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ABSTRACT

ARTICLE INFO

A charge transfer complex (CTC) is created through the interaction
between a donor molecule and an acceptor molecule. This research
explores density functional theory (DFT) investigations, focusing on the
molecular structures, electronic properties, and spectroscopic analyses of
CTCs formed by the interaction of 1-naphthol and 2-naphthol with 1,3-
dinitrobenzene. These complexes have not been synthesized; this study
will aid in future experimental work. The study employs the B3LYP/6-
311G(d,p) method to explore aspects like conformational analysis of
naphthols, energy gaps between rotamers, molecular structures, electronic
distributions, electric moments, thermodynamic parameters, frontier
molecular orbitals (FMOs), molecular electrostatic maps, optical
characteristics, UV-Vis, and IR spectroscopy analysis of CTCs in the gas
phase. The conformational analysis of naphthols identified two rotamers,
syn and anti, for both 1-naphthol and 2-naphthol. The energy gaps
between these rotamers are small (-1.58 and 0.67 kcal/mol), allowing
rapid interconversion at room temperature. Gas-phase optimized
structures show only minor changes in bond angles, with very small
variations. For both complexes, the naphthol bonding framework remains
largely unchanged, though slight adjustments near the OH group occur
(an OH-NO2 hydrogen-bond interaction is suggested by an ~0.003 A
elongation in certain distances). The acceptor fragment shows more
pronounced changes, with a 0.007 A increase in rNO and a =0.005 A
decrease in rCN, consistent with hydrogen-bond formation. Dihedral
angles in the OH and NO2 regions (3-28 degrees) are particularly
notable. UV-Vis analysis reveals new charge-transfer bands at 638 nm
and 603 nm in the CT complexes, indicating electronic transitions. IR
analysis shows 99 vibrational frequencies for the complexes, with band
shifts linked to CT interactions. Thermodynamically, the interaction
energy, enthalpy, entropy, and Gibbs free energy suggest limited stability
and a non-spontaneous, exothermic formation. The interaction energies (-
0.293 and -1.359 kcal/mol) imply only weak donor-acceptor coupling,
consistent with CT complexes formed by weak intermolecular forces.
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Introduction

The chemical literature has documented many investigations into charge-transfer
complexes (CTCs). CT interaction occurs when the charge moves from the donor to the
acceptor, a concept proposed by Mulliken and further examined by Foster [1]. It is
challenging to optimize and synthesize the CTC with intermolecular hydrogen bonds and
exchange charges between donor and acceptor [2]. The color development in this intricate
structure changes based on the acceptor's LUMO and the donor's HOMO interaction, which
absorbs radiation in the visible range [3]. According to Pauling, this is an outstanding
illustration of hydrogen bonding [4]. Atkins provided evidence for the existence of the
dipole-dipole force in the complex. CTC is widely utilized in various aspects of human life
because it possesses multiple biological and physicochemical resources. The CTCs have been
used in numerous non-linear optical (NLO) materials [5-7], photocatalysts [8], electrical
conductors [9], semiconductors [10], chemo-sensors [11], medicine [12], and various
biological applications [13]. They are also employed for enzyme catalysis, insecticide
purposes, antibacterial ion transfer, DNA-binding, and antifungal activities across lipophilic

membranes [14].

A study on computational methods investigated the formation of CTCs between 1-
hydroxypyrene and aromatic amino acids (phenylalanine, tyrosine, and tryptophan) when
subjected to light in both gas and water [15]. DFT was employed to optimize the geometries
of these CTCs using the xB97XD/6-311++G (d, p) theoretical framework. TD-DFT was used
to analyze the electronic transitions of molecules based on the ground-state geometries
obtained from xB97XD/6-311++G (d, p) at B3LYP/6-311++G (d, p) and CAM-B3LYP/6-
311++G (d, p) levels. The creation of CTCs involving 2-amino-4-methoxy-6-

methylpyrimidine, 2-amino-4-chloro-6-methylpyrimidine, and 2-amino-4,6-
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dimethylpyrimidine as donors, along with chloranilic acid as the acceptor, was examined
through spectrophotometric and conductometric techniques [16]. The absorption spectra in
the solution were examined for CTCs created by 2,3-dichloro-5,6-dicyano-p-benzoquinone,
p-acetotoluidide, acetanilide, biphenyl, and naphthalene. A spectral analysis of these
substances was performed, and the ionization potential was compared with the donor [17].
The interaction between 8-hydroxyquinoline and 1,4-benzoquinone has been investigated in
both solution and solid states. IR spectroscopy indicates that a CT interaction between these
donors and acceptors occurs via n—n*/n—n* transitions, leading to the formation of radical
ion pairs [18]. A straightforward and highly sensitive method for quantitatively detecting 4-
aminobenzoic acid is described. The technique relies on the interaction of 4-aminobenzoic
acid acting as an electron donor with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone serving as

an acceptor, resulting in a brightly colored complex at a 1:1 ratio [19].

Charge-transfer assemblies, formed through donor—acceptor interactions, have found
widespread use across electronics, optics, sensing, and catalysis. Unlike many assemblies that
rely on covalent bonding, CTCs are driven by diverse intermolecular forces—primarily
electrostatic interactions and charge transfer—that promote orderly packing. Their nanowire
morphologies have important implications for next-generation organic electronic and
optoelectronic devices, where they can serve as nanoscale channel materials. The two-
component nature of CTCs yields unique, tunable physicochemical properties that are hard to
achieve in single-component systems. Advantages of CTCs include scalable processing, low
weight, reduced cost, and better compatibility with flexible platforms compared to inorganic
alternatives. The emergence of these new states, distinct yet linked to the parent molecules,
enables the tuning of electronic properties to span a spectrum of charge-transport behaviors,

ranging from semiconducting to conducting and even superconducting regimes [20-23].
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Ciprofloxacin (CIP) is widely used to treat a range of bacterial infections. Recent work has
suggested potential anticancer properties, prompting broader exploration of its
pharmacological effects. In solution, CIP forms a strong 1:1 complex with the acceptor,
accompanied by a characteristic color change that provides initial evidence of charge-transfer
complex (CTC) formation. The in vitro toxicity of this complex was evaluated with the MTT
assay on a human carcinoma cell line, and the LD50 values were determined. Hematological
and biochemical analyses were performed on blood samples, liver tissues were collected for
further study [24].

Naphthols (1-naphthol and 2-naphthol) are essential intermediates, extensively employed
in the manufacture and synthesis of dyes, synthetic rubbers, pesticides, and pharmaceutical
industries [25-27]. Nevertheless, naphthols are widely recognized to have harmful effects on
the environment and human health [28, 29]. 1-Naphthol (1-NP) or a-naphthol is a solid that
emits white fluorescence. 1-NP is used as a starting material for many insecticides, such as
carbaryl, and drugs like nadolol. 2-Naphthol (2-NP) or B-naphthol is a colorless crystalline
solid that fluoresces. 2-NP is more harmful than 1-NP, causing severe systemic poisoning
and potential damage to the liver and kidneys in humans through effects on blood circulation.
Hence, it is crucial to create sensitive techniques for detecting both naphthols. Various
methods, including gas chromatography-mass spectrometry [30], high-performance liquid
chromatography [31], fluorescence spectrometry, electrochemical techniques [32], and
capillary electrophoresis [33] have been developed to detect naphthols. Due to low pollutant
levels and complex sample matrices, direct analysis is challenging. Therefore, greater
emphasis is placed on improving sample pretreatment technologies. Recently, different
methods of pretreatment have been created, with liquid-phase extraction and solid-phase
extraction being the most frequently used methods for pretreating aqueous samples [34-36].

Solid-phase extraction is receiving a great deal of interest due to its ease, high recovery rates,
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strong enrichment capabilities, and reduced use of harmful solvents [37]. Some methods are
based on CT complexation reactions of naphthols with acceptors such as chloranil and DDQ.
Several research groups have reported that 1,3-dinitrobenzene acts as an acceptor in the
formation of CTC with phenols and other donor molecules.

1,3-Dinitrobenzene (m-DNB) or m-dinitrobenzene is utilized in different ways, such as
being an intermediate in creating dyes and pigments, in pharmaceutical synthesis, and as a
reagent in analytical chemistry. The toxicity and environmental persistence of m-DNB are
major concerns due to its potential harm when inhaled or absorbed through the skin. It is
recognized for its durability and ability to remain in the surroundings, resulting in possible
soil and water systems buildup. Various methods can detect and measure m-DNB, including
GC, HPLC, and titration. Utilizing a CTC formation approach to study m-DNB offers
valuable insights into its characteristics and relationships. The development of CTC will
generally lead to distinct absorption bands that can be utilized to validate the interaction. The
use of CTCs to analyze m-DNB can help in measuring it in different samples and also in
gaining insights into how it reacts with other compounds. These analyses are essential for
monitoring and regulations due to their impacts on the environment and health.

In this article, we have reported the CTCs of naphthols as donors with 1,3-dinitrobenzene
as m-acceptor. These CTCs are formed by the interaction between 1-NP or 2-NP and m-DNB
(Scheme 1). This reaction can be used to detect naphthols and m-DNB. Theoretical
calculations of these complexes with the DFT/B3LYP/6-311G(d,p) method have been done.
Structural parameters, formation mechanism, IR and UV—Visible spectra, frontier molecular
orbitals, optical properties, NBO analysis, and several other properties for these complexes
were discussed. The study highlights the importance of CT in determining optical
characteristics and suggests potential applications in nonlinear optics and materials science.

While some studies discuss the formation of CTCs involving naphthols, detailed mechanistic
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investigations are often lacking. Understanding the step-by-step processes of CT is crucial for
a complete understanding of these complexes. There is a gap in exploring practical
applications of naphthol-dinitrobenzene CTCs in science, such as organic photovoltaics,
sensors, or NLO materials. By elucidating these molecular interactions and properties, this
work contributes valuable insights into the fundamental understanding of CTCs and their

applications in various fields.

The choice of the B3LYP functional with the 6-311G(d,p) basis set for DFT calculations
in CTCs is popular for several key reasons: i. B3LYP is a hybrid functional that combines the
Hartree-Fock exchange energy with a portion of the local density approximation (LDA) and
generalized gradient approximation (GGA) correlation. This makes it relatively accurate
while still being computationally efficient, which is advantageous for studying CT
phenomena. ii. B3LYP has yielded reliable results for various electronic properties and is
particularly adept at describing systems with significant CT characteristics. iii. The 6-
311G(d,p) basis set allows for a more accurate description of electron correlation effects
compared to smaller basis sets. iv. The combination of B3LYP with the 6-311G(d,p) basis
set has been widely used and tested across many different systems, providing a reliable

benchmark for comparison. This makes it a trusted choice for many researchers in the field.

DFT Calculations

DFT, a quantum mechanical technique, offers a more reliable structure than classical
methods. All calculations were performed using Gaussian09 software [38] running on a PC
with an Intel Core i5 CPU and 16GB, while GaussView06 was utilized for visualization [39].
The optimized structures of the free donors and acceptor molecules are aligned in parallel, re-
optimized, and allowed to relax without restrictions, leading to a distinct alignment in the

CTCs compared to their initial orientation. DFT provides the electronic configuration for an
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ensemble consisting of an acceptor (1, 3-dinitrobenzene) and donors (1-naphthol and 2-
naphthol). Energy-optimized configurations of unbound and CTCs have been examined. Full
geometrical optimization was performed using DFT and Beck's three-parameter hybrid
exchange functions [40] for the CTCs, via a basis set of 6-311G(d, p) [41]. The stability of
the optimized structures was confirmed by frequency analysis, ensuring that all optimized
structures are located at local minima on the potential energy surface. The IR frequencies
determined by the “FREQ” keyword indicate that the optimized structure corresponds to a
minimum on the potential energy surface. Accurate band assignments were made using
animated vibrational modes in the IR spectrum. The UV spectra were obtained using the TD-
DFT [42] approach. The molecular electrostatic potential (MEP) maps were generated using
the same DFT level of theory. The MEP was generated using the calculated electrostatic
potential due to the molecule's electron density. A grid of points in space was defined around
the molecule, extending 10 A from the molecular surface to ensure full coverage of the
electrostatic environment. Natural Bond Orbital (NBO) analysis was performed to obtain
atomic charges and to explore electronic delocalization. The NBO calculations were executed

as follows: NBO calculations were conducted using the “POP=NBO” keyword.
Results and Discussion

Conformational Analysis of 1-Naphthol and 2-Naphthol

Hydroxyarenes play a significant role in chemistry, biology, and the life sciences,
exhibiting diverse properties stemming from the hydroxy group and the aromatic m-electron
system. The C-O bond in both naphthols (1-Np and 2-Np) can rotate without restriction,
forming two rotamers (syn and anti) for these compounds. The DFT method was employed to
examine all rotamers of naphthols, and the optimized structures of these rotamers are shown

in Figure 1. Table 1 presents the calculated energies and structural parameters of these
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rotamers using the B3LYP/6-311G (d, p) method. Regarding 1-naphthol, the anti-1-Np
rotamer is more stable than the syn-1-Np rotamer based on the total energy values provided
in Table 1. The energy difference (AE) for the rotamers (anti-1-Np and syn-1-Np) is -
0.002523 a.u., equivalent to -1.58 kcal/mol. The computed dipole moments for these rotamers
are .29 and 1.40 D, indicating that the anti-1-Np rotamer is less polar. Conversely, the syn-2-
Np rotamer is more stable than the anti-2-Np by 0.67 kcal/mol. The rotamerization process

allows for to free interconversion of the rotamers, achieved through an aryl-O single bond

(sigma) rotation. In anti-rotamers, the dihedral angle value (®oncicz) is 180 degrees

(coplanar state). However, in syn-1-Np, the rotamer ®oncice Value is 11 degrees, while in

syn-2-Np, it is zero degrees. This deviation from zero in syn-1-Np is due to Van der Waals

repulsion between the two hydrogens (OH and C1H).
NO, 3R
/7%

NO,
R=1-OH, 2-OH

Scheme 1. Synthesis reaction of two CT complexes ((1-NP)(m-DNB) and (2-NP)(m-DNB))

Table 1. Computed energy and some structural parameters for rotamers of 1-NP and 2-NP

compounds p (D) Doncics Eani(a.u.) Eqn(a.u.) AE(kcal inol)
1-NP Manti=1.29 D,.=180 -461.2287 -461.2262 -1.58
Hyn i=1.40 =11
2-NP Hani=1.60 ®,,=180 -461.2277 -461.2288 0.67

Msyni=1.06 Dy =0
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anti-1-naphthol (1-NP) syn-1-naphthol 1,3-dinitrobenzene (m-DNB)

anti-2-naphthol (2-NP) syn-2-naphthol (2-NP)(m-DNB)
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.
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(1-NP)(m-DNB)
Fig. 1. Optimized geometries in the gas phase of m-DNB, 1-NP, 2-NP, and their CT complexes

Molecular Structures
The optimized structures of the free donors and acceptors are aligned in parallel, re-

optimized, and allowed to relax without any restrictions. Consequently, the alignment of the

two elements in the CTC is markedly distinct from their initial orientation (before the
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optimization process). As the donor and acceptor molecules come closer, the formation of the
complex can be elucidated through CT. In both CTCs, m-DNB appears to interact with the z-
donor (1-NP and 2-NP) molecules via the oxygen atom within the NO, group. It seems
feasible for hydrogen bonds to form between the OH groups of naphthols and m-DNB.
Figure 1 illustrates the optimized structures in the gas phase of the examined CTCs, free
donors (1-NP, 2-NP), and the acceptor (m-DNB). Bond lengths selected from the optimized
geometries of 1-NP, 2-NP, m-DNB, (1-NP)(m-DNB), and (2-NP)(m-DNB) are presented in

Table 2. Ar is the bond length difference between the free molecule and the complex.

After complexation, only a small number of bond lengths remained the same, while the
majority of bond lengths were modified. Certain bonds are elongated, whereas others are
compressed. The highest bond elongations are found in the rnz-03 bonds of the (1-NP)(m-
DNB) and (2-NP)(m-DNB) complexes, showing bond length variations of 0.007 and 0.008 A,
respectively. Furthermore, during complexation, the number of bonds that become shortened
surpasses elongated ones, which can be ascribed to the charge donation mechanism. The
greatest bond shortenings are observed in the ryi.ca bonds in the (1-NP)(m-DNB) and (2-
NP)(m-DNB) complexes, with bond length variations of 0.004 and 0.006 A, respectively. In
both complexes, the ron bond is stretched by approximately 0.003 A. It appears that hydrogen

bonds are crucial in the formation of complexes.

The selected optimized bond and dihedral angles of the titled molecules in the gas phase
are shown in Table 3. A0 is the bond angle difference between the free molecule and the
complex, and Ao is the dihedral angle difference. These data show that bond angles are not
changed, and variations in bond angle values are tiny (1 degree). But, in the case of dihedral
angles, variations are large. In m-DNB, the dihedral angles (concerning the NO, group, ¢c-c-

n-0) are altered (about six degrees). In 1-NP and 2-NP, the dihedral angles (concerning the
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HO group, ¢n-o-cc) are altered; of course, the angle alteration in (2-NP)(m-DNB) is more

(about 25 degrees).

Table 2. Selected optimized bond lengths (in A) of 1-NP, 2-NP, m-DNB, and their CT complexes

bond length
atomic bond
(1-NP)  (1-NP)(m-DNB) Ar (2-NP)  (2-NP)(m-DNB) Ar

rco 1.366 1.367 -0.001 1.367 1.366 0.001

ro.H 0.963 0.966 -0.003 0.962 0.965 -0.003
rcico 1.377 1.378 -0.001 1.376 1.377 -0.001
rcoca 1.413 1.413 0.000 1417 1.419 -0.002
rcacio 1.420 1.420 0.000 1.418 1.419 -0.001
rcsce 1.374 1.374 0.000 1.373 1.374 -0.001
rce-c7 1.413 1.413 0.000 1.415 1.415 0.000
rcrcs 1.375 1.375 0.000 1.373 1.374 -0.001
rcsco 1.417 1.418 -0.001 1421 1421 0.000
rcoct 1.427 1.427 0.000 1.415 1.416 -0.001

(m-DNB) (m-DNB)

reico 1.387 1.388 -0.001 1.387 1.387 0.000
rcocs 1.387 1.389 -0.002 1.387 1.386 0.001
rcaca 1.391 1.392 -0.001 1.391 1.391 0.000
rcacs 1.392 1.392 0.000 1.392 1.391 0.001
rnict 1.485 1.481 0.004 1.485 1.479 0.006

M'n2-c3 1.485 1.486 -0.001 1.485 1.484 0.001
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I'ni-01

I'n2-03

I'n2-04

1.221

1.221

1.222

1.220

1.228

1.218

0.001

-0.007

0.004

1.221

1.221

1.222

1.221

1.229

1.218

0.000

-0.008

0.004

Table 3. Some optimized bond and dihedral angles (in degrees) of 1-NP, 2-NP, m-DNB, and their CT

complexes.
bond angle (1-NP) (1-NP)(m-DNB) AO (2-NP) (2-NP)(m-DNB) A0
On.01-c1 109 110 1 -
001.c1-co 116 117 1 -
Ocs-c7-H7 120 120 0 120 120 0
Ocicomr 120 120 0 -
0h.0.c2 - - - 109 109 0
00-c2-c1 - - - 118 119 1
0co-c1-H1 - - - 119 119 0
0co-c3-H3 119 119 0 120 119 1
(m-DNB) (m-DNB)
Oni-ci-co 119 119 0 119 118 1
Onz-c3-c2 119 119 0 119 118 1
Onz-c3-ca 119 118 1 119 119 0
003-N2-04 125 124 1 125 125 0
001-n1-02 125 126 1 125 125 0
dihedral angle (1-NP) (1-NP)(m-DNB) Ao (2-NP) (2-NP)(m-DNB) Ao
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QH2-c2-c1-0

PH-0-c1-c9

PH-o-c1-c2

Po-c1-co-cs

PH-0-c2-c3

PH-0-c2-c1

Po-c2-c3-H3

® o-co-c1-H1

Pco-ci1-N1-01

Pco-c1-N1-02

Pc4-c3-N2-03

Pc4-c3-N2-04

Pcs-c1-N1-01

Pce-c1-N1-02

Pcs-c6-C1-N1

180

(m-DNB)

180

180

180

180

176

174

174

174

180

180

(m-DNB)

180

180

180

180

28

152

178

170

11

178

179

28

28

10

11

Electronic Spectrum Analysis

The central aspect of a CTC involves the charge transfer from a donor to an acceptor. This

CT results in the creation of a specific electronic state, which is essential for comprehending

the optical characteristics of the compound. The electronic structure of a CTC is the main

factor in determining its optical properties. When a CTC is exposed to electromagnetic
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radiation, it shows unique absorption and emission traits commonly utilized to study complex
properties. The absorption spectrum of CTC commonly displays specific bands that represent
the transitions from the complex's ground state to its higher energy states. These changes
appear as absorbance peaks in UV-Vis spectra and are influenced by factors like solvent

polarity, temperature, and kinds of donor and acceptor molecules [43].

The TD-DFT method was employed to determine the absorption maxima wavenumber
(Amax). Figure 2 and Table 4 show the electronic absorption spectra of m-dinitrobenzene, 1-
naphthol, 2-naphthol, and their complexes within the UV-Visible range of 200 to 700 nm.
The establishment of CTC formation is evidenced by the newly observed absorption maxima
bands (CT band). In the cases of (1-NP)(m-DNB) and (2-NP)(m-DNB) complexes, the CT
bands are observed at 638 nm and 603 nm, respectively, which do not appear in the UV-Vis
spectra of the separate donor and acceptor. The CTC absorptions are displaced to a longer
wavelength of approximately 300 nm. Mulliken identifies the decreased energy absorption
seen in the donor-acceptor integrated system, which is a characteristic aspect of the n—n* CT
interaction (tHOMOD-=n*LUMOA). This alteration leads to an increased m-electron density

in the acceptor molecule and a decrease in the donor.
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Table 4. Calculated maximum absorption wavelengths (Ayax, NM) Of donors (1-NP and 2-NP), acceptor (m-

DNB), and their complexes in the gas phase.

=

hmax (NM) Amax (NM)
Compound
computational experimental
(1-NP) 300 245, 335
(2-NP) 306 285, 328
(m-DNB) 328 340
(1-NP)(m-DNB) 638 -
(2-NP)(m-DNB) 603 -
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UV-VIS Spectrum UV-VIS Spectrum
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(c) Simulated UV-visible spectrum of (m-DNB) (d) Simulated UV-visible spectrum of (1-NP)(m-

DNB)
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UV-VIS Spectrum
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(e) Simulated UV-Visible spectrum of (2-NP)(m-DNB)

Fig. 2. Simulated electronic absorption spectra of two CT complexes and their reactants in the gas phase
Infrared (IR) Spectrum Analysis

Vibrational spectroscopy is an important method for studying CTCs, offering qualitative
and quantitative insights into their formation, stability, and the interactions between donor
and acceptor. The vibrational spectrum can provide information about the interactions
between the donor and an acceptor, such as hydrogen bonding or n-n stacking, which are
central to the stability of the CTC. This method can aid in detecting the existence of CTCs by
observing specific spectral features that arise from the interactions between the donor and
acceptor molecules. The formation of a CTC often leads to shifts in vibrational frequencies

due to changes in the electronic environment and molecular geometry.

The infrared absorption spectra were computed for 1-NP, 2-NP, m-DNB, and their
corresponding complexes. The summarized IR wavenumbers and their assignments for these
compounds are presented in Table 5. The number of vibrational modes for non-linear
molecules is derived from the 3N-6 equation, yielding vibrational mode numbers 51, 51, 42,
and 99 for 1-NP, 2-NP, m-DNB, and the two complexes, respectively. Certainly, following
molecular spectroscopy, each complex should have wavenumbers of 93; however, the

calculations indicate 99 vibrational modes for these complexes.

The IR spectrum of (1-NP)(m-DNB) complex compared to the simple component reveals

an apparent shift of the CH stretching vibration modes of the acceptor to lower wavenumbers
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(3197, 3227, 3229, 3247 cm™ in m-DNB and 3223, 3227, 3230, 3198 cm™ in complex). In
contrast, the donors are shifted to higher values (3148, 3158, 3167, 3171, 3183, 3186, and
3205 cm™ in 1-NP and 3185, 3184, 3171, 3168, 3159, 3158, 3209 cm™ in (1-NP)(m-DNB)
complex). The NO, bands of the acceptor at 1368 cm™ (unsymmetrical stretching), 1377 cm™
(symmetrical stretching) in m-DNB, and at 1375 cm™ (unsymmetrical stretching) and 1387
cm™ (symmetrical stretching) in the complex, exhibit some interesting changes. This
behavior signifies a greater differentiation of the energy states of the NO, group in the CTC
compared to the free acceptor. The spectra of the free acceptors show the asymmetric NO,
bands as two neighboring peaks. The lower energy bands exhibit a shift to reduced
wavenumber, signifying enhanced polarization of the NO, groups associated with these
bands, resulting from the heightened electron density on the acceptor's ring. The
asymmetrical NO, band of the CT complexes with the acceptor (like m-nitrobenzene)
displays a shift to a lower wavenumber, indicating that n—n* interaction should be ruled out
[44]. The calculated O-H for the free 1-NP and 2-NP appeared in 3833.9 and 3837 cm™,
respectively. These wave numbers in complexes are 3779 and 3804 cm™. The calculated
C=Cs are 1368 cm™ for m-DNB and 1554, 1620, 1641, and 1672 cm™ for 1-NP. These peaks
in the (1-NP)(m-DNB) complex appeared in 1467, 1499 cm™ (stretching vibration in m-
DNB), and 1040, 1389, 1410, 1434 cm™ (stretching vibration in 1-NP). Typically, the IR
bands of the acceptor molecules were displaced to lower frequencies, while the IR bands of

the donor molecules were shifted to higher frequencies in their corresponding complexes.
Thermodynamic Parameters

Understanding CTC formation and stability relies heavily on their interaction with
thermodynamic parameters. These parameters typically include: Gibbs free energy change
(AG, the spontaneity of CT process), Enthalpy change (AH, the heat absorbed or released

during the complex formation), Entropy change (AS, the change in randomness during the
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creation of the complex), and interaction energy (AE, which aids in comprehending the
types of interactions (ionic, covalent, van der Waals, etc.)). Furthermore, it is essential to
consider the importance of temperature and solvent effects on these thermodynamic
parameters for practical applications. Temperature fluctuations can affect the kinetic and
thermodynamic stability of CTCs, whereas the solvent's polarity can impact the rates of CT
and the formation of these complexes [45].

Concerning data in output files, values of AEin, AHint, ASint, and AGiy; for these complexes
were obtained computationally at a temperature of 25°C and a pressure of 1 atm. (see Table
6). The AGiy values for (1-NP)(m-DNB) and (2-NP)(m-DNB) complexes are 4.383 and
9.354 kcal/mol, respectively. The positive values indicate that the formation of the complexes
is not thermodynamically favorable. Of course, forming (1-NP)(m-DNB) is more favorable
than forming another complex. The interaction enthalpy (AHin) values for both complexes
are negative, indicating that the formation of the complexes releases heat. Additionally,
negative values of interaction entropies (ASiy) propose a reduction in randomness, while
stronger interactions typically result in more stable complexes as indicated by interaction

energy (AEin).

Table 6. Calculated AEin;, AHjt, ASint, and AG;, for (1-NP)(m-DNB) and (2-NP)(m-DNB) complexes

complex AEin; AHj ASint AGjn
(kcal/mol) (kcal/mol) (kcal/K.mol) (kcal/mol)
(1-NP)(m-DNB) -3.29 -3.88 -0.03 4.38

(2-NP)(m-DNB) -1.36 -1.95 -0.04 9.35
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Dipole Moment and Polarizability Analysis

The ground state dipole moment (), average polarizability (oave), and first
hyperpolarizability (Biotar) for (1-NP), (m-DNB), (2-NP), (1-NP)(m-DNB), (2-NP)(m-DNB),
and urea (as a standard compound in NLO materials) were calculated via Gaussian software

(see Table 7).

The ground state dipole moment of a molecule quantifies the distribution of positive and
negative charges within the molecule when it is at its lowest energy state. It is a vector
quantity, characterized by both magnitude and direction, and is vital for understanding
molecular interactions and predicting the behavior of the CTC in various environments [46].
The formation of a CTC typically leads to an alteration in the dipole moment compared to the
individual component molecules. This alteration reflects the strength and character of the
interaction. A notable dipole moment can enhance the stability of CTC via dipole-dipole
interactions. This stability is urgent for CTC applications in organic photovoltaics and other
electronic devices. Also, it can be considered a driving force for CTC formation. CTC's high
dipole moment values were found from its electronic and nuclear contributions and were
calculated to be 5.23 and 57 D for (1-NP)(m-DNB) and (2-NP)(m-DNB) complexes,
respectively.

Average polarizability (oave) refers to the measure of how easily an external electric field
can distort the electron cloud of a molecule. Polarizability measures the linear optical
response and sets the stage for higher-order responses. In NLO materials, high polarizability
can enhance the efficiency of processes like second-harmonic generation and electro-optic
switching. Understanding polarizability helps in selecting materials with suitable optical
properties for specific applications. Materials with large polarizability are preferred for

devices that require a significant change in refractive index with an applied field. The
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polarizability of a material is also influenced by its crystal symmetry, which determines its
ability to exhibit NLO effects. A CTC can exhibit NLO properties due to its unique electronic
structure and CT mechanism between the components of the CTC. Thus, the study of the
optical properties of CTCs not only provides insights into their electronic engagements but
also paves the way for applications in organic electronics, photonics, and sensor technologies.
The average polarizability of a CTC can be influenced by the nature of the donor and
acceptor, the distance between them, and the solvent environment [47]. Table 7 shows
donors (1-NP and 2-NP), acceptor (m-DNB), and two resulting in CTC have more agye Values
than urea, also (1-NP)(m-DNB) and (2-NP)(m-DNB) have bigger polarizability than their

components.

Hyperpolarizability characterizes the second-order (nonlinear) response of a material to an
electric field. It allows for the description of phenomena like second-harmonic generation and
self-focusing. A material with a high hyperpolarizability can produce strong NLO effects,
which are essential for many advanced optical applications. The first hyperpolarizability
(Brota) 1s critical in understanding and predicting multi-photon absorption processes, where
multiple photons are absorbed simultaneously. It is vital for applications such as laser
technologies and imaging. Bt OF @ molecule is an important parameter indicating its NLO
response. For a CTC, hyperpolarizability can be significantly enhanced if a significant
variation exists in the electron affinity and ionization potential of components [48]. The
extent of CTC upon excitation can contribute to larger values of hyperpolarizability. The
following equation (Eg. 1) was used to calculate the studied molecules' first-order
hyperpolarizability (Botar)-

Brotal = [(Brook + Bryy + Brzz)> + (Byyy + Byzz + Byx)® + (Bzzz + Bayy + Box) 12 Eq. (1)

The energy gap of frontier orbitals assists in defining the chemical reactivity, charge

delocalization, photophysical characteristics, and kinetic stability of the molecule [49-52]. At
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the core of the study of CTCs is the concept of FMO orbitals. A CTC with a narrow energy
gap exhibits increased polarizability, is typically associated with heightened chemical
reactivity and reduced Kinetic stability, and is often referred to as a soft molecule. A
diminished energy gap enables simpler electron transfer, making the complex more stable.
When excited, the electron can be raised from the donor's HOMO to the acceptor's LUMO,
resulting in a charge-separated state. This phenomenon is crucial in light-harvesting systems,
where effective charge separation can enhance energy conversion processes. Moreover, the
type of CT, whether intramolecular or intermolecular, affects the distribution of electron
density and the resulting spectral characteristics.

Table 7. Calculated ground state dipole moment (Debye, D), average polarizability (o), first
hyperpolarizability (Bwt), and frontier molecular orbitals energies for urea, (1-NP), (m-DNB), (2-NP), and the

two studied complexes

compou nd Oave Olave ﬁtotal ﬁtotal ELUMO EHOMO AEt

u (D)
(au) (esu) (au) (esu) (eV) eV) (eV)
1-NP 129 11045 16.37x10% 194.93 1.68x10™° -1.07 -5.69 4.62
2-NP 159 112.00 16.61x10%* 389.32 3.36x10™% -1.21 -5.75 453
m-DNB 4.2 90.27  13.38x10* 366.08 3.16x10™% -3.32 -8.62 5.30
(1-NP)(m-DNB)  5.23  202.47  30.01x10* 645.91 5.58x10°% -3.54 -5.57 2.03
(2-NP)(m-DNB)  5.17  193.75  28.71x10*  1626.97 14.06x10% -3.66 -6.72 3.06
urea 362  28.00 4.15x10% 69.95 0.60x10™% -0.63 -7.04 5.79

The calculated HOMO and LUMO plots for (1-NP)(m-DNB), (2-NP)(m-DNB), 1-NP, 2-
NP, and m-DNB were displayed in Figure 3. The distribution pattern of electron density in
the examined molecules can be observed from their HOMO and LUMO orbitals. In CTCs,
the HOMO was confined solely to 1-NP and 2-NP (acting as donors), while the LUMO was

exclusively localized on m-DNB (acting as the acceptor) in a reversed manner. Each HOMO
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and LUMO features nodes that are symmetrically arranged within each HOMO and LUMO.
The surface contour of FMOs reflects molecular dimensions and shape, along with the
electrostatic potential level. The calculated energies of FMOs (Enomo and ELumo) and the
energy gaps (AE;) for the specified molecules are presented in Table 7. From Table 7, it is
noteworthy that the LUMO energy levels of the CTCs (-3.54, -3.66 eV) are similar to those of
m-DNB (-3.32 eV), while the HOMO energy levels of the CTCs (-5.57, -6.72 eV) are
approximately aligned with those of 1-NP and 2-NP (-5.69, -5.75 eV). This inclination for the
localization of FMOs in CTCs closely resembles the previously documented electron donor-
acceptor systems [53]. A more negative Enomo means harder to oxidize; a more negative
ELumo means harder to reduce. The AE; is a crude proxy for chemical reactivity: smaller gaps
often correlate with higher reactivity and lower Kinetic/thermodynamic stability in many
environments. Energy gap between the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of the complex, i.e., AE; = E umo — Exomo- IN
many contexts, a larger AE; corresponds to greater electronic stability (less reactivity) and a
smaller AE; indicates higher reactivity. The smaller frontier orbital gap values in CTCs (2.03,
3.06 eV) render them more reactive and less stable. The (1-NP)(m-DNB) complex possesses
a smaller energy gap compared to the others, suggesting that the (1-NP)(m-DNB) complex is

more reactive and that its electron density can vary more readily.

In literary works, comparable values of AE; have been noted. The energy gap between
HOMO and LUMO for the [(B-cyclodextrin)(DDQ)] and [(B-cyclodextrin)(TCNE)]
complexes is -2.694 eV and -2.294 eV, respectively [54]. The value of AE; is 2.61 eV for the
CTC obtained from 4-dimethylaminopyridine and DDQ [55]. In the investigation of
interactions between 1-hydroxypyrene (PyOH) and aromatic amino acids (Phe, Tyr, and Trp),
energy gap values were found to be 3.77, 3.73, and 3.71 eV for the complexes PyOH-Phe,

PyOH-Tyr, and PyOH-Trp, respectively [56].
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HOMO LUMO HOMO LUMO

m-DNB (1-NP)(m-DNB)

(2-NP)(m-DNB)
Fig. 3. Calculated diagrams of FMOs for 1-NP, 2-NP, m-DNB, (1-NP)(m-DNB), and (2-NP)(m-DNB)

Natural Bonding Orbital

Natural bonding orbital analysis (NBO) is a computational method used to analyze the
bonding in molecules based on quantum chemistry [57]. NBO provides insights into the
electronic structure of molecules by identifying the 'natural’ orbitals that electrons occupy.
NBOs are the orbitals that correspond to the largest probability density for finding an
electron. These orbitals offer a clear picture of how electrons are distributed in a molecular
system. By examining the electron density in NBOs, one can identify regions of electron

donation or acceptance, which is particularly relevant in CTCs. NBO analysis allows for a
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detailed examination of donor-acceptor interactions, providing energy donated from one
NBO to another, which can be decisive for understanding CT [58, 59]. Also, it can offer
significant understanding regarding the characteristics and stability of CTCs by elucidating
the electronic structure and interactions present in these complexes. NBO analysis allows
researchers to visualize the electron density and assess how it shifts during the charge-
transfer process. Electron density localization on the donor or acceptor increases the
likelihood of effective overlap between the orbitals involved in the transfer, thereby
enhancing charge-transfer efficiency. A significant factor influencing charge transfer is the
energy difference between the HOMO of the donor and the LUMO of the acceptor. Effective
charge transfer requires proper alignment and overlap of these orbitals. A shift in electron
density that optimizes the spatial arrangement can significantly improve orbital overlap, thus
increasing the rate of CT. The strength of the interaction between the donor and acceptor is
influenced by the degree of electron density overlap. Greater shifts in electron density that
lead to high overlap between the donor's HOMO and the acceptor's LUMO enhance the
likelihood of efficient charge transfer. The stabilization of the charge-transfer complex
through 7-7 stacking or dipole-dipole interactions can be understood through NBO analysis.
Effective electron density shifts contribute to the overall stabilization of the charge-transfer
state, which is critical for sustaining charge separation following the transfer. The movement
of electron density is not static; it can be dynamic and subject to molecular vibrations and
solvent effects. NBO can provide insights into how these shifts evolve and their correlation

with changes in charge-transfer rates.
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Table 8. Calculated NBO atomic charges of (1-NP)(m-DNB) complex and its free components

atom charge/free charge/complex Acharge
1-NP
C1 0.368 0.363 0.006
C2 -0.300 -0.299 -0.001
C3 -0.078 -0.080 -0.002
C4 -0.211 -0.212 0.001
C5 -0.079 -0.081 -0.002
C6 -0.093 -0.094 0.001
c7 -0.200 -0.200 0.000
C8 -0.071 -0.072 0.001
C9 -0.002 -0.003 0.001
C10 -0.040 -0.041 -0.001
O -0.675 -0.700 -0.025
OH 0.465 0.488 0.023
m-DNB
C1 0.069 0.066 -0.003
C2 -0.075 -0.075 0.000
C3 0.069 0.072 -0.003
C4 -0.058 -0.053 0.005
C5 -0.081 -0.081 0.000

C6 -0.058 -0.056 0.002
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N1 0.517 0.527 0.010
N2 0.517 0.518 0.001
01 -0.367 -0.420 -0.053
02 -0.374 -0.353 0.021
03 -0.367 -0.363 -0.004
04 -0.374 -0.374 0.000

In m-DNB, the proton is moved to the O2 atom by slightly reducing its negative atomic
charge to -0.353e from -0.374e of the free acceptor. The significant charge presence on O = -
0.700e of 1-NP in complex indicates the presence of O---H---O type interaction in this
complex, with other atoms like OH (0.488e from 0.465e) and O1 (-0.4200e from -0.367¢)
also exhibiting NBO charge shifts from the free donor and acceptor in [(1-NP)(m-DNB)].
These changes offer solid evidence of the interaction between 1-NP and m-DNB, as shown in

Table 8, involving the (1-NP)(m-DNB) complex and proton transfer.

Table 9. Calculated NBO atomic charges of (2-NP)(m-DNB) complex and its free components

atom charge/free charge/complex Acharge
2-NP
C1 -0.250 -0.251 -0.001
C2 0.340 0.329 0.011
C3 -0.272 -0.263 0.009
C4 -0.056 -0.064 -0.008

C5 -0.071 -0.075 -0.001
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m-DNB

-0.210

-0.091

-0.085

-0.035

-0.077

-0.668

0.460

0.069

-0.075

0.069

-0.058

-0.081

-0.058

0.517

0.517

-0.367

-0.374

-0.367

-0.374

-0.209

-0.091

-0.085

-0.040

-0.077

-0.680

0.206

0.071

-0.067

0.073

-0.053

-0.080

-0.053

0.522

0.518

-0.349

-0.414

-0.370

-0.374

0.010

0.000

0.000

-0.005

0.000

-0.012

0.254

-0.002

0.008

-0.004

0.005

0.001

0.005

0.005

0.001

-0.018

0.040

0.003

0.000
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In m-DNB, the proton is transferred to the O1 atom by slightly decreasing its negative
atomic charge to -0.349e from the -0.367e of the unbound acceptor. The significant presence
of charge on O (-0.680e) of 2-NP in the complex indicates the occurrence of an O--H--O type
interaction in this system. Additional atoms of (2-NP)(m-DNB), such as OH (0.206e from
0.460e) and O2 (-0.414e from -0.374e), also display a shift in NBO charges from the free
donor and acceptor. These changes provide significant support for the (2-NP)(m-DNB)
complex and the proton transfer interaction occurring between 2-NP and m-DNB, as detailed

in Table 9.

Molecular Electrostatic Potential (MEP)

A MEP denotes the electrostatic potential created by the distribution of a molecule's
electrons. It explains how a molecule engages with other molecules, ions, or substrates. It
illustrates how the electron cloud of a molecule can affect adjacent charged entities. The
MEP maps serve to depict areas of variable charge within a molecule, and they are
represented as a color-coded surface enveloping the molecule, with regions of significant
negativity (electron-rich sections) typically displayed in red and positivity (electron-deficient
regions) in blue. Grasping the MEP is crucial for forecasting reactivity, intermolecular
interactions, and the arrangement of various molecules within complexes. The MEP maps
serve as the most useful electrostatic property for examining the connection between a
molecule's structure and its activity; this illustrates the interaction energy resulting from the
electrical charges produced by the molecule's electrons and nuclei [60, 61].

The MEPs of the donor and acceptor molecules can assist in forecasting the viability of
CT. A positive electrostatic interaction between the donor's electron-dense areas and the
acceptor's electron-deficient areas frequently aids in creating a CTC. The properties of the
MEP can additionally affect the stability and traits of the resulting CTC, aiding in the creation

of new materials or functions in supramolecular chemistry. A MEP provides information on
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the electron distribution and reactivity of molecules, which is essential for anticipating and
comprehending the creation of CTCs.

The MEPs of both complexes were calculated using the same theoretical level applied in
the geometry optimization (refer to Figure 4). Notable alterations have been observed for the
complex moiety concerning naphthols or m-DNB, validating the CT pathway. As illustrated
in Figure 4, the MEP diagram of m-DNB exhibited a positive area (blue) focused at the
center of the phenyl ring, and negative potential regions were noted near the nitrogen atoms
of the NO, groups. In the 1-NP, the negative potential (-0.041 au) is primarily linked to the
center of the benzene rings due to p-electrons and the donation of lone pair electrons from the
hydroxyl group. A positive potential (0.038 au) was found on the O atom of the hydroxyl
group, where 1-NP interacts with m-DNB; the central positive value of m-DNB reduced to
0.0204 au, while the N atom and O atom of the group potential rose to -0.052 and -0.041 au,
respectively. The potential at the center of the benzene ring lowered to 0.0095 au, while the
N atom of the hydroxyl group in 1-NP potential (0.066 au) increased due to the CT
interaction. The n-electrons move from the oxygen atom of 1-NP to the N=O groups in m-
DNB. These findings further support the notion that m-DNB is regarded as an
effective electron acceptor in forming CT complexes with various donors [62, 63]. Based on
the discussions, it is evident that the energy of orbital interaction primarily arises from the CT
between filled and vacant orbitals. The MEPs will aid in establishing the relative orientation

of the donor and acceptor molecules in forming the CT complex.
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MEP of (1-NP)(m-DNB) MEP of (2-NP)(m-DNB)

Fig. 4. Calculated molecular electrostatic potential maps for (1-NP)(m-DNB) and (2-NP)(m-DNB) complexes

in the ground state.

Conclusions

The conformational analysis of naphthols (1-NP and 2-NP) identified two rotamers (syn
and anti) for both 1-naphthol and 2-naphthol, with low energy gap differences (1.58 and 0.67
kcal/mol), and are quickly converted to each other at room temperature. Structural
comparison of CTCs with free components showed alterations in bond lengths and indicated
hydrogen bond formations. The complex formation is explained through CT as m-DNB
interacts with the n-donor (1-NP and 2-NP) molecules via the oxygen atom within the NO,
group. The feasibility of hydrogen bonds forming between the OH groups of naphthols is
observed. Significant bond elongations are noted in specific bonds of the complexes, while
several bonds undergo shortening, indicating a charge donation mechanism. The data
displaying optimized bond and dihedral angles of the molecules in the gas phase reveal
minimal changes in bond angles with very slight variations. For both complexes, there is no
significant alteration in the naphthols bond lengths, but the changes near the OH group are
seen (enlargement of 0.003 A, indicative hydrogen bond between OH and NO,). The acceptor

part alterations are more (increasing rno by 0.007 A and decreasing rcy by about 0.005 A) as
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an indication of hydrogen bond formation. Dihedral angle values in the OH and NO; regions

(3-28 degrees) are more concerning.

UV-Vis analysis unveiled new absorption bands at 638 nm and 603 nm (CT bands) in the
CTCs, reflecting electronic transitions. IR analysis revealed 99 vibrational frequencies in the
complexes, with IR band shifts correlated to the CT interaction properties. Ninety-nine were
not derived from the 3N-6 equation; the six vibrational modes in the analyzed complexes
relate to the simultaneous vibrations of both the donor and the acceptor. Thermodynamic
variables, including interaction energy, enthalpy, entropy, and Gibbs free energy, suggest that
the complexes are not very stable and their creation is non-spontaneous and exothermic. The
interaction energy values (-0.293 and -1.359 kcal/mol) indicate that there is no significant
interaction between the donor and the acceptor, as CTCs are created through weak
intermolecular forces. The HOMO orbitals are spread across the donor molecules, whereas
the LUMO orbitals are found on the acceptor molecules, validating the CT process. The
dipole moments, mean polarizability, and first static hyperpolarizability indicate notable
charge separation in the complexes, suggesting possibilities for nonlinear optical applications.
High dipole moments enhance CTC stability via dipole-dipole interactions. For two
complexes, the hyperpolarizability values (Brotr) are 5.58x10°° and 14.06x10° esu, which
are approximately 9 to 23 times greater than that of urea. The NBO and MEP analyses
illustrate the electron density distribution and verify the electrostatic interactions between the
donor and acceptor molecules. Notable alterations in the CT pathway have been observed in
the complex moiety involving naphthols or 1,3-dinitrobenzene (m-DNB), validating the CT
process. Future research on charge transfer complexes involving naphthol and dinitrobenzene
could advance fundamental chemistry and practical applications significantly. By addressing
these gaps, future research can enhance the understanding of charge transfer complexes

involving naphthol and dinitrobenzene.
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