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Synthetic ZnO nanorods/boron dipyrromethene (BODIPY) hybrid compounds were
prepared to investigate field-induced fluorescence enhancement. Hexagonal wurtzite
ZnO nanorods, synthesized via a hydrothermal method, were combined with BODIPY
dye solutions across a ZnO loading range of 0.5 to 2.5 mg. Structural and morphological
characterizations confirmed the c-axis preferential growth of uniform ZnO nanorods.
Spectroscopic evaluations revealed that BODIPY maintained discrete absorption spectra
with small Stokes shifts across the tested concentration range. Incorporating ZnO
nanorods significantly increased both absorption and fluorescence intensities. The
fluorescence enhancement factor scaled with ZnO loading, reaching a maximum
enhancement factor of 1.54 (a 53.78% increase in fluorescence intensity) at a loading of
25 mg ZnO. This optical enhancement is primarily attributed to localized
electromagnetic field effects produced by the ZnO nanorods, alongside potential
contributions from light scattering and interfacial interactions. Within the investigated
loading range, a strong linear correlation (R2 = 0.98) was established between ZnO
concentration and fluorescence intensity, demonstrating the operational tunability of the
hybrid system.
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1. INTRODUCTION

Semiconductor nanostructures have appealed to scientific
interest over the past decades because of their exceptional
optical properties which differ from those of bulk materials
[1]. Among these nanomaterials, ZnO has emerged as one of
the most promising semiconductor materials because of its
wide direct band gap (~3.37 eV), high exciton binding energy
(~60 meV), excellent chemical stability, low toxicity, and
cost-effective synthesis routes [2]. One-dimensional ZnO
nanostructures afford a high surface-to-volume ratio and can
enhance the interaction between light and material, which
makes them suitable for optoelectronic [3], sensing [4],
photocatalytic [5], and fluorescence applications [6].

Boron dipyrromethene (BODIPY) dyes are an important
type of organic fluorophores categorized by strong absorption
coefficients, narrow emission bands, high fluorescence
quantum yields and higher photostability [7, 8]. These
properties make BODIPY products extremely attractive for
applications in bio-imaging [9], optical sensing [10],
fluorescence category [11], and photonic devices [12].
However, the fluorescence efficiency of BODIPY dye systems
could be considerably affected by self-quenching, depending
on concentration quenching and molecular aggregation
effects, particularly at higher BODIPY dye concentrations [13,
14].
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Hybrid organic/inorganic nanostructures have attracted
significant attention as an effective approach for refining
fluorescence performance through interfacial interaction and
localized electromagnetic field improvement [15]. Combining
semiconductor nanostructures with fluorescent organic
BODIPY dyes can adapt the optical environment surrounding
the fluorophore, that most important to enhance excitation
(absorption) efficiency, improved radiative decay processing
and conquest of non-radiative transitions [16]. In this context
ZnO nanorods are predominantly attractive because their
anisotropic morphology can successfully concentrate
electromagnetic fields near the nanorod surface, thus
increasing the interaction between incident photons and
neighboring fluorescent molecules.

The current work aims to synthesize ZnO nanorods via a
simple hydrothermal method and to explore the role of these
nanostructures in enhancing the fluorescence phenomena of
BODIPY dye through the creation of ZnO/BODIPY hybrid
systems. The optical performance of the prepared hybrids was
evaluated using ultraviolet—visible (UV—Vis) absorption and
fluorescence spectroscopy. Specific highlighting was engaged
to understand the mechanism of localized electromagnetic
field-induced fluorescence enhancement through the analysis
of enhancement factors, excitation efficiency, radiative decay
behavior, and spectral broadening characteristics. The finding
results give valued comprehensions into the development of
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high efficient hybrid nanophotonic systems for innovative
sensing and optoelectronics applications.

2. EXPERIMENTAL SECTION

Zinc oxide nanorods were synthesized via a hydrothermal
method using a home-made 100 mL Teflon-lined stainless-
steel autoclave. All chemicals were of analytical grade and
used as received from commercial suppliers (Sigma-Aldrich,
99% purity). The starting raw material was commercial ZnO
powder with an average particle size of ~1-5 um. The Teflon
liner was immersed in a 20% hydrochloric acid solution for 10
min to remove contaminants, followed by thorough rinsing
with deionized water. Glass substrates were cleaned in an
ultrasonic bath using an ethanol: acetone mixture (1:1) and
subsequently dried under ambient air conditions. In a typical
synthesis, 2.0 g of the precursor ZnO powder was introduced
into an aqueous solution of 3 M NaOH. The mixture was
magnetically stirred at 27 °C for 1 h to form a homogeneous
precursor suspension. The resulting mixture was transferred
into the Teflon-lined autoclave, filled to 60 mL of its total
capacity. The autoclave was sealed and maintained at a
constant temperature of 70 °C for 24 h. After cooling naturally
to room temperature, the synthesized ZnO nanorods were
collected, washed repeatedly with deionized water and ethanol
to remove residual ions, dried at 80 °C for 6 h, and ground into
a fine powder. The reaction yielded approximately 1.85 g,
corresponding to a yield of ~92.5% of ZnO nanorods.

To diminish molecular self-aggregation, a series of dilute
BODIPY dye solutions (4,4-difluoro-1,3,5,7-tetramethyl-4-
bora-3a,4a-diaza-s-indacene), obtained from Sigma-Aldrich
(98% purity), was prepared in tetrahydrofuran (THF) within a
concentration range of 107¢ to 1072 mol/L. These solutions
were characterized wusing UV-Vis spectroscopy and
fluorescence spectroscopy to identify the optimal dye
concentration displaying maximum emission intensity without
self-quenching. A stable colloidal stock suspension of ZnO
nanorods (1 mg/mL) was prepared by dispersing 10 mg of the
synthesized ZnO powder in 10 mL of THF under ultrasonic
agitation for 15-30 min. Hybrid dye—nanoparticle systems
were subsequently fabricated by doping the optimized
BODIPY solution with specific volumetric aliquots of the ZnO
stock suspension to yield individual nanoparticle mass
loadings 0of 0.5, 1.0, 1.5, 2.0, and 2.5 mg in the final mixture.

The crystalline phase of the hydrothermally synthesized
ZnO nanorods was examined by X-ray diffraction (XRD),
while their surface morphology and elemental composition
were investigated using field emission scanning electron
microscopy (FE-SEM) equipped with energy-dispersive X-ray
spectroscopy (EDX). The electronic transitions of both the
bare dye and the hybrid ZnO/BODIPY systems were recorded
using a UV—Vis spectrophotometer in the wavelength range of
100-1100 nm. Fluorescence emission spectra were collected
using a spectrofluorometer at the optimal excitation
wavelength determined for the dye.

3. DISCUSSION OF RESULTS

The crystallinity of the hydrothermally synthesized ZnO
nanorods was investigated using XRD, as shown in Figure 1.
The diffraction pattern confirms the successful formation of
crystalline ZnO with a hexagonal wurtzite structure.
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Figure 1. X-ray diffraction (XRD) pattern of hydrothermally
synthesized ZnO nanorods

The diffraction peaks located at approximately 26 = 31.7<
34.4< and 36.2° correspond to the (100), (002), and (101)
crystallographic planes, respectively. The presence of these
characteristic peaks matching standard JCPDS data confirms
the phase purity of ZnO without noticeable secondary phases
such as Zn(OH): or impurities.

The main intensity (002) peak indicates growth orientation
along the c-axis, which is a typical feature of one-dimensional
ZnO nanorods. This preferential orientation is attributed to
anisotropic growth along the [0001] direction, where surface
energy minimization governs crystal elongation. The sharp
and narrow diffraction peaks further confirm the high
crystallinity and low defect density of the synthesized ZnO,
which is the main cause for enhancing the optical performance
in hybrid systems. This result agrees with literature reports
where hydrothermally grown ZnO nanorods typically exhibit
highly crystalline structures and no impurity phases,
confirming the effectiveness of low-temperature hydrothermal
synthesis in producing pure ZnO nanorods [17].

To rigorously quantify the crystallographic structural
variations and meet peer-review expectations, the average
volume-weighted crystallite size (D) was evaluated using
Scherrer’s formulation [18]:

D K2
" Bcos@

(1

where, K = 0.9 represents the shape factor, A = 0.15406 nm
denotes the Cu-Ka X-ray wavelength, S is the full width at half
maximum (FWHM) of the diffraction peak expressed in
radians, and @ is the Bragg diffraction angle. The calculated
structural metrics are compiled in Table 1.

The structural parameters, including peak positions (26),
interplanar spacing (d), FWHM, and calculated crystallite
sizes (D) for the main diffraction planes, are quantitatively
summarized in Table 1.

The XRD structural parameters calculated for the
synthesized ZnO nanorods are quantitatively summarized in
Table 1. The average crystallite size (D) calculated across the
reflection planes using Scherrer’s equation is approximately
26.70 nm, with the largest crystallite size (32.3 nm) observed
along the (002) plane. The calculated lattice parameters (a =b
=3.250 A and ¢ = 5.206 A) show excellent agreement with the
standard hexagonal wurtzite ZnO data (JCPDS card No. 96-
230-0113). Furthermore, the high relative intensity ratio of



1(002)/1(100) = 1.28 quantitatively confirms the preferential
crystal growth along the c-axis, which facilitates effective
field-induced optical interactions in the hybrid system.

Table 1. Quantitative X-ray diffraction (XRD) structural
parameters, crystallite sizes, and lattice constants of
hydrothermally synthesized ZnO nanorods

20 d-

Plane . FWHM Crystallite
(hkl) (()11))2;231 Spagmg (Degree) Size (D nm)
100 31.75 2.816 0.28 29.8
002 3442 2.603 0.26 323
101 36.25 2.476 0.31 272
102 47.54 1.911 0.33 26.5
110 56.6 1.625 0.35 25.8
103 62.86 1.476 0.38 24.5
112 67.96 1.378 0.4 239
201 69.1 1.358 0.41 23.5

Note: Full width at half maximum (FWHM).

The surface morphology of ZnO nanorods was examined
using FE-SEM as shown in Figure 2. The micrographs show
the formation of distinct and rod-like nanostructures with
comparatively uniform size distribution and high surface
density.

cps/eV.

0.8

0.6

0.4+

0.24

0.0+

i
L L..m;lh " el L.Jl
Figure 2. Field emission scanning electron microscopy (FE-
SEM) images and energy-dispersive X-ray spectroscopy

(EDX) spectrum of ZnO nanorods

The nanorods in FE-SEM image display elongated one
dimension morphology ranged at arbitrary orientations an
average length of 1.5 + 0.3 pm and a mean diameter of 115 +
15 nm which improves surface area and supports strong
interaction of light-matter. The smooth surface morphology
and low agglomeration indicate control of the nucleation and
growth during the hydrothermal process. This structure is
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highly useful for optical applications as it assists localized
electromagnetic field enhancement around the nanorod
surfaces.

The elemental composition was confirmed by EDX
presented in the inset of Figure 2. The spectrum reveals only
Zn and O peaks, confirming the high chemical purity of the
nano-oxide. The absence of impurity peaks shows the efficient
formation of ZnO without contamination. The stoichiometric
Zn/O ratio indicates full oxidation during synthesis, while
minor deviations can be attributed to oxygen vacancies
commonly observed in ZnO nanorods. These defects may play
a role in adapting electronic transitions through localized
energy states within the band gap. This agrees with a report
demonstrating that ZnO nanorods can amplify local
electromagnetic fields and increase fluorescence in coupled
organic fluorophores [19].

The absorption and fluorescence spectra of BODIPY dye at
different concentrations (10210 mol/L) are presented in
Figure 3, while the corresponding quantitative optical
parameters are summarized in Table 2.
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Figure 3. Ultraviolet—visible (UV—Vis) absorption and
fluorescence spectra of boron dipyrromethene (BODIPY) dye
at different concentrations (102-107° mol/L)



The spectral shapes shown in Figure 3 show that absorption
and fluorescence intensities are directly dependent on dye
concentration. A decrease in peak intensity is observed as the
concentration is reduced from 1072 to 107 mol/L, indicating a
direct relation between the number of absorbing/emitting
molecules and the optical response of the dye. This conduct
reflects the fundamental principles of light and matter
interaction designated by the Beer—Lambert law, where the
probability of photon absorption decreases proportionally with
molecular concentration. Similar behavior has been reported

in the literature for BODIPY products and related organic
dyes, where absorption and fluorescence intensities scale
linearly with concentration without significant deviation or
nonlinear effects [20].

The quantitative optical parameters of BODIPY dye at
various concentrations ranging from 1072 to 107° mol/L are
summarized in Table 2. This includes detailed characteristics
such as the maximum intensity of absorption and fluorescence
spectra, FWHM for absorption and fluorescence spectra, and
the calculated Stokes shift values.

Table 2. Absorption and fluorescence characteristics of boron dipyrromethene (BODIPY) dye at different concentrations (1072—
107 mol/L)

Concentration mol/L.  Max. abs.

FWHM abs. nm) Max. Flu.

FWHM Flu. (nm) Stokes Shift (nm)

102
1073
10
1073
10

0.88
0.80
0.73
0.66
0.60

56
55
54
53
52

0.96
0.83
0.73
0.66
0.60

38
40
43
41
40

11
15
14
13
12

Note: Full width at half maximum (FWHM).

The data listed in Table 2 confirm this tendency, where the
absorption maximum decreases from 0.88 to 0.60 while the
fluorescence maximum decreases from 0.96 to 0.60 with
concentration. This reduction in absorption and fluorescence
intensities indicates that the optical response of BODIPY
scales linearly with concentration without any quenching or
nonlinear effects. Also, the spectral shapes observed in Figure
3 remain unchanged for all concentrations, suggesting that the
electronic transition of the BODIPY dye is preserved. This
stability is supported by the constant (FWHM) values listed in
Table 2, where the absorption bandwidth varies from 56 to 52
nm, and the fluorescence bandwidth remains within 38 — 43
nm. These variations indicate a stable solvation environment
and minimal perturbation of the electronic energy levels upon
dilution. This behavior reflects a homogeneous solvation
environment in which intermolecular interaction is weak and
does not produce spectral broadening. This agrees with
previous reports that found that BODIPY dye in polar solvents
sustains stable excited-state dynamics and narrow spectral
FWHM due to its rigid molecular structure [21].

The Stokes shift values (11-15 nm) indicate a small energy
difference between absorption and fluorescence processes,
supporting efficient radiative relaxation with minimal non-
radiative loss. The minor variation in Stokes shift at
intermediate concentrations may be attributed to weak solvent
relaxation effects and no systematic trend indicative of
aggregation or excimer formation.

Combined analysis of Figure 3 and Table 2 shows that the
BODIPY dye exhibits good optical stability, high fluorescence
efficiency, and negligible aggregation effects within the given
concentrations. This confirms that the system provides a
consistent baseline for subsequent incorporation into ZnO-
based hybrid structures, confirming that fluorescence
enhancement can be attributed to nanoparticle-induced
electromagnetic effects.

Values represent the mean of three independent
measurements (n = 3). The experimental uncertainty (RSD <
2%) is smaller than the symbol size in the corresponding plots
and is visually enclosed within the data points.

The optical response and fluorescence enhancement of the
ZnO/BODIPY hybrid systems are illustrated in Figure 4, while
the optical parameters and enhancement metrics are
summarized in Table 3.
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Figure 4. Ultraviolet—visible (UV—Vis) absorption and
fluorescence spectra of ZnO/boron dipyrromethene
(BODIPY) hybrid systems at different ZnO nanorod loadings
(0.5-2.5 mg)

Figure 4 displays a clear increase in fluorescence
enhancement with increasing ZnO nanorod weight. The linear
behavior indicates that the optical response of the hybrid



system is dependent on ZnO loading within the range (0.5-2.5
mg). This enhancement confirms that ZnO nanorods actively
contribute to amplifying the fluorescence emission of the
BODIPY dye rather than acting as inactive substrates.

The optical parameters and fluorescence enhancement
metrics of the prepared ZnO/BODIPY hybrid systems under
different ZnO nanorod mass loadings (0.5 to 2.5 mg) are
detailed in Table 3.

Table 3. Optical parameters and fluorescence enhancement factors of ZnO/boron dipyrromethene (BODIPY) hybrid systems at
different ZnO nanorod loadings

Measured Localized
ZnO Abs. FWHM Flu. FWHM  Stokes Enhancement Relative Excitation Radiative
Nanorod Max. Abs. Max. Flu. Shift Factor (EF = Intensity Enhancement Decay Ratio
Loadings A (nm) A (nm) (nm) F/F0) {1/10) Factor (G/G0 = (G/GO)/EF
A/A0)
0.5 mg 0.97 54 0.97 45.5 10 1.01 1.39 % 1.1 1.085
1 mg 1.07 56 1.07 46 11 1.12 11.53% 1.21 1.085
1.5 mg 1.18 58 1.18 46.5 12 1.23 22.68% 1.33 1.085
2 mg 1.29 60 1.29 47 13 1.35 34.96% 1.46 1.085
2.5mg 1.42 62 1.42 47.5 14 1.54 53.78% 1.61 1.047

Note: Full width at half maximum (FWHM).

The results listed in Table 3 support that the fluorescence
enhancement factor increases from 1.01 at 0.5 mg to 1.54 at
2.5 mg, and the relative fluorescence intensity increases,
reaching 53.78% at the maximum ZnO loading. This
qualitative enhancement reflects the potential influence of
ZnO nanorods on the dye's photophysical environment.
Similar trends reported in the literature have been tentatively
attributed to localized electromagnetic field interactions;
however, in the present hybrid system, this remains a plausible
mechanism that warrants further direct spectroscopic and
theoretical validation [22].

The localized excitation enhancement factor shows an
increase from 1.1 to 1.61, indicating that the contribution to
fluorescence enhancement originates from improved
excitation efficiency. This behavior suggests that ZnO
nanorods enhance the local electromagnetic field intensity
surrounding the BODIPY molecules by increasing the
probability of photon absorption. The mechanism of this
enhancement may be attributed to localized electromagnetic
field effects generated near the surface of ZnO nanorods,
alongside potential contributions from light scattering and
interfacial interactions. The increase in the localized excitation
enhancement factor suggests that improved photon-harvesting
efficiency might contribute to the overall fluorescence
intensity. It is hypothesized that the high aspect ratio of ZnO
nanorods could facilitate local light scattering and field
concentration near the surface. However, without direct field-
mapping or ultrafast computational simulations, these optical
dynamics  should be  considered as  proposed
phenomenological contributions rather than definitive
mechanisms. Also, the constant non-radiative decay ratio
(~1.085) indicates a balanced contribution between excitation
enhancement and radiative emission. The decrease observed at
2.5 mg (1.047) may suggest a weak aggregation effect or
increased scattering losses at higher concentrations, which
could reduce the efficiency of the enhancement mechanism

The increase in FWHM for absorption (54—62 nm) and
fluorescence (45.5-47.5 nm) indicates increased heterogeneity
in the dielectric environment upon incorporation of ZnO
nanorods. This spectral broadening may arise from interfacial
interactions between ZnO states and BODIPY molecules.

The Stokes shift variation from 10 to 14 nm suggests
indirect modifications in excited-state relaxation due to ZnO/
BODIPY interactions. However, the small magnitude of these
shifts confirms that the photophysical integrity of the BODIPY
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dye remains preserved in the hybrid system. Combined
analysis of Figure 4 and Table 3 demonstrates that ZnO
nanorods enhance the fluorescence performance of BODIPY
through localized electromagnetic field effects. The increase
in enhancement parameters confirms the effectiveness of ZnO
nanorods as optical amplifiers, making the ZnO/BODIPY
system promising for applications in fluorescence sensing,
bioimaging, and advanced photonic devices.

All measurements were conducted in triplicate (n = 3). The
calculated relative standard deviations (RSD) across
independent runs were consistently below 2%. Due to this high
experimental precision, the resulting error bars (+£SD) are
smaller than the plotted symbol sizes in the corresponding
figures and are therefore visually enclosed within the data
points.

The relationship between ZnO nanorod loading and the
optical enhancement response is illustrated in Figure 5. The
Figure exhibits a clear linear increasing trend, indicating a
direct proportionality between ZnO concentration and the
fluorescence enhancement.
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Figure 5. Linear relationship between ZnO nanorod loading
and fluorescence enhancement factor in ZnO/ boron
dipyrromethene (BODIPY) hybrid systems

The linearity observed in Figure 5 confirms that the
fluorescence enhancement is highly controllable and
dependent on the amount of ZnO nanorods incorporated into
the hybrid system. This behavior suggests that the system
operates within a non-saturated regime where each increase in
ZnO weight contributes effectively to enhancing the optical



properties without reaching the saturation point. This linear
dependence supports the control of localized electromagnetic
field enhancement as the mechanism governing fluorescence
amplification. As the ZnO nanorod concentration increases,
the density of optically active nanostructures within the
medium will increase, giving a stronger near-field effect. The
absence of deviation from linearity in Figure 5 indicates that
effects of nanoparticle aggregation, optical shielding, or
significant scattering losses are not yet dominant within the
studied concentration range (0.5-2.5 mg). This implies that the
ZnO nanorods are well dispersed within the solution by
ensuring efficient interaction with the dye molecules and
maintaining uniform optical enhancement across the system.
The deviations from linearity may occur due to aggregation
effects or increased light scattering. Such effects typically lead
to nonlinear optical responses in hybrid systems. Similar linear
enhancement trends have been reported in published literature
for ZnO-based systems, where fluorescence intensity
increases with nanostructure weight due to enhanced local
electromagnetic field effects and improved photon absorption
efficiency [23]. The linear behavior observed in Figure 5
strongly supports the efficiency and tunability of the
ZnO/BODIPY system. Combined spectroscopic observations
confirm that the addition of ZnO nanorods enhances the net
fluorescence intensity of BODIPY within the investigated
concentrations. While localized field effects are proposed as a
reasonable candidate mechanism, the observed macro-scale
optical response is likely governed by a combined influence of
surface interactions, light scattering, and local dielectric
modification.

4. CONCLUSIONS

ZnO nanorods were synthesized using a hydrothermal
method and integrated with BODIPY dye to construct highly
efficient hybrid nanostructures for fluorescence enhancement
applications. The structural analysis confirmed the formation
of highly crystalline hexagonal ZnO nanorods with growth
along the c-axis, while morphological and compositional
results verified their uniform rod-like structure and high
chemical purity. The optical investigations of BODIPY dye
demonstrated stable photophysical properties with distinct
absorption and fluorescence characteristics, narrow spectral
bandwidths, and small Stokes shifts indicating high optical
stability and negligible aggregation effects. These properties
provided a dependable basis for assessing the hybrid system.
Upon incorporation of ZnO nanorods, an enhancement in
absorption and fluorescence intensities was observed. The
fluorescence enhancement factor increased with ZnO loading,
reaching a maximum value of 1.54 at 2.5 mg, along with an
intensity enhancement of up to 53.78%. The localized
excitation enhancement factor also showed a continuous
increase, confirming improved light-matter interaction within
the hybrid system. The observed enhancement behavior is
attributed to localized electromagnetic field effects produced
by ZnO nanorods, which enhance the excitation efficiency and
radiative emission probability of BODIPY molecules.
Additional contributions from light scattering and interfacial
interactions between ZnO and dye molecules further support
the enhancement mechanism. The linear dependence of
fluorescence enhancement on ZnO concentration confirms the
tunable nature of the hybrid system.
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