Abstract

The present study investigates the spectroscopic behaviour
of 4-[(5-amino-1-phenylindolizin-3-yl) carbonyl]
benzonitrile (4-5APCB) in various solvents of differing
polarity. The absorption and fluorescence spectra were
recorded to evaluate the solvent effect on the electronic
transitions of the molecule. Ground- and excited-state
dipole moments were estimated using solvatochromic
correlation methods, while the theoretical ground-state
dipole moment was calculated using the Gaussian 09
computational package. The dipole moment was found to
increase from 0.473 D in the ground state to 14.8 D in the
excited singlet state, indicating that 4-5APCB exhibits
higher polarity in the excited state across all solvents
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studied. = Furthermore,  green-synthesized  silver
nanoparticles (AgNPs) were conjugated with 4-5APCB to
explore their interactive and photophysical properties.
Quenching of fluorescence intensity was observed in
DMSO and ethanol solvents, showing the occurrence of a
strong interaction between the dye and nanoparticles. This
highlights that the conjugation of AgNPs with 4-5APCB
enhances their potential as functional photonic and sensing
materials, demonstrating  their significance in
nanomaterial-based optical applications.

Keywords: 4-5APCB dye; Dipole moment; Silver nanoparticles (AgNPs);
Fluorescence quenching; Photophysical properties; DFT analysis; Solvent
effects.

Introduction

Spectroscopy serves as a powerful technique for investigating the structural
and chemical characteristics of various compounds!'. In many cases,
emission appears as multiple distinct bands within the visible region?.
However, interactions between solute and solvent molecules cause these
bands to broaden and overlap, producing a spectrum that can resemble an
absorption profile3. In liquid systems, molecular orientation and motion are
continuously affected by the surrounding environment because of
persistent intermolecular interactions. Therefore, examining molecular
rotation in liquids is essential for understanding solute-solvent dynamics
and for gaining deeper insight into the photo-physical and photochemical
behaviour of molecular systems*®.

Fluorescence emission, resulting from a thermally equilibrated excited
state, provides valuable information about the excited state of fluorophore
78, Since fluorescence normally originates from the singlet excited state, the
emission spectrum usually stays constant regardless of the excitation
wavelength. The wavelength or frequency difference between the band
maxima of the absorption and emission spectra of the same electronic
transition is known as the Stokes shift 4 [°l- [12l. There has been interest in
how the solvents affect the fluorescence and absorption properties of
organic molecules. Photon excitation redistributes charges, changing the
dipole moment and bringing about conformational changes in the excited
state [7) 10, [13]- [17], Numerous experimental and theoretical techniques are
needed to comprehend the dipole moment, which is essential for
elucidating the nature of excited states and photo-physical/photochemical
processes. Solvatochromic, Lippert, Bakhashiev, Kawski-Chamma-Viallet,
and solvent polarity are techniques used to determine the excited-state
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dipole moment PLI18- Rl Studying highly fluorescent dye molecules is
essential for designing new molecules and evaluating their performance in
applications like lithography, biological systems, and molecular devices.
The dipole moments of various laser-active coumarin dyes were evaluated
through a solvatochromic technique, leveraging the microscopic polarity of
the solvent.

e The Onsager cavity radius (a = 4.168 A) was estimated using
molecular volume derived from molecular weight and density (Eq.
3). The molecule is approximated as a spherical cavity, which is a
standard assumption in Lippert-Mataga-type treatments.

e The solvatochromic models assume:

¢ Dipole moments of ground and excited states are collinear
(parallel orientation).

¢ No significant change in molecular geometry upon excitation,
which is reasonable for rigid conjugated systems like 4-5APCB.

e Solvent effects are treated as continuum dielectric media,
neglecting specific interactions (e.g., hydrogen bonding),
though their qualitative effects are discussed.

e Among the models:
e Lippert-Mataga neglects polarizability contributions.

e Bakhshiev and Kawski-Chamma-Viallet partially incorporate
these effects, making them more reliable.

We now explicitly justify the use of multiple models to ensure cross-
validation of dipole moment values.

The dipole-moment variations observed experimentally are in good
agreement with recent semi-empirical computer predictions and have used
EY parameter to estimate the change in the dipole moment in some
fluorophore's 9,10. Beyond its role in the lab, this dye is essential across
several industries. It functions as a fluorescent indicator and optical
brightener, plays a key role in security and lithographic printing, and is
even used in advanced biological imaging and medical anticoagulants. The
EY parameter helps to correlate the spectral shifts (both absorption and
emission) of 4-5APCB with solvent polarity. It provides insight into how
the electronic transition energies change with solvent environment,
revealing the extent of charge transfer in the excited state. A positive
correlation between EY values and Stokes shift generally indicates that the
excited state is more polar than the ground state.
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The physicochemical properties of silver nanoparticles depend strongly on
their size, shape, surface chemistry, and aggregation state. Metal
nanoparticles have attracted attention for biomedical applications such as
cancer therapy, antimicrobial treatment, and drug delivery!-15. As a result,
silver nanoparticles are widely studied due to their distinctive
physicochemical properties. Its high surface area contributes to improved
biological and catalytic performance. Plant-mediated synthesis has
emerged as an environmentally sustainable alternative to chemical
methods. This green synthesis approach is simple and economical,
although it may require longer reaction times'6-2,

Materials and methods

Standard synthesis procedures were followed, and 4-5APCB dyes (Figure
1) were produced and used directly in the experiments. A variety of
spectroscopic-grade solvents, including but not limited to ethanol,
isopropyl alcohol, ethyl acetate, benzene, and dimethyl formamide (DMF),
to ensure reliable results.

Figure 1: Molecular Structure of 4-[(5-amino-1-phenylindolizin-3-yl) carbonyl] benzonitrile (4-
5APCB) dye.

Results and discussion

Evaluating Spectral Shifts in Response to Solvent Polarity

The investigation involved tracking the SABBM dye’s spectra in different
media. On applying Equations 2, 5, and 7, we could calculate the necessary
solvent polarity functions F (g, n), F1 (¢, n), and F> (¢). Table 1 gives a
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comprehensive overview of these values and the specific solvents used in

the Study4/5r10r22,

The absorption and fluorescence profiles of the 4-5APCB molecule
across a variety of solvents, each with distinct dielectric constants (g) and
refractive indices (n), were recorded. Figure 2 illustrates the dye's spectral
behaviour when dissolved in DMF.

Table 1: Calculated values of F (g, n), Fi(g, n), Fa(g, n), Dielectric constant (&), Refractive Index (n)

and E¥ parameters.

Solvent F (¢, n) | Fi(g, n)|F2(g, n) (l?()i;ii::’i‘(:s) ::iic(::e EY
TOLUENE 0.013 |0.029 |0.349 [2.38 1.497 0.099
METHANOL 0.309 |0.857 |0.652 [33.7 1.329 0.762
ﬁg%géL 0.263 |0.749 |0.646 (174 1.399 0.586
ETHYL ACETATE |0.200 |0.492 ]0.499 |6.08 1.372 0.228
DMS 0.263 |0.841 |0.744 [47.2 1.479 0.444
ACETONITRIL 0.304 |0.861 |0.664 [36.64 1.344 0.46
BENZENE 0.003 |0.007 ]0.340 [2.28 1.499 0.111
ii%lgzgggL 0.276 0.780 |0.646 [20.2 1.377 0.617
WATER 0.320 |0.913 |0.683 [80.4 1.333 1
DMEF 0.275 10.839 |0.711 |[38.25 1.430 0.386
DCM 0.216 |0.589 ]0.582 (8.9 1.424 0.321
DIO 0.029 |0.061 [0.316 (2.3 1.421 0.164
THF 0.209 |0.547 |0.548 |7.5 1.404 0.207
ETHANOL 0.288 |0.811 |0.651 |24.3 1.361 0.654
OCTONOL 0.225 |0.626 |0.604 |10.3 1.429 0.537
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Figure 2: Absorption and fluorescence spectra of a4-5APCB in DMF.

Table 2: Absorption maxima, fluorescence maxima, and Stokes shifts for 4-5APCB.

AA v Va— Ve | (v, 4V)2
Solvent AF VF Vpem-1 Va~ Ve | (VatVE)

(nm) |(nm) |em-1 cm-1  |em-1
TOLUENE 245 396 40816 (25265 15551 33041

METHANOL 260 |406 38462 (24606 |13855 (31534

N BUTYL
ALCOHOL 262 (397 38168 |25214 |12954  |31691

THYLACETATE [269 |393 37175 |25445 (11729  |31310

DMS 266 (422 37594 (23708 |13886  |30651

ACETONITRIL |261 |410 38314 |24414 |13900 |31364

BENZENE 331 [395 30211 |25342  |4869 27777
ISOPROPYL
ALCOHOL 260 (398 38462 (25100 |13361  |31781
WATER 260 (428 38462 |23386 15075  |30924
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AA v Va—Vp | (v, +VE)2
Solvent AF VF Vpem-1 Va =V | (VatVe)/
(nm) |(nm) em-1 cm-1  |em-1
DMEF 240 (413 41667 (24213 17454 32940
DCM 260 |394 38462 (25407 |13055 |31934
DIO 240 |376 41667 [26596 15071 34131
THF 240 (396 41667 |25278 16389 33472
ETHANOL 260 [401 38462 (24925 |13536 |31693
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Figure 3: Plot of Stokes shift versus F (g, n) i.e. Lippert’s Polarity parameter of 4-5APCB in
different solvents (Linear fit).

Figures 3 to 6 shows the graphs of v, — vgversus F (g, n), v4 — Vpversus
Fi (¢, n), (V4 —Vg)/2 versus F, (e, n), and v, — Vpversus EY from which
slopes m1, my, m3 and my respectively are obtained. The slopes, intercepts
and correlation coefficients for the above fitted graphs.
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Figure.4: Plot of Stokes shift versus F; (g, n) i.e. Bakshiev’s Polarity parameter of in 4-5APCB
different solvents (Linear fit).
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Figure 5: Plot of (v4 — Vg )/2 versus F; (g, n) i.e. Kawaski-Chamma-Viallet’s Polarity parameter of
4-5APCB in different solvents. (Linear fit).
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Figure 6: Plot of Stokes shift versus E} i.e. microscopic solvent Polarity parameter of 4-5APCB in
different solvents.

A larger slope, the greater the difference between pi. and g, leads to a
stronger charge-transfer character. The correlation coefficients (R =~ 0.90-
0.98) confirm good linearity, confirming the applicability of solvatochromic
models. Slight deviations from linearity are attributed to specific solute-
solvent interactions (e.g., hydrogen bonding in polar solvents). The ETN
correlation (R = 0.98) shows the best fit, indicating that microscopic polarity
parameters better describe solvent effects.

But no further experimental data on pg; were available in the literature
to compare. A dipole moment changes of 6.55D for 4-5APCB molecules was
calculated using the solvatochromic method. The angle () between the
ground- and excited-state dipole moments has been determined for the 4-
5APCB molecule. The Lippert method yields a large p. value because it
neglects polarizability. Bakshiev’s and Kawski-Chamma Viallet's methods
produced nearly identical pe values. The molecule becomes more polar
after excitation, leading to a substantial shift in its dipole moment
compared to the ground state. Presents a donor-acceptor system with
solvent-controlled photo-physical behavior?.

The polarity of the solvent plays a significant role in determining the
photo-physical and electronic properties of 4-5APCB. In the ground state,
solvent-solute interactions such as hydrogen bonding and dipole-dipole
forces can lead to stabilization or destabilization of the molecular orbitals,
thereby influencing absorption maxima. In the excited state, solvent
polarity affects the redistribution of electron density within the molecule,
often resulting in solvatochromic shifts in the emission spectra. Polar
solvents tend to stabilize the more polar excited state of 4-5APCB to a
greater extent than the ground state, leading to a red shift (bathochromic
shift) in the emission spectrum.
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Slope, intercept, and correlation coefficient of 4-5APCB using Lippert’s,
Bakhshiev’'s and Kawski Chamma Viallet’s method in Table 3. The table
shows the same parameters for the molecule 4-5APCB presented. Thus, the
study of solvent effects provides valuable insight into the nature of
electronic transitions, charge transfer characteristics, and the overall
photophysical behaviour of 4-5APCB. The ground-state and excited-state
dipole moments of 5APMM are given in Table 4.

Table 3: Slope, Intercept and correlation coefficient data of 4-5APCB.

Method Slope |Intercept | Correlation coefficient
Lippert's 29884 (5309 0.95
Bakhshiev's 5969 |5648 0.90

Kawski Chamma Viallet's [-6831 |35932 0.92

EY 4322 10648 0.98

Onsager Cavity |p @ |u P |uS |ud|u|uf (yng s o
radius‘2’(A) (D) (D) |(D) |(D)|(D)|(D)
41681 0.47317.02 (14.89|7.02/7.02|3.54| 14.85 0

Debye (D) = 3.33564X10-%cm = 108 cm
aGround state dipole moment
b Excited state dipole moment
< Excited state dipole moment (Lippert’'s Equation)
d Excited state dipole moment (Bakshiev Equation)
e Excited state dipole moment (Kawski-Chamma-Viallet equation)

f Excited state dipole moment calculated from microscopic solvent
polarity function

8 Ratio of excited to ground state dipole moment

h'Angle between excited state to ground state dipole moment with
solvatochromic
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The consistent interpretation is:
¢ Ground-state dipole moment (j15): 0.47 D
o Excited-state dipole moment (p): ~14.8 D

This correction ensures internal consistency and aligns with the observed
positive solvatochromism.

Geometry optimization:

Figure 7 reveals the geometry optimization of 4-5APCB, conducted in a
vacuum with a DFT approach and the B3LYP/6-311G (d, p) basis set.
Theory predicts that the ground-state dipole moment of 4-5APCB is 5.04 D,
differing from the experimental value by 0.473 D. While ab initio
simulations typically model molecular behaviour in an isolated gaseous
state. Empirical methodologies inherently account for complex
environmental variables and the dynamic interactions between solvent and
solute.

Figure 7: Optimized geometry with dipole moment vector of 4-5APCB.

Molecular orbitals: HOMO-LUMO and ESP:

The frontier molecular orbitals (FMOs) show the highest occupied and
lowest unoccupied molecular orbitals, abbreviated as HOMO and LUMO,
respectively. Fig. 8 gives the surfaces for these orbitals. The HOMO acts as
the electron-donating site, whereas the LUMO functions as the electron-
accepting region, indicating the system's potential to gain charge. For this
analysis, energy levels were determined through density functional theory
(DFT) simulations utilizing the B3LYP/6-31G (d, p) basis set in a vacuum
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environment. The computes HOMO and LUMO energies of metal-free
organic dyes and correlates them with optoelectronic behaviour — directly
applicable to your discussion of HOMO/LUMO and dye systems?*. Uses
DFT to calculate HOMO/LUMO, energy gaps, global reactivity
descriptors —relevant to your computational and reactivity descriptor
section?.

*?3

32

L >

Enono=8~019
AE =7.328
E;v0=0.691

* »

Figure 8: HOMO-LUMO surfaces of 5ABBM, 5APMM and 4-5APCB in vacuum and MESP maps of
4-5APCB in vacuum.

In the molecular electrostatic potential (MEP) map, colour variations
represent regions of differing charge distribution across the molecular
surface. The electrostatic potential increases gradually in the order: red <
orange < yellow < green < blue. Areas displayed in red correspond to
regions of highest electron density, indicating sites that are more
susceptible to electrophilic attack?. However, blue regions indicate lower
electron density and are associated with nucleophilic interaction tendencies.

Negative potential zones are primarily concentrated around
heteroatoms such as nitrogen, oxygen, and bromine, which exhibit higher
electronegativity. Similarly, positive potential regions are largely
distributed over hydrogen atoms. The MEP surface can be broadly
categorized into two domains: electron-rich (negative) and electron-
deficient (positive) regions. Yellow shades indicate moderately negative
potential compared to the more intense red areas, while lighter blue tones
signify weaker positive potential relative to darker blue regions. Green
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regions indicate areas of nearly neutral electrostatic potential across the
molecular framework.

Computational studies of Global Chemical Reactivity
Descriptor (GCRD) parameters:

The global chemical reactivity descriptors parameters of the molecule,
including chemical hardness (1)), chemical potential (), chemical softness
(S), electronegativity (x), and electrophilicity index (@), were derived from
HOMO and LUMO energy values to evaluate their reactivity and stability.
DFT used to compute frontier molecular orbitals and global reactivity
descriptors (IP, EA, 1, x, @) for bioactive molecules, matching the type of
calculations you perform?”.

The ionization potential (IP) and electron affinity (EA) are determined
using the frontier orbital energies, where IP corresponds to -Enomoand EA
relates to -ELumo in the present study” 12. Alongside other calculated
properties such as electronegativity, chemical hardness, softness, and the
electrophilicity index, are detailed in Table 5. By utilizing conceptual
density functional theory (CDFT), these parameters clarify how specific
molecular architectures influence chemical reactivity, establishing the
theoretical importance of descriptors like @ within the context of synthetic
applications 2. The DFT-calculated dipole moment (5.04 D) was obtained
in the gas phase, whereas experimental values are reported in the solution
phase.

Key reasons for deviation:
1. Absence of solvent effects in DFT

* Solvent stabilizes polar excited states, increasing dipole moment.

* Inclusion of the polarizable Continuum Model (PCM) would
improve agreement.

2. Basis set limitations

* Although B3LYP/6-311G(d,p) is reliable, it may underestimate
charge separation in donor-acceptor systems.

3. Dynamic solute-solvent interactions

* Hydrogen bonding and dipole-dipole interactions are not
captured in vacuum calculations.

* We have now clearly stated that: “Inclusion of solvent models
(e.g., PCM) is expected to yield dipole moments closer to
experimental values.”
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Table 5: Calculated global chemical reactivity descriptor (GCRD) parameters for the 4-5APCB
molecule in eV.

Molecule EHOMO ELUMO I A X n u S w
eV eV eV |eV |eV |eV |[eV | eV | eV

4-5APCB | -8.29 -1.17 829|117 (473 | 355|473 |0.14 | 3.14

From Table 5, it is observed that it acts as a better electron acceptor and
electron donor. A decreased ® value suggests that 4-5APCB exhibits the
characteristics of a more potent.

Conjugation of molecules wusing synthesized Ag
nanoparticles:

Here, conjugation of fluorescence dyes using synthesized silver
nanoparticles was reported earlier by Lalasangi et al®. The interaction
between nanoparticles and organic dyes has contributed to industrial
applications. Silver nanoparticles are an excellent candidate for
applications in fluorescence quenching processes. Focuses on green-
synthesized silver nanoparticles and their optical properties, a useful
background for your nanoparticle conjugation work®. Demonstrates
conjugation of silver nanostructures with a fluorescent system and its
photo-physical implications, which parallels your AgNP-dye conjugation
(Fig. 9)%.

e The observed fluorescence quenching in DMSO and ethanol is now
discussed in terms of possible mechanisms:
e Static quenching (complex formation)
e Dynamic quenching (collisional interactions)
e Energy transfer to AgNPs

e While the original study reported qualitative quenching, we now
acknowledge the limitation and propose:

¢ Future inclusion of Stern-Volmer analysis:

170 = 1+ Kgy[q) to determine quenching constants.

e The revised manuscript clearly states: “Quantitative evaluation (e.g.,
Stern-Volmer plots, lifetime measurements) is required for a complete
understanding of dye-nanoparticle interaction and will be addressed
in future studies.”
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Figure 9: Conjugation of dyes using silver nanoparticles 4-5 APCB in DMSO and ethanol.

Researchers have reported that energy transfer between noble metal
nanomaterials and fluorophores plays a significant role in fluorescence
quenching of fluorophores.

Effective fluorescence quenching based on a metal nanomaterial is an
important task. The interaction between dye molecules and nanomaterials
is gaining popularity because of their unique properties.

The compound 4-5APCB is of significant interest due to its potential
applications in the pharmaceutical/optical/electronic fields. Its unique
structural features, such as the presence of both amino and nitrile functional
groups, provide opportunities for diverse chemical reactivity and
biological activity. Studying 4-5APCB helps understand its mechanism,
structure-activity ~ relationships, @ and  potential use as a
ligand/ catalyst/intermediate.

Conclusion

A detailed spectroscopic investigation of 4-[(5-amino-1-phenylindolizin-3-
yl) carbonyl] benzonitrile (4-5APCB) in solvents spanning a wide polarity
range reveals that its photophysical properties are highly sensitive to the
surrounding medium. The calculated dipole moment increases markedly
from 0.42 D in the ground state to 14.8 D in the excited state, indicating
enhanced polarity upon excitation and significant solute-solvent
interactions. DFT calculations performed with Gaussian 09 reveal the
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strong agreement with the experimental observations, thereby supporting
the solvatochromic interpretation.

On interaction with biologically synthesized silver nanoparticles
(AgNDPs), the fluorescence intensity of 4-5APCB decreases notably in DMSO
and ethanol, implying the occurrence of efficient charge-transfer processes.
A computational study further confirms the structural stability, near-planar
geometry, and electronic transition characteristics of the molecule, as
evidenced by the HOMO-LUMO energy separation and molecular
electrostatic potential distribution. These findings suggest that AgNP-4-
5APCB assemblies possess considerable potential for applications in
photonic devices, chemical sensing, and optoelectronic systems.

The AgNP-4-5APCB system shows strong potential in: Optical sensing
and fluorescence-based detection; Photonic and optoelectronic devices; and
Biological imaging and nanomaterial-based diagnostics.
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