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A B S T R A C T

The inter-fragment interactions at various binding sites and the overall cluster stability of quinolone (QNOL),
cinnoline (CNOL), quinazoline (QNAZ), and quinoxaline (QNOX) complexes with H2O were studied using the
density functional theory (DFT) approach. The adsorption and H-bond binding energies, and the energy
decomposition mechanism was considered to determine the relative stabilization status of the studied clusters.
Scanning tunneling microscopy (STM), natural bonding orbitals (NBO) and charge decomposition were studied to
expose the electronic distribution and interaction between fragments. The feasibility of formations of the various
complexes were also studied by considering their thermodynamic properties. Results from adsorption studies
confirmed the actual adsorption of H2O molecules on the various binding sites studied, with QNOX clusters
exhibiting the best adsorptions. Charge decomposition analysis (CDA) revealed significant charge transfer from
substrate to H2O fragment in most complexes, except in QNOL, CNOL and QNAZ clusters with H2O at binding
position 4, where much charges are back-donated to substrate. The O—H inter-fragment bonds was discovered to
be stronger than counterpart N—H bonds in the complexes, whilst polarity indices confirmed N—H as more polar
covalent than O—H bonds. Thermodynamic considerations revealed that the formation process of all studied
complexes are endothermic (þve ΔHf) and non-spontaneous (þve ΔGf).
1. Introduction

The agrochemical, pharmaceutical, corrosion and vertinary in-
dustries are few of the vast application fields for heterocyclic com-
pounds (HCs) [1, 2, 3, 4]. In other to expand the domain of consumption
of heterocyclic compounds and its derivatives, much energy have been
channeled into the development [2], synthesis [2, 3, 4, 5, 6, 7, 8, 9, 10,
11, 12] and interaction studies of these compounds [13, 14, 15] in
various solvent systems. Many important organic-based chemical in-
dustries utilizes HCs as their feedstock, for special and multipurpose
chemicals manufacture. They have been used in corrosion inhibitor
products [10], developers, sanitizers [3], etc. It is also noteworthy that
many enzymes and living tissues contain HCs in their backbone [1].
Heterocyclic compounds are cyclic compounds having at least two
kinds of atoms in its ring skeleton (mostly carbon and non-metals like
Nitrogen, Sulphur, Oxygen, etc.). HCs are classified as aromatic or
non-aromatic, depending on the electronic composition of the rings [1].
i), louismuzong@gmail.com (H. L

18 May 2021; Accepted 6 July 2
evier Ltd. This is an open access a
Aromatic HCs must obey the general Huckels rule, which states that any
aromatic compound must have 4n þ 2 amount of π electrons in its ring
system, examples are furan, pyridine, thiophene, quinoline, etc. The
non-aromatic heterocycles are those that don't exhibit the aromatic ring
structure, e.g., tetrahydrofuran, thiirane, thietane, etc. Quinoline, cin-
noline, quinazoline and quinoxaline are aromatic HCs of nitrogen [1,
16, 17, 18]. They are generally obtained structurally by doping naph-
thalene with nitrogen atom(s). A mono doping of naphthalene with N at
position 1 yields a quinolone molecule [19, 20]. While cinnoline, qui-
nazoline and quinoxaline are derived via di-doping of naphthalene with
N atoms at positions 1 and 2, 1 and 3, and 1 and 4, respectively [21, 22,
23, 24]. The inclusion of N atoms in the backbone of naphthalene
chemically alters the electronic make-up, hence the emergence of new
properties of interest.

Diazanaphthalenes are building blocks for many medical and struc-
tural valuable chemicals. Some quinoline and cinnoline derivatives for
instance are recently explored in the medical industry, many are under
ouis).
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clinical test for their antifungal, antimalarial, anti-inflammatory, anal-
gesic, antitumor, etc., activities [25, 26, 27, 28].

The density functional theory (DFT) method of analysis, which ex-
poses the electronic compositions, hence properties, is an important
approach to the study of interacting molecules in conjugate systems [29],
unlike when molecules interact, adhesive bonds are formed. So, for an
appreciable understanding of the system, the nature and energies of the
interaction bonds, and the charge transfers are required [30]. Also the
thermodynamic properties (ΔH, ΔS and ΔG) of the process is demanded
[31].

Relevant DFT works have been conducted on the activities of quin-
oline and other heterocycle derivatives [32, 33]; derivatives of quinoline
tested as anti-tuberculosis agents showed positive results, pending
in-vitro and in-vivo confirmation test [32]. Also, the anti-corrosion
properties of some heterocycles are reported [34, 35]. In decision mak-
ing of the applicability of molecules in a specific field, the interaction
properties of the molecule and intended system composition is crucial.
Hence, the aqueous chemistry of valuable active materials is imperative.
Several DFT researches have been reported on the interactions of H2O
with cluster systems [36, 37, 38, 39, 40, 41].

Understanding the aqueous chemistry of quinoline and the dia-
zanaphthalenes will further explain their pharmacodynamics and phar-
macokinetics in biological systems [42, 43]. Those of their derivatives
can also be predicted considering the groups accommodated. This cur-
rent study will expose in details, the adsorption properties of quinolone
and some selected diazanaphthalene compounds (cinnoline, quinazoline
and quinoxaline), which will be achieved through a systematic merge of
H2O molecule on different binding sites on the activated ring of the
pseudo-naphthalene compounds, to form a complex. The hydrogen bond
characteristics are discussed in detail, the adsorption energies, signifi-
cance and applicability are also exhaustively treated. Furthermore, the
thermodynamics of formation of the substrate þ H2O complexes are
studied. The various studied complexes are titled in Table 1., for easy
discussion and reference.

2. Computational methods

For the fragment-fragment interaction studies of various titled com-
plexes of water with quinoline and some selected di-azanaphthalene
moieties, the Gaussian 09 software [44] coupled with Gauss-view
interface was employed for the ground state optimizations, frequency
calculations, natural bonding orbitals (NBO) analysis and surfaces and
contour plotting, employing the DFT/B3LYP method and 631-G (d) basis
set [45]. The basis set; 631-G(d) is relatively good for energy de-
terminations, a heavy atom polarization term, d, was included to improve
the energy output for large atoms [45]. H2O molecule and the various
adsorption substrates were optimized individually, after which H2O was
coupled on different positions of each substrate for optimization,
observing the basic chemistry demand for the interactions of electro-
negative and electropositive terminals of molecules. Gaussian output files
were booted on Multiwfn program [46] for topology analysis, Charge
decomposition analysis (CDA), Density of State (DOS) plots, Simulating
Scanning Tunneling Microscopy (STM) imaging, energy index (EI) and
bond polarity index (BPI) analyses. While the intermolecular binding or
adsorption energy (BE or AE) calculations, energy decomposition anal-
ysis (EDA), natural bonding orbital (NBO) analysis and thermodynamic
studies were carried out on the Gaussian 09 software. The amount of
energy required to disengage water molecules from the respective com-
plexes is known as the adsorption energy [47]. The adsorption energies
of water molecule on the various studied substrates were obtained
through ground state energy determination of the various optimized
complexes, and their corresponding fragments (H2O and quinolone or
di-azanaphthalenes) on Gaussian. Calculated energies was transformed
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to BE using the traditional expression for adsorption energy, as indicated
in Eq. (1).

B.E ¼ E(substrate) þ E(H2O) – E(complex) (1)

Where E(substrate), E(H2O) and E(complex) are the energies of the substrate,
water molecule and complex respectively. For a fair understanding of the
energy decomposition between specific fragments of the various molec-
ular clusters, we employed the EDA method based on classical forcefield
(EDA-FF). The B3LYP/631-G (d) optimized clusters were disintegrated
into its corresponding fragments, which were loaded into Multiwfn
program for EDA-FF analysis. The total interaction energy (Etot), elec-
trostatic interaction (Eels), exchange repulsion (Eex) and orbital interac-
tion (Eorb) terms obtained for the substrates, H2O and corresponding
complexes as defined in Eqs. (2), (3), (4), and (5), were used to explain
the interactions.

ΔEtot ¼ Ecomplex - ΣEfragment (2)

ΔEtot ¼ ΔEels þ ΔEex þ ΔEorb (3)

ΔEorb ¼ ΔESCF_last – ΔESCF_1st (4)

ΔEels þ ΔEex ¼ ΔEtot – ΔEorb (5)

Where ΔESCF_last and ΔESCF_1st are the self-consistent field (SCF) en-
ergies for the last and first cycles respectively, of the SCF procedure as
obtained [48]. In order to understand the donor-acceptor interactions of
the fragments in the complexes, CDA was carried out. Intermolecular
interactions in our current study are all N—H and O—H in nature, and for
each case N and O atoms employ their lone pair of electrons in interacting
with the unoccupied orbitals of H atom. The next transfer of electron
density from fragment 1 (substrate) to 2 (H2O) is obtainable from
extended CDA [49]. Topology analysis (through Atom in molecules
(AIM) analysis) were carried out on Multiwfn program, in other to un-
derstand the hydrogen bonds formed between fragments in the com-
plexes. Hydrogen bond B.E were calculated from the electron densities
(ρ) of critical points (CPs) of the various intermolecular H-bonds, using
Eq. (6), peculiar for neutral H-bond. CP properties were used to calculate
Shannon aromacity of the rings.

H-Bond B.E ¼ -223.08 � ρ(rBCP) þ 0.7423 (6)

Where ρ and B.E are obtained in a.u. and kcal/mol respectively [50].
The polarity on the intermolecular bonds between the two fragments

was studied by determining the bond polarity index (BPI) and energy
index (EI) of the bonds. Energy index of reference and fragment atoms of
the binding sites of fragments groups were obtained from Multiwfn
program. While the BPI were obtained using Eq. (7).

BPI ¼ (EIfrag1 – EIfrag1
ref ) – (EIfrag2 – EIfrag2

ref ) (7)

Where EIfrag1, EIfrag1ref , EIfrag2 and EIfrag2ref are the energy indices for
fragment 1, fragment 1 reference, fragment 2 and fragment 2 reference,
respectively [51]. The thermodynamic properties; Enthalpy and Gibbs
free energy of formation of the various complexes were considered in this
study. This was carried out through frequency calculations on the com-
plexes, substrate and H2O, using B3LYP/631-G(d) method. ϵ0 (total
electron energy), ϵZPE (zero-point energy), Etot (thermal energy), Hcorr
(thermal enthalpy) and Gcorr (thermal free energy) terms are obtained
from the Gaussian outputs for H2O, complexes and corresponding
substrates.

Hcorr ¼ Etot þ KBT (8)

Where KB and T are Boltzman constant and temperature respectively,

Gcorr ¼ Hcorr – TStot (9)



Table 1. Structures, compositions, position of attachment and titles of various complexes studied with DFT/3BLYP method and 631 G (d) subset.

S/N Optimized structures Composition/interaction position Title

1 Quinoline þ H2O (1) QNOL1

2 Quinoline þ H2O (2) QNOL2

3 Quinoline þ H2O (3) QNOL3

4 Quinoline þ H2O (4) QNOL4

5 Cinnoline þ H2O (2) CNOL2

6 Cinnoline þ H2O (3) CNOL3

7 Cinnoline þ H2O (4) CNOL4

8 Quinazoline þ H2O (2) QNAZ2

9 Quinazoline þ H2O (3) QNAZ3

10 Quinazoline þ H2O (4) QNAZ4

11 Quinoxaline þ H2O (2) QNOX2

(continued on next page)
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Table 1 (continued )

S/N Optimized structures Composition/interaction position Title

12 Quinoxaline þ H2O (3) QNOX3

13 Quinoxaline þ H2O (4) QNOX4

N/B→ Binding site position numbers starts with the first N atom on ring 1, and proceeds in a clockwise direction.
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Where Stot is the total entropy of the system, which is defined in Eq. (10)
below.

Stot ¼ St þ Sr þ Sv þ Se (10)

Where St, Sr, Sv and Se are the translational, rotational, vibrational and
electronic entropy contributions.

The enthalpies and Gibbs free energies of formation of the various
titled clusters were obtained using Eqs. (11), (12), and (13). Where cal-
culations were performed at STP (T ¼ 298K; P ¼ 1 atm)

Δf H
0 (298K) ¼ [ΣΔf H

0
products(298K) - ΣΔf H

0
reactants(298K)]� 627.5095 (11)

The constant 627.5095 is a factor to covert energy from Hartree to
kcal/mol. But from the electronic and thermal energy, which are
obtainable from the Gaussian 09 calculations, one can easily determine
the Δf H0 for the clusters.

Δf H
0 (298K) ¼ [Σ(ϵ0 þ Hcorr)products – Σ(ϵ0 þ Hcorr)reactants]� 627.5095 (12)

Δf G
0 (298K) ¼ [Σ(ϵ0 þ Gcorr)products – Σ(ϵ0 þ Gcorr)reactants]� 627.5095 (13)

Eqs. (8), (9), (10), (11), (12), and (13) was adopted from the reports
from Ochterski in 2000 [52,53].

Natural bonding orbital (NBO) analysis was carried out on Gaussian
09, in order to study the orbital interactions leading to complex stabili-
zation. Interaction with significant energy contributions are considered
and interpreted. The electrostatic potential (ESP) and STM plots was
done on Gaussview software and Multiwfn program respectively, using
total electron distribution.
Table 2. Adsorption energies, energy decomposition terms from energies of clusters, su
G (d) basis.

Clusters Adsorption energy (EV) Total energy term
ΔE (TOT) KCAL/MOL

QNOL1 -3.66 -9.73

QNOL2 -3.71 -8.53

QNOL3 -3.95 -2.95

QNOL4 -3.91 -3.77

CNOL2 -3.81 -8.66

CNOL3 -3.81 -8.72

CNOL4 -3.99 -4.45

QNAZ2 -3.85 -7.66

QNAZ3 -3.83 -8.09

QNAZ4 -3.98 -4.52

QNOX2 -3.98 -7.66

QNOX3 -3.98 -7.66

QNOX4 -3.93 -9.04

The figures in bold are significant in the discussion, so they were segregated for easy
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3. Results and discussion

3.1. Adsorption energy studies

Adsorption energy or binding energy of a complex is defined as the
amount of energy required to dissociate the complex into its basic com-
ponents, this is equal the magnitude of energy required to bind the com-
ponents [54]. The intermolecular binding energy was analyzed to expose
details of grip strength, bond strength and relative stability of the com-
plexes. Positive values of adsorption energy imply that there is desorption,
while negative values are indicative of adsorption. The adsorption energies
as reported in Table 2., were calculated using Eq. (1), from the individual
energy values of the clusters and components, obtained from single point
energy calculations of the DFT/B3LYP optimized structures.

From the adsorption energies in Table 2., where negative BE values
was obtained for all studied complexes, one can infer that there was an
overall adsorption of H2O molecules on the various substrates at all
binding sites. Relatively, the diazanaphthalene-H2O complexes are more
chemically held together than the various quinoline-H2O complexes,
owing to the less negative values of BE for quinoline based complexes.
Highest BE value of -3.99 eV is recorded for CNOL4, which implies that
water molecule is strongly adsorbed at position 4 of cinnoline. This is
predicted to be due to the formation of a di-hydrogen bonding between O
atom of water molecule and two H atoms of cinnoline, as can be visu-
alized on the CNOL4 structure in Table 1. Best overall binding is
noticeable for quinoxaline þ H2O (QNOX) clusters, with B.E < -3.90 eV
for all studied binding sites, as can be visualized in Figure 1.
bstrates and H2O of various complexes studied with DFT/3BLYP method and 631

Polarization term
ΔE(ORB) KCAL/MOL

Steric
term
ΔE(ELS)þΔE(EX) KCAL/MOL

-159.89 150.16

-160.39 151.86

-162.02 159.07

-161.14 157.38

-148.47 139.81

-148.47 139.74

-145.96 141.50

-145.08 137.42

-145.52 137.42

-144.76 140.25

-143.20 135.54

-143.26 135.60

-143.20 134.16

visualizing.



Figure 1. Plots of Adsorption energies for the various interactions positions in QNOL, CNOL, QNAZ and QNOX studied with DFT/B3LYP method and 631-G (d)
basis set.
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3.2. Energy decomposition studies

EDA was carried out in order to understand the extent of interactions
between adsorbed H2O molecules and the various substrates. The total
interaction energy term (ΔE(tot)) explains the amount of energy existing
between two fragments, with which one can understand the linkage
chemistry [55, 56]. Orbital interaction energy term (ΔE(orb)), also known
as the polarization term is used to determine the level of orbital in-
teractions between the molecular orbitals (MOs) of the fragment, which
stabilizes the adduct. Also, the sum of the electrostatic and
exchange-repulsion energy terms (ΔE(els)þ ΔE(ex)) defines the level of
steric hindrance around the interaction sites of clusters. This hindrance is
as a result of the arrangement of the vicinal groups ([N or C] and their
substituents) to the binding sites. The ΔE(tot), ΔE(orb), and ΔE(els)þ ΔE(ex)
for the various complexes at B3LYP/631-G (d) are reported in Table 2.
From the ΔE(tot) values in Kcal/mol as reported in Table 2., it is evident
that QNOL1 (-9.73), CNOL2 (-8.66), CNOL3 (-8.72), QNAZ3 (-8.09),
QNOX2 (-7.66), QNOX3 (-7.66) and QNOX4 (-9.04), where dual inter-
action bonds of N—H and O—H are confirmed to exist between H2O and
Figure 2. PDOS, TDOS and OPDOS Plots for (a) QNOL2, (b) CNOL2, (c) QNAZ2
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substrate, exhibited good interactions, hence are classified to be rela-
tively stable clusters. A relatively weak dual interaction where the oxy-
gen atom of H2O form intermolecular bonds with two hydrogens of the
substrate is evident in QNAZ4 (-4.52). This weakness in dual bond is
expected because it is a projection from the oxygen of H2O to two
hydrogen atoms of the substrate, exhibiting a lower electron density.
Very weak interaction energies were obtained for QNOL3, QNOL4,
CNOL4 and QNAZ4. Overall, the high ΔE(tot) values of quinoxaline-H2O
clusters indicates that the complexes are more stable. Better stabilization
is predicted CNOL2, CNOL3 and QNAZ3 in their various groups, owing to
their higher ΔE(orb) values, although the differences recorded for the
different clusters aren't obvious. High ΔE(els)þ ΔE(ex) are observed for
CNOL4, QNAZ4 and QNOX3 clusters, this is interpreted to represent a
high steric hindrance around their binding sites.

3.3. Density of state (DOS) analysis

The partial, total and overlap population density of states (PDOS,
TDOS and OPDOS) were plotted for all cluster interactions to understand
and (d) QNOX2 studied with DFT/B3LYP method and 631-G (d) basis set.
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the orbital compositions of the different MOs in the complexes [57]. The
PDOS, TDOS and OPDOS plots for QNOL2, CNOL2, QNAZ2 and QNOX2
(representative of their various groups) are presented in Figure 2 for a
comparative study of the various substrates. The complexes are split into
fragments of interest, so as to visualize the contributions of the various
groups in the studied complex. The Nitrogen atoms contribution is rep-
resented with orange curve, H2O with pink, and the heterocyclic ring
with blue curve.

One can visualize from Figure 2., that for QNOL2, CNOL2, QNAZ2
and QNOX3, ring 1 (blue) and N atoms (orange) correspond to the PDOS
curve (green), hence the heterocyclic ring and nitrogen groups contribute
largely to the stability of the clusters. Negative value for PDOS is indic-
ative of antibonding interaction at the corresponding MO. This implies
that CNOL2 and QNOX2 exhibits antibonding characters at their HOMO
levels, which arises from the inadequate overlap of MOs. All clusters
discussed experienced antibonding properties at LUMO, as visualized
from the polarity of PDOS curve at this point. The effect of the hetero-
cyclic ring is maximum between -12.77— -9.77 eV for all studied com-
plexes, this implies that the aromatic ring has its highest contribution to
the MOs within this range. It is evident that H2O molecular orbital
contribution is highest at HOMO for all complexes, as can be visualized
from its high curve at HOMO levels.
3.4. Scanning tunneling microscopy (STM)

STM technique is employed in imaging chemical systems at their
atomic level, it is directly related with the electronic composition of the
chemical system. STM plot is a special tool in understanding the
tunneling current (I) distribution around molecules. Tunneling current is
directly proportional to local density of state (LDOS) [58]. In visualizing
STM diagrams, the bright white coloration indicates regions with high
LDOS, hence strong tunneling current. In this study, the STM plots for
QNOL2, CNOL2, QNAZ2 and QNOX2 (representative of their various
groups) are presented in Figure 3.

A high tunneling current is observable around the C atoms of Ring 2
of QNOL2, QNAZ2 and QNOX2 (Figure 3), as can be inferred from the
Figure 3. STM images of (a) QNOL2, (b) CNOL2, (c) QNAZ2 and (d)
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bright white coloration around these regions. Mild distribution of I
around C–N bonds in the various complexes is visible, except for CNOL2,
where a bright white surface is concentrated on the N atoms. It is evident
that tunneling current (I), hence electron density and LDOS is highly
concentrated on the N heteroatoms of CNOL2 complex. Much similarity
is confirmed for the electronic distribution of I around complex mole-
cules in QNOL, QNAZ and QNOX, but CNOL.
3.5. Charge decomposition studies

Charge decomposition analysis (CDA) and extended CDA are carried
out to understand the mechanism of charge transfer between H2O frag-
ment and substrates in the various studied complexes to obtain charge
equilibrium [59]. The studied interactions in the project are basically
N—H and O—H in nature, where N and O uses their lone pair of electrons
to interact with the unoccupied orbital of H. Extended CDA is used to
determine the net transfer of electrons from substrate to H2O in the
complex [49]. ECDA excludes the electronic contributions from polari-
zation effect (PL) making it a better approach than the general ECDA. The
ECDA results for all studied clusters are presented in Table 3. The sub-
strates are defined as fragment 1, and H2O moiety as fragment 2 for the
various ECDA determinations (Figure 4).

From Table 3., the net amount of electrons transferred to fragment 2 is
deduced by subtracting the electron density back-donated from fragment
2 to 1 (CT 2→1) from the amount donated from fragment 1 to 2 (CT
1→2). Overall, there is net electron transfer from fragment 2 to 1 in
QNOL3, QNOL4, CNOL4 and QNAZ4, as depicted in the negative values
of net electron obtained. This is because the O atom in H2O was used in
binding for these complexes. The other complexes exhibited a net elec-
tron transfer from fragment 1 to 2, which is traced to the N→H binding
that took place in many clusters studied. It is worthy to note that the
QNOL2 (0.0369) exhibit the highest net electron transfer from substrate
to H2O. Also, appreciable π-back donation properties are predicted for
QNOL3, QNOL4, CNOL4 and QNAZ4, owing to their high net electron
transfer from fragment 2→1, which is as a result of depleted overlap
region between the two fragments in such systems [59]. This observation
QNOX2 studied with DFT/B3LYP method and 631-G (d) basis set.



Figure 4. Plots of Electron Obtained by Fragment 2 (H2O) from CDA for the
various interactions positions in QNOL, CNOL, QNAZ and QNOX studied with
DFT/B3LYP method and 631-G (d) basis set.

Table 3. Net electron transfer between fragments from ECDA for clusters studied with DFT/3BLYP method and 631 G (d) basis.

Cluster Net Electron Transfer Frag 1→2 Net Electron Transfer Frag 2→1 Net Electrons Obtained by Frag 2

QNOL1 0.0762 0.0492 0.0270

QNOL2 0.0677 0.0308 0.0369

QNOL3 0.0023 0.0384 -0.0361

QNOL4 0.0030 0.0414 -0.0385

CNOL2 0.0607 0.0323 0.0284

CNOL3 0.0608 0.0323 0.0285

CNOL4 0.0031 0.0437 -0.0405

QNAZ2 0.0626 0.0305 0.0321

QNAZ3 0.0562 0.0292 0.0270

QNAZ4 0.0033 0.0470 -0.0437

QNOX2 0.0612 0.0328 0.0284

QNOX3 0.0635 0.0351 0.0284

QNOX4 0.0601 0.0317 0.0284

The figures in bold are significant in the discussion, so they were segregated for easy visualizing.
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can be visualized clearly in Figure 5. Orbital interaction diagrams
(Figure 5.) were plotted for QNOL2, CNOL2, QNAZ2 and QNOX2, in
other to visualize the mixing of fragments orbitals as the complexes are
obtained.

The fragment orbitals of fragment 1 (substrate) are aligned to the left,
fragment 2 (H2O) to the right and cluster orbitals at the middle. Linking
(red lines) connects fragment orbitals (FOS) with electron composition
higher than 10% [59, 60]. Substrate FOs 16, 17 and 18 are linked with
complex orbitals (COs) 18, 19 and 20 respectively in QNOL2, CNOL2,
QNAZ2 and QNOX2, which implies that FOs 16, 17 and 18 are unper-
turbed during the formation of the respective complexes. They are π in
nature, hence cannot partake in σ-type donor-acceptor interactions be-
tween complex fragments. The interactions of FOs of H2O with the COs as
shown in Figure 5., are equivalent in QNAZ2 and QNOX2, were FOs 3 and
4 of H2O are linked with COs 33 and 35 respectively.
3.6. Electrostatic potential (ESP) studies

The electrostatic potential (ESP) images were plotted in order to
visualize the electron density distribution around the atoms in the
complexes. The ESP surface plots are colored from red through green to
blue. Red regions represent areas with high presence of electrons, which
are characterized with negative values for isosurfaces, while blue depicts
deficiency in electron density (positive isosurface values are recorded for
such surfaces) [61]. Isosurface plots for all studied clusters are presented
7

in Figure 6. From the isosurfaces in Figure 6 it is visible that high electron
density is located around the N and O atoms, this corresponds to their
electron pulling capacity as highly electronegative atoms. An appreciable
amount of electrons is visible around the aromatic ring core for all
studied clusters, this is inferred from the light green to dark red colora-
tions around the rings. Hydrogen atoms are surrounded by deep blue
colorations, which is indicative of deficiency in electron density, which
results from the highly distorted bonding electron distribution in
hydrogen to electronegative groups. This is evident for H on aromatic
rings and on oxygen, the blue surfaces represent regions where electrons
are depleted. Areas around the oxygen of H2O fragment exhibited the
highest isosurface values in all studied clusters.
3.7. Topology studies

The individual hydrogen bonding systems at the various binding
sites are studies using atoms in molecule (AIM) basins approach [62].
All properties measured are dependent on the critical point (CP), which
is considered as a point of reference in topology studies. The CP is a
point between two neighboring atoms, which defines a bond or inter-
action found along the connection axis, it is located along the path of an
existing or none-existing bond [62]. It was observed that during
adsorption of H2O on the various studied substrates, one or two
Hydrogen bonds are formed between the fragments. In each case,
distinct H-bonds are treated in other to fully understand their individual
contributions to the stability of the clusters obtained. Hydrogen bond
length, electron densities and binding energies are calculated for every
hydrogen bond CP identified, these are reported in Table 4. In exten-
sion, the shannon aromaticity (SA) of the rings of studied complexes
were measured, adopting the reports of Noorizadeh and Shakerzadeh in
2010 [63,64], the results are reported in Table 5., in the supporting
information. Shannon aromaticity is relative; a reason it was employed
in our study. From the figures reported on Table 5., QNAZ2 exhibited
the highest aromaticity (SA ¼ 0.0745), representing a good stabiliza-
tion around the ring structure of the substrate fragment. It is observed
that QNOX4 (with SA ¼ 0.00192) is the most aromatic in its group, this
supports the claim that position 4 of QNOX is the most suitable for H2O
adsorption. Relatively low aromaticity is shown by all QNOL com-
plexes, but QNOL (with SA ¼ 0.00198), hence H2O adsorption on po-
sition 1 stabilized the aromatic rings of QNOL.

3.7.1. Hydrogen bond length
From the measured bond length in Angstrom (Å) reported in

Table 4., it is evident that N—H bonds are shorter than O—H bonds in
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the various studied clusters. CNOL1 and CNOL2 exhibited the shortest
N—H bond in this study, this implies that if we consider all H2O frag-
ments binding on the substrates, CNOL1 and CNOL2 are more com-
pacted at N sites. O—H bonds are perceived to naturally be longer than
other counterparts [65].

3.7.2. Hydrogen bond binding energy
The H-bond B.E were calculated from the electron density values

determined for various CPs, employing Eq. (6). They are presented in
Table 4., as obtained in Kcal/mol. It is conspicuous that O—H in-
teractions are stronger than N—H, inferable from their relative binding
energies, despite the supposed contradictions from the bond length
values. Hence, bond strength is not only dependent on the length but
also on the electronic composition of the bonding atoms. With a closer
at Table 4., one can observe a high deal of stabilizing binding energies
for the O—H interactions in QNOL4 (-181.13 kcal/mol), CNOL2
(-200.12 kcal/mol), CNOL3 (-199.76 kcal/mol), CNOL4 (-189.46 kcal/
mol), QNAZ4 (-176.65 kcal/mol), QNOX2 (-193.09 kcal/mol) and
QNOX3 (-192.72 kcal/mol). These binding energies are crucial com-
ponents of the overall cluster stabilization energies (a reason for the
high cluster B.E for CNOL4 and QNAZ4 as observed from the adsorption
energy study).
Figure 5. Orbital interaction diagrams from CDA for the various interactions position
(d) basis set.
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3.8. Energy index (EI) and bond polarity index (BPI)

Energy index is a useful tool in the description of the nature of elec-
tron sharing between atoms in a covalent system. Traditionally, electrons
are shared equally between bonding atoms in nonpolar covalent bond,
while polar covalent bond involves a distorted electron distribution
density. On the other hand, bond polarity index (BPI) explains the po-
larity of a bond [66]. BPI was analyzed to ascertain hydrogen bond po-
larity between fragments in the various studied clusters. To calculate the
BPI for N—H and O—H bonds in substrate þ H2O complexes, the
reference EI values of N and H atoms for each substrate was initially
calculated, and O and H atoms in H2O molecule. The BPI were determine
by invoking Eq. (7)., and the results are presented in Table 6. The EI of
the various references and fragments in clusters are reported in Table 7.

As can be seen from the BPI values for the various inter-fragment
bond in Table 6., highly negative BPI are derived for N—H intermolec-
ular linkages, which implies that they are more polar, so can be relatively
classified as polar covalent bonds. This is due to distortion in the electron
distribution along the binding part in such clusters. QNOL1, QNOL2,
CNOL2, CNOL3, QNAZ3 and QNOX4 with bond polarity indices; -0.11,
-0.014, -0.069, -0.074 and -0.09 respectively are appreciably polar at
binding sites. Hence, they are predicted to be more soluble in aqueous
s in QNOL, CNOL, QNAZ and QNOX studied with DFT/B3LYP method and 631-G
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systems. O—H linkages are less polar to N—H bonds in our studied
clusters. This is due to the extended system (C–H—O–H), where electrons
are more evenly distributed than C¼N—H–O for N adsorption sites.

3.9. Thermodynamics considerations

Thermodynamics studies the relationship between work and heat
energy, as both changes on the course of a chemical reaction [67]. In
other to understand the feasibility of the formations and stabilities of the
studied clusters, we considered the enthalpies (ΔH) and Gibbs free en-
ergies (ΔG) of formation. The Gibbs free energy; a function of enthalpy
change (ΔH), entropy change (ΔS), and temperature, explains the
spontaneity of a chemical reactions [52]. The total electron energy (ϵ0),
zero-point energy (ϵzpe), thermal energy (Etot), total entropy (Stot) thermal
enthalpy (Hcorr), and thermal free energy (Gcorr) terms required from
Gaussian 09 output, in the calculations of ΔHf and ΔGf of the various
complexes were calculated. All thermodynamic calculations are done at
Figure 6. ESP Isosurface plots for all Clusters studied
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298.15K and 1atm, considering one mole of complex, by applying Eqs.
(8), (9), (10), (11), (12), and (13). The thermodynamics parameters of all
studied fragments were calculated with DFT/B3LYP method at 631-G (d)
basis, the ΔHf of water at STP is calculated to be -76.384 eV at this level.

Positive ΔHf values are obtained for all studied clusters (Table 8),
which is interpreted as endothermic, this implies that heat is absorbed
from the surrounding during their formation process. It is notable that
QNOL, CNOL, QNAZ and QNOX interacts with H2O molecules by
absorbing a deal of energy from the surroundings, hence a cooling effect
is felt when they are solvated. The change in enthalpy for the formation
of QNOX4 (þ59.17 kcal/mol) is the least for the studied binding sites in
QNOX, hence binding at position 4 of QNOX absorbs the least amount of
energy. CNOL4 formation is accompanied with the highest energy ab-
sorption, this is explained by its high ΔHf value (62.85 kcal/mol).

The calculated ΔGf values for all complexes at 298.15K and 1atm, as
can be seen in Table 8., are positive, this is an implication that the for-
mation process of all the studied complexes are nonspontaneous in
with DFT/B3LYP method and 631-G (d) basis set.



Table 4.Measured H-bond lengths, H-bond electron densities, and H-bond binding energy from AIMs analysis of all clusters studied with DFT/B3LYPmethod and 631-G
(d) basis set.

Clusters Identified
H-bonds

CPS number Bond length (Å) Density (A.U) H-Bond B.E (KCAL/MOL)

QNOL1 O18 – H13 26 2.42 0.12 -26.23

N16 – H19 34 1.98 0.30 -65.36

QNOL2 N17 – H20 26 1.98 0.29 -64.02

QNOL3 O18 – H7 32 2.39 0.13 -28.15

QNOL4 O18 – H8 27 2.49 0.82 -181.13

O18 – H6 36 2.55 0.10 -21.70

CNOL2 N16 – H19 28 2.01 0.27 -60.43

O17 – H14 38 2.58 0.90 -200.12

CNOL3 O17 – H14 25 2.58 0.90 -199.76

N16 – H19 35 2.00 0.27 -60.58

CNOL4 O17 – H7 26 2.44 0.85 -189.46

O17 – H9 35 2.54 0.11 -23.48

QNAZ2 N15 – H19 29 2.01 0.27 -60.02

QNAZ3 O17 – H16 26 2.64 0.80 -178.61

N14 – H19 36 2.06 0.24 -53.51

QNAZ4 O17 – H7 25 2.50 0.80 -176.65

O17 – H9 34 2.57 0.11 -22.79

QNOX2 O14 – H18 28 2.61 0.27 -58.82

N13 – H16 34 2.01 0.87 -193.09

QNOX3 N16 – H18 25 2.02 0.27 -58.71

O17 – H14 29 2.61 0.87 -192.76

QNOX4 O14 – H8 22 2.41 0.12 -26.63

N19 – HI6 32 2.01 0.28 -60.74

The figures in bold are significant in the discussion, so they were segregated for easy visualizing.
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nature. Hence a given amount of energy is required to propel the various
reactions leading to our studied clusters. It is evident that ΔS is negative,
due to the positive values obtained for ΔGf and ΔHf (eqn 9) respectively.
In comparison, the formation of QNOX4 is an easier process than of other
QNOX complexes, because of its lower ΔGf value (þ67.89 kcal/mol) in
the group. CNOL4 is more difficult to obtained, comparing the ΔGf value
(þ68.33), which is the highest for CNOL complexes. Hence, binding of
H2O molecule are position 4 of CNOL is more difficult, although, it gives
the most stable complex (as discovered from B.E studies). It is visible
from ΔGf values in Table 8., that QNOL þ H2O are the easiest to obtain,
they exhibited a comparably low ΔGf values.
Table 5.Measured Shannon aromaticity indices from AIMs analysis of all clusters
studied with DFT/B3LYP method and 631-G (d) basis set.

Clusters Shannon aromaticity

QNOL1 0.00198

QNOL2 0.00138

QNOL3 0.00153

QNOL4 0.00154

CNOL2 0.00422

CNOL3 0.00421

CNOL4 0.00411

QNAZ2 0.07454

QNAZ3 0.00216

QNAZ4 0.00221

QNOX2 0.00188

QNOX3 0.00188

QNOX4 0.00192

N/B; Shannon aromaticity is relative.
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3.10. Natural bonding orbitals (NBO) analysis

The stabilization energies (second perturbation energies) of the
interacting NBOs of the studied complexes with significant energies are
considered in this research [68, 69]. It was inferred from the Shannon
aromaticity studies that the presence on N atoms in the aromatic ring
backbone improved the overall aromaticity of the studied complexes,
where QNOLþH2O clusters exhibited lower aromaticity, hence less stable
rings. Very important interactions are expected from the bonding orbitals
of N atoms with other orbitals to attain more stability for complexes. The
second perturbation energies of the natural bonding orbitals of the studied
Table 6. Calculated BPI values for various intermolecular bonds of all clusters
studied with DFT/B3LYP method and 631-G (d) basis set.

Clusters Bond type rEF1—rEF2 BPI

QNOL1 N—H -0.110

QNOL2 H—O -0.014

QNOL3 H—O 0.055

QNOL4 H—O 0.065

CNOL2 N—H -0.069

CNOL3 H—O -0.011

CNOL4 H—O 0.072

QNAZ2 H—O 0.076

QNAZ3 N—H -0.074

QNAZ4 H—O 0.067

QNOX2 H—O -0.0003

QNOX3 H—O -0.0003

QNOX4 N—H -0.090

The figures in bold are significant in the discussion, so they were segregated for
easy visualizing.



Table 7. Calculated fragment and reference EI and BPI values for various intermolecular bonds of all clusters studied with DFT/B3LYP method and 631-G (d) basis set.

Clusters Bond type REF1-REF2 EI of binding site on REF1 EI of binding site on REF2 EI of binding sites on FRAG1 EI of binding site on FRAG2 BPI

QNOL1 N–H -0.5 -0.605 -0.542 -0.537043 -0.11012

QNOL2 H–O -0.48 -0.534 -0.465 -0.500291 -0.0135

QNOL3 H–O -0.49 -0.534 -0.461 -0.554698 0.054805

QNOL4 H–O -0.5 -0.534 -0.458 -0.560775 0.065366

CNOL2 N–H -0.53 -0.605 -0.54 -0.542198 -0.06919

CNOL3 H–O -0.5 -0.534 -0.477 -0.50337 -0.01098

CNOL4 H–O -0.51 -0.534 -0.471 -0.567065 0.072141

QNAZ2 H–O -0.57 -0.534 -0.469 -0.505136 0.076012

QNAZ3 N–H -0.52 -0.605 -0.545 -0.55447 -0.07363

QNAZ4 H–O -0.5 -0.534 -0.466 -0.562777 0.067252

QNOX2 H–O -0.5 -0.534 -0.478 -0.51091 -0.00026

QNOX3 H–O -0.5 -0.534 -0.478 -0.510929 -0.00026

QNOX4 N–H -0.53 -0.605 -0.56 -0.54952 -0.09003

N/B; Fragment 1 ¼ Substrate (QNOL, CNOL, QNAZ and QNOX).
Fragment 2 ¼ H2O.
EI of Ref1 ¼ EI of N or H atoms in substrate as applicable, depended on binding site.
EI of Ref2 ¼ EI of O or H atoms in H2O as applicable.

Table 8. Change in enthalpies (ΔHf) and Gibbs free energies (ΔGf) of formation
from Gaussian 09 calculations at 298.15K and 1atm for all clusters studied with
DFT/B3LYP method and 631-G (d) basis set.

Clusters ΔHF (KCAL/MOL) ΔGF (KCAL/MOL)

QNOL1 55.81 64.60

QNOL2 56.99 65.38

QNOL3 61.90 66.75

QNOL4 60.61 66.99

CNOL2 59.09 67.55

CNOL3 59.09 67.55

CNOL4 62.85 68.33

QNAZ2 60.31 68.61

QNAZ3 59.84 68.21

QNAZ4 63.01 69.35

QNOX2 60.31 68.65

QNOX3 60.31 68.64

QNOX4 59.17 67.89

The figures in bold are significant in the discussion, so they were segregated for
easy visualizing.
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complexes are presented in Table 9 n→σ* and n→π* donor acceptor
resonance interactions of heteroatoms leads to stability. This type of
interaction is evident in for all studied complexes; e.g. nC3→π*C1–C2
(49.96 kcal/mol)/π*C10–C13 (54.43 kcal/mol) nN15→σ*C3–C4 (10.34
kcal/mol) in CNOL2 and nC4→π*C5–C6 (48.69 kcal/mol)/
π*N13–C17 (60.81 kcal/mol) in QNOX2, nC4→π*C5–C6 (49.44
kcal/mol)/π*C11–N15 (59.18 kcal/mol) in QNOX3 and nC3→π*C1–C2
(Kcal/mol)/π*C11–N19 (Kcal/mol) in QNOX4 are good stabilizing in-
teractions with significant energies of stabilization. Other very important
second order perturbations are the π→n* and π→π* types, they correspond
to the hyper-conjugative interactions of the aromatic rings. Our utmost
interest is in those involving N atoms of the ring; πN15-N16→n*C4 (28.99
kcal/mol)/π*C10–C13 (16.25 kcal/mol) in CNOL2, πN15-N16→n* C4
(29.00 kcal/mol)/π*C10–C13 (16.26 kcal/mol) in CNOL3,
πN15-N16→π*C3–C4 (15.18 kcal/mol)/π*C10–C13 (16.21 kcal/mol) in
CNOL4, πC13-N15→n*C4 (43.16 kcal/mol)/π*C10–N16 (8.97 kcal/mol)
in QNAZ2, πN11-C12→n*C4 (43.53 kcal/mol)/π*N14–C15 (Kcal/mol) in
QNAZ3, πN13-C17→n*C4 (39.07 kcal/mol)/π*C11–N19 (14.82 kcal/-
mol) in QNOX2 and πN13-C17→n C4 (39.43 kcal/mol)/π*C11–N19
11
(16.73 kcal/mol) in QNOX4 are necessary interactions which contribute
to the stabilization of the studied complexes. No orbital interaction with
significant stabilization energy was observed involving H2O fragment
orbitals nor fragment bonding orbitals, hence the inter-fragment in-
teractions are generally weak. This claim agrees with the thermodynamic
results of the studied complexes; All formation processes are endothermic
(requires high deal of energy to proceed) and nonspontaneous (due to
large ΔG values).

4. Conclusion

The inter-fragment chemistry and stability studies of complexes of
quinoline, cinnoline, quinazoline and quinoxaline with H2O was ach-
ieved in this work. We discovered that H2O molecules are adsorbed on
the various studied binding sites of substrates, although no much in-
teractions are recorded between the fragments. From thermodynamic
studies, we observed that the formation of the studied complexes at
STP are significantly endothermic and nonspontaneous, with the
complex of cinnoline with H2O at position 4 being more stable.
Generally, the formation of quinoxaline þ H2O complexes are more
easily obtainable and are also fairly stable. Appreciable tunneling
current (I) is concentrated on the N atoms of CNOL, as revealed by
visualized STM images, while much similarities exist for QNOL, QNAZ
and QNOX, where I are distributed about the aromatic C atoms. We
also observed from the visualized ESP diagrams of the studied com-
plexes that electron densities are concentrated around N and O atoms
of the complexes, implying that they are relatively more electronega-
tive than other groups in the clusters. The N—H inter-fragment link-
ages were found to be highly polar covalent in nature from bond
polarity index studies, while electronic distribution around O—H inter-
fragment bonds are very even, making them less polar. From CDA
results, a net charge transfers from fragment 1 (substrate) to fragment
2 (H2O) (CT 1→2) was revealed for most complexes, except QNAZ4,
CNOL4, QNOL4 and QNOL2, where CT 2→1 is exhibited. The second
perturbation energies result of the various interacting NBOs exposed
very important n→σ*, n→π*, π→n* and π→π* types of interaction be-
tween natural orbitals around the cluster structures, contributing to
total stabilization energies. Though, no significant inter-fragment sta-
bilization interactions occurred between NBOs of fragments. We
conclude that the formation of clusters of H2O on quinoline, cinnoline,
quinazoline and quinoxaline is possible but non-spontaneous, but little
aqueous chemistry is predictable.



Table 9. Results from the second order perturbation theory analysis performed with Gaussian 09 for all clusters studied with DFT/B3LYP method and 631-G (d) basis
set.

Donor Occupancy Acceptor Occupancy E (2) Kcal/mol E(j)-E(i) a.u. F (j.i) a.u.

QNOL1

πC1 - C2 1.72237 π*C3 – C4 0.45392 14.45 0.29 0.061

π*C5 – N16 0.31039 25.11 0.27 0.075

πC3 - C4 1.52055 π*C1 – C2 0.23661 18.47 0.27 0.067

π*C5 – N16 0.31039 14.61 0.25 0.056

π*C9 – C12 0.24845 16.13 0.28 0.064

π*C10 – C11 0.23232 14.53 0.29 0.062

πC5 - N16 1.80242 π*C1 – C2 0.23661 10.84 0.34 0.055

π* C3 – C4 0.45392 18.70 0.34 0.076

πC9 - C12 1.74010 π*C3 – C4 0.45392 16.55 0.28 0.064

π*C10 – C11 0.23232 16.58 0.30 0.063

πC10 - C11 1.72058 π* C3 – C4 0.45392 17.85 0.28 0.066

π*C9 – C12 0.24845 17.90 0.29 0.065

π*C3 – C4 0.45392 π*C9 – C12 0.24845 238.20 0.01 0.077

π*C10 – C11 0.23232 151.54 0.02 0.079

π*C5 – N16 0.31039 π*C1 – C2 0.23661 114.62 0.02 0.082

π*C3 – C4 0.45392 135.33 0.02 0.074

QNOL2

πC1 – C2 1.73957 LP (1) C3 1.00879 40.26 0.15 0.087

π*C5 – C6 0.24062 17.12 0.30 0.064

πC5 – C6 1.72983 LP* (1) C4 0.96601 43.15 0.15 0.088

π*C1 – C2 0.24823 17.42 0.29 0.064

πC10 – C14 1.72280 LP (1) C3 1.00879 37.16 0.16 0.086

π*C13 – N17 0.30197 24.96 0.28 0.075

πC13 – N17 1.79733 LP* (1) C4 0.96601 40.26 0.20 0.101

π*C10 – C14 0.23279 10.87 0.34 0.054

LP (1) C3 1.00879 π*C1 – C2 0.24823 54.35 0.15 0.100

π*C10 – C14 0.23279 59.05 0.14 0.102

LP* (1) C4 0.96601 π*C5 – C6 0.24062 50.77 0.15 0.011

π*C13 – N17 0.30197 56.74 0.12 0.093

π*C13 – N17 0.30197 π*C10 – C14 0.23279 125.39 0.02 0.082

QNOL3

πC1 – C2 1.72094 π*C3 – C4 0.45327 15.05 0.29 0.062

π*C5 – N16 0.29651 24.00 0.28 0.073

πC3 – C4 1.52242 π*C1 – C2 0.23081 17.70 0.27 0.066

π*C5 – N16 0.29651 14.45 0.26 0.057

π*C9 – C12 0.25240 16.63 0.28 0.064

π*C10 – C11 0.24246 15.26 0.28 0.062

πC5 – N16 1.79061 π*C1 – C2 0.23081 11.58 0.33 0.056

π*C3 – C4 0.45327 19.48 0.33 0.076

πC9 – C12 1.74418 π*C3 – C4 0.45327 16.14 0.29 0.064

π*C10 – C11 0.24246 16.96 0.30 0.064

πC10 – C11 1.73408 π*C3 – C4 0.45327 16.94 0.28 0.065

π*C9 – C12 0.25240 17.66 0.29 0.064

σC12 – H15 1.98272 σ*C3 – C9 0.02223 4.11 1.07 0.059

LP (1) N16 1.92371 σ*C1 – C5 0.02872 10.52 0.87 0.087

σ*C3 – C4 0.04271 10.58 0.87 0.086

π*C3 – C4 0.45327 π*C10 – C11 0.24246 248.07 0.01 0.079

π*C5 – N16 0.29651 π*C1 – C2 0.23081 131.35 0.02 0.081

π*C3 – C4 0.45327 219.29 0.01 0.079

QNOL4

πC1 – C2 1.72537 π*C3 – C4 0.45197 14.38 0.29 0.061

π*C5 – N16 0.29624 24.27 0.28 0.074

σC1 – H7 1.98253 σ*C5 – N16 0.01143 4.06 1.11 0.060

πC3 – C4 1.52284 π*C1 – C2 0.23405 18.14 0.27 0.067

π*C5 – N16 0.29624 14.42 0.26 0.057

π*C9 – C12 0.24665 16.47 0.28 0.064

π*C10 – C11 0.24492 15.21 0.28 0.062

(continued on next page)
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Table 9 (continued )

Donor Occupancy Acceptor Occupancy E (2) Kcal/mol E(j)-E(i) a.u. F (j.i) a.u.

πC5 – N16 1.79140 π*C1 – C2 0.23405 11.39 0.33 0.055

π*C3 – C4 0.45197 19.41 0.33 0.076

πC9 – C12 1.73835 π*C3 – C4 0.45197 16.11 0.28 0.064

π*C10 – C11 0.24492 17.49 0.29 0.064

πC10 – C11 1.73596 π*C3 – C4 0.45197 16.99 0.23 0.065

π*C9 – C12 0.24665 17.13 0.29 0.064

LP (1) N16 1.92350 σ*C1 – C5 0.02899 10.54 0.87 0.086

σ*C3 – C4 0.04244 10.50 0.87 0.086

π*C5 – N16 0.29624 π*C1 – C2 0.23405 142.15 0.02 0.080

π*C3 – C4 0.45197 197.30 0.01 0.075

CNOL2

πC1 – C2 1.73877 LP (1) C3 0.97922 42.49 0.15 0.089

πC1 – C2 1.73877 π*C5 – C6 0.21735 15.68 0.30 0.062

σC2 – H9 1.98148 σ*C3 – C4 0.04221 4.22 1.06 0.060

πC5 – C6 1.73199 LP* (1) C4 0.97587 41.56 0.15 0.086

π*C1 – C2 0.22920 17.76 0.29 0.065

σH7 – C10 1.98116 σ*C13 – N16 0.03000 4.53 1.03 0.061

πC10 – C13 1.67309 LP (1) C3 0.97922 45.81 0.15 0.091

π*N15 – N16 0.39966 23.30 0.24 0.068

σC13 – H14 1.97964 π*N15 – N16 0.39966 5.48 1.03 0.067

πN15 – N16 1.80908 LP* (1) C4 0.97587 28.99 0.22 0.092

π*C10 – C13 0.23329 16.25 0.37 0.070

LP (1) C3 0.97922 π*C1 – C2 0.22920 49.96 0.15 0.098

π*C10 – C13 0.23329 54.43 0.14 0.101

LP* (1) C4 0.97587 π*C5 – C6 0.21735 48.61 0.15 0.099

π*N15 – N16 0.39966 112.98 0.09 0.107

LP (1) N15 1.93896 σ*C3 – C4 0.04221 10.34 0.89 0.086

π*C13 – N16 0.03000 10.33 0.86 0.085

LP (1) N16 1.91904 σ*C4 – N15 0.03336 10.17 0.86 0.084

π*N15 – N16 0.39966 π*C10 – C13 0.23329 45.45 0.06 0.080

CNOL3

πC1 – C2 1.73879 LP (1) C3 0.97921 42.49 0.15 0.089

π*C5 – C6 0.21731 15.68 0.30 0.062

σC1 – H8 1.98247 σ*C2 – C3 0.02297 4.19 1.07 0.060

πC5 – C6 1.73202 LP* (1) C4 0.97585 41.56 0.15 0.086

π*C1 – C2 0.22915 17.76 0.29 0.065

πC10 – C13 1.73202 LP (1) C3 0.97921 45.83 0.15 0.091

π*N15 – N16 0.39981 23.31 0.24 0.068

πN15 – N16 1.80902 LP* (1) C4 0.97585 29.00 0.22 0.092

π*C10 – C13 0.23338 16.26 0.37 0.070

LP (1) C3 0.97921 π*C1 – C2 0.22915 49.95 0.15 0.098

π*C10 – C13 0.23338 54.45 0.14 0.101

LP* (1) C4 0.97585 π*C5 – C6 0.21731 48.60 0.15 0.099

π*N15 – N16 0.39981 113.06 0.09 0.107

LP (1) N15 1.93896 σ*C3 – C4 0.04221 10.34 0.89 0.086

σ*C13 – N16 0.03000 10.32 0.86 0.085

LP (1) N16 1.91896 σ*C4 – N15 0.03335 10.17 0.86 0.084

π*N15 – N16 0.39981 π*C10 – C13 0.23338 45.47 0.06 0.080

CNOL4

πC1 – C2 1.73816 π*C3 – C4 0.45387 16.88 0.29 0.065

π*C5 – C6 0.22457 16.30 0.30 0.063

σC1 – H8 1.98280 σ*C2 – C3 0.02301 4.12 1.07 0.059

σC2 – H9 1.98057 σ*C3 – C4 0.04209 4.29 1.06 0.060

πC3 – C4 1.50306 π*C1 – C2 0.22824 14.76 0.28 0.062

π*C5 – C6 0.22457 14.88 0.28 0.062

π*C10 – C13 0.23666 16.62 0.28 0.065

π*N15 – N16 0.38100 23.33 0.23 0.067

πC5 – C6 1.73793 π*C1 – C2 0.22824 17.28 0.29 0.064

π*C3 – C4 0.45387 16.33 0.28 0.064

(continued on next page)
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Table 9 (continued )

Donor Occupancy Acceptor Occupancy E (2) Kcal/mol E(j)-E(i) a.u. F (j.i) a.u.

πC10 – C13 1.68207 π*C3 – C4 0.45387 16.38 0.29 0.064

π*N15 – N16 0.38100 23.54 0.25 0.069

πN15 – N16 1.80166 π*C3 – C4 0.45387 15.18 0.35 0.070

π*C10 – C13 0.23666 16.21 0.36 0.069

LP (1) N15 1.94001 σ*C3 – C4 0.04209 10.40 0.89 0.086

σ*C13 – N16 0.02945 10.07 0.86 0.084

LP (1) N16 1.94235 σ*C4 – N15 0.03511 10.54 0.85 0.085

π*C3 – C4 0.45387 π*C5 – C6 0.22457 224.61 0.01 0.078

π*N15 – N16 0.38100 π*C3 – C4 0.45387 76.02 0.04 0.081

π*C10 – C13 0.23666 50.37 0.05 0.080

QNAZ2

πC1 – C2 1.73107 LP (1) C3 1.02311 40.84 0.15 0.087

π*C5 – C6 0.23261 17.59 0.30 0.065

σC1 – H8 1.98256 σ*C2 – C3 0.02248 4.05 1.07 0.059

σC1 – H9 1.97508 σ*C3 – C4 0.04072 4.31 1.06 0.061

πC5 – C6 LP* (1) C4 0.94559 46.20 0.14 0.089

π*C1 – C2 0.23865 16.64 0.29 0.063

πC10 – N16 1.72004 LP (1) C3 1.02311 23.05 0.19 0.076

π*C13 – N15 0.27606 29.38 0.32 0.087

πC13 – N15 1.79101 LP* (1) C4 0.94559 43.16 0.20 0.104

π*C10 – N16 0.26562 8.97 0.32 0.049

LP (1) C3 1.02311 π*C1 – C2 0.23865 54.20 0.15 0.101

π*C10 – N16 0.26562 79.51 0.13 0.111

LP* (1) 4 0.94559 π*C5 – C6 0.23261 48.50 0.15 0.099

π*C13 – N15 0.27606 49.94 0.12 0.090

LP (1) N15 1.90080 σ*C13 – N16 0.03394 12.30 0.85 0.093

LP (1) N16 1.92323 σ*C3 – C10 0.03426 10.60 0.88 0.087

σ*C13 – N15 0.01123 11.62 0.91 0.093

QNAZ3

πC1 – C2 1.73081 LP (1) C3 1.02277 40.79 0.15 0.087

π*C5 – C6 0.23039 17.49 0.30 0.065

σC2 – H8 1.98148 σ*C3 – C4 0.04245 4.33 1.06 0.061

πC5 – C6 1.71924 LP* (1) C4 0.94422 45.72 0.15 0.089

π*C1 – C2 0.23718 16.68 0.29 0.063

πN11 – C12 1.98980 LP* (1) C4 0.94422 43.53 0.20 0.103

π*N14 – C15 0.27897 9.46 0.31 0.049

πN14 – C15 1.77511 LP (1) C3 1.02277 21.59 0.20 0.075

π*N11 – C12 0.26636 27.91 0.33 0.086

LP (1) C3 1.02277 π*C1 – C2 0.23718 53.99 0.15 0.101

π*N14 – C15 0.27897 86.29 0.12 0.113

LP* (1) C4 0.94422 π*C5 – C6 0.23039 48.41 0.15 0.099

π*N11 – C12 0.26636 50.44 0.13 0.091

LP (1) N11 1.91819 σ*C3 – C4 0.02258 10.23 0.87 0.085

σ*C12 – N14 0.03826 13.51 0.83 0.096

LP (1) N14 1.90903 σ*C3 – C15 0.03272 9.62 0.89 0.084

σ*N11 – C12 0.02411 10.84 0.92 0.091

σ*O17 – H19 1.99824 9.20 0.85 0.080

QNAZ4

πC1 – C2 1.72813 π*C3 – C4 0.44611 16.16 0.28 0.063

π*C5 – C6 0.23643 17.99 0.29 0.065

σC2 – H9 1.98056 σ*C3 – C4 0.04195 4.41 1.06 0.061

πC3 – C4 1.52256 π*C1 – C2 0.23591 16.69 0.28 0.065

π*C5 – C6 0.23643 13.99 0.28 0.060

π*C10 – N16 0.26875 25.36 0.26 0.076

π*C13 – N15 0.27018 12.49 0.26 0.054

πC5 – C6 1.72548 π*C1 – C2 0.23591 16.33 0.29 0.062

π*C3 – C4 0.44611 18.42 0.28 0.067

πC10 – N16 1.76831 π*C3 – C4 0.44611 9.67 0.33 0.054

π*C13 – N15 0.27018 28.27 0.32 0.086

(continued on next page)
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Table 9 (continued )

Donor Occupancy Acceptor Occupancy E (2) Kcal/mol E(j)-E(i) a.u. F (j.i) a.u.

πC13 – N15 1.78563 π*C3 – C4 0.44611 20.70 0.33 0.079

π*C10 – N16 0.01144 9.43 0.32 0.050

LP (1) N15 1.91942 σ*C3 – C4 0.04195 10.11 0.88 0.085

σ*C13 – N16 0.03669 13.43 0.83 0.095

LP (1) N16 1.92572 σ*C3 – C10 0.03407 10.42 0.88 0.086

σ*C13 – N15 0.02601 11.45 0.92 0.093

π*C3 – C4 0.04195 π*C1 – C2 0.23591 234.45 0.01 0.077

π*C5 – C6 0.23643 247.84 0.01 0.079

π*C10 – N16 0.26875 π*C3 – C4 0.44611 213.43 0.01 0.081

π*C13 – N15 0.27018 π*C3 – C4 0.44611 225.26 0.01 0.074

QNOX2

πC1 – C2 1.72706 LP (1) C3 0.97636 44.14 0.14 0.088

π*C5 – C6 0.23909 17.35 0.29 0.064

σC2 – H8 1.98041 σ*C3 – C4 0.04996 4.34 1.04 0.060

πC5 – C6 1.72873 LP* (1) C4 0.97411 44.91 0.14 0.088

π*C1 – C2 0.23546 16.85 0.30 0.064

σC11 – H12 1.98225 σ*C3 – N19 0.02212 5.08 1.03 0.065

πC11 – N19 1.77335 LP (1) C3 0.97636 39.76 0.20 0.100

π*N13 – C17 0.27948 16.64 0.31 0.065

πN13 – C17 1.78621 LP* (1) C4 0.97411 39.07 0.20 0.100

π*C11 – N19 0.26772 14.82 0.32 0.063

LP (1) C3 0.97636 π*C1 – C2 0.23546 49.46 0.15 0.100

π*C11 – N19 0.26772 59.17 0.12 0.096

LP* (1) C4 0.97411 π*C5 – C6 0.23909 49.47 0.15 0.100

π*N13 – C17 0.27948 59.19 0.12 0.094

LP (1) N13 1.90854 σ*C3 – C4 0.04996 9.48 0.88 0.082

LP (1) N19 1.92659 σ*C3 – C4 0.04996 10.12 0.87 0.084

σ*C11 – C17 0.03855 10.14 0.87 0.085

QNOX3

πC1 – C2 1.72877 LP* (1) C3 0.97413 44.91 0.14 0.088

π*C5 – C6 0.23539 16.84 0.30 0.064

σC2 – H8 1.98054 σ*C3 – C4 0.04996 4.34 1.04 0.060

πC5 – C6 1.72711 LP (1) C4 0.97635 44.13 0.14 0.088

π*C1 – C2 0.23901 17.35 0.29 0.064

πC11 – N15 1.77333 LP (1) C4 0.97635 39.77 0.20 0.100

π*C12 – N16 0.27955 16.64 0.31 0.065

πC12 – N16 1.78619 LP* (1) C3 0.97413 39.06 0.20 0.100

π*C11 – N15 0.26778 14.83 0.32 0.063

LP* (1) C3 0.97413 π*C1 – C2 0.23901 49.44 0.15 0.100

π*C12 – N16 0.27955 59.21 0.12 0.094

LP (1) 4 0.97635 π*C5 – C6 0.23539 49.44 0.15 0.100

π*C11 – N15 0.26778 59.18 0.12 0.096

LP (1) N15 1.92660 σ*C3 – C4 0.04996 10.12 0.87 0.084

σ*C11 – H12 0.03854 10.14 0.87 0.085

QNOX4

πC1 – C2 1.71899 LP* (1) C3 0.97467 46.54 0.14 0.088

π*C5 – C6 0.01314 17.34 0.29 0.064

σC1 – H7 1.98254 σ*C2 – C3 0.02416 4.06 1.07 0.059

πC5 – C6 1.72734 LP (1) C4 0.97492 44.90 0.14 0.088

π*C1 – C2 0.22984 16.73 0.30 0.064

πC11 – N19 1.79101 LP* (1) C3 0.97467 37.45 0.20 0.100

π*N13 – C17 0.27222 14.81 0.33 0.063

πN13 – C17 1.77284 LP (1) C4 0.97492 39.43 0.20 0.100

π*C11 – N19 0.29012 16.73 0.31 0.065

LP* (1) C3 0.97467 π*C1 – C2 0.22984 47.54 0.16 0.100

π*C11 – N19 0.29012 62.59 0.11 0.095

LP (1) C4 0.97492 π*C5 – C6 0.01314 48.69 0.15 0.099

π*N13 – C17 0.27222 60.81 0.12 0.097

LP (1) N13 1.92617 σ*C3 – C4 0.04970 10.11 0.87 0.084

σ*C11 – C17 0.03812 10.19 0.87 0.085
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