexes fall in a range of 0.50 to 0.84
kcal/mol. Consequently, theooperativity contributions towards +2 «H interactions fall
between i0.66 and 0.26kcal/mol On the other handheé energies ofPBs present in
NO(H20)n=24 complexesrange between 0.80 and 1.8&al/mol while the corresponding
energies in theespective 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 pressasstt in
complex Accordingly, thecooperativity contributions towards PB range frdh23 to 0.59
kcal/mol The negative values of cooperativity (i.antircooperativity 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 Z D W Wdikex interactions, the individual
interaction energies obtained by the M-bAsed method fall betwedn4 and 8.8&cal/mol
The interaction energy calculated for isolatéd W wdtexdimers ranges from 4.21 to 5.06
kcal/mol This imparts cooperativity contributions in the range betwd@®0 and 3.98
kcal/mol towardsZ D W wdtexinteractions
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It is evident from the above discussion that the cooperativity contributions toward
water networks water« water interactions are significant inNO(H2O)n=24 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

A’ c A efound inNO(H20), complexes, as discussed in the previous section.

Table 2.2 The relevant structural parameteris. distance (in A) and bond angle (in degree),
energy in complex '(,{Eéié, energy in the dimer'(l/zua?,éand cooperativity contribution
(' *2330f all individual interactions in NO@#D)n-1.4 complexes. All energy values are in

kcal/mol.

a»

Complex Interaction  Distance of Bond ' & '*Ua@ *aaa

Labels interaction  angle
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
HBS 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
HBS 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

2.47 Comparison between (L 2 A ABsand PBs in ND(H20)n=14 complexes

When comparing theX 2 A A A +(forfed via Natom of NO)andPBs in NQH-0) dimer
complexes, the 12 AAA+ +% KDV VOLJKWO\ KLJKHU HQHUJ\
NFDO PRO ZKHUHDV 12 AAtAm of M0 hadJtReHIGvestLeDergy (0.85
kcal/mol). Further,Figure 2.6 describes the energies and cooperativity contributions of
(12 A ABs and PBs ilfNO(H20)n-24 complexes. SinceX2 AAA+ +%V DUH- IRUPHG
and Gatoms of NO, a broader rangeefergies (UR P i to 2.10 kcal/mdl are observed
IRU 12 AAA+ +% LFRYWHALBIErANHBE fdrnied via @tom have lower range

of energies (fromi0.10 to 1.09 kcal/mol) than the HBs viaatbm of NO (from 0.35 to 2.10
kcal/mol). In the case of PBspmparatively shorter range of energies (fror@0 to 1.91
kcal/mol) is obtained itNO(H2O)n=24 complexeslt is also to be noted th#he upper range

of energy values of HBs and PBs are comparableN@®(H20)n-24 complexes The
cooperativity cormbutions (' 23%owards (12 AAA+ + BB ran@Gromi0.66 to 0.46

kcal/mol androm i0.23 to 0.5%cal/mol, respectively, also show the same trend.
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Figure 2.6 Comparison between energies and cooperativity contributionldf AAA+ +%V

andPBs in NGH20)n=24 complexes.

2.48 Free energy of NO(HO)n complex formation

The free energy of formation) is a useful parameter for predicting the thermodynamic
stability of NO(H:O), complexes.Table 2.3provides the(G values (calculated at 298 K and

1 atm) of theNO(H20)n-1.4 complexes. It can be seen that N@hh-1.4 complexes have

S RV L WsLwaldesGranging from 3.37 t@2.07 kcal/mal This implies thatNO(H20),
complexes are stable only\ary low temperatures and pressure, and thus occur in the upper
atmospheré2'? Similar findings were reported for weakly bound complexes like(B£D),

and OCS(HO)..2%21% |n 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%).

Table 2.3 UG values (in kcal/molat 298 K and 1 atm) MiO(H>O)n=1.4 complexes.

Complex G
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

2.5Conclusions

In this study, we examined various noncovalent interactions present in >00{bh
complexes at the MP2/awag-pVTZ//IMP2/6-311++G(d,p) level of theory. The MESP
analysis revealed the location of the electrich and electromleficient regions of NO.
Based on this, thel(2 AAA+ K\GURJH Q fdEmRe® Ga_ahd &&tom of NQ and

the pnicogen bonding (PBinteractionsare discussed in NO@®) 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 MTBased method to estimate the individualZ A ABRs
DQG 3%V LQ 12«ZDWHU LQWHUDFWLRQV DV ZHOR:1DV ZDWHE
complexes. The HB formed via-&tom 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 Oatom of NO (0.85 kcal/mol) is the weakest interaction in NA(Hdimer
complexes. In NQH20)n-24 complexes, the coexistence of 2 A AlBs and PBs is noted.
Herein, the energies ofl(2 AAA%V UDQJH E H \andRH®@kdal/mol, while the
energies of PBsange between 0.80 and 1.Bdal/mol. The broader range ofl2 A AR+
energies is owing to the lower energy values of HBs formed via ta®® of NO (ange
from i0.10 t01.09 kcal/ma) as compared to the-Atom of NO(rangefrom 0.35 to 2.10
kcal/mo). Interestingly, the highest HB (2.10 kcal/mol) and PB (1.91 kcal/mol) energies are
noted in the3C complex, where NO interacts with a linear water trimer. The weaker
ZDWHU«ZDWHU LQWHUDFWLRQVY LQ WKH OLQHDU IRUP RI Wtk
PLIJKW DFFRXQW IRU WKH FRPSDUDWLYHO\ VWURQJHU 12«

energies, i.e.,A'CE&A.E = 4.01 kcal/mol) observed i8C. However, in NO(HO)n=24
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FRPSOH[HV WKH HQHUJLHV HVW L PVawrih@raciods & KHs ¥ XP Rl D
range from 1.06 to 4.01 kcal/mol) show a weaker strength as compared to the sum of all the
ZDWHU«ZDWHU E'Q.\g\ék_l Yiiefdeh B.QIVand 33.15 kcal/mol). Comparatively

lower values of cooperativity contribution found for N DWHURP i 0.5 R

NFDO PRO WKDQ IRU ZDdWvd and ZD&KEa/hol) Enkekalcidhs] @)scdveal

the same. This may be the reason for the ring formation of water clusterss&matfation) in

the most stable isomers of N»O)n=34 complexes. Thus, the selbsociation of water

molecules is the energetically preferred configuration in NO{JkKcomplexes with cluster

sizes above three.

In summary, the present study brings out the interplay of intermolecular hydrogen
and pnicogetbonding in terms of energetics of these individual interactions present in the
microhydrated NO complexes. The MIased method is indeed useful for this purpose.
This encourages one to employ the presbhiA-based method to understand the
intermolecular interaction present in the microhydrated structure of other related species.

Publication based on thishapter

Thufail M. Ismail ; Patkar, D.;Sajith, P. K, Deshmukh, M. Minterplay of Hydrogen, Pnicogen, and
Chalcogen Bonding in X(#)-15 (X = NO, NO', and NO) Complexes: Energetics Insights via
Molecular Tailoring Approachl'he Journal of Physical Chemistry2@23 127, 103600374
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Chapter 3

Energetics of Hydrogen Bonding Interactions in
NO (H20)n=1.4 and HNO(H20)n-1.4a Complexes
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3.1 Abstract:

Hydration of NO" and HNO (reduced species of N@)ay important roles in various
atmospheric and biological events. In this study, we investigate the microhydraﬁtm%f

and HNO (up to four water molecules, n =4) usingab initio method at theMP2/6-
311++G(d,p) levelMolecular electrostatic potential (MESP), quantum theory of atoms in
molecules QTAIM), and natural bond orbital (NBO) analyses are used to explore the
hydrogen bonding (HB)n NO'«ZDWHU DQG +12«ZDW Hhé¢ dn€ihesi bhd FWLRQ
cooperativity contribution of individual HBpresent in the microhydrated clusters of NO

and HNQ i.e., NO(H20)n=1.4 and HNO(HO)n-1.4, are examined with the help of molecular

tailoring approactbased (MTAbased) methadn the case oNO'(H20) dimercomplexes,

the strength of HB interactions via bdth and Gatoms of NO with water is comparable (~

18 kcal/mol). The addition of water molecules increases thé &N@iter interactions in

NO'(H20), complexes, thus increasing the total energies of individual HB interactions

(A c&aA p) in the order of 30£52 kcal/molis noted with cluster size from two to four.

Herein, the individual energies of HBs formed via Bnd Oatoms 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 siz@\(A. eaA e Vvalues range from.18 t025.64 kcal/mol for n = 2 to

4), which could be explained by the positive values of cooperativity contribution for these

HBs. On the other hantiNO can form HB interactions through three of its atoms [,

and Q) with water in their HNO(KO) dimer complexes. The energies of these HBs are in

the order of 2+5 kcal/mol in their dimers. In HNO@®).=24 complexes, the strength of
+12«ZDWHU LQWHUDFWLRQV LQFUHDVHG Dalekergies idf L Q F U H
individual HB interactions @' ActA ) increases up to 18.19 kcal/mol with n=4. Herein, the
individual energies of HBs formed by-Nind Gatoms are in the range of 0.206.55

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
DWRP RI +12 ,Q WKH FDVH RI ZDWH WU:®¥-b:\dbRpleXde Whitlhy D FW L R
is also increased as the cluster size gréWwe larger positive values of cooperativity
contribution ¢ange from i0.70 to 4.38 kcal/mol) obtained for HBs in HNO{B)=24

complexes also reveal the same. €mparing the HBs (formed via-Nind Qatoms, i.e.,

(12 AAA+ L QWHNOIHXM)L&OHNO(H20), complexes the HBs inNO' « water
LQWHUDFWLRQV DUH PXFK VWURQJHU WKDQ WKH +%V LQ +
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NO'is a stronger HB acceptor than #i=0 functionality of HNO, which is attributed to the
additional charge on NOThe higher binding energy values MO (H20), complexes than
HNO(H20), complexes also reveal the sanfaurther, the strondNO' « water interactions
result in crossssociated HB networks in most stable complexes of(Ng®)n=24. On the
other hand, crosassociated HB networks is energetically preferred HMO(H20)n
complexes with n = 2 and 3, bsél-association of water molecules is energetically more

favored with n = 4.

3.2 Introduction

Hydrated systems of reduced species of NQ@. (\IOAand 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 V&L Also, the solutevater
clusters in the gas phase provide a fundamental model for studying the features of various
intermolecular interactions of bulkater system$t* Both NO*and HNO can form hydrogen
bonding (HB) interactions with water, as evidenced by many experimental and theoretical
studiest®®?!® From a fundamental point of view, Eaton et al. recorded the photoelectron
spectrum of NO(H20). clusterst®” Inspired by this, several studies have reported the
formation of an interconnected cyclic network of HBs in IO), complexes with n
values varying from one to thré® Similarly, Solimannejad et al. theoretically investigated
the HNO(HO)» complexes (n = #) by usingab initio methods’*® They primarily focussed
on understanding the blue shift of NH...O interactions in nitravatier clusters. However, no
systematic investigation of the energies and cooperativity contribution of HBs ik iNGter
DQG +12«ZDWHU LQWHUDFWLRQV LQ WKHLU PLFURK\GUDWH
Insight into the strength and the cooperativity effect of individual HBs in
microhydrated networks of a solute is indispensable for understanding thenveatieted
reactions’® The present study is an attempt to estimate the energies and cooperativity of HBs
present in the microhydrated complexes N®” and HNO with the help of molecular
tailoring approach (MTA) based calculations. This work also investigates the features of HBs
iNNO'«waterDQG +12«ZDWHU L Q \WbléetiDaF Wectrogatic Yatan@al (MESP),
guantum theory of atoms in molecul&€3TAIM), and natural bond orbital (NBO) analyses.
Furthermore, an energetic comparison between the HBs formed by chargeutN@ater

clusters and neutral HNO with water clusters is also included in this study.
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3.3 Computationalmethods

The structures of aNOXH20)n=14 and HNO(H20)n=1.4 complexes were simulated using
MP2/6-311++G(d,p) level of theory with Gaussian fidgram packag®? For optimization,

initial structures were modeled according to existing literature data of similar molecules and
chemical intuitions. For larger clusters, a bottomapproach is also applied, e.g. e
(H20)s is modeled by adding one-8 to NOXH20), 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 chaBpgaskociated

with the formation of the most stable structureNGf{H20)n=1.4 and HNO(H20)n=1.4 at 298

K and 1 atm pressure is calculated.

For improved energetics, singb®int calculations are carried out at the MP2 method
by employing theaugcc-pVTZ basis set for estimating the binding energy and MyB&ed
HB energies of all complexes. The MESP, QTAIM, and NBO analyses were also performed
at the MP2/augc-pVTZ/IMP2/6-311++G(d,p) level of theory. AIMAIl software is used for
QTAIM analysis!®®* MESP analysis is carried out using Multiwfn softw&teand visualized
using VMD software?® NBO analysis is carried out using NBO version 3.1 implemented in

Gaussian 16 softwar@ and the results are visualized using Chemcraft softiare.

The binding energy ‘(, 5} of NOAH20), and HNO(HO), clusters is calculated by the
supermolecular approach usifg. 3.1202:216

»%ul "osemdpdce AceEJ A E; (Eq. 3.1)
In Eq. 3.1 the terms’ ¢yremceae Ack and' 4 gdenote the total energy of tIMOA(H20)n

or HNO(HO)s cluster, the energy of tHe0“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 anddiscussiors

As mentioned in previous studies, bo® *andHNO interact with water through hydrogen
bonds (HBs).The following sections discuss the various HBs present in the monohydrate
complexes ofNO”and HNO (i.e., NOXH,0); and HNO(HO)i, respectively based on
MESP, QTAIM, and NBO analyses. Further, #ergies and cooperativity contribution of
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all individual HBs in the microhydrated complexes NOAand HNO are discussed.e.,
NO%H20), and HNO(HO), with n = 1 to 4) in the later sectiona comparison of HBs in

these microhydrated complexesNIDAandHNO are offered in the final section.

For the sake of simplicitythe NO”(HzO)n complexes with different isomers are
designated according to their cluster siza/dtue) and the order of stability. THe, ;,values
determine the stability order; the most stable isomer is indicatedAfithihe other isomers
are namedB”% CA D2 etc., based on the decreasing magnitude af(seeTable 3.). For
instance, the most stable isomer of f@ﬂ)O)z complex is named A% and other isomers
are 2BA 2C* etc,, depending on their decreasing stability. Similarly, HMO(H20)n
complexes with different isomers are designated according to their cluster-seleghand
the order of stability. The most stable isomer is indicated Mithand the other isomers are
namedBH, CH, DH, etc., based on the decreasing magnitudé ,of(seeTable 3.3. For
instance, the most stable isomer of the HN&D), complex is name®AH, and other
isomers arBH, 2CH, 2DH, etc., depending on their decreasing stability.

3.4.1 MESP analysis

MESP features can be employed to understand the interaction sites of mdf&citahe
electrostatic potential on molecular surfaces (at an isodensity value of 0.001 @) of
HNO and water is shown iRigure 3.1(a) The Vmin Sites are located as a cylindrical belt
D UR X Q éhoid KWHNAE and the corresponding value i$47.9 kcal/mol. The two other
Vmin Sites are along the ¥ bond axis near Ni(43.9 kcal/mol) and @toms (1137.8
kcal/mol). In the case of HNO/min Sites are located near ldnd Gatoms and &maxSite is
located near the {4dtom, implying that HNO can act as both Hceptorand donor,

respectively

In NO(H20) complexes (segigure 3.1(b), a reduction in thesémin values is noted
when NO interacts withH20. TheVminSite near the @tom disappears when N@teracts
via O-atom withH2O in 1A, concomitantly thé/minvalue around the MD bond is reduced
from i147.9 t0i131.8 kcal/mol. InLB', the HB formed through the-Btom of NO reduces
the Vminvalue near the ditom from i143.9 t0i132.5 kcal/mol.

For HNO(HO) complexes (seEigure 3.1(c), a reduction ifVmax 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 Nandsites
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near N and OGatoms of HNOdisappear when these atoms interact with watdrBH 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)'(#20) dimers, and (c) HNO(kD) dimers. The
positions ofVmin and Vimax 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 NOYH20) and HNQH:O)dimer complexes are displayedFiyure 3.2 In
NOﬁ(Hzo) complexes, thelectron density { U value at the bcy0.0399 aupf HB formed
via O-atom ofNOAwith water (in1A") is comparable to that of U(0.0396 au)alue at bcp
of HB formed via Natom ofNOA(in 1B). Further the positivelaplacian of electron density

(1?21 Y valuesand negative total electroenergy densityH(r)) values for these HBs in
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NOﬁ(HzO) complexes suggest that they show a mix of clededl and shared type

interactions.

Figure 3.2 The QTAIM molecular graphs oNOﬁ(HzO) and HN@H>0) complexes. The
QTAIM parameters at bcp (which is shown as srgadlen spheres on each bond path) of

intermolecular interactions are given in au.

For HNQ(H-0) dimerl1AH, two bond paths are present between HNO and water, one
is the Hatom of HNO with the @tom of water, and the other one via th@atOm of HNO
with the Oatom of water. However, the latter bond path is misleading in the context of
shortest intermolecular contacts, because an HB interaction is expected foatbm Of
HNO with the Hatom of water. Similannisleading bond paths are reported in the literature
for QTAIM studies’’?8The | Uvalue obtained at the bcp of HB formed viaatdm of
HNO is 0.0160 auln 1BH and 1CH, the corresponding bond path for HBs formed via N
and Gatoms of HNO with water, respectively, is shown. Herein, comparatively a higtér
value is obtained at bcp of HB via®dom (0.0197 au) than HB via-&om of HNO (0.0162
au). This reveals that the HB formed via theatfdm is stronger than HB via thedaom of
HNO. In addition the positive values foii?! Uand H(r) parameters for all of these HBs

between HNO and water suggest that they are all typical ekisdbinteractions.
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3.4.3 NBO analysis

An NBO view of donotacceptor orbitals involved in the HBs KD AH-0) dimers and their
stabilization energieE®; valuesgreater than 0.1 kcal/mol are considera displayed in
Figure 3.3 In 1A' and 1B/, the lone pairs of O(Ip(O)) and Natoms (Ip(N)) of NOA
respectively, interact with the # antibonding orbital eé’f, A) of water. In addition, the MD
bonding orbitals éc,¢ — €:-¢) also interact with GH antibonding orbital éEU?A) of water.

For these interactions, the tofP energy is calculated to be 20.73 and 23.83 kcal/mol, for

HB formed via G and Natoms ofNOA respectively.

Figure 3.3 The donofacceptor orbitals (isovalue = 0.03 au) involved in HB interactions via
O- (1A and Natoms (B} of NO*in NOAH,0) complexes. Th&? energy (in kcal/mol)
for these interactions is estimated based on secode perturbation theory in NBO

analysis.

Figure 3.4depicts the doneacceptor orbitals involved in the HBs HNO(H20)
dimers, as well as the corresponding stabilization ene(§i€s values greater than 0.1
kcal/mol are considered). F&AH, the interaction of lone pairs of-@&om (Ip(O)) of water
with the antibonding orbital of the #{ bond (éé’?,;) of HNO is the primary interaction with

a totalE® energy of 2.16 kcal/moBesides, an overlap of lone pairs eB@m of HNO with
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the antibonding orbital QE?A) of water is obtained with a tot&® value of 0.36 kcal/mol,
andthe N4 bonding orbitals €:-4) also interact with the @ antibonding orbital e,;f’?,;)

of water with anE® value of 0.26 kcal/molHence, these orbital interactions signify that
HNO acts as both HB acceptor and donotAH. On the other hand, ihBH and1CH, the
lone pairs of Nand OQatoms of HNO, respectively, interact waintibonding orbital éé’?A)

of water (with a totaE®® value of 4.36 and 2.82 kcal/mol, respectively). In additiba,N-+H
bonding orbitals €, 4) also interact with the @ antibonding orbital é,;o?A) of water with

an E® value of 0.12 kcal/mol iiBH. Therefore, the NBO results show that HNO acts as

only HB acceptor (electron donor) 18H and1CH complexes.

Figure 3.4 The donofacceptor orbitals (isovalue 803 au) involved in hydrogen bonding
(HB) interactions via H N- and Gatoms of HNO in HN@H20) complexesiAH, 1BH, and
1CH). The total E® energy for these interactions is estimated based on secded

perturbation theory in NBO analysis.

3.4.4 Energetics ofndividual HBs in NO {(H20)n=1.4 complexes

The optimized geometries of isomers of each'(#20)-1.4 categories are given iRigure
3.5. Herein, NO forms HBs with water molecules via both Bnd Gatoms. The relevant

structural parameters of these HBs are listefidnle 3.2 The HBs distances in N&xZDW H U
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and ZDWHU«ZDWHU LQWHUDFWLR QA2.IBQJA ahdQl. X M38IBQIH RI
respectively. A previous study already reported the structures d{HYO), complexes

(where n = 1 to 3% Figure 3.5also depicts the energies of all individual HB interactions
(calculated by MTA) in each NQH2O)n=1.4 complex. The total energies of these HBs present
between NO and water @' cgs4 ) and in ZDWH U « i@iactibds @' 4 ga4 o)

obtained from MTA calculations are reportedTiable 3.1 As mentioned, ,, s,calculated by

supermolecular approach are also givemnable 3.1
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Figure 3.5Values of all individual hydrogen bonding (HB) energies (in kcal/mol) estimated
by MTA in NO'(H20)-1.4 complexes.
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The ', y,calculated for the most stable isomeka," and1B', are i17.25 andi17.17
kcal/mol, respectively. This shows that the strength of HB formed bitiNGugh G and N
atom with water is comparable. This is in line with the QTAIM results based! ob
parameter. 6 NO'(H20). complexes, the',;, YDOXHY UDQJH IURP i W I
kcal/mol) are nearly twice that df, ;determined foNO '(H.0) complexes. The higher range
of AIQE75A_E values (30.09 to 32.02 kcal/mol) may be the reason for the greater
stabilization of NO(H20). complexes. The corresponding’ 4 g5 4 ¢ values are below 2

kcal/mol.

In the case of N@H0); complexes (,5, YDOXHV UDQJH IURP i W F
kcal/mol), the A'QE75AE values are in the range between 32.03 and 41.30 kcal/mol,
whereas, theA' A eaA e Vvalues fall in the range of 3.34 to 7.75 kcal/mol. This higher range
of A'cwaa e values and moderate values @' 4 g34 ¢ as compared to N@H:0).

complexesnay be the reason for greater stabilizatioh6¥' (H.O)s complexes.

For NO/(H20)s complexes (,5,YDOXHV IDOO EHWZHHQ i ), theDQG i
A'cgaae and A' 4 ga4 e values range frond1.15 t051.53 kcal/mol and from 2.23 to
25.64 kcal/mol. Herein, the highest' c 54 ¢ value (51.53 kcal/mol) obtained feE'
reveals strongNO'«ZDWHU LQWHUDFWLRQV SHUWDLQHG LQ WKL
A' ¢ a4 & (31.15 kcal/mdl is obtained fortF'. Conversely, the lowesA' 4 g5 4 ¢ value
(2.23 kcal/mo) is calculated fodE', wherein the water dimers stayed apart on each side of
NO" FRXOG H[SODLQ WKH ZHDNHU ZDWHU«ZDWHU LQWHUDF
higher A' 4 a4 ¢ YD O XH NFDO PRO LV DWWULEXWHG WR WKH

present in the cyclic water tetramer 4f'. In comparison to the energetics of these less
stable complexes, the more stable compledés to 4D’ have moderate values of
A' ¢ a4 & (range 0f39.52 to 41.0%kcal/mol) and A’ 5 54 ¢ (range of 11.44 to 14.73
kcal/mol). It should be noted tha' c & a4 e Vvalues of more stable complexesNiD '(H20)4
complexes are in similar range &' c & a4 g values obtained for more stable complexes of

NO(H20)s.

Overall, the individual energies of HBs formed viad#d Gatoms are comparable in
NO'(H20)» 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 betweehad®H.0 increases
(i.e., A’ c& aA evaluegin NO'(H20), complexes with increasing n value. TEEDW HU « ZDW H U
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interactions also strengthen when the water cluster size increases from two to four. The
strong NO«ZDWHU LQWHUDFW Ld&R€aiated UHB Gstivetks Fil@ {HYO),
clusters. Thus, NOforms cyclic or cagelike structures with water clusters in stable
complexes oNO(H20)n=24. Similarly, microhydration of halides and OCS anions revealed

cagelike HB networks with water clusters of size three and abdveé®22°

Table 3.1Values of binding energies (,s) calculated by supermolecular approach, and the
sum of energies of relevant individual interactions estimated by MTA if(IO)n=1.4
complexes. All energy values are in kcal/mol.

Sum of individual interaction

Structure Y energies from MTA calculations
A ceaae A4 eah e

1A' i17.25 17.97 -

1Bf i17.17 17.91 -

2A1 i33.76 30.91 1.08
2B i33.30 30.09 0.93
2CI i32.81 31.64 0.18
2D i32.25 30.84 0.20
2E i32.07 32.02 -

3Af i50.11 40.25 5.16
3B' i49.71 39.69 5.86
3Cf i48.16 40.96 3.34
3D i47.95 41.30 3.51
3Ef i47.23 33.01 7.75
3Ff i46.15 32.03 7.70
4AT i63.87 40.65 14.72
4B/ i63.65 40.63 14.73
4ACT i62.08 39.52 14.59
4D' i61.98 41.07 11.44
4E! i58.04 51.53 2.23
4F' i57.37 31.15 25.64

The cooperativity contribution towardsach of the HBs present in N@®I20)=24
complexes are reported irable 3.2 As one can be seen froRgure 3.5and Table 3.2 the
energies of HBs formed between N@nd 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 viaahld Gatoms, 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 Qatoms, 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

LYV TXDQWLILHG DV FRRSHUDWLYLW\ FRQWULEXWLRQ ZKLF
IURP i WR i NFDO PRO WRZD UJand/Oaten/ respecivelyc WKUR X JK

The negative and positive cooperativity contributions are noted for HBs of
Z D W wadtexinteractions in NO(H2O)n=24 complexes, i.e., lies in the range .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
Z D W Wdtkkinteractions. However, in the larger water clusters, i.e./(N§D)=4, primarily
SRVLWLYH FRRSHUDWLYLW\ FRQWWwatdtintétactRgY DUH IRXQG W

Table 3.2The relevant structural parameteia distance (in A) and bond angle (in degree),

energy in complex (£, energy in dimer (*Y 2% %nd cooperativity contribution' ¢29?a

of all individual HBs in NO(H2O)x=1.4 complexes. All energy values are in kcal/mol.

Complex Interaction  Distance of Bond '  +*%Ua@ 'waaa

Labels interaction  angle
1AT HB1 1.761 167 - 17.97 -
1B’ HB1 1.825 162 - 17.91 -
2AT HB1 2.113 153 1.08 2.53 i1.45
HB2 1.741 171 15.83 17.27 i1.45
HB3 1.965 163 15.08 16.53 i1.45
2B’ HB1 2.156 152  0.93 2.56 i1.63
HB2 1.695 173 15.07 16.71 i1.63
HB3 2.024 160 15.02 16.65 il1.63
2CT HB1 2.265 140 0.18 1.30 i1.12
HB2 1.765 169 16.47 17.59 i1.12
HB3 2.009 156 15.17 16.29 il.12
2Df HB1 2.291 139 0.20 1.29 i1.09
HB2 1.726 168 16.30 17.39 i1.09
HB3 1.926 154 1454 15.63 i1.09
2E' HB1 1.883 161 16.01 17.60 i1.58
HB2 1.815 166 16.01 17.60 i1.58
3AT HB1 2.197 146 2.00 2.51 i0.51
HB2 2.305 135  1.29 1.38 i0.09
HB3 2.207 145  1.87 2.24 i0.38
HB4 1.890 162 13.25 16.05 i2.80
HB5 1.940 157 13.34 15.85 251
HB6 2.002 156 13.66 16.04 i2.38
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3B

3Cf

3D

3Ef

3F

4AT

4B

ACT

HB1
HB2
HB3
HB4
HBS5
HB6
HB1
HB2
HB3
HB4
HBS5
HB1
HB2
HB3
HB4
HBS
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HBS5
HB6
HB7
HB1
HB2
HB3
HB4
HBS
HB6
HB7
HB1
HB2
HB3
HB4
HBS

2.238
2.158
2.280
1.892
1.953
1.922
2.217
2.132
1.794
1.948
2.082
2.205
2.186
1.767
2.007
1.974
1.994
1.992
1.767
1.770
2.002
2.003
1.694
1.701
2.237
2.087
2.032
1.938
1.933
1.929
1.764
2.199
2.117
2.031
1.952
1.873
1.986
1.734
2.357
2.125
2.024
1.917
1.907

144
146
137
156
155
159
151
150
165
160
157
150
148
166
157
158
166
167
170
172
167
167
169
171
139
156
154
166
160
167
168
141
155
155
166
162
164
168
128
154
157
169
160

2.25
2.10
151
12.60
13.61
13.48
1.64
1.70
14.22
13.29
13.45
1.88
1.63
14.08
13.46
13.76
3.86
3.89
16.45
16.56
3.85
3.85
15.64
16.39
2.01
3.60
4.56
4.55
13.99
11.11
15.55
2.09
3.50
4.64
4.50
13.99
11.34
15.30
1.42
3.40
4.74
5.03
13.82

2.45
2.34
1.52
15.17
16.22
16.29
2.35
2.50
16.65
15.69
15.79
2.40
2.34
16.44
15.75
15.94
3.81
3.83
17.44
17.55
3.75
3.79
16.59
17.29
2.09
3.36
3.56
3.78
16.61
15.45
17.30
2.16
3.31
3.56
3.74
16.58
15.67
17.10
1.23
3.14
3.76
4.06
16.32

i0.21
i0.24
i0.01
i2.58
i2.61
i2.80
i0.71
i0.80
i2.43
i2.40
i2.34
i0.52
i0.70
i2.36
i2.29
i2.17
0.05
0.06
i0.99
i0.99
0.10
0.07
i0.95
i0.90
i0.09
0.23
1.00
0.77
i2.62
i4.34
i1.75
i0.06
0.19
1.08
0.76
i2.60
i4.33
i1.80
0.19
0.26
0.98
0.97
i2.50
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HB6 2.032 161 11.70 15.51 i3.81

HB7 1.713 173 14.00 16.08 i2.08
4D1 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 i1.45
HB4 2.139 148 2.24 2.47 i0.23
HBS 1.934 156 14.28 15.99 i1.71
HB6 1.676 172 1426 16.19 i1.92
HB7 1.997 157 1253 15.58 i3.05
4ET HB1 1.802 167 13.63 16.76 i3.13
HB2 2.194 145  1.19 1.70 i0.51
HB3 2.074 150 11.79 14.42 i2.63
HB4 2.150 152 1239 15.18 i2.79
HBS5 2.187 144  1.04 1.67 i0.63
HB6 1.833 169 13.73 16.93 i3.20
4FI HB1 1.732 171 9.36 4.08 5.28
HB2 2.104 156  3.47 3.61 i0.15
HB3 1.749 171 9.20 4.13 5.06
HB4 2.064 155 361 3.71 i0.10
HBS5 1.769 169 15.10 16.40 i1.29
HB6 1.732 171 16.05 17.11 i1.07

3.4.5 Energetics of individual HBs irHNO(H 20)n=1.4 complexes

The optimized structures of aiNO(H20)n=1.4 complexes are displayad Figure 3.6and
Figure 3.7 The HNO(HO), complexes with n = 1, 2, and 3 are presentdddnre 3.6 and n
= 4 is presented iRigure 3.7 7KH PRVW VWDEOH LVRPHUV FRUUHVSRQUC
is consistent with the reported lowest energy structures in a previous’Stilithg. individual
HB energies of each isomestimatedrom MTA are presented iRigure 3.6andFigure 3.7
The sum of MTAbased energies of all HBs present between HNOwaidr esignated as
A’ AciA &) and the sum of energies of HBs between water molecdesighated as
A’ A a4 B) in HNO(HO), complexes are provided ihable 3.3 Moreover, the structural
parameters of HBs in HNO@)n-1.4 complexes andcooperativity contributions '(*2323

calculated for each HBh HNO(H2O)n=24 complexes are presented Tmable 3.4 The HB
distances in HNO(kD)n=1.4 complexes are in the rangelo743 +2.796A.

For HNO monohydrate complexes, thieding energy( ' ,, s) value of themost stable
isomerlAH is i5.10kcal/mol, where the HB interaction is primarily due to thatdm of
HNO (HB donor) with water (HB distance is 2.171 A). It should also be noted that-the O
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atom of HNO (HB acceptor) has a secondary interaction with ta¢om of water (HB
distance is 2.423 A)The donoracceptor 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 complexe$BH and 1CH) is relatively smaller than theost stable
isomer, theHB formed by Natom (in1BH) and Gatom (in1CH) of HNO have ' , ;,values
i3.91and i2.93kcal/mol, respectivelyTable 3.3.

Figure 3.6 MTA-based energies of afidividual HBs d various isomern each category of

HNO(H20)n=1.3. All energy values ari@ kcal/mol.
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Table 3.3The binding energies’(,s) and the sum of MTAased energies (kcal/mol) of all

HBs present between HNO and Wateﬁ\'(,;(;;@,;‘g) and HBs present between water

molecules (A' 4 ga4 &) in HNO(HO)n=1.4 complexes.

Structure % A ACHA E Al A E8A £ Structure % Al ACHA E A A E&A E
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 41H -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 AMH -25.56 9.92 20.78
3HH -20.09 10.86 13.29 4ANH -24.68 15.74 13.50
3IH -19.41 3.02 20.91 40H -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(KD). complexesthe calculated' ,, ;,values are in a range from
i7.45 to i14.06 kcal/mol. Out of the seven different isomers obtained, the more stable
structures2AH and 2BH (with ' s, values i14.06 and i13.52 kcal/mol, respectively)
correspondstoaclosedd ULPHULF ULQJ VWUXFWXUH $SDUW IURP WK
the HBs formed by HNO are through Bind Gatoms in2AH, and H and Natoms in2BH.
The A' AciaA eand A A esA e values of these HBs are in the order of £01 kcal/mol
and 6 =7 kcal/mol, respectively, and the cooperativity contributiorf¢ d3towards these
HBs is found to be in the order of 2 kcal/mol. The higher range of these energy values in
comparison to the remaining isomers could explain the increased stabigHoénd 2BH.
The othertrimeric ring configuration is present REH, wherein N and Gatoms of HNO

participated in HBs (HNO as HB acceptor) with water molecules. A Io&vesrg @A £ Vvalue
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(5.09 kcal/mol) calculated for these HBs, along with a lowar A £aA e value (3.68
NFDO PRO LQGLFDWHY WKDW WKH +12«ZDWakasinREHG ZDWH L
than in2AH. This might account for the lesser stability2&fH (with ' ;= 19.03 kcal/mol)
compared t@AH. The remaining complexes (froBCH to 2GH) have acyclic structures and
theirlower A' scma eand A' 4 ga4 e values ranging from 2.65 to 9.55 kcal/mol and from
0.00 to 5.68 kcal/mol, respectively, explain the reduced stabilithege complexes’( s,
values ranging fromi7.45 to i10.80 kcal/mol) thar2AH (' ,s,= i14.06 kcal/mol). In
addition, the lower' *32%alues noted in these complexes (range fréfn33 to 0.59
kcal/mol) also reveal the samlée should be noted that iBRCH and2GH, only one atom of
HNO is primarily involved in the HB interaction with water, which isatbm in2CH (with

an energyof 5.36 kcal/mal and Gatom in2GH (with an energyof 2.65 kcal/mo). This
suggests that the HB formed by theatdm of HNO is stronger than the HB formed by the O
atom of HNO.Furthermore, tie negative' **32%alues (10.33 kcal/mol) found for all HBs in
2GH show that they are antboperative These antcooperative HBs indicate that they are
weakened by surrounding HBs, and as a re2@tl is the least stable isomer (with, ;,=
i7.45kcal/mol).

In various isomers oANO(H20)s complexesthe ' , s, values fall in the range from
i13.39 to i24.02 kcal/mol. Of the 14 geometries obtained, the majority are four or three
membered rings except for the least sta3ilél and 3NH complexes. In the more stable
configurations3AH and 3BH, the HB energies fall between 5.12 and 8.13 kcal/mol with
higher cooperativity contribution in the order oft3 kcal/mol towards these HBs. The small
energy difference betwee®AH and 3BH (with ' s, values i24.02 and i23.43 kcal/mol,
respectively) is possibly due to the comparaﬁl‘eA(; @A & (=11 kcal/mol) and A' A E3A E
(~15 kcal/mol) values. It is to be noted that the HNO form HBs with water molecules via H
and Natoms in3AH, while H and OGatoms of HNO participated in HBs with water
molecules iMBH. For the other optimized configuratioBEH to 3NH, the HNO forms HB
with water via one, two, or three of its atoms. As a res@'lt,g\(; @A cand A' A eaA efallin
a broader range (frod.02 to 15.72 kcal/mol and 3.38 to 20.97 kcal/mol, respecjiveiyh
' ¥283a%glues ranging fromi0.43 to 2.96 kcal/mollt should be noted that the highest

~

A' AcmA eis obtained foBKH, whereall the atoms of HNO participated in HBs with water
molecules, whereas the highest' A eaA e is for 3GH with a cyclic water trimer cluster.

Similar water trimeric rings are found BCH, 3DH, 3FH, 3GH, and3IH; all of these
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complexes haveA' A eaA e values above 20 kcal/mol, but these complexes have a lower

range of A’ Aciaa e values (from 3.02 to 6.04 kcal/mol). This demonstrates that the self
DVVRFLDWLRQ RI ZDWHU PROHFXOH V NdrethdlessQNG alteksZ D W H U
the formation of gclic water trimer inthe most stable isomers BINO(H2O)s category (in

3AH and 3BH), indicating that crosassociation of water clusters with HNO is the

energetically preferred configuration in HNQ@®)s category.

HB6 l
1 06

?HB5

1_ e

7.34 :HB

HB2 o
)855 ?

HB7

79 HB1
526 HB5

HBZ"’ 8.29]

H 835 ] “HB4
2.09 5 38

Figure 3.7 MTA-based energies of all individual HBf HNO(H20)x=4 complexes All

energy values aia kcal/mol.
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Among the 16 optimized geometries lNO(H-O)s complexesthe water molecules
form a tetrameric ringsgl-associatiop and interact with HNO idAH, 4BH, 4CH, 4EH,
4FH, AGH, 4HH, and4JH. As a result, a higher range oA’ A eaA g Vvalues (range from
26.79 to 33.46 kcal/mol) obtained for these complexes, whe@éasg A £ ranging from
2.99 to 9.36 kcal/molThis indicates that the NO weakly interacted with water molecules due
to the substantial strength of water...watderadions (with the selfassociation of water
molecule$. In other optimized configurations of tiWNO(H20)4 category, HNO disrupts the
formation of water tetrameric rings, and crassociation of water clusters with HNO is
observed. Fo¥DH, a fivemembered ring structure is formed by HNO and four water
molecules.The remainingconfigurationsof the HNO(H2O)4 category showused 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 hﬁgh\eg;@,;_ E
values fangingfrom 9.92 to 18.19 kcal/mol) and loweA' A eaA g values (from 9.93 to
24.63 kcal/mol) than complexes with a water tetrameric ringreNimportantly, all the atoms
of HNO participate in HBs with water molecules 4KH, 4LH, 4NH, 40H, and 4PH
complexes, which account for their highd’ ActA g values (range from 13.33 to 18.19
kcal/mol). However, the , s,values of these complexes varied significantly (fré23.40 to
i30.64 kcal/mol), which may be due to a considerable drop in tﬁei{_ eaA g Vvalues (from

WR NFDO PRO EHFDXVH RI ZHDNHQHG ZDWHU«ZDW
more stable isomers. Overall, the complexes wélrassociation of water clusters are the
energetically preferred configuration in the HNQQY category. The slightly higher #2328
values (ranging betweeri DQG NFDO PRO IRU ZDWHU«ZDWHL
+12«ZDWHU LQWHUDFW.ZRQ3IE68 kebli/@diHalsdrBveal the same

As it is evident from the above discussions, the cyclic structures of HB networks in
HNO(H20), complexes are more stable than the noncyclic structime$iNO(H20)2-3
complexes, the strength and extent of beth 2« ZDWHU DQG ZHBMNitethstiBisW H U
determine the most stable isomém HNO(H2O)n=4 complexes the strength and extent of
ZDWHU«ZDWHU +% LQWHUDFWLRQV HWHKZDWHW K WRYVW/F
the individual energies of HBs formed by Bnd Gatoms are in the range of 0.206.55
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 wiatdi#n of HNO.In
JHQHUDO ERWK +%V RI +12«ZDWHU DQG ZDWHU«ZDWHU
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HNO(H20)n=2.4 complexes, and the negative cooperativity contributions towards HBs are not

common.

Table 3.4The relevant structural parameters. distance (in A) and bond angle (in degree),
energy in complex '(,{Eé"q‘), energy in dimer (Y29 &nd cooperativity contribution’ (232

of all individual HBs inHNO(H20)=1.4 complexes. All energy values are in kcal/mol.

Complex Interaction Distance of Bond ' '*Ua@. r%aaa
Labels interaction angle
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 191 178 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 191 149 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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3EH

3FH

3GH

3HH

3IH

3JH

3KH

3LH

3MH

3NH

4AH

HB2
HB3
HB4
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HBS
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB1

1.95
1.96
2.18
1.84
1.84
2.33
2.03
1.85
1.95
2.05
2.40
2.80
1.99
1.94
1.85
2.11
1.80
1.90
2.17
2.02
1.97
1.94
1.86
2.09
1.95
1.93
1.95
2.05
1.88
1.96
2.10
2.15
2.11
1.99
1.89
2.04
2.39
2.05
2.09
2.11
2.15
1.99
1.74

144
147
132
172
172
101
152
154
147
144
109
105
145
148
154
171
161
1.78
148
159
148
148
153
175
149
176
159
159
153
157
175
150
162
149
179
158
151
143
156
135
164
173
168

6.59
6.89
5.28
7.18
7.28
4.63
4.13
7.65
6.51
6.47
3.39
0.20
6.62
6.72
7.63
3.90
7.52
5.77
491
5.95
6.66
6.75
7.50
3.02
6.15
5.39
6.67
5.19
6.61
6.53
4.31
4.88
3.97
5.77
5.96
3.38
2.97
5.32
3.30
5.12
3.88
4.69
9.06

4.45
4.87
5.15
5.00
5.10
3.02
2.53
4.83
4.33
4.68
3.10
0.55
4.73
4.50
4.82
3.68
4.79
5.08
3.27
4.13
4.77
4.49
4.83
2.92
4.83
5.10
4.01
3.38
4.82
3.99
3.86
3.31
3.18
4.30
5.03
3.61
2.74
4.47
3.02
4.81
3.83
5.13
4.67

2.15
2.02
0.13
2.18
2.18
1.61
161
2.82
2.18
1.79
0.30
-0.35
1.89
2.22
2.81
0.21
2.73
0.69
1.64
1.82
1.89
2.26
2.68
0.10
1.33
0.30
2.66
1.81
1.79
2.53
0.46
1.57
0.79
1.47
0.93
-0.23
0.23
0.85
0.27
0.31
0.05
-0.43
4.38
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4BH

4CH

4DH

4EH

4FH

4GH

4HH

HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB1
HB2
HB3
HB4
HBS
HB6
HB7
HB1
HB2
HB3
HB4
HBS
HB1
HB2
HB3
HB4
HBS
HB6
HB7
HB1
HB2

1.77
1.78
1.89
2.12
2.27
1.76
1.77
1.78
191
2.26
2.34
1.88
1.75
1.75
1.90
2.23
2.26
1.77
1.77
1.78
1.92
1.92
2.10
1.98
2.13
1.80
2.18
1.99
2.03
1.84
1.81
1.81
1.75
2.11
2.17
1.96
2.12
2.23
1.79
2.14
2.06
1.81
1.80

165
165
161
166
141
168
166
165
161
134
129
158
161
164
157
149
137
175
176
174
170
163
145
140
143
155
135
164
174
164
166
165
169
180
141
142
145
134
156
137
159
164
167

8.62
8.44
7.34
3.77
0.74
8.76
8.55
8.44
7.34
3.11
1.06
6.67
8.50
8.67
6.02
3.50
3.15
8.23
8.35
8.05
6.55
6.21
2.18
5.71
5.53
8.19
5.49
5.74
3.62
7.11
7.91
7.87
8.85
4.10
5.26
5.77
2.09
5.38
8.29
4.79
4.36
7.83
8.19

4.76
4.81
4.86
3.44
1.17
4.74
4.77
4.80
4.85
2.95
1.33
4.73
4.32
4.64
4.19
3.08
2.67
4.83
4.80
4.82
3.66
3.09
2.42
4.21
4.02
4.71
4.22
3.64
2.49
4.50
4.89
4.46
4.73
3.84
3.99
4.23
2.40
412
4.74
3.09
3.01
4.90
4.87

3.85
3.63
2.48
0.33
-0.43
4.02
3.78
3.64
2.48
0.16
-0.27
1.94
4.19
4.03
1.82
0.42
0.48
3.40
3.55
3.22
2.89
3.12
-0.24
1.50
151
3.48
1.26
2.10
1.13
2.61
3.02
3.41
4.12
0.26
1.27
1.53
-0.31
1.27
3.55
1.70
1.35
2.93
3.32
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4IH

4JH

4KH

4LH

4MH

4NH

40H

4PH

HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB1
HB2
HB3
HB4
HBS
HB1
HB2
HB3
HB4
HBS
HB1
HB2
HB3
HB4
HBS
HB1
HB2

1.79
1.82
2.78
2.27
1.96
1.91
2.23
1.76
1.94
1.97
1.85
1.80
1.80
1.76
2.09
1.81
1.79
1.94
2.31
2.07
2.09
1.82
1.79
1.89
2.02
2.09
1.84
1.95
2.02
2.05
2.08
1.80
1.89
2.29
1.95
2.08
1.95
191
1.88
2.13
2.08
1.87
2.20

164
168
118
147
152
150
136
170
164
174
163
167
165
168
175
170
168
155
134
131
149
165
170
173
176
172
156
143
144
142
170
161
179
142
159
179
148
174
162
154
174
154
147

8.19
7.05
0.26
3.24
3.44
5.43
5.82
7.97
6.10
4.75
7.19
8.01
7.87
8.64
2.99
7.87
8.15
4.71
4.42
5.57
3.34
7.24
8.02
6.94
4.50
4.26
7.63
6.51
6.64
5.43
4.49
7.56
5.94
4.70
6.53
451
6.08
5.64
7.24
4.98
4.56
6.55
4.97

4.35
4.15
0.97
3.01
2.64
4.19
3.81
4.74
3.45
2.58
4.56
4.91
4.42
4.73
2.95
4.87
4.79
3.52
2.78
3.08
2.60
4.88
4.84
3.37
2.88
3.80
4.74
4.41
4.78
4.51
3.86
4.79
5.06
3.09
3.92
3.82
4.82
5.12
3.56
3.45
3.85
4.82
3.26

3.84
2.90
-0.70
0.23
0.80
1.24
2.01
3.23
2.65
2.17
2.64
3.10
3.44
3.91
0.04
3.01
3.36
1.19
1.64
2.49
0.74
2.36
3.18
3.57
1.62
0.46
2.89
2.10
1.86
0.92
0.62
2.77
0.88
1.60
2.60
0.69
1.26
0.52
3.68
1.53
0.72
1.74
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
HBS 2.42 149 3.20 2.94 0.26
HB6 1.94 159 6.81 3.94 2.87

3.4.6 Comparison betweemNO (H20)n and HNO(H20)n complexes

The most stable microhydrated complexes of @@ found as cyclic or cagdiée structures,

which might be due to the strong HBs present betweerl &l water. Thus cross
association is energetically preferredN© '(H.0), 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 (83}, whereas self
association of water molecules is energetically preferred for larger clusters (n = 4) wherein
HNO interact with a tetrameric water ring. The s, values obtained foNO'(H20), (in a

range fromil7.17 to i63.87 kcal/mol) and HNO(#®D)» (ranging betweeri2.93 andi33.91
kcal/mol) complexes suggest thaticrohydratedcomplexes ofNO' are more stable than
HNO. Figure 3.8illustrates the higher ,, s, values of the most stable isomersN® (H20),

as compared to HNO@®)» with various numbers (n = 34) of water molecules.

7KH ITUHH HQHUJ\ RI OYksH uselulPdarmereQfor (predicting the
thermodynamic stability of microhydratemmplexes.Table 3.5 SURY L G Hovvalas H
(calculated at 298 K and 1 atm) of the most stable complexedQd{H20)n-1.4 and
HNO(H.0)» @ values of NO'(H-O)n-1.« complexes are ranging froni WR i
kcal/mol 7KH QH Ivslue¥irtlidate 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
W K@ vdlues become more negative with the increase in cluster size, which is consistent
ZLWK WKH JHQHUDO O\GR&uUes bof Yritehydraldd @anpkxesiof charged
specieg€!®22 On the other hand, most stable complexes of HNOJHKDYH SR@LWLYH
values ranging from 4.11 #®.86 kcal/mol This implies thaneutral HNO water clusters are
stable only awery 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' s, (in kcal/mol) calculated by supermolecular approach of
most stable isomers 8f0 (H20)n =1.4and HNO(HO)n=1.4.

Table 3.5 G values (in kcal/molyat 298.15 K and 1 atm ahost stable complexes of
NO (H20)n=1.4 (anionic) andHNO(H2O)n (neutral).

NO(H20), complex . HNO(H20)» complex .
o G G
(anionic) (neutra)
1A i8.97 1AH 4.11
2A 1 i14.14 2AH 6.21
3AT i17.44 3AH 6.35
4AT i19.90 4AH 6.86

On comparing the HBs formed via-lnd Qatoms ((1L 2 A Amdefaction} of NO'
and HNO with water, the topological parameterUobtained from QTAIM analysis (see
Figure 3.3, as well as th&®? energy estimated for orbitals overlap in NBO analysis suggest
that the 1 2 A ABsinNO'« ZDWHU LV PXFK VWURQJHU WKDQ LQ WKH
(seeFigure 3.3andFigure 3.4) Further, the MTAbased energies of the individual ¢ AAA +
HBs present iMNO'(H20)n=1.« and HNO(H2O)n-1.« complexes fall in the range of 11.14
16.56 kcal/mol and 0.2@6.55 kcal/mol, respectively (séeble 3.2andTable 3.3. This also
reveals that the 12 AAHB8 of NO' DUH PXFK VWURQJHU WKDQ WKRVI
interactions. However, negative values of cooperativity contributioh?@®?are obtained for
(12 A A¥Bs of NO'(H20)n-24 complexes (ranging between DQG i NFDO PRO
This indicates that HBs iINO'« ZDWHU L QW H U BtRhNiZeR i@ ¥e Rdvnidle©thavi ih
their isolated dimerFor (12 A AlBs-of HNO in HNO(H20)n=2.4 complexes,' 22 §alues
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ranging betweeni DQG NFDO PRO WKLV VKRZV WKDW WK

interactions are more stabilized in the complex than in their isolated dimer.

3.5 Conclusiors

In this study, we examined the HBs presentN®'«ZDWHU DV ZHOO DV LQ +1¢
interactions with the help of MESP, QTAIM, and NBO analyses. The electron donor (HB
acceptor) sites o0NO"and HB donor as well as HB acceptor sites on HNO are identified with

MESP analysis. QTAIM molecular graphs revealed that the HBEOh« ZDWHU LQWHUDFW
are much stronger than HBs 12« ZDWH U L Q Whid orbitelsvihvielggl in different

HBs inNO'«ZDWHUNDQBDWHU LQWHUDFWLRQV DUH GHPRQVWUD\

Further,we investigated the energies and cooperativity contributions of all HBs in the
microhydrated networks oNO' and HNO, i.e., NO'(H2O)=14 and HNO(H20)n=1.4,
respectively,with the help of MTAbased calculations. INO'(H20)n=1.4 complexes, the
individual energies of HBs formed via ldnd Gatoms are comparable, with energies ranging
from 11.34 to 16.56 kcal/mol and from 11.11 to 16.39 kcal/mol, respectiMedystrength of
NO' « water interactions (total energies of individual HBs, i.e&'g‘gé,;_g) show an
increase in NO(H0), complexes with an increase in cluster size from one to four
(A' ¢ a4 eincreased from 17.91 to 51.53 kcal/mdihese strongNO' « water interactions
result in crossassociated HB networks in N@20)n-24 complexes. However, the negative
' 2aadglues (antcooperativity) obtained for+ %V UDQJH EHWZHHQ i DG
kcal/mol) in NO' « waterinteractions of NO(H2O)x-24 complexes indicate that theye less
stabilized in the complex than in their isolated diniEnough HBs in theNO' «water
interactions are much stronger thdrat of + 1 2 « Z D ihiétactions.Further the HBs in
ZDWHU «ZDW H U inLKiDNHH@)DdeMpleRe§sow anticooperativity in complexes
with smaller cluster sizes (n = 23), whereas they are primarily cooperative with larger

water clusters (n = 4).

Among the three possible interactions of HNO (via N-, and Gatoms) with a
single water molecule, the HB energies are in the order 5 Rcal/mol. INHNO(H20)n=24
complexes, the HBs via-Htom have an energy range of 3.12¥.24 kcal/mol, while the
energies of HBs formed via-Mind Gatoms are irthe range of 0.2&6.55 kcal/mol and 0.26
15.19 kcal/mol, respectivelyHerein, the highest HB energy values of 7.24 kcal/mol (via H
atom) and 6.55 kcal/mol (via-Btom) are obtained for HNOgD), complexe with cluster

size four. The higher HB energies noted with increased water cluster size in HDQ(H
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FRPSOH[HV HPSKDVL]H WKH VWUHQJWKHQLQJ RI +12«ZDWH
size. However, a significand' A eaA g Value (33.46 kcal/mol) in comparison ' ACHA E

(4.51 kcal/mol) is obtained for the most stable isomer in HNOJ4 category. Hence, the
selfassociation of water molecules is energetically more favored for n = 4, wheress,

associated HB networks is energetically preferredHtdO(H.0), complexes with n = 2 and

3. In general, the strength of bothl2«ZDWHU DQG ZDWHU«ZDWHU LQWHUD
an increase in cluster size. The larger positive values of cooperativity contribrarae (

from i0.70 to4.38 kcal/mol) obtained for HBs in HNO£B)n=2.4 complexes also reveal the

same.

When comparing the HBs formed via- Mnd Qatoms (i.e., 1 2 A AHBs) in
NO(H20), andHNO(H20), complexesthe( 1 2 A MBsof NO' (with energies in the range
of 11.11 +16.56 kcal/mol DUH PXFK VWURQJHU WKDQ WKRVH LQ +
(energies ranging fron®.20 to 6.55 kcal/md! This implies that NOis a stronger HB
DFFHSWRU WNKADQunttibAdlity due to the additional charge on NQverall it
appears that thmicrohydrated complexes ®O' are more stable than the HNO since the
binding energy values oNO'(H.0), complexes (which range froni17.17 to i63.87
kcal/mo) are higher than those ¢iNO(H20), complexes(ranging betweeni2.93 and
i33.91 kcal/mol) This is also attributed to thadditional charge on NO in NQH2O)x
complexes than neutreliNO(H20), complexes.

Publications based on thshapter

1. Thufail M. Ismail; Patkar, D.;Sajith, P. K.; Deshmukh, M. Minterplay of
Hydrogen,Pnicogen, and Chalcogen Bonding in XMh-15 (X = NO, NO, and
NO') Complexes: Energetics Insights via Molecular Tailoring Appro@bke. Journal
of Physical Chemistry 2023 127, 1036040374

2. Thufail M. Ismail ; Patkar, D.; Sajith, P. K.beshmukh, M. M.Hydrogen Bond
Strengths in Microhydrated Clusters of HNO and HONO: Energetic Insights via
Molecular Tailoring ApproachNew Journal of Chemistrfycommunicated).
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Chapter 4

Energeticsof Hydrogen Bonding Interactionsin
HONO(H 20)n=1.4 Complexes
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4.1 Abstract

Hydration of HONOplays 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) 6fONO (i.e., HONO(HO)n=1.4) at the MP2/6
311++G(d,p) level. The HBsre probed by molecular electrostatic potential (MESP),
guantum theory of atoms in molecul&3TAIM), and natural bond orbital (NBO) analyses
Several HBs are possible between HONO and water due to four atomsisarahs
isomerismin HONO, this includes {2 AAA+ +%V |-RtOPfithGioNalityp) and other

HBs (formed via-OH functionality).Further, the energies and cooperativity contribution of

all individual HBs in HONO(HO)=1.4 complexes are examined with the help of molecular
tailoring approactbased (MTAbased) methadThe HBs formed via Fatom of HONO
(energy varies in a range of 8.835.08 kcal/mol) are much stronger than tie2 AAA+ +%V
of HONO (range fron0.01to 6.77 kcal/mol).$PRQJ 12 AAA+ LQWHUDFWLRQV
by N- and Gatoms have comparable strength (with energies ranigorg 0.01 to 6.77
kcal/mol and from1.09 to 6.25 kcal/mol, respectivélyIn addition, he greater positive
values of cooperativity contributior {*22%anging from0.61to 7.01 kcal/mol) for HBs via
H-atom of HONO than that of {2 AAA+ +% L Q W'RAhCite\WahgR @drm i0.95 to

3.60 kcal/mo} in HONO(HO)n=24 complexes also demonstrate the similar treflie HB
HQHUJLHV RI ZDWHU«ZDWHU L QWH THKIN®RQI gbndral, th® D UD(
energies of all HBs in HONO@#®D)n=24 complexes increased with the increase in cluster size.
Overall, WKH VWURQJ +212«ZDnMkHItUin trs¥ddsatiatEd\HBR@tWorks in

most stable complexes BIONO(HO)n=2.4.

4.2 Introduction

Hydrated systems of oxidised species of N@.(NO* and HONO) have been studied in
variety of atmospheric events. Formation of HONO from the reaction betweéard@set

of water molecules have been reported in many experimental as well as theoretical
studiest!*®13222The size and shape of microhydrated networks have a pronounced influence
on the formation of HONO. It has been reported @t interacts via Natom with the ©

atom of water molecule in their N@H20) complexes!'?2°howeverthe interaction between

NO" and wateiis not well understood. On the other hand, studies on molecular clustering of
HONO with other atmospheric species in filtesence of water is well document@d?*It is

even predicted that molecular complexes of HONO with water clusters could be a site for
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water condensatiolt? 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 complexe®€:?%°In fact, energies and the cooperativity effect of individual HBs

in microhydrated networks are beneficial for understanding the different reactions mediated

by water’®

The objective of this work is to investigaté 2 A AR {formed via N and Gatoms
in -N=0O of HONO) interactionsin 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.RE energies and cooperativity of individual HB interactions in the
microhydrated complexes of HONO are estimated with the help of molecular tailoring
approach (MTA) based calculatioriswas previously reported that N@nteracts with the O
atom of water through the N atom and there is no HB interaction betweémmOvater.
This is further verified using MESP, QTAIM, and NBO analysis, and we compared the
NO"...water and HONO...water interactions.

4.3 Computationalmethods

The structures of alnicrohydratedcomplexes were simulated using MP3B1++G(d,p)

level of theory with the Gaussian 16 program pack&yEor optimization, initial structures

were modelled according to existing literature data of similar molecules and chemical
intuitions. For larger clusters, a bottam approach is also applied, e.g. HONO(H20)z is
modelled by adding one 28 to HONO(H20). 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 chari® associated with the formation of

the most stable structurestbese complexest 298 K and 1 atm is calculated.

For improved energetics, singb®int calculations are carried out at the MP2 method
by employing the augc-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@upVTZ//MP2/6-311++G(d,p) level of theory.
AIMAIl software is used for QTAIM analysi®® MESP analysis is carried out using
Multiwfn softwarel®* and visualized using VMD softwat& NBO analysis is carried out
using NBO version 3.1 implemented in Gaussian 16 softWéarand the results are
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visualized using Chemcraft softwaf¥.The binding energy '(, ) of HONO(H:O), clusters

is calculated by the supermolecular approach using:. 1202216

»ul "oreedpd AEceE A k! (Eq. 41)
In the above equation, the termg g ¢ » ¢ @ige ccand ' 4 ¢ denote the total energy of
the HONO(HO)n cluster, the energy of the HONO monomer, and the energy of a water

monomer multiplied by, whichis the number of water molecules in a given cluster under

consideration.

Further,the relative energies (represented tiy) are calculated for all the isomers
with respect to the energy of the most stable one in H@NO(H.O), category (n = 1+4).
For the sake of simplicity, the microhydrated complexes of HONO is written sim@Has
and the number of water molecules (n) in the water cluster is denotééhbyhus, the
HONO(H:O) is abbreviated a®HWn. Additionally, the different isomers dHWn are
designated with natural numbeds 2, 3, etc.) based on their order of stabilitye values.
For instance, the most stable isomeH@NO(H20). complex is name®HW?2-1, and other
isomers ar®®HW2-2, OHW?2-3, etc., depending on their decreasing stability (increasihg

values.

4.4 Results anddiscussion

The following sections discuss tHandings of MESP, QTAIM, and NBO analyses on
NO*(H20) and HONO(HO) dimer complexes

4.4.1 MESP analysis

MESP features can be employed to understand the interaction sites of mdf&ditahe

electrostatic potential on molecular surfaces (at an isodensity value of 0.001N{D) afd

water is shown irrigure 4.1(a) TheVmaxregions (195.5 kcal/mol) are located as a cylindrical

belt around the ND bond axis that is near thedtom of NO. The Vmaxvalue on NO is

reduced to 176.1 kcal/mol in the interacted complex of Bi@IH>O. Herein, the interaction

associated with the electraleficient /may region on the Natom and electredense region

of water can be called a pnicogen bofiB)2°"2% Thus, NO«ZDWHU LQWHUDFWLF

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 (AWO*(H20) complex (bHONO(H20) complexes. The positions

of Vmin andVmaxat 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(HO) dimer complexes (séegure 4.1(b), a reduction irWmaxvalue near
the Hatom oftransHONO 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 Hatom ofcissHONO formed HB with water i©HW1-2 with a reduction in
VmaxVvalue from 52.5 to 6.5 kcal/mol. Hence, HONO acts as HB donor (electron acceptor) in
the HB interactions cDHW1-1 andOHW1-2. On the other han®min Sites near €atom in-
OH of HONO interact with water iIOHW1-3 andOHW1-4, a reduction ifVmin value from
i19.7 to i7.9 kcal/mol and fromi16.4 to i6.1 kcal/mol, is observed forans (in OHW1-3)
and cis-forms (in OHW1-4) of HONO, respectively. IDHW1-5, the Vmin value of i15.6
near the Natom ofcisHONO disappeared when HB formed viaakdm with water. In the
case ofOHW1-6 and OHWL1-7, Vmin Sites near €atom in-N=0O functionality of HONO
interact with water, a change Wuin value from i13.6 to 4.1 kcal/mol and froni13.1 to i0.4
kcal/mol, is observed fotrans (in OHW1-6) and cis-forms (in OHW1-7) of HONO,
respectively. The change fimin 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 OHW1-3, OHW1-4, OHW1-5 OHW1-6, andOHW1-7.

4.4.2 QTAIM analysis

QTAIM plot of NO*(H20) dimer complex is displayed ifigure 4.2(a) The molecular graph
of NO*(H20) complex shows that the-Btom of NO" interacts with Gatom water. Thus, this
bond path confirms the PB interaction in N@nd water. e electron density { U,
Laplacian of electron density’t {)), and the total electron energy densit(r}) values at
bcp on B is 0.0309, 0.1233, and 0.0021 au, respectively. The poditiy® andH(r) values
suggest that the PB is a closstkll interaction in th&lO*(H20) complex

For HONQH20) dimerOHW1-1 (seeFigure 4.2(b), the HB formed via Fatom of
transHONO with Gatom of water has d(r) value (at bcp) of 0.0342 asimilarly, in
OHW1-2, the !(r) value atHB formed via the Fatom of cisHONO with the Gatom of
water is0.0339 au. In addition, the positivié I(r) and negativeH(r) valuesat bcp of these
HBs suggest that they are a mix of closbeéll and sharetype HB interactions. On the other
hand, HB formed vi@-atom of-OH of HONO with water irOHW1-3 (transHONO) and
OHW1-4 (cissHONO), have!(r) values of 0.0193 and 0.0182 au, respectivielfODHW1-5,
the N-atom ofcisHONO participated in HB with d(r) value of 0.0141 auln the case of
OHW1-6 (transHONO) andOHW1-7(cisHONO), the HB formed via @tom in-N=0
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functionality of HONO with water havé(r) values of 0.0136 and 0.0134 au, respectively
Based on the magnitudes &f), the strength of HBs iHONO(H20) complexes are in the
decreasing order c®HW1-1, OHW1-2, OHW1-3, OHW1-4, OHW1-5, OHW1-6, and
OHW1-7. Further, thel? I(r) andH(r) values are positive for HBs in complex@slW1-3 to
OHW1-7, indicating that these HBs are of clossgtll 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*(H20) complex (0 HONO(H20) complexes.

4.4.3 NBO analysis

An NBO view of donotacceptor orbitals involved in the PB interactionN®®*(H20) dimer
and their stabilization energi¢&®; valuesgreater than 0.1 kcal/mol are consideracd
rendered inFigure 4.3(a) The interaction of lone pairs of water oxygen atom (Ip(O)) with

antibonding orbitals of NO bond (ég?E) confirms the PB interaction involved betwedd®*
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and water. The total stabilizatioE®) energy (sum oE® values of each orbital interaction)

associated with the orbital interactions of PB is 6.45 kcal/mol.

Figure 4.3 The donoracceptor orbitals (isovalue = 0.03 au) with their stabilization energy
(E®: in kcal/mol) estimated based on secamder perturbation theory in NBO analysis for
(a) PB interaction oNO*(H20) complex (bHB interactions in HON(H.0) complexes.
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The donofacceptor orbitals involved in the HBs BIONO(H2O) dimers and their
stabilization energiegE®; valuesgreater than 0.1 kcal/mol are consideradisplayed in
Figure 4.3(b) For OHW1-1, the lone pairs of @tom (Ip(O)) ofwater interact withthe
antibonding orbital of the @ bond (8%, z) of trans HONO, with a totaE® value of 15.84
kcal/mol. Similarly,the lone pairs of @tom (Ip(O)) ofwater interact witlthe antibonding
orbital of O bond (ééj?A) of cisHONO in OHW1-2, in addition, toO i+ bonding (é:- )
orbital of wateralso interacts with the antibonding orbital ot®( éé’f, A) of cissHONO. The
total E® energy estimated for these orbitals interaction®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 ofOHW1-1 and OHW1-2 complexes On the other handhe lone pairs of ©
atom in-OH functionality of HONO interact witAntibonding orbital eg,_,A) of water in HBs
of OHW1-3 (transHONO) and OHW1-4 (cissHONO. The totalE® values for these
interactions are 3.36 and 2.93 kcal/mol, respectivalfDpHW1-5, thelone pairs ofN-atom
of cisHONO interacted with thantibonding orbital e,Q?A) of water with &E® value of 1.75
kcal/mol. Similarly, the lone pairs of €tom inN=0O functionalityof HONO interact with
antibonding orbital e,;U?A) of water in HBs ofOHW1-6 (transHONO) andOHW1-7 (cis-
HONO); the totalE® values for these interactions are 2.11 and 1.96 kcal/mol, respectively.
Therefore the orbitals involved in the HBs @IHW1-3 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 betWw&&hand water in
their NO*(H20) dimer, and hence tH¢O" is unable to form the HB interaction (via End
O-atoms, i.e., 0 2 A Avlith water.On the other hand, (2 AAA+ D QIB inReWsdidhs)
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 betweeft I A AHBs and other HBs irHONO(HO)n=1.4

complexes is also discussed in the final section.

4.4.4 Energetics of individual HBs in HONO(HO)n=14 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 tetransisomers of HONO. As a
result, many isomers are possible for each category in HOMI}H 4. The binding energy

(Ege) values of all HONO(EO)n=1.4 complexes are listed imable 4.1 The individual HB
energies estimated by MTAnd the (E valuesof optimized geometries diONO(HO),
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complexes with n = 1, 2, 3, 4 are presente#liqure 4.4 Figure 4.5 Figure 4.6 andFigure

4.7, respectively. The relevant structural parameters of HBs, along with their energetics,
including cooperativity contribution' (*23%aluesare listed inTable 4.2 TheHB distances

in HONO(H.O)n=1.4 complexedall in a broader range of 1.5432.745A. Furthermore, e

sum of energies of individual HBs present between HONO and wdesighated as

A’ AtciA &) and the sum of energies of HBs present between water moledasgnated

as A' 4 g4 ¢ are listed inTable 4.3

For HONO(HO) dimer complexes (seeigure 4.4, the ', s, calculated for these
complexes (se@able 4.) falls in a range betweef2.32 andi7.74kcal/mol. The HB arising
from the Hatom of transHONO is the most stable isome&@HW1-1 ( ',;,= i7.74
kcal/mol), while the HB formed via the-Btom of cisHONO is present in th©HW1-2
(i7.57 kcal/mol). In other lovlying isomers, HONO is an HB acceptor when interacting
with a water molecule. The-&om in-OH functionality oftransHONO engaged in HB in
OHW1-3 (', = i3.46 kcal/mol), whereagisHONO engaged irOHW1-4 (', = i3.08
kcal/mol). ForOHW1-5, O-atom of-N=0 in cisHONO participated in HB i©OHW1-5 ('
= {2.52 kcal/mol). In the case @HW1-6 and OHW1-7, the HB formed via €éatom of-
N=0 in transHONO andcissHONO, respectively; are found with, s, values i2.41 and
i2.32 kcal/mol, respectively. Overall, f(tfONO(HO) dimer complexesthe HB strength
decreases in the order 6HW1-1, OHW1-2, OHW1-3, OHW1-4, OHW1-5, OHW1-6,
andOHW1-7. This trend in HB strength of complexes is consistent with the trend observed
by QTAIM analysis based on thK¥r) parameterinferred 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 4.4AMTA-based energies of HBs present between HONO and watlatiie energies
( GE) of HONO(H0) dimer complexes and H&hergies aren kcal/mol.
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Table 4.1The binding energyHge) values of HONO(0)-1.4 complexes.

Structure Ege Structure Ese
OHW1-1 i7.74 OHW3-21 i17.07
OHW1-2 i7.57 OHW4-1 i38.52
OHW1-3 i3.46 OHW4-2 i37.45
OHW1-4 i3.08 OHW4-3 i37.43
OHW1-5 i2.52 OHW4-4 i37.39
OHW1-6 i2.41 OHW4-5 i37.00
OHW1-7 i2.32 OHW4-6 i36.86
OHW2-1 i18.60 OHW4-7 i36.77
OHW2-2 i16.91 OHW4-8 i36.67
OHW2-3 i16.51 OHW4-9 i36.64
OHW2-4 i15.65 OHWA4-10 i36.42
OHW2-5 i15.48 OHW4-11 i36.42
OHW2-6 i14.91 OHWA4-12 i36.22
OHW2-7 i11.45 OHW4-13 i36.18
OHW2-8 i10.82 OHWA4-14 i35.93
OHW2-9 i7.00 OHW4-15 i35.66
OHW2-10 i6.99 OHW4-16 i35.57
OHW2-11 i6.94 OHW4-17 i35.52
OHW3-1 i28.68 OHWA4-18 i35.29
OHW3-2 i28.59 OHW4-19 i35.26
OHW3-3 i27.44 OHWA4-20 i35.15
OHW3-4 i27.40 OHW4-21 i35.03
OHW3-5 i26.72 OHWA4-22 i34.93
OHW3-6 i25.30 OHW4-23 i34.74
OHW3-7 i25.06 OHW4-24 i34.65
OHW3-8 i25.04 OHWA4-25 i33.83
OHW3-9 i24.65 OHW4-26 i33.79
OHW3-10 i24.44 OHWA4-27 i33.44
OHW3-11 i23.99 OHW4-28 i33.07
OHW3-12 i23.28 OHWA4-29 i31.52
OHW3-13 i22.61 OHW4-30 i31.37
OHW3-14 i20.84 OHWA4-31 i30.89
OHW3-15 i20.16 OHWA4-32 i29.93
OHW3-16 i19.56 OHW4-33 i28.08
OHW3-17 i18.74 OHWA4-34 i27.37
OHW3-18 i18.72 OHW4-35 i25.30
OHW3-19 i18.71 OHW4-36 i25.09
OHW3-20 i18.60

92



Figure 4.5 MTA-based energies of all individual HBs amelative energies @) of

HONO(HO),complexes with n = 2. All energy values arekcal/mol.

In the case of HONO(¥D). complexes (se€igure 4.9, the Ege values fall in a wide
range fromi6.94to i18.60kcal/mol. Among the 11 structures of optimizétDNO(H.0)2
complexes, inthe most stable isome®dHW2-1, the H and Natoms of transHONO
participated in HB with water molecules and form a cytlimeric structure. Herein, the sum
of energies of individual HBSA' s¢c a4 ¢ is 18.03 kcal/mol, wheread\' 4 ga4 is 7.47
kcal/mol. TheOHW2-2, OHW2-3, and OHW2-4 complexes also show eyclic trimeric
configuration. Lower values ofA' Atcaa e (range from 13.17 to 16.25 kcal/mol)
determined in these complexes th@arW2-1 could explain the lower stability of these
FR P S O HE Malueslranging between 1.69 and 2.95 kcal/mol). It is also to be noted that
+%V LQ +212«ZDWHU DQG ZDWH UQHARW Have b Gawyed S BDFEWLRQV
value (2.72 kcal/mol) than other lelging isomersThe ' **22§alues for HBs in other low
lying isomers range betweei®.22 and 2.69 kcal/moln the other lowlying isomers (from
OHW2-5 to OHW2-11), an acyclic structure is observed. Herein, ﬂieAEQBA. g and

~

A' 4 esA e values range from 2.00 to 12.77 kcal/mol and from 4.85 to 7.47 kcal/mol,
respectively. The IowestA'AE(;gA.E value (~ 2 kcal/mol) is obtained fadDHW?2-9,

OHW2-10,andOHW2-11 complexes,His could be the explanation for the lesser stability of
these complexes (g = ~12 kcal/ma). It should be noted that only atoms in ti¢=O

functionality of HONO are involved in the HBs of these lower stable compl&ether,
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anti-cooperativeHBs are found irthese complexegnith ' #22% DOXHV EHWZHHQ i
i NFDO PRO U WhicB iIBAAdcOUHtAdr their reduced stabilityt is worth
mentioning that the tatom 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 (se€igure 4.6, the Ege values fall betweenil7.07 and
i28.68kcal/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(E range from 0.00 to 1.98 kcal/mol
These complexes have a moderate value for Bothe caA eand A’ A EaA & arange from
15.83 to 18.48 kcal/mol and from 16.17 to 16.75 kcal/mol, respectively. Isddhing3-1
andOHW3-2 arecomparable in energylE = 0.09 kcal/mol fotOHW3-2). It is to be noted
thatOHW3-1, OHW3-2, andOHW3-3 containtranssHONO and hence more stable than the
cisHONO orientation present i®@HW3-4 and OHW3-5. These complexeBave a higher
range of' "*@2¢alues (in the order of 25 kcal/mol).In the case of other lolying 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 exce@hW3-18 and OHW3-21, which are
noncyclic structures 7 K H values of these complexes fall in a range from 3.38 to 11.61
kcal/mol. These complexes have a broader rang®' @fe caa e (2.36 £24.55 kcal/mol) and
A’ A eaA e (5.75 £21.07 kcal/mol) values, as well as a broad rangé ‘6f @ ¥alues(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 highek' AEchA & Values thanA' A eaA & On the other
hand, the complexes with trimeric water rings have higrﬁér,;_ esA £ values than
A' secua & For instance, the maximum' 4 caa & value (24.55 kcal/mol) is obtained
for complexOHW3-12, which contains two fused trimeric rings composed of HONO and
two water molecules. In addition, tis&rongest HB (formed via the-&tom of HONO) with
the highest cooperativity contribution in the HONGQQHk category is also found i@HW3-

12, the energy and **22§alues for this HB are 13.49 and 5.39 kcal/mol, respectively. The
highest A' A eaA e Vvalue of 21.07 kcal/mol is found @HW3-10, wherein a water trimer is

present )XUWKHU UHGXFHG QXPEHU Rl +12«ZDWHU RU ZDWH
from OHWS3-13 to OHW3-21 validate thelesser stabilization of these complexes. The
weakest HB in the HONO(#®D)s category is formed by @tom in-N=O functionality of
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HONO in OHW3-20, with an energy of 2.36 kcal/mdrhis 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.

HBQ HB3 r
5.03 .- He4 | HB3

2.10.84 5.32.%-,10.51

s TN Pas

HB1™, /HB2 45 % : HB1™, /HB2
776 9 8566 oo R 766 9 851

9

Figure 4.6 MTA-based energies of all individual HBs ameélative energies (E) of
HONO(H.O),complexes with n = 3. All energy values arekcal/mol.

In the case of HONO(¥D)s complexes (se€igure 4.7, the Ege valuesspan in the
range betweeri25.09and i38.52kcal/mol. Out of 36 optimized geometriesetmost stable
isomer OHW4-1 is a pentameric ring ofransHONO and four watemolecules (cross
association). Similar crossssociated pentameric ring is found @HW4-2, OHW4-6,
OHWA4-12, andOHW4-24 complexes.The-OH functionality oftransHONO is involved in
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HBs with water molecules ITOHW4-1. Further, e cisHONO analogy ofOHWA4-1
configuration is observed @HW4-2. The lower stability oOHW4-2 ( (E = 1.07 kcal/mo)l
compared tdOHW4-1 is attributed to the lower stability @issHONO compared tdrans
HONO. Among other cyclic pentameric ring complexes, that@n in-N=0O functionality

and Hatom of HONO form HBs with water molecules@HW4-6 ( (E = 1.66 kcal/moland
OHW4-12 ( (E = 2.30 kcal/mal. ThecissHONO inOHWA4-12in contrast tdransHONO in
OHW4-6 may account for their lower stability. SimilarlgissHONO in OHW4-24 with a

(E value of 3.87 kcal/mol forms HBs via-&tom in-N=0O functionality and Hatom with
water molecules in their cyclic pentameric structure. Tlresgsassociated complexémve
moderateA' AtcaA eand A' A eaA g Vvalues in the order of 1619 kcal/mol and 24+26
kcal/mol, respectively, compared to other isomers. In the other isomers, a cyclic water
tetramer (seHassociation of water molecules) is present in isomersQi\W4-3, OHW4-4,
OHW4-5, OHW4-7, OHW4-9, OHW4-10, OHW4-13, OHW4-14, OHW4-15, OHW4-31,
OHW4-32, and OHW4-35 2EYLRXVO\ WKH VWURQJHU ZDWHU«ZDW |
tetrameric rings contribute to largéy’ A eaA eVvalues (range of 20.3433.24 kcal/mol), but

a broader range ofA' AtciaA g Vvalues (2.26+£20.75 kcal/mol) also be noted. The lowest

A’ AEciA & (2.26 kcal/mol) is due to the HB formed viaa@m in-N=0 functionality of
cissHONO with water tetrameric ring iI@HW4-31. Similar HB formed byransHONO in
OHW4-32 also have a lower energy value of 2.54 kcal/mol. In comparison to this, HB
formed via Gatom in-OH functionality oftransHONO with water tetrameric ring has a
slightly higher energy value of 4.56 kcal/mol@HW4-35. It should also be noted that the
HB formed via Gatom in-OH functionality is slightly destabilized @HW4-3 andOHW4-

9 (with a negative HB energy value d0.72 and i0.66 kcal/mol, respectively), and the
negative' *23galue (i0.64 kcal/mol)obtained for these HB®veals that these HBs are less
stabilized in the complex than in their isolated dim&he remaining isomers in
HONO(HO)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 iI®HW4-36 (noncyclic structure). TheA' AtcaA e and

A’ A eaA e Vvalues for these complexes span in a wide range of 1228042 kcal/mol and
12.67 +29.14 kcal/mol, respectively. The higheat AtcaA £ value (26.42 kcal/mol) is
found inOHWA4-8, in which HB via Hatom oftransHONO with water have an energy of
14.88 kcal/mol is the major contributor. Similarly, the stronger HBs formed satohh of
HONO are found IrOHW4-18 and OHW4-27 complexeswith energies of 14.54 and 15.08
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respectively, as well as highér“22¢alues (in the order 47 kcal/mol) also calculated for

these HBs. The large positive”22¢alues for these HBs indicate that they are situated in a
VWURQJ FRRSHUDWLYH QHWZRUN RI +%V E\ RWKHU +212«ZD
general, ' 32 %alues (ranging betweeri0.95 and 7.01 kcal/mol) obtained for HBs in
+212«ZDWHU DQG ZDWHU«ZDW H UQ){ztvhdI&kBsFave InlRr® positige +212 +
than HONO(HO).=23 complexes. Furthermore, the least stable iso@&tW4-36 in
HONO(HO)n=4 category has an acyclic structure with a Iow@StA‘ eaA e value (12.67

NFDO PRO FRPSDUHG WR RWKHU LVRPHUV 7KLVED\ EH Wk
13.43 kcal/mol). Overall, the crosssociated HON@vater clusters with large cyclic

structure is the energetically preferred configuration in HONOJkHcategory.

In short, the HONO can form HB interactions via four of their atoms in
HONO(H:O)n=1.4 complexes The most stable isomer in each cluster size of HONOJ#H24
complexes is formed by a cyclic structure teinsHONO and watemolecules (cross
associated). This is in agreement with fhievious studies, thieEansHONO is more stable
than cisHONO?2?'*® In general, theA' s¢c a4 & values are increased when cluster size
increases from one to four. THe”*22%aluesare also increased when cluster size increases
from one to four. The crossssociated cyclic HB networks of HONO with water clusters are
formed in the most stable complexes of HON@-24. Thus, the strength of both
+212«ZDWHU DQG ZDWHU«ZDWHU LQWHUDFWLRQV FRQWU
HONO(HO)n-24 complexes. On comparing the strength of HBs in HONO(ki14
complexes, the HBs formed B®H functionality of HONO have greater energy than HBs
formed by-N=0 functionality (12 AAA+ L Q)WAldétBilEd\chrRp@riéon of the strength

of HBs in HONO(HO)a=1.4 complexes is given in the following sections.

JXUWKHU WKH ITUHH HQ KBUId & Réfu\pEraimeérerfd? prdictR@lthel
thermodynamic stability of microhydratdélR P S O H [ H® valu&sHcalculated at 298.15 K
and 1 atm) of the most stable complexes of HONO(k are 1.01, 2.99, 3.18, and 1.90
NFDO PRO IRU Q DQG UHV S B Mallksyird@ate th&tH O R Z F
HONO(HO), complexes are not stablerabm 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 amelative energies @) of

HONO(HO), complexes with n = 4. All energy values arécal/mol.
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Table 4.2The relevant structural parameters. distance (in A) and bond angle (in degree),

energy in complex ‘(4% ), energy in the dimer '(**Y 29 dand cooperativity contribution

(" ¥+23%f all HBs inHONO(H20)n-1.4 complexes. All energy values are in kcal/mol.

Complex Interaction Distance of ~Bond ' &0 +»Uag r%aaa
Labels interaction angle
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
OHWS3-1 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 1291 8.84 4.08
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OHW3-2

OHW3-3

OHW3-4

OHW3-5

OHW3-6

OHW3-7

OHW3-8

OHW3-9

OHW3-10

OHW3-11

OHW3-12

HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HBS
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HBS
HB1

1.81
1.77
1.67
1.92
1.76
1.87
2.18
1.67
1.82
1.77
1.68
1.94
1.76
1.83
2.03
1.66
1.77
1.94
2.23
1.74
1.90
1.88
1.63
2.13
1.76
1.89
2.31
1.69
2.16
1.94
1.79
1.79
2.75
1.80
1.92
2.10
1.76
2.04
1.88
2.29
1.62
2.22
1.92

165
165
165
157
172
164
173
178
165
165
162
157
179
173
142
175
157
148
133
166
151
178
173
152
160
179
142
173
130
147
158
169
109
158
144
139
178
137
154
130
164
146
151

7.76
8.66
10.84
6.03
9.02
7.46
4.29
12.91
7.66
8.51
10.51
5.32
9.03
7.44
4.10
12.13
8.54
6.23
5.92
9.63
7.00
5.59
13.49
6.77
8.48
5.56
6.62
11.90
5.50
6.34
8.68
9.07
3.03
8.16
6.73
6.18
8.92
5.39
6.89
4.64
11.72
5.34
6.14

4.62
5.08
7.45
3.08
4.83
4.93
2.15
9.12
4.89
4.81
7.02
2.77
4.77
491
1.84
8.12
4.64
4.32
4.24
8.13
4.81
4.61
8.96
3.89
4.59
4.65
3.72
8.78
4.19
4.58
4.68
7.79
131
4.73
4.62
4.45
8.08
4.26
4.84
3.12
7.30
291
4.19

3.13
3.58
3.39
2.95
4.20
2.53
2.13
3.79
2.77
3.70
3.49
2.55
4.26
2.53
2.27
4.01
3.89
191
1.68
151
2.19
0.98
4.54
2.88
3.88
0.92
2.89
3.12
131
1.75
4.00
1.28
1.72
3.42
2.11
1.74
0.84
1.13
2.05
151
4.42
2.43
1.95
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OHW3-13

OHW3-14

OHW3-15

OHW3-16

OHW3-17

OHW3-18

OHW3-19

OHW3-20

OHW3-21

OHW4-1

HB2
HB3
HB4
HBS
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB4
HB1
HB2
HB3
HB1
HB2
HB3
HB4
HBS

1.92
2.32
2.32
1.59
1.84
2.26
1.66
2.01
181
2.25
1.67
2.17
1.96
1.85
2.02
2.14
1.92
1.72
2.28
2.12
1.92
1.73
2.29
2.15
1.84
1.68
2.17
1.98
1.92
1.87
2.16
1.98
191
1.88
2.15
1.76
2.10
191
1.72
1.75
1.78
1.88
1.62

151
137
137
176
154
143
174
165
164
137
175
179
148
152
144
148
146
158
127
177
146
154
128
171
177
175
171
144
150
152
168
145
150
151
170
178
174
180
174
176
174
168
174

6.13
5.63
5.63
13.29
7.42
6.25
12.00
3.56
7.77
5.36
11.82
3.33
6.73
7.48
5.88
3.45
6.52
9.88
5.35
3.28
6.43
9.14
4.94
3.07
6.76
10.39
3.53
6.43
7.05
7.39
2.62
6.45
7.09
7.37
2.36
8.85
3.86
5.75
9.35
8.68
8.07
5.70
12.30

4.18
2.85
2.85
7.89
4.74
3.78
8.50
2.99
4.84
2.61
8.22
2.67
4.84
4.76
4.74
3.19
4.61
7.32
3.48
2.74
4.60
6.67
3.20
2.52
5.02
8.00
2.62
4.81
4.85
4.81
0.23
4.80
4.84
4.81
0.18
7.98
2.59
5.12
4.58
4.73
4.79
2.74
7.72

1.95
2.78
2.78
5.39
2.68
2.47
3.50
0.57
2.93
2.75
3.60
0.65
1.89
2.71
1.14
0.26
191
2.55
1.87
0.54
1.83
2.47
1.73
0.55
1.73
2.39
0.90
1.61
2.20
2.58
2.39
1.65
2.25
2.56
2.18
0.87
1.28
0.64
4.77
3.96
3.28
2.96
4.57

102



OHW4-2

OHW4-3

OHW4-4

OHW4-5

OHW4-6

OHW4-7

OHW4-8

OHW4-9

HB1
HB2
HB3
HB4
HBS
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3

1.72
1.75
1.78
1.86
1.62
1.71
1.76
1.80
2.03
1.76
2.45
1.78
1.83
1.86
2.27
161
1.98
1.94
1.71
1.75
1.86
2.50
1.79
1.73
1.76
1.82
1.95
1.62
1.71
1.99
1.90
1.77
2.29
1.76
1.93
1.81
1.85
1.99
1.54
2.26
1.71
1.76
1.80

174
174
174
169
171
169
166
165
153
160
120
166
161
169
132
175
165
150
164
164
161
133
175
176
177
176
164
173
161
153
157
162
132
166
148
160
165
154
174
145
169
166
165

9.30
8.62
8.06
5.45
11.67
9.75
8.65
8.00
6.84
8.98
-0.72
7.04
7.30
6.08
6.07
14.08
6.67
5.66
9.47
8.79
6.74
2.19
9.46
9.22
8.49
7.28
5.61
13.86
9.31
5.77
5.77
8.43
2.82
9.17
6.52
7.94
7.29
5.20
14.88
6.34
9.62
8.61
8.03

4.62
4.74
4.83
2.57
7.26
4.47
4.72
4.88
4.69
7.59
-0.08
3.66
4.56
451
3.89
8.99
3.51
4.35
4.10
4.56
4.68
1.59
8.22
411
4.62
4.49
2.83
8.99
4.13
4.56
411
4.48
2.19
7.72
4.73
4.89
4.95
2.85
8.19
4.03
451
4.74
4.87

4.68
3.89
3.23
2.88
4.40
5.28
3.93
3.12
2.15
1.39
-0.64
3.38
2.74
1.57
2.17
5.09
3.16
131
5.37
4.23
2.06
0.59
1.23
5.11
3.87
2.79
2.78
4.86
5.17
1.21
1.66
3.95
0.63
1.45
1.79
3.05
2.35
2.34
6.70
2.31
5.12
3.88
3.16
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OHW4-10

OHW4-11

OHWA4-12

OHW4-13

OHW4-14

OHW4-15

OHW4-16

OHW4-17

HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB1
HB2
HB3
HB4
HBS
HB1
HB2
HB3
HB4
HBS
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB6
HB1

1.99
2.46
1.80
1.84
1.92
1.71
1.75
1.81
2.61
1.72
1.78
1.99
2.13
2.19
161
1.73
1.77
1.80
1.92
1.63
1.70
1.79
1.81
1.90
1.77
1.71
1.79
1.81
1.89
1.77
2.11
1.88
1.84
1.80
161
1.94
2.02
1.95
2.04
1.84
2.10
1.63
1.92

155
120
154
164
154
167
167
171
109
172
159
150
152
153
175
176
176
172
156
174
171
163
164
161
172
170
163
164
162
178
142
169
160
164
171
167
139
152
154
177
155
165
152

6.95
-0.66
8.03
7.20
5.97
9.52
8.89
8.65
1.09
9.60
7.94
4.28
4.04
5.04
14.12
9.54
8.52
7.68
5.44
12.48
9.72
8.06
7.64
6.91
9.38
9.59
8.03
7.71
6.92
8.92
6.60
5.77
7.12
6.63
13.48
6.25
2.83
4.59
7.51
7.87
4.84
13.94
5.76

4.75
-0.02
6.86
4.90
4.55
4.07
4.69
7.59
0.62
454
4.19
3.13
2.80
2.56
8.98
4.49
4.71
4.86
2.21
8.06
441
4.37
4.81
4.74
8.40
4.47
4.37
4.82
4.73
8.11
4.26
4.52
4.60
3.62
8.10
2.66
1.83
4.03
451
4.80
2.30
9.11
4.08

2.20
-0.64
1.17
2.29
1.43
5.45
4.19
1.06
0.47
5.06
3.75
1.15
1.24
2.48
5.14
5.05
3.81
2.83
3.23
4.41
5.31
3.68
2.83
2.17
0.98
5.12
3.66
2.89
2.19
0.81
2.33
1.25
2.52
3.01
5.38
3.60
1.00
0.56
3.00
3.07
2.54
4.83
1.68
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OHW4-18

OHW4-19

OHW4-20

OHW4-21

OHW4-22

OHW4-23

OHW4-24

HB2
HB3
HB4
HBS
HB6
HB7
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2

1.77
2.44
1.77
1.70
2.52
2.52
1.89
1.81
1.84
1.96
1.54
2.21
1.81
1.77
2.06
2.31
1.56
2.05
1.84
1.93
1.99
1.84
2.16
1.68
1.81
1.84
1.94
2.00
2.20
1.70
1.73
1.73
1.89
2.09
1.65
1.79
1.96
2.01
2.01
1.62
1.99
1.74
1.77

159
126
159
174
125
122
154
162
165
156
168
146
164
169
135
128
168
173
154
144
147
155
148
174
157
155
144
145
148
171
172
166
180
171
177
173
151
141
157
177
144
171
178

8.55
5.43
7.84
10.15
2.67
0.01
6.61
7.98
7.36
5.07
14.54
5.63
7.46
8.46
5.31
4.93
14.22
5.53
7.30
6.89
6.92
7.37
6.58
12.26
8.00
7.68
6.84
6.47
6.52
11.58
9.35
8.77
5.81
5.23
12.73
7.97
4.59
2.71
7.64
13.10
451
9.00
8.30

4.62
3.70
4.27
7.88
1.65
0.96
454
4.97
4.94
2.65
7.53
2.97
4.87
4.86
4.25
3.36
8.12
3.16
4.39
4.74
4.88
4.77
3.90
8.87
4.82
4.80
4.73
451
3.72
8.78
4.57
4.57
4.99
3.03
8.78
4.81
3.97
1.86
4.54
8.10
1.83
4.54
4.78

3.93
1.73
3.58
2.27
1.02
-0.95
2.07
3.01
2.43
2.42
7.01
2.66
2.59
3.60
1.06
1.58
6.10
2.36
291
2.15
2.04
2.60
2.68
3.39
3.18
2.87
2.11
1.96
2.79
2.80
4.77
4.20
0.82
2.20
3.95
3.16
0.62
0.84
3.10
5.01
2.68
4.46
3.52

105



OHW4-25

OHW4-26

OHWA4-27

OHW4-28

OHW4-29

OHW4-30

OHW4-31

OHW4-32

HB3
HB4
HBS
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB1
HB2
HB3
HB4
HBS
HB6
HB1
HB2
HB3
HB4
HBS
HB1
HB2
HB3
HB4
HBS
HB1
HB2
HB3
HB4
HBS
HB1
HB2

1.83
2.08
1.63
1.80
1.83
1.94
2.01
1.70
2.18
1.83
1.85
1.93
1.98
1.69
2.14
1.89
1.81
1.89
2.17
1.59
2.07
1.78
1.83
2.06
2.25
1.57
1.82
1.76
1.62
1.96
2.13
1.75
1.86
2.30
1.62
2.05
1.81
1.79
1.78
1.77
2.15
1.78
1.79

174
146
165
163
155
144
144
174
145
161
153
144
148
171
145
174
173
176
155
168
135
175
172
150
131
164
165
165
167
154
175
174
176
152
167
169
165
166
166
167
177
165
167

6.97
4.25
11.60
8.15
7.75
6.82
6.42
11.11
5.52
7.58
7.26
6.91
6.96
11.62
5.54
5.87
8.31
7.18
4.59
15.08
5.38
8.51
7.23
4.08
4.76
13.23
7.63
8.85
12.42
5.42
3.25
9.21
7.39
3.79
13.61
3.45
7.82
8.20
8.36
8.70
2.26
8.02
4.93

4.50
2.16
7.44
4.83
4.80
4.72
451
8.21
2.66
4.84
4.43
4.75
4.88
8.23
2.77
5.04
5.01
4.94
2.18
10.60
4.29
4.95
4.98
1.95
3.14
7.16
4.92
4.74
7.73
3.05
2.75
4.76
4.95
1.97
8.83
2.77
4.93
4.89
4.84
4.79
2.22
4.34
1.72

2.47
2.09
4.16
3.31
2.95
2.10
191
2.89
2.87
2.73
2.84
2.16
2.08
3.40
2.77
0.83
3.30
2.25
2.40
4.48
1.09
3.56
2.25
2.14
161
6.07
2.71
4.11
4.69
2.36
0.50
4.45
2.44
1.82
4.79
0.68
2.89
3.31
3.52
3.91
0.04
3.68
3.21
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HB3 1.82 165 7.65 451 3.13

HB4 181 165 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
HBS 2.09 178 3.55 2.66 0.88
OHWA4-34 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
HBS5 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
HBS 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 191 177 5.82 5.04 0.78

Table 4.3The sum of MTAbased energies (kcal/mol) of all HBs present between HONO

and water designated asA'AEggA.E) and all HBs present between water molecules

(designated asA' 4 ga4 &) in HONO(H:O)=14 complexes.

Structure A’ AECHA E A A EaA £ Structure Al AECHA E A A E&A E

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 1.77 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{ 2 A ABsand other HBs inHONO(H 20)n=1-4 complexes

In HONO(HO) dimer, the HBs formed via Nand Oatoms in-N=O of HONO (i.e.,
(12 AAA+ ha%e\Venergy values arouri50 kcal/molin OHW1-5, OHW1-6, and
OHWL1-7 complexes (se€igure 4.3. Whereas, the HBs formada the Hatom of HONO
(HONO as HB donor) iODHW1-1 and OHW1-2 have energy values in the order of+B
kcal/mol. The HBs formed via -@tom in-OH functionality of HONO (as HB acceptor) in
OHW1-3 and OHW1-4 have energies in the order of 84 kcal/mol. This implies that the
HONO forms stronger HBs with water when they act as HB donor than HB acceptor, which
is attributed tahe acidic nature of the-dtom of HONO and this effect is more pronounced
in HONO(H:O)n=24 complexes as well. In HONO@)n-24 complexes, the atom of
HONO forms HBs with energies in the range of 8:81%.08 kcal/mol, and thel(2 A AlBs
have energies in the range frédh®1to 6.77 kcal/molln Figure 4.8 it can be seen that the
energies of HBs formed via-Btom increased with an increase in cluster size from 2 to 4,
whereas, energies ofl(2 A A¥Bs are comparable for varying cluster size from 2 to 4.
However, the energies ofl(2 A AdBs-in HONO(H:O)n-24 complexesare greater than the
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HONO(H0) dimer complexes. The positive cooperativity contributidr 32 towards

(12 A ARs(ranging fromi0.95 to 3.60 kcal/mol) also indicate that thieZ A ABs-are

more stable in complexes than in dimeor HBs via Hatom of HONOin HONO(HO)n=2-4
complexes, significant positive**23¢aluesranging 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(HO)\=24 complexes manifest that the HBs formed viatdm of HONO is

much stronger than thel2 AAA+ +%V

Figure 4.8 Comparison between energies and cooperativity contribution of HBs formed via
12 IXQFWLRQDOLW\ 12 AA AatomL 6§ WIBNIDD RVHORQEORQ G +

complexes.

4.5 Conclusiors

In this study, we investigated various noncovalent interactions present beW@eand

water as well as HONO and water through various analyses such as MESP, QTAIM, and
NBO. Only pnicogen bonding (PB) interaction is notedid*(H-O) complex. On thether

hand, four atoms of HONO can form hydrogen bonds (HBs) with water, hdreeAAA+ + %V
(formed via N and OQatoms in-N=0 of HONO) and other HBs are present between HONO
and water The interaction sites on monomerblQ", HONO, andH20O) and dimers
(NO*(H20) and HON@H20)) are identified using MESP analysis. QTAIM molecular graphs
confirmed the PB and HB interactions iNO*(H.O) and HONQ@H0O) complexes,
respectively.The orbitals involved in the PB and HB interacti@me demonstrated by NBO

analysis.
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Further, in the microhydrated complexes of HONO (i.eQND(H:O)n=1.4), the
energies and cooperativity contributions af HBs are estimated with the help of MTA
based calculations. In HONO£B) dimer complexes, HBs formed viaddom of HONO
(HONO as HB donor) have the highest energy (in the order af87kcal/mol), whereas
energies of HBs formed by remaining atoms of HONO (as HB acceptor) are in the aler 2
kcal/mol. The stronger HBs by-Btom of HONO is attributed to its acidic nature, and this
effect is more pronounced in HONOf®B)n=24 complexes. For HONO(#D),=24 complexes,
the Hatom of HONO forms HBs with energies ranging from 8.03 to 15.08 kcal/mol, and the
HBs formed by-1 2 IXQFWLRQDOLW\ 12 AAA+ Rl +212 KDYH HQFH
0.01to 6.77 kcal/molin 12 AAA+ LQWHUDFWLRQV WKH HQ@HIQ\ UDQJH
atoms are comparable (with energies randmgn 0.01to 6.77 kcal/mol and froml.09to
6.25 kcal/mol, respectivelyThe strongest HB energy (15.08 kcal/mol) is foun®iHW4-
27, wherein the FHatom oftransHONO forms HB with an acyclic water tetrameric cluster. A
substantial positive cooperativity contribution #2fanging from 0.61 to 7.01 kcal/mol) are
obtained for HBs formed via4dtom of HONO. The' **23§alues obtained for{2 AAA+ +%V
(ranging from i0.95 to 3.60 kcal/mglin HONO(HO)n=24 complexes are lower than that of
HBs via Hatom of HONO. This also explains the greater strength of HBs formed-aiarri
than (12 AAA+ +%V

%HVLGHY WKH VWUHQJWK RI ZDWHU«ZDWHU LQWHUDF
9.75 kcal/mol) for varying cluster size from 2 to 4. Th&22&%alues toward HBs in
ZDWHU«ZDWHU LQWHUDFWLRQV D U064 PoR5VAW/ K@AI/MSoR, WnhdhL Y H UL
FRXOG EH D UHDVRQ IRU LQFUHDVH LQ WKH VWUHQJWK R
cluster sizeln general, both energies and*22R1 +%V LQ +212«ZDWHU DQG ZDW
interactions increased when cluster size increases Zromn4 As a result, crosassociated
HB networks formed by HONO and water clusters are found in most stable complexes in
each categories of HONO£B)=2.4.

Publication based on thishaptet

Thufail M. Ismail ; Patkar, D.; Sajith, P. K.; Deshmukh, M. Mydrogen Bond Strengths in
Microhydrated Clusters of HNO and HONO: Energetic Insights via Molecular Tailoring
Approach.New Journal of Chemistry\communicated).
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Chapter 5

Hydrogen Bonding Interactions of Substituted Nitroxide

Radicals
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5.1 Abstract

,QWHUPROHFXODU K\GURJHQ ERQGLQJ +% LQWHUDFWLRC
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
12AAA+ +%V IRUPHG E\ QLWUR}Q Ghd CHDIGOEUE® §s Zlectko +) +
acceptors,employing DFT calculations atUMO6L/6-311++G(d,p) level. The electronic
effects of nitroxide radicals are assessed in terms of the molecular electrostatic potential
minimum V/min) around nitroxide oxygen atom. The obserViagh values reflect the electron
donating and withdrawing features of the substituents present in the structural framework of
nitroxide radicals. Similarly, the interaction enerdnd of hydrogen bonded complexes of
nitroxides alsoreflects on electronic effects such as inductive and stAdcordingly, a

linear relationship has been established betwégn 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 nitrekifle and nitroxideH>O
complexes whereas the dominant contributor is dispersion in nitr@tdecomplexes. The
results herein suggest that, modifying the substituents in the structural motif of nitroxide
radicals help to findune 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

7KH VLJQLILFDQFH RI 12AAA+ LQWHUDFWLRQV RI QLWURJLC
experimental studie’¥11?%25 However, theoretical investigation on the strength and
FKDUDFWHULVWLFV RI 12AAA+ LQWHUDFWLRQV LQ QLWURJ
related to quantifying the hydrogen bond (HB) strength formed by various nitroxide radicals
DUH GLVFXVVHG LQ $0ONR WD A@ts ai®BIgUEIY Raye/ dSdnSnted) V

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 edt@En®©
(ketone, hydroxyl, and ether) are present that@n of the NO functionality is better HB
acceptor than other -@oms??’ Recently, Alkortaet al. explored Cambridge Structural
Database (CSB% for intermolecular HBs formed by nitroxide radicals in crystals and
reported a qualitative and quantitative analysis of such interaéffoiHswever, 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 deizors

H>0 and CH were also incorporated in complexes of a few representative nitroxide radicals.
Herein, results obtained from molecular electrostatic potential (MEfgR)tum theory of
atoms in molecules (QTAIM)symmetryadapted perturbation theory (SAPT), and natural

bond orbitals (NBO) analyses are also comprehended.

5.3 Computationalmethods

All the calculations were performed with the DFT method using UM&6lunctional in
conjunction with 6311++G(d,p) basis set by usi@aussian 09 program packag&slt has

been reported that MO6L is the best performed functional in a benchmark study on
noncovalent interactions of small organic molecuissgeometries and interaction energies
are in close agreement with those derived ftbmhigherab initio level of theory(CCSD
level).?3! The optimized geometries were confirmed as local minima by frequency analysis
due to the absence of imaginary frequencies. The interaction er&tyof all interacted
systems of nitroxides with HF,2B, and CHmolecules were calculated by a supermolecular
approach usingq. 5.1 wherein' ¢ 3aapg'scs @nd ' 4, 4 £ v 4 are the energy of interacted

system, energy of NO molecule, and energy of HIE) BIr CHimolecules respectively.
'vad "vaaardsCceE A AEwAD (Eqg. 5.1)

Symmetryadapted perturbation theory (SAPT) analysis was performtgk ateroth
order SAPT"’ level with augcc-pVTZ basis seby using Psi4 suite of programfi&.natural
bond orbitals (NBO) analysis is carried out using NBO version 3.1 implemented in Gaussian
16 software®® NBO and MESP results are visualized using Chemcraft soft#a@TAIM

analysis is performed using the AIMAIl software pack&tje.
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5.4 Results anddiscussion

A set of 23 nitroxide free radicals, mostly selected from the recent work by Atkoala?2°

are used in this study. These are primarily retrieved from different structural moieties of X
ray structures in CSE® In order to compare the hydrogen bonding (HB) ability of nitroxide
radicals, four iminoxyl radicals were also selected in this stitidyire 5.1presents the set of
radicals considered in this study wher#if23 are nitroxide radicals are4 27 are iminoxyl

radicals.

Figure 5.1 Structures of nitroxide and iminoxyl radicals considered in the study. The X

represents substituentz., H, CHs, 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, eledivaating CH and electron
withdrawing F {.e., X = H, CHs, and F) substituents. Structurésand 24 are open chain
radicals whereas the remaining are five, six, or semembered 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.
Systems11H9 possess at least one heteroatom such as oxygen, nitrogen, boron, and
phosphorus in the ring other than nitrogen atom of nitroxide radical. Stru@D23 are
dinitroxide radicals.

5.4.1 MESPanalysis

Electronic features especially inductive effect due to differences in substituents, the presence
of heteroatom, and the effect of ring size greatly influencestbetronrich region around
oxygen atom of NO moiety in nitroxides, which can be easily monitored using MESP
analysis'®%% The most negative potential valuén() of MESP is a crucial parameter to
quantify the througtbond electronic effects in organic molecute®2*3The location 0fVmin

most often reflects the electroich region of a molecule and hendginis expected at the

lone pair region of O atom of NO moiety. Thus, e, 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 radicats 4, 15, and24 with and without substituents are
presented inFigure 5.2 A convenient as well as an arbitrarily chosen isopotential value

i NFDO PRO LV DGRSWHG IRU 0(63 WRSRJUDSK\ 0(63 SO
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 ratiicahs depicted in

Figure 5.2 Vmin is marked as a black dot in the lone pair region on the O atd® moiety.

MESP plots reveal a greater region of the negative electrostatic potential surface when
electrondonating substituent GHs present, whereas the comparatively smaller region of
negative electrostatic potential for electwithdrawing F substituen¥min values also reflect

the same fact and for tHé series the structure with electredonating CH substituent has

shown the largesfmn YD O XH i NFDO PRO -vitkddrawhig W gubstitiedH FW U R C
species has shown the least negaive i NFDO PRO ZLWK UHVSHFW WR
structure wherein the observ®@in LV i NFDO PRO $V H[SHFWHG IURP

Vminvalues reflect the substituent effects in nitroxide raditals.
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Figure 5.2 Molecular electrostatic potential mapped on isopotential surface valik6d32
kcal/mol. TheVmin values (in kcal/mol) of radical$, 15, and 24 with different substitutions

(X =H, CHs, and F) are marked as a black sphere.

A similar trend of substituent effects as in the casé%is noted for the iminoxyl
radical24. In contrast to this, in the radicélseries, the most negativén YDOXH R i
kcal/mol was obtained for the unsubstituted species while thesGbstituted system has
shown aVmin R1 i NFDO PRO DSSDUHQWO\ WKH IOXRULQH VXE
Vmin 1 NFDO PRO 7KH RE VVW¥hWnotedfoahel CHsLbsQuRdd dp€ries
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 trad®n of NO functionality3*
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Table 5.1MESP {/min) values of nitroxide radicals with substituents (X = H,sCkhd F).

Vmin (kcal/mol)
Structure H CHs F

1 i46.69 i53.59 2.51
2 i55.91 i53.46 i34.76
3 i53.28 i52.02 i32.99
4 i55.28 i51.02 i39.71
5 i55.85 i52.46 i41.09
6 i50.15 i49.01 i45.06
7 i51.95 i50.39 i35.14
8 i50.33 i46.81 i40.29
9 i48.93 i44.36 i43.86
10 i41.79 i41.48 i32.25
11 i53.15 i51.64 i24.45
12 148.42 i48.63 i27.51
13 i54.91 i60.43 i39.78
14 i47.67 i48.41 i26.67
15 i41.60 i43.24 i17.63
16 i43.49 i44.18 i26.96
17 i32.32 i34.01 i25.38
18 i54.34 i51.52 i34.01
19 i45.15 i44.30 i42.17
20 i142.04 i43.32 i23.61
21 144.79 i46.81 i26.79
22 i48.80 i50.81 i36.02
23 i40.47 i40.54 i39.53
24 i i i

25 i i i

26 i i i

27 i i i

Table 5.1lists theVmin values of all the radicals considered in this study. Vhe
YDOXH UDQJHG IURP i WR i NFDO PRO IRU XQVXEVW
kcal/mol for methVXEVWLWXWHG DQG WR i NFDO PRO IRU
For the substituted systems, the electlonating effect of the methyl group makes the
nitroxide radical more electremch, whereas fluorine substitution withdraws electrons from
the carbon chain thereby making the nitroxide radical electron poor. In genegal gaimg
from electronwithdrawing to electron donating group, an increase in the negative value of
Vmin IS observed. Among all the radicals considered, methyl substit@tskdows the deepest
Vmin YDOXH i NFDO PRO LQGLFDWLQJ PRUH HOHFWURQ
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positive Vmin Value (2.51 kcal/mol) is obtained for fluorine substituted radicahich shows
marked electron deficiency on theabm of NO moiety. In some cases, the unsubstituted
radicals show more negati¥nin values compared to methglibstituted 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 cask BfomTable 5.1it 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 eledwmoating character of alkyl residues

present in nitroxide radicals.

5.4.2 Hydrogen bonding innitroxide radicals

We analyzed the HBs in various complexes of nitroxide radicals with HF as the Lewis acid.
Presented irFigure 5.3are the optimized geometries of hydrogmmded complexes of
radical4 as a representative speciéable 5.2SUHVHQWY WKH GLVWDQ@HH RI 12A

for all the complexes along with the calculated interaction energy vaugs (

Figure 5.3 Optimized geometries of hydrogen bonded complexes (with HF molecule) of
radicals4, 15, and 24 with different substitutions viz. H, G3iand F The hydrogen bond
distances are given in A.

As postulated in earlier studfé$® herein we considered two conformatiorsyr(
and anti) about the nitroxid¢dF unit for all complexes, however, tlig: values given in
Table 5.2 correspond to the more stable conformer. @healues fall in the range of 1.559
to 1.831A for unsubstituted nitroxide complexes whereas the corresponding values in CH
and F substituted intermolecular complexes are respectively in the range of 1.562 to 1.797A
and 1.674 to 2.122A. It is found that the lowEgt i NFDO PRO YDOXH ZKLFK
weak HB interactiondk = 2.122A) 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 radical3 (Eint= 115.64 kcal/mol) whereid, = 1.562 A. It can be interpreted that

shorterd. corresponds to greatdtin: and hence stronger hydrogbeanded complexEint

118



YDOXHV RI XQVXEVWLWXWHG V\VWHPV IDOO LQ WKH UDQJH
and F substituted systenisy YDOXHV UHVSHFWLYHO\ OLH LQ WKH UDC(
NFDO PRO DQG IURP i WR i Ent vAMEDDtdel K@D complaxesi U
containing CH substituted nitroxide radicals in comparison to their F substituted analogues

can be explained based on electdmmating inductive effects of the Gigroup. But in some

cases, for instance, complexes involving radicédeeFigure 5.3, the unsubstituted species

form stronger HBs than GHsubstituted radicals on account of steric hindrance caused by
CHzgroups as discussed in the previous section.

Table 5.2 12AAA+ L QW H U Dd&VahdRr@er&iiov bhBr@fH of various hydrogen
bonded complexes with and without substituents (X = H,@Rid F).

dz (in A) Eint (in kcal/mol)
Structure H CHs F H CHs F
1 1.714 1.659 2122 i10.54 i12.23 i0.23
2 1.657 1.693 1.812 1i12.70 i11.74 i7.09
3 1.664 1.697 1.809 1i12.35 i11.46 1i6.82
4 1.656 1.693 1.819 1i12.51 i11.57 i7.58
5 1.647 1.677 1.782 1i12.96 i12.26 1i8.96
6 1.661 1.656 1.707 il12.16 i12.26 i9.87
7 1.666 1.700 1.802 1i12.33 il11l.21 i7.09
8 1.659 1.657 1.778 1i12.20 i11.71 i7.99
9 1.662 1.655 1.781 i12.07 il11.47 i8.37
10 1.678 1.680 1.703 1i10.42 i10.14 1i8.84
11 1.665 1.656 1.834 i12.22 i12.68 i5.78
12 1.675 1.659 1.824 i11.69 i12.38 1i6.18
13 1559 1.562 1.674 1i14.99 i15.64 1i9.73
14 1.673 1.653 1.835 il11.77 i12.69 i6.14
15 1.693 1.680 1.848 i10.72 i11.25 i4.90
16 1.693 1.679 1.789 1i10.65 i10.81 i7.04
17 1.723 1.710 1.807 i9.05 1i9.39 i6.70
18 1.647 1651 1.791 1i12.85 i12.13 1i8.93
19 1.667 1.655 1.723 i11.28 il1l.64 1i8.94
20 1689 1.668 1.838 il12.41 i11.80 i5.85
21 1.661 1.635 1.782 i11.95 i12.99 i7.17
22 1.646 1.641 1.704 i12.39 i1l2.56 i9.79
23 1.675 1671 1.691 i11.04 i11.08 i10.28
24 1.831 1.787 1.861 i5.42 i7.85 i5.12
25 1.816 1.797 1.817 i6.11 i6.62 i5.93
26 1.811 1.764 1.784 i6.01 i7.67 i6.52
27 1.809 1.786 1.829 i6.49 i7.27 i6.56
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5.4.3 Relationship betweerkin values andVmin values

It has been observed that both g and Vmin values reflect on electronic effects such as
inductive and steric. In addition, it has been found that the hiyh@stalue is found for Chl
substituted radical 3, interestingly the same radical shows the strongest HB interaction with
HF (seeTable 5.1and Table 5.3. Similarly, the lowestVmin value is obtained for F
substituted radicdl, for this radical has detected the least HB strength among other radicals.
All these findings predict a relation betwe¥®hin values andEin: values, andrigure 5.4
illustrate the relationship between thain 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 significanBy: tealues

and hence some deviations from the linear plot shownVhy are expected*23¢ The
correlation betweeWmin and Eint suggests that thémin 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 betweerVmin and Eint values of nitroxideeHF complexes (with
substituents, X = H, Cfiand F), orange triangles for X = H, gray squares for X 3, @hd

blue circles for X = F. The correlation coefficients is denoted by orange, gray and blue
colours for X=H, CH, and F, respectively. All values are in kcal/mol.
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5.44 Mulliken spin-density analysis

The Mulliken spin densities on nitrogen and oxygen atoms of NO moiety in nitroxide free
radicals with different substituents are presentedahle 5.3 In general, the unpaired spin
density is largely distributed on the NO moiety of the radit®dh 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 metsylbstituted 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 electratonating substituent is present. A significant displacement of
spin density from the Mtom towards the @tom of NO moiety is noted in most of the cases
when an electrowithdrawing substituent F is present in the structural motif of nitroxide
radical. This is due to the greater contribution from the resonance structt2>NFRPSDUHG
WR WKH GLSRODU U H VR QdngeHce\aweductiow X thél spinidénsity of N

atom is noted?®

Table 5.3Mulliken spin densities on N and O atoms of NO unit in nitroxide and iminoxyl
radicals with and without substituents (X = H, £End F).

Spin density (in au)
Structure X=H X=CHs X=F
N O N O N O

0.4351 0.5984 0.4191 0.5296 0.3650 0.2187
0.4327 0.5121 0.4532 0.5038 0.3223 0.6195
0.4273 0.5224 0.4687 0.5072 0.3315 0.6169
0.4501 0.5365 0.4407 0.5206 0.3268 0.6291
0.4038 0.5243 0.4491 0.5225 0.3597 0.5896
0.3231 0.4538 0.3424 0.4453 0.3016 0.5051
0.4206 0.5194 0.4793 0.5002 0.3197 0.6105
0.3403 0.4673 0.3565 0.4752 0.3159 0.5292
0.3110 0.4443 0.3386 0.4400 0.2774 0.5191

O© 0O ~NO O~ WN P

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 fonitroxideHF complexe®f unsubstituted nitroxide radicals.

Spin density (in au)
Structure N @) H F

1 0.4833 0.5596 i0.0076 i0.0004
2 0.4659 0.4839 i0.0142 0.0049
3 0.4599 0.4943 i0.0141 0.0050
4 0.4826 0.5023 i0.0127 0.0039
5 0.4542 0.4767 1i0.0114 0.0076
6 0.3464 0.4203 i0.0128 0.0047
7 0.4464 0.4991 i0.0155 0.0060
8 0.3669 0.4303 i0.0137 0.0047
9 0.3368 0.4042 i0.0121 0.0057
10 0.3412 0.3698 i0.0025 0.0068
11 0.4684 0.4835 i0.0135 0.0046
12 0.4732 0.4826 i0.0122 0.0040
13 0.3864 0.4792 i0.0102 0.0016
14 0.4578 0.4949 i0.0127 0.0043
15 0.3442 0.4451 i0.0114 0.0043
16 0.3509 0.4761 i0.0125 0.0042
17 0.2782 0.4154 0.0005 0.0007
18 0.4401 0.4851 i0.0095 0.0032
19 0.3603 0.4164 i0.0114 0.0037
20 0.4460 0.4988 i0.0122 0.0044
21 0.2563 0.2907 i0.0076 0.0028
22 0.2520 0.2914 i0.0069 0.0026
23 0.1616 0.2897 i0.0069 0.0017
24 0.4953 0.5346 i0.0052 0.0023
25 0.4702 0.5469 i0.0064 0.0026
26 0.4686 0.5450 i0.0067 0.0027
27 0.4840 0.5573 i0.0090 0.0038
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The HB-induced redistribution of spin densities of nitroxide radicals has been
reported in earlier studié¢$?> We further analyzed the redistribution of spin densities of NO
moiety induced by the HB interaction in unsubstituted nitroxiéfecomplexes (se€able 5.4
and Figure 5.9. In all complexes, nonzero values of spin densities on HF fragments is an
evidence for the fractional spin transfer from nitroxide radical. Calculated electron spin
density on the nitrogen atom is increased slightly in HF complexes, which indicates that there
is a transfer of spin density from the O atom towards the N atom of NO moiety witf’ HB.
This observation is in agreement with the previous finding&ryainnikovaet al. on a few
nitroxides specifically used for spin probe applicatitfi$?®Ikryannikovaet 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 splabel applications, the changes in spin density distribution is

very sensitive for a spin label molecule.

Figure 5.5 Plots of Mulliken spin densities on Nand Qatom 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-fan®l Gatoms of nitroxide

radicals.
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5.45 QTAIM analysis

The strength and nature of HBs mitroxideHF complexes are analysed using QTAIM
parametersiz. electron density (r)), Laplacian of electron density’{ {)), and the total
electron energy densityH(r)) at the bond critical point (bcp) of N@AWKB interaction.
QTAIM topological plots of a representative complex with and without substituents are given
in Figure 5.6 Table 5.5presents the values of QTAIM parameters at the bcp for all

complexes.

Figure 5.6 QTAIM plot of the complexes of with substituentsiz.H, CHs and F Values of
47%$,0 SDUDPHWHUY DW WKH %&3 JUHHQ VSKHUHV RQ ERQG

At first we consider the QTAIM parameters at the bcp of AtiAteraction of
unsubstituted complexes of nitroxide radicals. T#f¢ value at the bcp is considered as an
indicator of the strength of HB interactié??®® The ) values for all unsubstituted
FRPSOH[HV IDOO LQ WKH UDQJH RI i HDvAlueW KH P L
were noted for complexes formed by the radidaisand 13 respectively. The’? valug a
measure of nature of a HB, fall within the range of 0.137®.1642 au. Generally it is
considered that, for a typical HBif) and 2 () should be lie respectively in the range of

i DX DQG 17188 HighDvadues of {f) and ' () are observed in
all unsubstituted complexes, which indicates the presence of strong HB interactions in them.
Apart from &) and’? ), H(r) values at the bcp provide valuable information about the
nature of a chemical bond. It can be seen that neghiievalues are observed for all
QLWUR[LGH FRPSOH[HV ZKLFK IDOO LQ WKH UDQZXU IURP |
along with a negatived value stand for a mix of closeshell and shared N@-A AB

interactions in complexes involving unsubstituted nitroxide radféals.
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Table 5.5Values of QTAIM parametersif au

with and without substituen{X = H, CHs, and F)

DW WKH EFS RI

12AAA+ +%

X=H X =CHs X=F
Structure
&) 2 HO) ) 24 H@ &) @) HO
1 0.0434 0.1385 i0.0029 0.0478 0.1501 i0.0042 0.0125 0.0560 0.0029
2 0.0483 0.1501 i0.0044 0.0406 0.1425 i0.0010 0.0305 0.1175 0.0020
3 0.0474 0.1489 i0.0041 0.0401 0.1415 i0.0008 0.0308 0.1184 0.0020
4 0.0482 0.1504 i0.0043 0.0401 0.1433 1i0.0008 0.0297 0.1156 0.0022
5 0.0489 0.1526 i0.0046 0.0431 0.1459 i0.0021 0.0323 0.1236 0.0013
6 0.0471 0.1493 i0.0043 0.0459 0.1498 i0.0029 0.0399 0.1414 i0.0007
7 0.0451 0.1480 i0.0036 0.0361 0.1404 i0.0006 0.0306 0.1187 0.0017
8 0.0469 0.1507 i0.0040 0.0453 0.1506 i0.0028 0.0325 0.1261 0.0016
9 0.0471 0.1502 i0.0037 0.0423 0.1438 i0.0017 0.0321 0.1194 0.0014
10 0.0424 0.1474 i0.0016 0.0418 0.1445 i0.0013 0.0387 0.1421 i0.0002
11 0.0473 0.1488 i0.0040 0.0467 0.1527 i0.0034 0.0290 0.1128 0.0023
12 0.0461 0.1472 i0.0035 0.0466 0.1518 i0.0034 0.0296 0.1149 0.0021
13 0.0653 0.1642 i0.0138 0.0631 0.1637 i0.0122 0.0488 0.1498 i0.0054
14 0.0464 0.1472 i0.0037 0.0475 0.1526 i0.0038 0.0295 0.1120 0.0019
15 0.0439 0.1428 i0.0027 0.0436 0.1478 1i0.0021 0.0279 0.1097 0.0025
16 0.0427 0.1417 1i0.0021 0.0432 0.1492 i0.0018 0.0342 0.1223 0.0005
17 0.0405 0.1376 i0.0013 0.0397 0.1426 i0.0005 0.0329 0.1180 0.0007
18 0.0490 0.1530 i0.0046 0.0459 0.1561 i0.0028 0.0320 0.1222 0.0013
19 0.0451 0.1503 i0.0032 0.0461 0.1535 i0.0031 0.0371 0.1387 0.0003
20 0.0475 0.1485 i0.0042 0.0463 0.1537 i0.0032 0.0285 0.1117 0.0024
21 0.0490 0.1499 i0.0049 0.0491 0.1577 1i0.0044 0.0335 0.1260 0.0012
22 0.0503 0.1526 i0.0054 0.0480 0.1563 i0.0039 0.0430 0.1407 i0.0025
23 0.0467 0.1456 i0.0040 0.0438 0.1380 i0.0026 0.0406 0.1375 i0.0018
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 CH; substituted nitroxide complexesf), 2 (), andH(r) values at the bcp
range from0.0361to 0.0631au, fron®.1380to 0.1637 au, and froni0.0005to0 i0.0122 au,
respectively. Remarkably, high positive values@) and ’? ) along with negative values
of H(r) show stronger HB interaction with partial clossfell and sharedature!®’168:240
When the substituent X = F, the QTAIM parametéfly, 2 (), and H(r) at the bcp are
respectively fall in the range from 0.0125a®488au, from 0.0560 to 0.1498 au, and from
i0.0054to 0.0029 au. Accordingly(r) value decrease with F substitution which indicates
the decrease in the strength of HB interaction as compared to X = Hzoto@kplexes. In
addition, the positive’? ) values andH(r) values are either positive or close to zero in

most of the cases (with X = F) suggesting ionic character ofef8!

5.46 Hydrogen bonded complexes with O and CHs

We used HO and CH 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, and25 from the set of radicals depicted figure 5.1
among then24 and25 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 radiiadgth
H-0 and CH. The distance of hydrogen bond is given in A. (b) QTAIM topological plot with
values of QTAIM parameters (in au) &2 AA A+ L Q v¥tHd_cBrrevpandiqy complexes.

The optimized geometries of hydrogen bonded complexes of unsubstituted fadical
with H-O and CH are depicted irrigure 5.7(a) It should be noted that we have taken only
the conformer of hydrogen bonded complexes in which a singli of either HO or CH,
is having HB with the ©OWRP Rl 12 XQLW 7KH 12AAfEweueS LVWDQTF
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computed for complexes are presentedable 5.6 For complexes with ¥D, d2 values range

from 1.803A to 2.146A anfixn YDOXHV UDQJH IURP i WR i NFDO PI
25 has the lowesEint YDOXH i NFDO PRO I3QdSseSRtReSHyheRH:YV R
YDOXH i N FDO PR @itroxjde Oz dinfreReg dd v&ues range from 2.440

to 3.257A andEn« YDOXHV UDQJH IURP i WR i NFDO PRO ,V
interactions innitroxide-CHs are very weak as compared ridgroxide-H>O complexes. The

complex formed between GHind iminoxyl radica5 KDV WKH ORZHVW i NFDC
those formed by nitroxide radick2 VKRZHG WKH KLJKHVWBMvalues. NFDO PRO

Table 5.6 Distance of hydrogen bon@B; in A) and interaction energyE:; in kcal/mol)
valuesfor hydrogen bonded complexes of unsubstituted nitroxide/iminoxyl radical with H
and CH.

Complexes with RO Complexes with CH
Structure , :
HB distance Eint HB distance Eint
3 1.894 i 2.948 i
4 1.889 | 2.950 i
11 1.890 i 2.571 i
12 1.901 i 2.630 i
13 1.803 i 2.440 i
16 1.925 i 2.953 i
17 1.954 | 2.956 i
21 1.913 i 2.940 i
24 2.146 i 2.959 i
25 2.086 | 3.257 i

The QTAIM topological plot along with QTAIM parameters of hydrogen bonded
complexes of a representative radiséih H>O and CH are sketched irigure 5.7(b) The
values of QTAIM parameters located at the bepNef AHAbbnd paths ohitroxide-H20 and
nitroxideeCHs complexes are listed ihable 5.7 In nitroxide-H20 complexes, values off)
and "2 ) lie within the range 00.0153 +0.0369 auand0.0582 +0.1242au, respectively,
andH(r) YDOXHYV UDQJLQJ 0.0R®aiThe posiiwR '? () valuesand positive
or close to zero values &f(r) indicate typical closeghell NOAHAiAteractions imitroxide-
H.O complexes. The calculated QTAIM parametersNid AHAAB for the nitroxide-CHg
complexes have low{f) values (range fron®.0013 to 0.0106 au), positive? {f) values

(range from0.0063 to 0.0303 au), and positit€r) values (ranging between 0.0004 and
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0.0007 au). This suggests a weak and closed shell interaction in these mhaboded

complexes.
Table 5.7 Values of 47$,0 SDUDPHWHUV LQ DX RQ -HXA#&A+ +% R
nitroxide-CHs complexes with radicals & 4, 11, 12, 13, 16, 17, 21, 24, and25.
Complexes with RO Complexes with CHl

Structure ) 2. H(r) ) 2.h) 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 i0.0002 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
5.47 SAPT calculations
The contributions of different energy componevrits electrostatic, exchange, induction, and
dispersion to the interaction energies are investigated at the SARR/pVTZ method on
a selected number of hydrogbonded complexes formed by unsubstituted radicals namely,
3, 4,11, 12, 13, 16, 17, 21, 24, and25. All SAPT-derived components of the interaction
energy ofnitroxideeHF complexes are plotted Figure 5.8(ajand corresponding values are
listed in Table 5.8 The total SAPT interaction energﬂfﬂof the complexes range from
i WR i NFDO PRO 7KH ORZHU YDOXH RI i NFDO F
complex of25 DQG D KLJKHU YDOXH R i NFDO PRO LV REWDLC(
13. It can be seen that all values of exchange enesgyare positive; thereby it destabilizes
the interacted complexé&2*3The sum of other energy components.(Eeist+ Eind + Edisp)
imparts stabilization of the interacted compték.As evident fromFigure 5.8(a) the
electrostatic componenEdsy is the dominant contributor, abobi2% to 58%to the overall
stabilization energy. Ais is followed by the induction ternkifd), which is 28% to 30% of
the overall stabilizing energy. The dispersion compoiirs make comparatively modest
FRQWULEXWLRQV UDQJLQJ IURP i WR i NFDO PRO LQC

Edispis about 14% to 19% to the total interaction energy. The magnituela:dd comparable
to that ofEexchexcept in a complex df3. In general, thé&estis 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 complex8s4pf
11,12, 13 16, 17, 21, 24, and25 radicalwith HF. All energy values are kcal/mol.

VOB

Structure Eelst Eexch Eind Edisp Uag
3 i17.62 16.78 i8.44 i4.32 i13.60
4 i18.31 18.08 i8.82 i4.47 i13.52
11 i17.73 16.96 i8.45 i4.35 i13.57
12 i16.96 16.48 i8.07 i4.29 i12.83
13 i27.53 31.60 i14.94 i7.28 i18.14
16 i15.21 15.82 i7.63 i4.20 i11.22
17 i13.04 13.94 i6.88 i3.94 i9.91
21 i19.06 17.96 i9.11 i4.70 i14.92
24 i7.59 7.22 i3.81 i2.23 i6.41
25 i7.58 8.34 i4.17 i2.84 i6.25

Table 5.9The SAPT partitioning of interaction energy for unsubstituted complex8s4pf
11,12, 13 16, 17, 21, 24, and25 radicalwith H2O. All energy values are ikcal/mol.

=

Structure Eelst Eexch Eind Edisp Uac
3 i11.33 11.04 i3.77 i4.22 i8.27
4 i11.89 12.18 i4.00 i4.21 i7.91
11 i11.74 11.70 i3.93 i4.26 i8.23
12 i11.60 11.60 i3.78 i4.28 i8.06
13 i21.51 22.57 i7.67 i6.92 i13.52
16 i10.34 10.79 i3.38 i4.05 i6.98
17 i9.52 10.37 i3.17 i4.10 i6.43
21 i14.10 13.66 i4.61 i4.70 i9.74
24 i5.98 6.38 i1.86 i3.14 i4.60
25 i5.33 5.79 i1.58 i3.03 i4.15

Table 5.10The SAPT partitioning of interaction energy for unsubstituted complex8sdof
11,1213 16, 17, 21, 24, and25 radicalwith CHa. All energy values are ikcal/mol.

VIOET

Structure Eelst Eexch Eind Edisp Uag
3 i0.26 0.21 i0.13 i0.48 i0.66
4 i0.27 0.22 i0.13 i0.49 i0.67
11 i1.24 2.74 i0.44 i2.99 i1.93
12 i1.43 3.19 i0.44 i3.39 i2.06
13 i2.21 4.22 i1.03 i3.05 i2.07
16 i0.22 0.21 i0.08 i0.49 i0.58
17 i0.21 0.21 i0.06 i0.48 i0.54
21 i0.26 0.21 i0.12 i0.51 i0.68
24 i0.17 0.20 i0.05 i0.43 i0.44
25 i0.09 0.08 i0.03 i0.32 i0.36
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Figure 5.8 The SAPT partitioning of interaction energy for unsubstituted complexgsdof
11, 12, 13, 16, 17, 21, 24, and 25 with (a) HF (b) HO, and (c) CH. The total SAPT
interaction energy (blue) is the sum of all componeriis electrostatic Eeist, green),
exchangeHexch,0range, dispersion Eqisp, yellow), and inductionEing, gray).
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The SAPTOAugcc-pVTZ calculations were also performed on a series of complexes
of unsubstituted radicals with.@ and CH. The 'E-f’éEg" values and the components of
various energy terms for all the complexesitfoxide-H>O andnitroxide-CHs are plotted in
Figure 5.8(bjandFigure 5.8(c) respectively ¢orresponding values are listedTiable 5.9and
Table 5.10 respectively).For nitroxideH.O complexes, as given ifigure 5.8(b) the
electrostatic term is the most prominent stabilizing component to overall SAPT energy like
nitroxideHF 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 Eeist, 7% to 16% fromEing, and 48% to 73% fronkqisp. The energy components for
nitroxideCH4 complexes are plotted iRigure 5.8(c) It is clear fromFigure 5.8(c)that the
overall stabilization energy is mainly composed of dispersiesilting from thedipole -
induced dipole interaction betweeitroxide and CH. The next important attractive term is
Eeist whereasEing plays comparatively least role in the overall stability of the hydrogen

bonded complexes of GH

5.48 NBO analysis

An NBO view of donoracceptor orbitals (witlE® energy larger than 0.1 kcal/mol) involved

LQ WKH 12AAA+ +%andedl compieleR dHIGHF) with various substituents is
depicted inFigure 5.9 The lone pairs of oxygen atoms in NO moiép(O)no) of radicall
interact with the antibondingéﬁj? ;) orbital of H B bond in alll-HF complexes with various
substituents. A total stabilizatio&®) energy of 17.99, 24.10, and 1.66 kcal/mol is calculated
for complexes with unsubstituted, @Bubstituted, and F substituted raditakespectively.

This again shows that GHubstituted radical 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 hydrogerbonded (with NO AHA iteractio) complexes of NO, HNO, HONO, and

nitroxide radicalsviz.,, HoNO and (CHs).NO with a water molecule is illustrated Fgure
5.10(a)along with theirHB distances and interaction enerdgnd) values The Eint values of

(CH3)2NO « +20, H212«H22  +12«A#2 +212«R 12«H interactions are

i i i i DQG i NFDO PRO UHVSHFWderHO\ 7K
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FRPSOH[HV LV WKH PRVW VWDEOH:2DQ@G1RWOIlcompBX@®@DRZHG E
DQG W K HOlitkerleast stable complex.

Figure 5.9 The dono+acceptor orbitals (isovalue = 0.03 au) involved in hydregemded
complexes ofl (1-HF) with various substituents (X = H, GHand F). TheE® energy for

these interactions is estimated based on secoiet perturbation theory in NBO analysis.

The distance of HBNO AHA Andicates that the strongest HB is present between
(CH3)2NO and HO (distance = 1.882), then it is followed byH2NO « +20 (2.004A),
+12«+H0 (2062A +212«® (2123A DQG WKH ZHDNHOWomglexLQ 12«+
(2.249A). Hence, the nitroxidevater 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 oBin: values. Furthermore, the HB strength in these complexes is also
assessed using QTAIM parameters (5egure 5.10(b). Based orelectron density { U
values, the trend of NGHAKB strength followed by{CHs)oNO « +,0 (! U= 0.0289 au),
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HoNO « +5 2 DX +32«+ DX +232«+ DX 1@ « +

(0.0114 au) complexes is consistent with the trend found based on their HB distances.

Figure 5.10 Hydrogen bonded NO AHA Aomplexes of NO, HNO, HONO, 2NO, and
(CHs)2NO with water:(a) Optimized geometries with distance of hydrogen bond is given in
A and interaction energie&if) 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 nitroxid@ater complexes, a weak HB is formed via

CHz and H substituents diCHz)oNO and HNO nitroxides, respectively, witD-atom of
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water (vith a ! Uvalue of 0.0118 and 0.0182 au, respectiuelhe higher! Uvalue of
H2NO « +2,0 complex suggest a stronger secondary interactiéthNO « +20 compared to
that of (CHz)2NO « +20. This may be the reason for greater stabilityHoNO « +20

complex Eint i NFDO PERB:):NOKBQ i NFDO PRO

5.5 Conclusiors

In the present study, intermolecular hydrogen bond (HB) involving nitroxide radical has been
investigated by usindFT calculations at th&JMO6L/6-311++G(d,p) level.The deepest
minimum of MESP Vmin) around theD-atom of NO moiety is used to monitor the electronic
effect of various substituted nitroxide radicals. TWan values can be used as a good
descriptor to measure the interaction energy of hydrbgecded 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 closeeshell and sharetype interactions with electresionating substituents
whereas the HB is mostly closstell type interactions in systems with electvathdrawing
substituentsThe 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 energymfroxideCHs complexes. The NBO analysis rendered

a picture of doneacceptor orbitals involved in the HBs of a nitroxide hydregended
complex with various substituentSurthermore, 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 nitroxiftesdiverse applicationsiz.

spin labeling, and hydrogen abstracter, amongst others.

Publication based on thishaptet

Thufail M. Ismail ; Mohan 1  6DMLWK 3 . 37KHRUHWLFDO VWXG\ RI k
LQWHUDFWLRQV LQ VXEV MeWIb¥MaHECIRInding 62146 BBGBD GLFDO V'’
3875.
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Chapter 6

Hydrogen Bond Assisted Adsorption of Nitric Oxide on
Various Metal Loaded ZSM-5 Zeolites
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6.1 Abstract

Understanding the characteristics of nitric oxide (NO) adsorption on4eatiéd zeolites is

a prerequisite for developing efficient catalysts for NO abatement reactions. In this study, we
probed he effect of thédwydrogen bond { 2 AA A+ L QWat BXBE WelwRe) adsorbed NO
andBrgnsted acid sites (BAS) in various mdteded ZSM5 zeolites (MZSM-5, wherein

M = Fe, Co, Ni, Cu, Zn, Pd, Ag, and Au) by using DFT calculationB3tYP/def2SVP

level. The presence ofl 2 A Ahfdrogen 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 weakeningtafldnd 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 analys€&sbhind
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) aatbmnO

(Vo) of NO adsorbed on BA8ee M-ZSM-5; which suggests th&t can be considered a key
descriptor to infer the strength of a HB between the adsorbed NO a&Mvb 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 mefabded zeolites for the catalytic mitigation of NO.

6.2 Introduction

The metalloaded ZSM5 (denoted as M SM-5) is extensively used as a catalyst for
NO abatement reactionshe catalytic activity of different metals in-KISM-5 is reported in
many experimental as well as theoretical stuthés Besides,studies have shown that
Brgnstedacid sites (BAShave significant roles in the catalytic activity #8M-5 and other
zeolites in many reactiod€>?4424 |t is evident from many experimental studies that
hydrogen bond (HB) is formed between BAS and organic mole&tii&¥:>*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 #de(®t the M4#NO)
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bond in NO adsorbed on-MSM-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 MSM-5. Hence, we used different transition metals sudheao, Ni,

Cu, Zn, Pd, Ag, and Ator the present study. Accordingly, the disparate metal atoms will
produce differences in the adsorption of NO teZBM-5. In the present work, we aim to
delineate the characteristics of electronic interactions in NO adsdvbg&M-5 using
guantum computational calculations. In order to gain more insight into the energetics of
adsorption, HB interactions, and electronic structures of tE#®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 (QTAIMnatetular
electrostatic potential (MESRhalyses

6.3 Computationalmethods

A cluster model of ZSMb with 32 tetrahedra sites (T) obtained from the zeolite database was
used for computational simulatioff{. The model contains terminal -Sor O-atoms;
therefore, an adequate number catdms were added to terminal Si#bms to fulfil their
valence. Standard single bond distancés. (.47 A for SiH bond and 0.90 A for @
bond) were assigned to those cappedtéins. The MZSM-5 structure is created by the
replacement of a quadrivalent Si cation in the ten membered rinyIR)Oof the original
cluster model of the ZSN8 framework by a trivalent Al cation with the simultaneous
insertion of a monovalent metain (M* = Fe", Co', Ni*, CU", Zn*, Pd, Ag", and Au). The

BAS containing MZSM-5 structure was obtained via substituting twoeadsds quadrivalent
Si-cations in the /R of the 32 tetrahedra cluster with two trivalent Al cations, separated
by four SiQ tetrahedra units, and this model is designatedigsaccompanied by the
incorporation of M and H ionslhe structures with aluminium pairs separatecbg, two,

and three Si@tetrahedradesignated a&T, 2T, and3T, respectively, were alsmodeled In

fact, we attempted various orientations of HBs by changing the position of BAS on-the Cu
ZSM-5 cluster. We obtained that td& model has the strongest HB with adsorbed NO and
BAS with a distance of 1.904, whereas the corresponding distance8Qf2T, and1T are
2.090 A, 2.466 A, and 4.372 A respectivelye optimized geometries are depictedrigure

6.1 Thus, the orientation in which the strongest HB interaction is present, i.4.T thedel,

is selected for the present studye cluste models of MZSM-5 with and without BAS are
depicted inFigure 6.2 The complexations of NO to MSM-5 with and without BAS are
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conveniently represented in the text a?@AM) #M-ZSM-5 (or M4NO AHA And (ON}M-
ZSM-5 (or, MaNO), respectively.

Figure 6.1 Optimized geometries dfl A@M) £u-ZSM-5 complexes AT, 2T, 3T, and4T)
with different positioning of BASThe relevant bond distance is given in A.

Figure 6.2 The clustermodel of MZSM-5 used in this studya) System without BAS.h)
System with BAS4T model). In the structures, Benotes (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 B3L¥Plevel with def2
SVP*' basis set was used for geometry optimization and subsequent frequency calculations
of all the structures simulated by employing the Gaussian 16 program patkBgeing
geometry optimizations, the-8toms and the terminal-ekoms capped to Si/@oms in the
cluster model of MZSM-5 were kept fixed to maintain the confinement of the ZSM
framework. For better energy estimates, sigent calculations were additionally
performed at B3LYP and the dispersicorrected B3LYPD3 methods using the defZVP

basis set?’:1%°

Adsorption energy (g x)Was calculated using equatidag( 6.1, wherein' g 233r0 6
'ceand ' g6 mo are the energies of (OMYI-ZSM-5 (or H A@M) M-ZSM-5), NO, and
M-ZSM-5 (orM-ZSM-5 with BAS) speciesespectively.

"oxa 0aaardel ceE'moimg; (Eq. 6.1)

The optimized geometries were further utilized fprantum theory of atoms in
molecules (QTAIM) andnolecular electrostatic potential (MES&)d energy decomposition
(EDA) analysesQTAIM analysis is carried out in AIMAIl softwart® EDA is performed
using Amsterdam Density Functional (ADF) package introduced by MoroRuarad
subsequently improved by Ziegler et?8l.Relativistic adjustments based on Zero Order
Regular Approximation (ZORAY® are employed during the EDA as encodedADF
2019.105software?®® The generalized gradient approximation functional BP86 composed of
Becke exchange and Perdew correlation functiamaltilized for EDA®"25 The spin
unrestricted EDA is carried out assuming spimestricted fragments (NO and-EEM-5)
form a spinrunrestricted comple®$? As discussed in the chapter 1 based on EDA, the total
interaction energy ('JJ or total binding energy TBE) is the sum of energies of
electrostatic term’ g 3 D X O L 1Yo V¥ &htd feorbital contribution term' 4 3 {seeEq.

6.2).252
6$'L 'eoedt % E "Eao (Eq. 6.2)

Ultimately, the extended transition state (ETS) approdcim combination with the
natural orbitals for chemical valence (NOCV) theédtyhas 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 Electronicstructural features and N# stretching frequencies of MANO and M +
NO AHichmplexes

It has been noted that NO binding to a metal atom can occur either van gttttough N
terminal or Gterminal) or sideon mode?® Herein, we obtained that-dérminal endon
adsorption to MZSM-5 is the most favorable mode of NO adsorption, which agrees with
previous report$® Therefore, further discussions are based on the optimized geometries of
the Nterminal mode of NO adsorption over-EBM-5 structureslt 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 Fagihplex can have singlet, triplet, quintet, and
septet spin multiplicities. The optimized geometries of -&i8orbed complexes with
different spin multiplicities were determined for each Bpecies at the B3LYP/def2VP

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 ¥ehathe

case of (ONY¥eZSM-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 (ONYM-ZSM-5 complexes with different spin multiplicities are given in
Table 6.1 The correct spin state obtained for (QM}ZSM-5 complexes is also applicable
WR +AARZSN-5 complexes, which is verified from single point calculation performed
for different spin states at B3LYP/de®/P level of theory using optimized geometry of
most stable spin stat&éhe most stable spin states obtained in this study are consistent with
the previous theoretical studies on NO adsorption to various fAustdeéd zeolites?26:257

For instance, triplet spin state for (O¥fE-ZSM-5 using DFT methoé’® doublets for NO
adsorbed MZSM-5 complexes of Ag and Au using DFT meth8@nd also the wektudied

NO adsorbed Cu loaded zeolites have doublet spin %tsé8émilarly, the most stable spin

state obtained in this study for @O, Ni NO, Pdd®NO, and ZrdNO complexesare doublet,

singlet, singlet, and triplet, respectively.

The optimized geometries of (OMY-ZSM-5 and HA@M) #M-ZSM-5 complexes
with M = Fe, Co, Ni, CuZn, Pd, Ag, and Auonsin their most stable spin multiplicity state
are depicted ifrigure 6.3 The important geometrical parameters at the complexation sites of
the various complexes are listedTiable 6.2 It can be noted frontable 6.2that the MN
distances for theQN) #M-ZSM-5 complexes range from 1.601 to 2.166 A while ke
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bond distances range from 1.140 to 1.212 A. The bond distances predicted herein reasonably
agree with the values computed eartf®®28The calculated MN # bond anglé aVINO)

for the Fe, Co, and Ni complexes are roughly (~48%alose to 180°; while thelVINO for

the Cu, Zn, Pd, Ag, and Au complexes are about 50° to 30° lower than 180° indicating the
bent nature of the MN £ moiety. The &INO values obtained herein are consistent with
those estimated in earlier studies for NO adsorbed metal compiexe&€’:2°°%Fhe endon

linear MaNO species (as in M = Fe, Co, and Ni, vide supra) in the metal nitrosyls might have
a NO' state; while the erdn bent (angle ~ 120°) MNO segment indicates the presence of
NO Sstate?®* Moreover, the hatbent M4\ # with a bond angle of ~ 14@150° (as in M =

Cu, and Pd, noted above) is expected to be aad@al state, while an angle between 180
140°%s shown by Zn, Ag, and Au suggests an intermediate state betweéardNOradical
states’?

Table 6.1 The relative energies df1-ZSM-5 and (ON) #M-ZSM-5 complexes in their
different spin states (M = Fe, Co, Ni, Zn, and Pd).

Spin Relative Energy Spin Relative Energy
M-ZSM- N) M-ZSM-
SM5 Multiplicity (kcal/mol) (ON) SMS Multiplicity (kcal/mol)

2 29.74 1 45.88
4 0.00 3 0.00
Fe 6 3.69 FeO 5 18.81
7 38.18
1 39.81 2 0.00
Co 3 0.00 Co#NO 4 14.03
5 12.72 6 49.79
) 2 0.00 . 1 0.00
Ni 4 26.68 NI RO 3 10.44
2 0.00 1 7.04
Zn 4 120.15 Zn Ao 3 0.00
2 0.00 1 0.00
Pd 4 68.23 PdNO 3 21.03

The computed stretching frequencies of theONbond (@b) in various ON) 4M-
ZSM-5 complexes are also given irable 6.2 The lowest @ was observed for the Zn
complex (1672 cn), while the highest value was obtained for Miecomplex (2081 cr).
The experimental @ reported for FeNO, CudNO, AgaNO, and AlNO complexes are
1786 cm', 1813 cmi, 1884 cm', and 1817 cr respectively*®2632%5 the corresponding
calculated values are respectively 19301cm986 cm', 2019 cmt, and 1981 cm.
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Obviously, the calculated @o values are overestimated compared to experimental values.

Previous studies have shown that most popular DFT methods cannot egpatiguce the

experimental @ values thus, scaling factors were used theréih26” Thus, it is quite

obvious from the calculated ¥ bonddistances and stretching frequencies that considerable

N $ bond elongation occurs upon adsorption of NO to variou&3IMI-5 structures.

Table 6.2 Important structural paramet&rsN £ stretching frequencigs adsorption

energie and “Eagsof various (ONHM-ZSM-

DQG +A#ASMS5 complexes.

Bond distance (A)

Complex e ND  NOAA. "0 oy (kealmo)  (kealimo)
FeNO 1721 1172 - 17626 1930 5922
FeNOAHA, 1.734 1183 1748 17750 1887  64.49 b.27
CoNO 1689 1163 - 17379 1969  #7.94
CoMNOAHA 1703 1175 1802 169.21 1914 5153 8.59
Ni&NO  1.601 1144 - 17561 2081  88.89
Ni NOAHA, 1598 1153 1.922 17731 2036  89.68 H.79
CufO 1835 1153 -~ 14816 1986  £6.09
CufNOAA 1802 1160 1.904 156.02 1944  £6.96 D.87
Zn&NO 1891 1212 - 13127 1672 4823
ZnNOAA 1891 1215 1645 13867 1700  £7.10 B.87
PdNO 1777 1140 - 14557 2007  42.46
PANOAHA. 1.770 1.151 2006 14421 1946  40.82 1.64
AgNO 2166 1.144 - 13423 2019 4301
AgNOAA 2145 1147 2223 13696 1997  #A3.12 .11
AuNO 1977 1147 - 13328 1981  81.97
AUNOAA 1959 1.152 2176 13583 1952  81.76 021

2From the B3LYP/defZSVP level of theory
®From theB3LYP/def2TZVP//B3LYP/def2SVP level of theory.
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Figure 6.3 Optimized geometries of (ONM-ZSM-5 and HA@M) #M-ZSM-5 complexes.
The M4, N9, and HB distances are in A unit.
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The M4 bond distances listed ifiable 6.2 IRU W KON) ¢AZSI-5 complexes
range from 1.598 A to 2.145 A. It may beted that the MN distance remains the same in
E R W KOM)AAASM-5 and(ON) #1-ZSM-5 complexes of Zmetal. Table 6.2also depicts
that the N2 ERQG LV HORQJDWMNM&ZSMG cbriplexes Admbared to their
(ON) #M-ZSM-5 counterparts. Moreover, a considerable decrease#h bbnd stretching
frequencies (except for the Zn comples been noticed in ther AGNY #M-ZSM-5
complexes. Clearly, additional elongation of thexN ERQG L@N)#MAZEM-5
complexes as compared (®N)4M-ZSM-5 systems can be attributed due to the HB
formation between the BAS and N@.similar weakening of the ND bond is observed in
BAS-assisted NO adsorption on SAPO-34 studied by Uzunova using DFT methdfs.
The HB distances estimated herein fall in the range of 1.645 to 2.223 A. Further, from the HB
distances, it can be assumed that the weak HB formation occHr&(@M) #M-ZSM-5 for
Pd (HB distance = 2.006 A), Ag (2.223 A), and Au (2.176 A) while all other metals have
strong HBs (with HB distances below 2.000 A). 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 Adsorptionenergies Eady

The Eags values obtained for NO adsorption on variousZBM-5 without BAS at the
B3LYP/def2TZVP//B3LYP/def2SVP level of theory are listed imable 6.2 apparently, the
Eads fall within .3.01 to £59.22 kcal/mol. Théags obtained herein are comparable with the
Eadsfor adsorption of NO on various mefahded zeolites reported earl®é®°For instance,
the Eags calculated using the periodic DFT method (PW91) and higher gvaditio for NO
adsorption on Gipaded zeolite clusters are abag.00 kcal/moP>”2%°Similarly, anEags of
#1.8 kcal/mol for NO adsorption on 85713 (using the HSE06 method) reasonably
agrees with our predictions herénThe Eags obtained with different metals in this study

follow the order: Ag < Zn < Cu < Ag Ni < Pd< Co < Fe.

With a few exceptions, thEagsfor NO adsorption on M£SM-5 with BAS computed at
B3LYP/def2TZVP//B3LYP/def2SVP level of theory are more negative than systems
without BAS (seeTable 6.3. A comparison oEags for NO adsorptions oM-ZSM-5 with
and without BAS at the B3LYP/defPZVP//B3LYP/def2SVP level is showin Figure 6.4
$OVR ZH FRPSXWHG WKH GLIIHUBh& ks (EanpRGWIIRBAS\W LRQ HQ
Eads (complex without BAS) and given inTable 6.2 The Eags values calculated at the
B3LYP-D3/def2TZVP//IB3LYP/def2SVP level for both systems are also depicted-imure
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6.4; the corresponding values are listed able 6.3 Although Grimme's dispersion corrected
(GD3) B3LYP method gives highdiags values, the relative ordering and trends obtained in
Eads from both levels of theories are the same. It is clear framre 6.4that except for Pd
and Au metals, the NO adsorbed28M-5 with BAS possesses more stabilization than M
ZSM-5 without BAS (hence negativéEagsvaluey. In fact, this stabilization effect is minimal
for Ag metal, characterized by a weak HB (2.223 A) and a low negative vali&fes( +
0.12 kcal/mol) The weak HB formation (HB length > 2.000 A) obtained for Pd and Au in
+ A A A#ZASM-5 complexes can rationalize the slight destabilization reflected in their
positive “Eags Values. It can be recognized that the strength of HB (NO AH An the

H A@M) #-ZSM-5 complees influence the stabilization of NO complexes ofZBIM-5
with BAS. Thus,it is important to assesbe strength of thBlO AH\HB on thestabilization of

NO complexes with a simultaneous sligigakening of the NO bond.

For completeness, we present an excerpt of the re&ialisv@lues) obtained from
modeling the enan (through Gatom) and sid®n adsorptions of NO to MSM-5. The
obtainedEagsfor O-terminal attachment of NO to MSM-5 without BAS lies within a range
of $5.89 to #1.39 kcal/mol at th&3LYP/def2SVP level of theory. Theags values forFe,

Co, Ni, Cu, Zn, Pd, Ag, and Au ar#1.39, 83.18, 6.36, 16.83, 11.83, £5.89, 8.54, and
#5.56 kcal/mol, respectively)We obtained the optimized structures of complexes with the
sideon attachment of NO to the stom of MZSM-5 for only Fe, Co, Ni, Cu, and AlThe
adsorption energies obtained the B3LYP/def2SVP level for Fe, Co, Ni, Cu, and Au
systems aref£0.69, 89.55, 85.67, 47.32, andA1.34 kcal/mol, respectively. Thus, in
agreement with previous studies, the NO4efninal and sid®n binding possess fewer

stabilizations than its Xerminal adsorption to MLSM-5.138

Table 6.3 The Eags for various NO complexes d¥I-ZSM-5 in their most stable spin state
(without and with BAS) calculated at B3LYP3/def2TZVP//B3LYP/def2SVP, and
B3LYP/def2SVP levels of theories.

Eads(in kcal/mol)

Metal B3LYP-D3/def2TZVP//
B3LYP/def2SVP B3LYP/def2SVP
FedNO 63.40 64.89
FedNO AHA A 68.05 72.42
CoNO 51.37 £8.72
CoNO AHA A 55.90 $63.72
Ni NO #43.15 #49.06
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Ni &NO AHA A #4.40 £1.51

CuNO 80.14 80.94
CuNO AHA A 81.38 82.75
ZnNO 24.69 24.39
Zn NO AHA A 82.44 84.24
Pd&O #47.00 #43.92
PdNO AHA A #45.95 42.67
Ag HNO 47.37 #45.98
Ag NO AHA A #47.65 #46.68
Au NO 87.49 83.56
Au NO AHA A 86.90 83.86

Figure 6.4 Comparison of adsorption enerdyads for NO adsorption on MSM-5 with and
without BAS calculated at the B3LYP/deiZVP//B3LYP/def2SVP and B3LYPD3/def2
TZVP//IB3LYP/def2SVP levels of theory.

6.4.3 Mulliken spin density analysis

Mulliken spin densities on metal atom (M) and & N- atoms of NO for (ONYM-ZSM-5
and HA@M) M-ZSM-5 complexes obtained at the B3LYP/da@f2VP//B3LYP/def2SVP
level of theory are given imable 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 mol&ili.can be noted
from Table 6.4that the Mulliken spin densities on Fe, Co, Cu, Ag, and Au have increased
from bare MZSM-5 to (ON)#M-ZSM-5 complex.On the othehand, lower spin densities are
noted on Ni, Zn, and Pdh their (ON)4#M-ZSM-5 complexes than theibare metal
counterpartsThe spin densities on M atoms have exhibited similar trends while moving from
BAS containing\l-ZSM-5 to H A@M) #M-ZSM-5 complexes.
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The spin densities on-Bitoms of adsorbed NO in #DN) #M-ZSM-5 andH A(@M) +
M-ZSM-5 complexes are higher than that oraf®ms;concomitantly the spin densities on
N-atoms in H A@AM) #M-ZSM-5 complexes are greater than that in (@M)ZSM-5
complexes. In contrast to this, the spin densities eatoths in H AAMN) M-ZSM-5
complexes are lower than that in (OM)-ZSM-5 complexes; this is probably due to the HB
formations inH A@M) #M-ZSM-5 complexes. It may be considered that the transfer of spin
density from Gatom to Natom occurred during thBlO AHAKAB formations in all these
+ AAAM-ZSM-5 complexes. A moderate amount of spin accumulation ok has
been noticed i A@M) #M-ZSM-5 complexes with M as Fe, Co, and Zn. Interestingly, the
strongNO AHAHB formations can account for substantial stabilization of these complexes as

estimated in terms dags

Table 6.4Mulliken spin densities on metal atom (M) ofESEM-5 (with and without BAS)
and M, N, and O atoms &fO adsorbed complexewith and without BA$ calculated at the
B3LYP/def2TZVP//B3LYP/def2SVP level of theory

Without BAS With BAS
M-ZSM-5 (ON) M-ZSM-5 M-ZSM-5 + AGN) M-ZSM-5
Metal
M M N o M M N o

Fe 2.958 3.257 $.696 9.608 2.949 3.348 .842 H.564
Co 1.964 2.139 0.620 H.567 1.961 2.253 $9.762 .549

Ni 0.943 0 0 0 0.940 0 0 0
Cu 0 0.043 0585 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 0521 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 chdedecalization in NO complexes has been
traced using NBO analyst§? A comparison of NBO charges on-M\-, and Qatoms of NO
complexes oM-ZSM-5 with and without BAS is shown iRigure 6.5(the NBO results are
collected inTable 6.9. It is evident fromTable 6.5that charges on Fe, Co, and Zn in bare M
ZSM-5 have increased upon NO adsorption, while charges have dropped for Rg,(Rg

and Auatoms in (ONYM-ZSM-5 with respect to bare MSM-5. A similar trend for changes

in NBO charges on Mitoms has been noticed while moving from BAS containing3M-5
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WR +AARAZ3N-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-fBo&S
counterparts, whereas the change in charge on Ni, Cu, Pd, Ag, and Au induced by NO
adsorption in BAS containinlO complexesare slighter than their BA8ee equivalents. It
may be a reason for significant stabilization noted inBke YDOXHV R I8-ASMG 21
complexes for Fe, Co, and Zn met#(s.

Additionally, we compared the charges on &hd Gatoms of both (ONJM-ZSM-5
DQG +AMAZSM-5 complexes. We found that the charge eatbims (except for the Pd
system) became morgositive, whereas the charge ona®@ms turned out to be more
negative on moving from (ONM-ZSM- W R +A#MAZSM-5. Further, the negative
charge change on-&oms is more prominent than the development of positive charge on N
atoms. An appreciable increase in negative charge-d\@R PV L Q #-ZHAS5 2dn 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 froffigure 6.5and Table 6.5that the net charge on NO
PRLHW\ LV PRUH QH J\EIMWHcomPlexed with Be, Co, Ni, Cu, and Zn
metals than their corresponding (OM)-ZSM-5 complexes, while the charge on NO is
SRVLWLYH IRU PHWDOV 3 Q@J-ZSM-b @@plexés Tisishadain a point of
the reason for highdfagsvalues observed fofH &R 1L &X DQG =Q BMHWDOV L(
ZSM-5 complexes, and similar or lowEsgs values found for Ag, Au, and Pd imn AAA+21

M-ZSM-5 complexes as compared to their corresponding @NJSM-5 complexes.

Table 6.5NBO charges ometal atom (M) of bare M.SM-5 (with and without BAS) & on
M, N, and O of ON) #M-ZSM-5 complexes (with and without BAS)

Without BAS With BAS
Metal M-ZSM-5 (ON) #1-ZSM-5 M-ZSM-5 + AGM) M-ZSM-5
M M N O M M N 0

Fe 0.853 1.002 H.109 H.169 0.838 1.071 H.086 H.255
Co 0.865 0.890 H.042 H.137 0.853 0971 H.038 H.226
Ni 0.846 0.676 0.136 H.117 0.836 0.719 0.142 $9.187
Cu 0.896 0.805 0.053 ©.090 0.890 0.843 0.076 $9.166
Zn 0.829 1.280 0.320 H.228 0.819 1.330 6.270 H.286
Pd 0.721 0.564 0.203 .082 0.709 0.625 0.198 $9.163
Ag 0.844 0.726 0.124 ©.070 0.838 0.742 0.139 $9.112
Au 0.743 0.606 0.145 $9.043 0.737 0.652 0.148 H.107
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Figure 6.5 NBO charges on metal (M),-Nand G atoms of NO in(ON) #M-ZSM-5 and
+ AAAM-ZSM-5 systems. Rectangular bars filled with yellow, blue, and red colors

represent M, N, and O atoms, respectively.

6.4.5 Bondorder

The appraisal of NO bond strength in (ONM-ZSM-5 and + A A A #4-ZSM-5 complexes

is beneficial for understanding the#® bond activation upon adsorption. The Mayer bond
order index has been successfully used to evaluate the strengt) dfddds in many (ONj

M complexes and (ONM-zeolites?’*?"2Table 6.6reports the Mayer bond orders obtained
for M N and N of NO-complexes at thB3LYP/def2SVP level of theory.

Table 6.6Mayer Bond Order for MN and N#O Bonds in (ON¥-ZSM- D QG +A#A 21
ZSM-5 Complexes.

Mayer bond order index

Metal (ON) M-ZSM-5 + AAA $ZSM-5
M N N O VEY 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 incredserease) in the MN bond
order have occurred while moving frof®N) #M-ZSM-5 to HA@M) #M-ZSM-5. However,
the N4 bond order has reduced in ald@M) M-ZSM-5 complexes compared (@N) #-

150



ZSM-5 complexes. Thus, the BAS (in MAM) #1-ZSM-5) has a marked effect on the
bond weakening, symbolizing the hydrogen basdisted NO 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 sd°gft Herein, we calculated the MESP on
the Gatom (the HBacceptor) of NO in BAS free (ONM-ZSM-5 complex, and the results

are given inTable 6.7 The electrosrich character of the @tom is reflected in the potential

at its nucleus (denoted &g). 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 pP6fSait can be
noted that the most negative value (22.288 au) is obtained for ANO while the lower
negative @2.156 au)Vo is possessed by AHIO complex. Interestingly, the z 2 AAA +
complex has the shortest HB distanté45 A) while the longest HB distancg.p23 A)is
shown by Agtl 2 A Afhis noteworthy relation betweevio in (ON)#M-ZSM-5 and HB
GLVWDQFH WRzSNARAchmplexes for Zn and Ag metals can also be extended to
other structures, and the correlation is depictedrigure 6.6 We obtained a decent
correlation (correlation coefficient = 0.937) betweéénof (ON) #M-ZSM-5 complexes and

+% GLVWDQFH-ZSM-5 donpleReks.

Table 6.7Molecularelectrostatic potential value on oxygen atarg)(0f NO in (ON)4M-
ZSM-5and HERQG 12AAA+ GLVWDBAIKAE chrgplexdAA 21

Complex Vo (in au) 12AAA+ |
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 th&o of the (ON)M-ZSM- FRPSOH[HV DQG 12A
K\GURJHQ ERQG GLVWBZSNN do@plexésH +AAA 21

6.4.7 QTAIM analysis

The values of QTAIM parametendz. electron density (r)), ’2(r), and total electron
energy densitfH(r)) at the bond critical point (bcp) of ¥ bond in (ON¥M-ZSM-5 and

+ A A A#-ZSM-5 complexes are listed ifable 6.8 The I(r) values range from 0.5017 to
0.6104 au in (ONM-ZSM-5 complexes, while it typically falls in the range from 0.4955 to

DX LQ +#AABMSlcomplexes. Intuitively, the low range ff) noted for the

+ AAA#FZSM-5 complexes suggest that#8 bond weakening has occurred due to
12AAA+ +% ZKLFK IXUWKHU FRQ bbrdlRWakenrig carRbe/ pdR<bleV K D W
upon NO binding to MZSM-5 with BAS. The QTAIM parameters of a representative system

+ A A AFE2ZSM-5) are shown ifrigure 6.7

7KH 47%$,0 SDUDPHWHUV DW WKH % &BZBNI-5l@hpldkes +% LQ

are alsogiven in Table 6.8 In thesestructures, the computet{r) range from 0.0106 to
0.0465 au, the’?! Uvalues are between 0.0374 and 0.1532 au. Their corresparing
values lie betweer.0002 and 0.0040 au. The positivé! Uvalue and negativel(r) value
noted in Zt1 2AAA+ FRPSOH[ LQGLFDWH SDUWLDO FRYDOHQW FK
is characterized by the highekt) value (0.0465 au). On the contrary, fhesitive values of

21 UandH(r) for HB in all other complexes indicate typical closstll interactionsThe
successors of Zn in terms of hidfr) values ard-e (0.0344 au), Co (0.0294 au), Cu (0.0241
au), and Ni (0.0218 au); this array is in line with the decreasing orde€iEQE values
REWDLQHG IRU WKHYVHVFASRSOMdrebVer, folv Brivaluies found for Pd

152



(0.0177 au), Ag (0.0106 au), and Au (0.0113 a@) i+ A A AM-Z$M-5 complexes reveal a

relatively weaker HB interaction, corroborating with their anomalttigsvalues.

Table 6.8 QTAIM parameters (in au) at the BCP NffD bond in (ONYM-ZSM-5 and

+ AAAMTSM-5 complexes, as well as atV KH
+ A A A #4-ZSM-5 complexes.

%&3 RI

12AAA+

N 4 bond 12AAA+ ERQ
Metal
I(r) 21(r) H(r) I(r) 21(r) H(r)
FedNO 0.5569 HA.7312 0.9043 --- --- ---
FeNOAHA, 0.5401 4.6429 0.8573 0.0344 0.1290 0.0035
CoNO 0.5715 #4.8511 6.9608 --- --- ---
CoNOAHA. 0.5519 #.7360 .9012 0.0294 0.1142 0.0040
Ni &NO 0.6027 2.0857 #.0628 --- --- ---
Ni &NO AHA, 0.5882 .9985 41.0140 0.0218 0.0832 0.0032
CuiNO 0.5857 £.0004 #.0488 --- --- ---
CudNOAHA. 0.5735 #.9122 H4.0003 0.0241 0.0855 0.0029
Zn NO 0.5017 4.3723 0.7468 --- --- ---
ZnNO AHA, 0.4955 4.3461 0.7319 0.0465 0.1532 0.0002
PdiNO 0.6104 £2.1870 #.1097 --- --- ---
PdNOAHA, 0.5927 £.0623 H.0425 0.0177 0.0648 0.0023
Ag NO 0.5994 2.1701 #.1317 --- --- ---
Ag NO AHA 05926 £.1226 #A.1099 0.0106 0.0374 0.0009
Au NO 0.5970 £.0908 #.0878 --- --- ---
AuNOAHA 0.5863 £.0162 #A.0515 0.0113 0.0420 0.0013

K\GURJHQ

Figure 6.7 The QTAIM molecular graph of F&O AHAdomplex. The values of QTAIM
parameters at the BCP (which is shown as small green spheres on each bond path}of the N
2 ERQG DQG 12AAA+ ERQG DUH LQ DX
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6.4.8Energy 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 MSM-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 repulsiEmn.f), electrostatic Ees),

and orbital interactions=om,).2°? Results of EDA are conveniently representeéimure 6.9

and corresponding values are giveri @ble 6.9

Table 6.9Contribution of energy components (in eV) towafdE for (ON) M-ZSM-5 and
+ A A A #40-ZSM-5 complexes from EDA.

Pauli'_s Electrogtatic Orbital Total Binding Energy
Metal Repulsion, Interactions, Interactions, '
TBE
Epauii Ees Eorb

FedNO 6.44 8.45 8.81 5.82
FedNO AHA A 6.71 8.45 9.28 $.01
Co#NO 7.80 4.32 #40.24 .76
CoNO AHA / 8.96 4.98 #40.87 $.88
Ni &NO 9.01 5.24 8.66 #4.89
NiDNOAHAA  10.25 5.63 9.57 4.95
CuNO 3.24 4.93 8.28 4.97
CuNO AHA / 4.40 277 8.69 2.06
ZnNO 9.36 #4.09 6.95 4.69
Zn NO AHA £ 9.72 8.94 .89 2.12
PdNO 10.00 5.81 .40 8.21
PdNO AHA £ 10.43 5.85 .70 8.12
Ag NO 1.77 .91 2.03 4.17
Ag NO AHA / 2.19 4.31 2.05 4.17
Au NO 5.12 8.28 4.10 2.26
Au NO AHA / 5.30 8.16 #4.39 .25

It can be seen that the MABM) £0-ZSM-5 complex has the higheEBE ( $6.88 eV);
whereas the complex(es) with Ag has the IoWdE ( A.17 eV). In all the complexes, it is
observed that thBpaui component offBE is greater thartes Moreover, it is interesting to
note that, in the Ni, Zn, Pd, and Au complexes (with and without BAS), the estiFatets
greater tharkor. Therefore, Pauli's repulsion plays a significant role in lowering Bigin
these complexes. In line with tH®as values, theTBE is greater in H\@M) #M-ZSM-5
complexes (except in the case of Pd and Au complexes) than idlORFM-5 complexes.
For instance, th&BE obtained for (ON¥e-ZSM-5 and HA@M) #£eZSM-5 complexes are
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£.82 eV and#$6.01 eV, respectively; howeveFBE for the (ON)#dZSM-5 and HAG@M) +
PdZSM-5 complexes are8.21 eV and8.12 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 componerisaui, Ees, andEorn, towardsTBE for (ON) +
M-ZSM- DQG +A#ASM5 complexes. Rectangular bars filled with orange, blue,

gray, and green colors represeniui, Ees Eom, andTBE,respectively.

The NOCV analys®* permits one to draw quantitative details of the ifitegment
charge transfer profile along the interaction axis of the fragments in a complex as well as the
orbital energy contributions. Three NOCV contours (denoteti asand 3) with the largest
eigenvalueslong the bond region of M and NO derived from NOCV analysis for @IN)
ZSM-5 and HA@M) #M-ZSM-5 complexes with M = Fe, Co, Ni, Cu, Zn, Pd, Ag, and Au are
given inFigure 6.9 ,Q WKH FRQWRXUV WKH FRORU FRGH RI &7
denotes loss of electrons while blue signifies gain of electrons). The orbital energy
contributions corresponding th 2, and 3 for all complexes are consolidated Table 6.10
along with their eigenvalues. From the datarable 6.10 it can be noted that the orbital
binding energy values are negative 192, and 3 of all the complexes, and eigenvalues are
higher than 0.1. The highest contributioi@1.39 kcal/mol) for typd is associated with the
H A@M) Zn-ZSM-5 species. Typd contours shown irFigure 6.9illustrate that electrons
are shifted from M towards ® However, contour typezand3 for the HA@M) £u-ZSM-5
complex demonstrate that an outflow of charge from antibonding orbital of NO to the empty
s-orbital on copper asemonstrated previously by Kozyra et?&The outflow of charge
from antibonding orbital of NO to vacartosbital on Matom have also been noticed for
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contour type2 of Zn and Au as well as contour tyBeof Co in their (ON¥M-ZSM-5 and
H A@M) #1-ZSM-5 complexes. Inspection of all the remaining NOCV contours points at the
backdonation of charge from the metabdbital to the antibonding orbital of NO.

A close inspection of the NOCV contours ofA@M) #-ZSM-5 complexes reveals
the fact that the BAS of the zeolite (i.e., the host fragment) plays a significant role in the
intrafragment charge transfer processes. For instance, in thd tgreour of HA@M) +e-
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
NOCYV analyses have shown that systems stabilized by a HB (i%AQM) #1-ZSM-5) show
an additional N bond weakening and a predominant charge transfer character thati (ON)
M-ZSM-5 systems.

Table 6.10 Orbital Energy Contributions of three major NOCVs of (GM}ZSM-5 and
+ A A A #42-ZSM-5 complexes and their eigenvalues.

Complexes Orbital Energy Contributions (in kcal/mo Eigernvalues

1 2 3 1 2 3
FedNO #8.42 #8.38 $.30 0.98 0.54 0.24
FeNOAHA., #7.14 #9.31 #.18 1.00 0.54 0.24
CoNO 84.51 £8.64 #2.32 1.00 0.38 0.21
CoNOAA 9340 £0.85 22.77 1.00 0.36 0.25
Ni &NO 9.33 £9.01 86.90 0.51 0.45 0.25
Ni NOAHA, £3.39 £3.28 #2.96 0.53 0.44 0.28
CufNO #1.21 .10 A5.62 0.99 0.16 0.13
CuNOAA  $7.26 20.52 A5.34 0.81 0.21 0.16
ZnNO 90.07 $£6.11 0.87 0.54
ZnNOAA  #01.39 66.57 0.93 0.52
PdiNO #5.73 18.54 #10.31 0.57 0.33 0.17
Pd&O AHA #2.93 £5.01 .27 0.52 0.39 0.17
Ag NO #0.45 £0.38 0.55 0.22
AgNOAA 6941 #.16 0.90 0.14
Au NO #6.70 A1.45 #9.76 0.91 0.23 0.12
AuNOAA #7264 A5.69 24.79 0.83 0.25 0.15
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Figure 6.9 Contours of major12&99V R #M2Z5M-5 and HA@M) #M-ZSM-5

complexes.

6.5 Conclusiors

Effective NO adsorption to the metal species and syn®&d@ bond activation are prime
aspects of the metidaded zeolite mediated NO abatement approach. In thisdas&d
theoretical study, we found that the incorporatiorBo#nstedacid sites (BAS) in several
transition metaloaded ZSM5 zeolites has a marked effect on NO adsorption. It was
obtained that the HENO AHA & BAS containing NO complexviz. + A A A #-FSM-5,
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with M as Fe, Co, Ni, Cu, and Zsjgnificantly improves the N@dsorption energyEags) in
comparison withNO adsorption to BAS frem-ZSM-5. The calculatedEads values in both

BAS assisted and free complexes follow the order: Ag < Zn < Cu < Hu< Pd< Co < Fe.

The NBO analyses on MN-, and QGatoms have established that charge redistribution is
PRUH SURIRXQ GMLZAIM-bAddplexds than (ONM-ZSM-5 complexeslt is
noteworthy that the MSP on the @tom {o) of BAS free (ON)#M-ZSM-5 is a valid
theoretical descriptor ofl 2 A AHB4strength L Q + A A#1-Z5M-5 complexesas we have
obtained a good correlation betweénandHB distanceThe QTAIM-based parameter U

DW WKH ERQG FULWLFDO SRLQW RI WKESM-52cAAplexesERQ G
corroborated the differences in HB strengths associated with different metal species. The
Mayer bond order and QTAIM analyses have shown noticeat ibdond weakening in all
BAS-containing complexes. The 8 bond weakening follows the order: Ag < Pd < Au <

Ni < Cu < Co < Fe < Zn. The EDANOCYV analysis reveals that the bad#nation plays a
crucial role in activating the MD bond by increasing the electrons in the antibonding orbital

of NO. We hope that the BA&ssisted NO adsorptionAD bond activatiorcan be extended

to further model zeolite compounds.

Publication based on thishapter

Thufail M. Ismail ; PrasanthkumaiK. P.; Ebenezer, C.; Anjali, B. A.; Solomon, R; Sajith, P. K.
HydrogenBond-Assisted Adsorption of Nitric Oxide on Various Metaladed ZSM5 Zeolites.
Langmuir2022 38, 104924.0502.
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Chapter8

Recommendations
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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
surfaced! Over the past three decades, porous materials such asloaded zeolites have
been explored for lontpsting impact on applications of adsorption, diffusion, separation,
catalysis, et¢*?’*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 Brgnsted acid site (BAS) present nearby adsorbed NO on various metal
loaded ZSM5 has been investigated in Chapter 6. The weakening of #edénd due to
the hydrogen bonding interactiorl @ A A éfadsorbed NO with BAS is observed therein.
Thus, this intendsto investigate the role of BAS in NO decomposition reaction. The
mechanistic pathways of NO decomposition reaction oveilo@ded zeolites are well
explored?>”2"™ Accordingly, it is anticipated to design a-Z$M-5 catalyst with the proper
positioning of BAS in the proximity of adsorbed NO on thecgater and investigate the role
of BAS in the NO decomposition. The mechanism showrSameme 7.lis generally
observed for catalytic direct decomposition of NO overl@uled zeolited” based on this
scheme, the mechanistic pathway for the NO decomposition reaction oveprBséhted

metatloaded zeolites can be proposed.

Scheme 7.1Proposed mechanism for catalytic direct decomposition of NO ovédodtied

zeolite?”
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