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A B S T R A C T

The adsorption of hexane and N-methylaniline was investigated by on-chip vibrational spectroscopy. The
interaction with the Pd surface significantly perturbs the vibrational modes of hexane. Near-infrared absorption
spectroscopy on the waveguide detected a redshifted C–H stretching vibration. We showed that while rapid
evaporation of one component may occur, the modification facilitates the sensing for large molecules and
mixtures of substances. Rib waveguides were modified with palladium to exhibit an enhanced electromagnetic
field effect due to the electrostatic interaction of Pd and hydrogen, showing the drop in the amine overtone
absorption of 7.6 dB and the overtone related to the bond of carbon to hydrogen of 6.8 dB. The absorption
of hexane bonds in water is 5.5 dB. The obtained values are 100 times higher than those predicted by the
electromagnetic simulator for pure rib waveguides. This may be explained by C–H bonds in hexane that can be
activated through a hydrogen bond-like interaction with metal substrates. This achievement holds promising
potential for advancing hexane and N-Methylailine detection and analysis technologies, with implications for
diverse applications in various industries, such as environmental monitoring, industrial processes, and safety
measures.
1. Introduction

Absorption spectroscopy-based trace sensing technology has found
widespread application across various domains, including drug effi-
ciency monitoring, industrial manufacturing, flow field analysis and
others. Its utilization is attributed to its ability to leverage molecu-
lar ‘‘fingerprint’’ features, providing high selectivity, rapid response
times, and enabling in-situ real-time detection [1]. The examination of
alkane molecule adsorption on transition-metal surfaces has received
considerable attention. For instance, the activation of C–H bonds within
cyclohexane can occur via a hydrogen bond-like interaction with metal
substrates (C–H⋅⋅⋅M interaction), leading to a significant redshift in
the C–H stretching modes of adsorbed alkanes. Consequently, vibra-
tional spectroscopy methods have primarily explored the relationship
between alkanes and transition-metal surfaces.

Over the recent years, the international community has grappled
with the urgent issue of the diminishing quality of our air, soil, and
water resources [2,3]. With the increase in consumption of various
raw materials and the development of technology, technologies for
determining substances in various environments are being developed
in parallel. With increasing rates of raw material processing and ac-
celerating production cycles, the need arises for reliable methods for
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detecting volatile substances that either evaporate or quickly trans-
form into more toxic compounds. Spectroscopic methods allow for
determining substances at the speed of light [4,5] depending on the
production tasks, various selective, sensitive, and long-lasting sensors
are designed for liquid [6–10], gaseous [11], or solid states detection
and for different application such as chemical, microbiological, food,
fuel, petrochemical, pharmaceutical, pulp and paper, space, engineer-
ing, and metalworking industries; electric power, agriculture, and other
detections. Planar waveguides stand out as promising research av-
enues with excellent prospects. Their unique design and characteristics
make them intriguing subjects for further exploration and development
within various scientific and technological applications [12–14].

N-methylaniline is a pollutant that can adversely affect the aquatic
environment, soil, and air [15]. This chemical, belonging to the family
of aromatic amines, has the potential to contaminate water bodies,
leading to aquatic pollution. When released into the soil, it can con-
tribute to soil pollution, impacting the health of plants and other
organisms in the ecosystem. Moreover, in vapor form, methyl aniline
can be released into the air, adding to air pollution concerns. N-
methylaniline, a derivative of aniline, serves a dual role as both a latent
and binding solvent and plays a crucial intermediate role in producing
dyes, agrochemicals, and various other organic compounds. It can
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Fig. 1. Illustration of the experimental setup. The inset shows a magnified image of a rib waveguide with Pd + Au nanorods and a droplet of N-methylaniline.
enter the environment with wastewater from the dyeing industry and
organic synthesis. However, it is essential to note that N-methylaniline
is a highly toxic substance, classified as a fire hazard and considered
hazardous. Exposure to this chemical can damage the central nervous
system and has a potential risk of liver and kidney failure [16,17].

Hexane is an organic substance. It is a saturated hydrocarbon be-
longing to the class of alkanes, otherwise paraffin, aliphatic hydrocar-
bons [18]. Indeed, hexane shares characteristics with N-methylaniline
in terms of its potential hazards. Hexane is known to be explosive
and highly volatile, a fire hazard, and quickly evaporates into the air.
It finds application in the synthesis of gasoline and other industrial
processes. However, it is essential to note that hexane, like many
volatile organic compounds, poses environmental risks and can con-
tribute to pollution. When exposed to the body, it affects the central
and peripheral nervous systems and the respiratory system [19,20].

Optical waveguides can be used for sensing those materials. Here,
we show how the rib waveguide architecture modified with Pd nano-
rods allows for sensing on a chip. A rib waveguide is made of a guiding
layer composed of a slab with one or more strips on the top [21–24].
Likewise, rib waveguides offer two-dimensional wave confinement,
and in multi-layer strip structures, near-complete confinement can be
achieved [25,26]. They are widely used in various applications, in-
cluding telecommunications [27] and integrated optics [28]. Moreover,
a rib waveguide can incorporate strips of varying heights and widths
on one surface and can be divided into different sections. This feature
enhances its selectivity in detecting various substances since different
waveguide sections can be tailored to distinct substances. Furthermore,
besides their inherent selectivity, rib waveguides can boost their sen-
sitivity through surface modifications. When modified with various
nanoparticles, a rib waveguide demonstrates promising potential for
sensing applications, for example, for biochemistry, ecology, and chem-
istry [22,29–33]. Various metals can be used to modify rib waveguides
and increase their sensitivity, namely gold, silver, aluminum, and rarely
palladium. In addition to nanoparticles, films of metals (gold [34], sil-
ver [35], palladium [36], titanium dioxide [37]) and carbon-containing
materials (graphene [38,39], MXene [40], polymers [41,42]) are used
to modify the surfaces of waveguides. However, they provide one layer
when nanoparticles can provide a more complex and larger specific
surface area.

Aluminum [43] and silver [44] nanoparticles can be used to modify
waveguide surfaces but are less stable in liquid and gaseous media
and are easily oxidized. However, aluminum oxide nanoparticles are
stable and can be used with other materials to modify the surfaces
2

of waveguides. Gold [45] and palladium nanoparticles perform well
for various sensing applications since they do not oxidize and have
good chemical stability. Also, in the case of palladium, a considerable
advantage is that it very quickly adsorbs hydrogen and all substances
with hydrogen bonds onto its surface [46]. Increasing the sensor’s
specific surface area with palladium will increase its sensitivity, includ-
ing mixtures containing rapidly evaporating substances. Also, a good
solution for increasing sensitivity and reducing the cost of the material
can be a combination of metals, in our case, nanorods composed of
palladium and gold. More complex structures, such as nanorods, may
also contribute to the detection of the substances under study due to
their surface area.

Here, we report the design, fabrication, and demonstration of rib
waveguides modified by gold (Au) nanorods coated with a layer of
palladium (Pd), as illustrated in Fig. 1. The diameter of the Pd+Au
nanorods is 25 nm and the length is 75 nm with a concentration of
100 μg/ml on the surface. The concept of employing palladium for
surface modification of waveguides stemmed from its favorable interac-
tion with hydrogen, which increases the adsorption of more molecules
containing hydrogen bonds onto the waveguide surface, along with its
efficient release of hydrogen during thermal or physical treatments.
This increases the service life, sensitivity, selectivity to substances
containing hydrogen bonds, and the service life of the waveguide.
These reliable waveguides offer the capability for real-time operation
and convenient detection of chemical, medical, and biological entities.
In our research, we employed the concept of a modified rib waveg-
uide to identify the absorption of N-methylaniline (C6H5NH(CH3)) and
Methylaminobenzene [47] within a hexane (C6H14) mixture of different
concentrations.

2. Materials and methods

In the following section, we describe the materials and methods
used in this study.

2.1. Materials

N-methylaniline (C6H5NH(CH3), ≥98%), Gold (Au) nanorods palla-
dium (Pd) coated (25 nm diameter and 75 nm length with concentra-
tion of 100 μg/ml in water) and Hexane (C6H14, ≥95%) were purchased
from Sigma-Aldrich, distilled water.
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2.2. Fabrication of the chip-scale sensing device

The waveguide was fabricated on a silicon wafer with a silica
thickness of 2 μm and silicon thickness of 2 μm. A hard mask of
aluminum with a thickness of 50 nm was fabricated on the top of
the wafer to create different-width strips with a height of 400 nm.
Next, the wafer was dry-etched with SF6+Ar and O2. The residue of the
hard mask was removed using a 400K developer. In the last step, the
waveguide was covered with Tantalum pentoxide (Ta2O5) film with a
thickness of 10 nm to protect the silicon waveguide. The rib waveguide
was modified by gold nanorods palladium coated deposited on top of it.
First, We cleaned the surface of the waveguide by placing it in acetone
for 15 min and drying it at a temperature of 25C in a closed Petri dish.
Next, the nanorods were dipped into the clean waveguide, which was
dried in a closed petri dish.

2.3. Preparation of the analyte samples

N-methylaniline was mixed with hexane in 5 ml glass flasks in a
few ratios of N-methylaniline to hexane; 1:1, 1:3, 1:5, and 1:10 while
each part was equivalent to 200 ml. The solutions were stored at room
temperature (25C) in a laminar flow hood.

2.4. Experiment optical set-up

A broadband laser source (NKT SuperK EXTREME), a wavelength
range from 400 nm to 2400 nm, was coupled to a single-mode fiber
through an Olympus plan achromat objective featuring a numerical
aperture (NA) of 0.25 and a magnification of x10. The fiber was then
attached to a silver reflective collimator with a beam diameter of 2 mm,
producing a collimated beam. This setup provides a means to efficiently
couple the laser light into the single-mode fiber for various optical
applications within the specified wavelength range. The collimated
beam generated was directed onto the input face of the rib waveguide
employing a microscope objective characterized by a long working
distance, magnification of x100, numerical aperture of 0.55, and a
working distance of 13 mm. The input coupling arrangement was
integrated with the rib waveguide through a 3-axis NanoMax Stage. The
customized rib waveguide, positioned on a 3-axis stage (MicroBlock
MBT616D), featured a 2-axis rotary stage for precise angular alignment.
An experimental apparatus was constructed to ensure the alignment
of optical components. The output beam was collected using the same
objective as the input one. The beam was divided using a beam splitter.
Half of the output was focused using a lens on a VIS-SWIR camera
(Ninox-640) to monitor the output facet and guarantee precise align-
ment of both input and output beams. The second half of the output
beam was coupled into a single-mode fiber using an Olympus objective
0.25 NA with x10 magnification. The output data collection setup,
mounted on a 3-axis stage, included a fiber connected to an optical
spectrum analyzer (Yokogawa 6370D) with a resolution of 2 nm. This
comprehensive configuration facilitated the precise analysis and control
of the optical signals in the rib waveguide system.

3. Results

3.1. Rib waveguides composition

First, we studied the conventional spectrum of the N-methylaniline
in a hexane mixture and selected the optimal concentration for further
studies of the mixtures on modified waveguides. We performed a de-
tailed study to find the optimal concentration using a Fourier-transform
infrared spectroscopy (FTIR). The data is presented in Fig. 2.

We found that the N–H stretching vibrations are well-presented in
the range of 3300–3500 cm−1. Typically, the asymmetric stretching
mode is around 3500 cm−1, while the symmetric mode appears around
3400 cm−1. These vibrational frequencies are known to exhibit small
3
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Table 1
Elemental composition of the glass substrate with palladium
nanorods with a concentration of 100 μg/ml.

Element Atomic Weight
conc. (%) conc. (%)

C 38.392 26.226
O 36.517 33.233
Na 5.815 7.608
Mg 1.085 1.502
Al 1.762 2.703
Si 14.347 22.923
Ca 1.800 4.104
Pd 0.281 1.762

variations with changes in solvent polarity. Additionally, more sub-
stantial changes in these vibrational frequencies can be observed in
concentrated solutions where intermolecular association occurs. Un-
derstanding these spectral features is crucial for interpreting infrared
spectra and gaining insights into molecular interactions, especially in
solutions with varying concentrations and solvent environments. In our
case, the peaks are at 3490 cm−1. The C–H symmetric and asymmetric
stretching frequencies, particularly in the methyl group, have been
extensively studied for a series of substituted anilines. In the case of
N-methyl and dimethyl anilines, assign the infrared bands at 2812 and
2801 cm−1 as C–H symmetric stretching vibrations. Additionally, they
identify the bands at 2855.65 and 2879.45 cm−1 as C–H asymmetric
stretching vibrations for N-methyl and dimethyl anilines, respectively.
These vibrational frequencies provide valuable information about the
molecular structure and bonding environment of the methyl groups in
these compounds [48,49]. From the graphs, we see how the peaks of N-
methylaniline change when the hexane concentration changes; already
at a ratio of 1 to 5, the peaks become barely distinguishable. Therefore,
we decided to use modified rib waveguides with a concentration of 1:3
for our experiments. Peaks are not shifted depending on concentrations.

In addition, we studied the composition of gold nanorods palladium
coated on the surface of a glass substrate using energy-dispersive X-
ray spectroscopy (EDS). First, we dripped nanorods in water with
a concentration of 100 μg/ml on a glass slide and dried it. Fig. 3a
shows a Scanning electron microscopy (SEM) image of the sample
and highlights the EDS study area with a size of 𝑆1 = 489.05 mm2.

he bright particles are related to gold nanorods with a palladium
ayer, which covers individual areas of the substrate and forms clus-
ers of conglomerates. The large dark particles are related to Al2O3
anoparticles. We found that using nanorods with a concentration of
00 μg/ml, the obtained surface modification is a complex surface layer
ith randomly varying-sized particles. Therefore, we decided to use a

ower concentration of nanorods in water to achieve a uniform layer
f known size. We dripped nanorods in water with a concentration of
0 μg/ml on a new glass slide and dried it. Fig. 3b shows an SEM image
f a sample with a concentration of nanorods of 10 μg/ml in water with
ighlighted EDS area size of 𝑆2 = 11.25 mm2. The image shows that the
old nanorods with palladium form a uniform single layer area.

The EDS data of glass substrate with nanorods with a concentration
f 100 μg/ml in water (Fig. 3a) in Table 1 shows that the samples consist
f carbon, oxygen, sodium, magnesium, silicon, aluminum and calcium,
ubstances which are related to the glass composition. The palladium
tomic concentration of the total composition is 0.281%. The aluminum
tomic concentration of the total composition is 1.762%. Gold was not
etected since its percentage in the total mass of the sample was too
mall.

The EDS spectra of the glass substrate with nanorods with a concen-
ration of 10 μg/ml in water (Fig. 3b) in Table 2 show higher concen-
rations of palladium and gold. Palladium concentrations were 5.886%,
old 0.503%, and aluminum 1.166%. The remaining substances are
rom the glass substrate.

Based on the data obtained by the EDS method and the calculation,

e concluded that the concentration of nanorods in the water of
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Fig. 2. Fourier-transform infrared (FTIR) spectroscopy results. (a) Samples with different concentrations of N-methylaniline in hexane and (b) glass slides with palladium layer
(concentration of 10 μg/ml in water) with the samples deposited on them. FTIR spectra of glass samples with a concentration of (c) 1:1 N-methylaniline to hexane, (d) 1:3
N-methylaniline to hexane, (e) 1:5 N-methylaniline hexane and (f) 1:10 N-methylaniline hexane.
Fig. 3. Scanning electron microscopy with EDS image of glass substrate with gold
nanorods palladium coated with (a) concentration of 100 μg/ml in water and (b)
concentration of 10 μg/ml in water. The EDS area is marked with a blue square.
4

Table 2
Elemental composition of the glass substrate with palladium
nanorods with a concentration of 10 μg/ml.

Element Atomic Weight
conc. (%) conc. (%)

C 27.181 13.500
N 3.625 2.100
O 36.271 24.000
Na 5.782 5.500
Mg 1.094 1.100
Al 1.166 1.300
Si 16.442 19.100
Ca 2.051 3.400
Pd 5.886 25.900
Au 0.503 4.100

Table 3
Elemental composition of the top surface of a rib
waveguide.

Element Weight concentration
(%)

Ta 80.4
O 19.6

10 μg/ml is optimal for the layer on the surface of the waveguide to
be a single layer of nanorods and nanoparticles. Next, we studied the
composition of a rib waveguide before and after the deposition of palla-
dium nanorods on top of the waveguide. The elemental composition of
rib waveguide clean rib waveguide and rib waveguide with palladium
nanorods is shown in Tables 3 and 4, respectively.

Table 3 shows the elemental composition of a clean rib waveguide.
It shows the presence in the composition of a Ta2O5 film on the surface
of the rib waveguide, which is used to cover the waveguide to protect
and prevent oxidation of its surface and change the refractive index.
This material also minimizes losses and provides precise control over
the light path, improving waveguide performance.

Table 4 shows the rib waveguide surface elemental composition
after modifying its surface with palladium nanorods. The tantalum
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Fig. 4. Scanning electron microscope (SEM) images. (a) a photograph of a rib waveguide with palladium positioned on the scanning electron microscope holder. (b) Top view
and (c) side view of the surface of a clean rib waveguide. (d) Rib waveguide with palladium nanorods deposited on the top of the waveguide while the palladium nanorods in
water had a 100 μg/ml concentration. (e) Zoomed-in image of rib waveguide with palladium. (f) Rib waveguide with palladium nanorods deposited on the top of the waveguide
while the palladium nanorods in water had a concentration of 10 μg/ml.
Table 4
Elemental composition of the top surface of a rib
waveguide with Pd nanorods.

Element Weight concentration
(%)

Ta 76.4
O 14.7
Al 4.6
Pd 4.3

concentration changes by 4%, oxygen concentration changes by 4.9%,
and palladium and aluminum appear, which indicates the physical ad-
sorption of particles, as well as palladium and aluminum appear, which
indicates the physical adsorption of particles, as well as chemical re-
action of oxygen replacement. Tantalum reacted more with aluminum
nanoparticles than with palladium. The presence of aluminum in the
sample is due to the presence of an impurity in the palladium samples;
aluminum was used at one of the stages of producing nanorods. In our
work, aluminum is an admixture necessary to increase the absorption
of hydrogen-containing substances. We do not see the presence of gold
since there are many other substances.

Fig. 4 shows the rib waveguide before and after the deposition of
gold nanorods palladium coated, a study conducted using a scanning
electron microscope (SEM). Fig. 4a shows a modified waveguide lo-
cated in a SEM setup. Fig. 4b shows the clean surface of the waveguide,
on which one group of waveguides are visible, showing strips with
varying widths where the wider strip is 20 μm wide and the smaller
is 9.9 μm wide. Fig. 4c shows a side view of the waveguide showing
rib waveguide with a strip height of 400 nm. It is also visible on the
side that a uniform layer of Ta2O5 is applied to the surface of the
rib waveguide. Figs. 4d and 4e show a waveguide with a palladium
layer (concentration of 100 μg/ml) and a clean area. The particles
form a dense layer on the waveguide surface, rendering the waveguide
nearly invisible. The concentration was diluted to 1 part nanorods to
10 parts distilled water to address this. In Fig. 4g, a waveguide with
a palladium layer (nanorods concentration in water of 10 μg/ml) is
shown, where nanorods cluster without adhering to each other, forming
a homogeneous layer on several edges of the rib waveguide.
5

3.2. Experimental results

To assess the performance of the modified rib waveguide in a
molecular environment, we designed an experimental setup as shown
in Fig. 5a. A broadband laser source was coupled to a single-mode
fiber using an objective. The single-mode fiber was connected to an
optical spectrum analyzer to achieve maximal coupling efficiency. Next,
the optical fiber was connected to a reflective collimator to create
a collimated beam which was focused by a long working distance
objective on the input facet of the waveguide (Fig. 5b). The rib waveg-
uide was positioned on a 3-axis linear stage with a 2-axis rotation
stage and was monitored using an x100 magnification microscope for
accurate alignment. The output of the waveguide was collected with a
long working distance objective. The output beam was split into two
parts by a beam splitter. Half of the beam was directed to a camera,
facilitating facet and mode imaging studies, and half was measured
using a spectrum analyzer. Both the camera and the spectrum analyzer
were used in parallel to optimize the input and output coupling. The
transmission spectrum was measured at a wavelength range of 1300–
1600 nm. The wavelengths range was chosen to overlap with the
absorption of the first overtone of the N–H bond of N-methylaniline
(NMA) that appears at 1.496 μm [21,50]. The experimental results are
shown in Figs. 5c–f.

Figs. 5c–d show the coupled light in at the input facet and the
output facet, respectively. The transmittance of pure and nanorod-
coated rib waveguides in air was measured to obtain a reference
spectrum. Next, a 5 μl solution of N-methylaniline with hexane was
dropped on the modified rib waveguides with palladium nanorods,
and the transmission was measured. Fig. 5e shows the transmission
of a pure rib waveguide (blue graph) and a modified rib waveguide
with N-methylaniline with hexane (red curve) at a wavelength range of
1300–1600 nm. Absorption bands appear at wavelengths of 1379 nm,
1448 nm, and 1589 nm. The first two peaks are attributed to C–H bones
and the last to N–H bonds. Fig. 5f shows normalized transmission of
hexane in water (concentration 1 to 1) on a modified rib waveguide. In
this representation, the characteristic peaks of hexane are more clearly
distinguishable. This visualization aids in identifying and analyzing the
distinct features associated with each substance, providing valuable
insights into their presence and interactions on the palladium surface.
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Fig. 5. (a) The experimental setup and (b) zoom in on the modified rib waveguide with palladium nanorods. Microscope top view images of (c) the input and (d) output facets.
(e) Measured transmission spectra at a wavelengths range of 1.3-1.6 μm modified rib waveguides with palladium nanorods with a mixture of N-methylaniline in hexane (red
curve) with a concentration of 1:3 (NMA/hexane) and clean rib waveguide (blue curve). (f) Normalized transmission spectra at a wavelength range of 1.3-1.6 μm of modified rib
waveguide with hexane in water 1:1.
In hexane in water, the absorption appears at a wavelength of 1379 nm
(CH3) with a drop of 5.5 dB and a blue-shifted peak. There is a peak
at 1448 nm (CH2) with a drop of 1.5 dB. Both peaks are attributed to
the C–H bonds of hexane. For the first time, we obtained peaks of an
easily evaporated substance in a small volume of 5 μl, attributing this
observation to the presence of palladium.

3.3. Numerical simulation

To explore how light interacts with gold and palladium nanorods
on a rib waveguide, we built a numerical simulation model using
Lumerical FDTD. A silicon-on-insulator waveguide with a height of
2 μm, strip width of 16 μm and strip height of 400 nm as illustrated
in Fig. 6a. The simulation was performed at a wavelength of 1.5 μm,
corresponding to the absorption of the first overtone of the N–H bond in
N-methylaniline. The simulation was performed for a clean waveguide
and a waveguide with palladium nanorod to observe the nanorod’s
influence on the evanescent field that interacts with the analyte. The
palladium nanorod was placed on the top of the waveguide strip in
two configurations: perpendicular (Fig. 6d) and parallel (Fig. 6g) to
the mode propagation direction. Around the nanorods, a much smaller
mesh was defined for obtaining an accurate electric field around the
nanorods. The numerical results are shown in Fig. 6.

The electric field in the center of nanorods is shown at Figs. 6(b,
e, h) for 𝑦 = 0 μm (𝑥𝑧 plane) and Figs. 6(c, f, i) for 𝑥 = 5 μm (𝑦𝑧
plane). The field is enhanced parallel to the light propagation direction
while placing palladium nanorod. Next, we calculated the absorption
of the rib waveguide with a mixture of N-methylaniline in hexane with
a concentration of 1:3 (NMA/hexane) as an analyte for fundamental TE
and TM modes. The numerical results are shown in Fig. 7. We found
that the absorption for TE and TM modes for hexane are around 0.05
and 0.15 dB/cm, respectively. In our experiment for rib waveguide with
palladium nanorods, the absorption peak of hexane was around 4 dB
for a waveguide length of 5 mm which is an enhancement of 100. The
enhancement is caused by the palladium nanorods, which are bound to
the hexane, increasing the absorption.
6

4. Conclusion

Optical waveguides can find widespread applications across various
industries, particularly in detecting and monitoring substances in the
environment. They are crucial in environmental protection initiatives,
contributing to water, soil, and air pollution control. In air pollution,
rib waveguides are especially valuable due to palladium’s high sorption
capacity for hydrogen, a common component in gas mixtures. This
technology can be instrumental in determining the concentration of
hydrogen mixtures, particularly in energy production.

Our research encompassed the fabrication and thorough testing of
modified rib waveguides to detect substances and their concentrations
in air and water. We performed a combination of numerical model-
ing and experimental studies, providing a comprehensive approach to
understanding and assessing the performance of these waveguides in
diverse environmental conditions. The results showed that by modify-
ing the rib waveguide with palladium nanorods, the transmission of
the entire waveguide improves, and the sensitivity of the waveguide
increases. In addition, the palladium nanorods bond with the hydro-
gen atoms in hexane, preventing the evaporation of the hexane and
increasing the absorption. In our experiment, we found an increase in
the absorption of both N-methylaniline and hexane, while in the case
of hexane, the absorption was more significant and distinguishable.
According to our numerical studies, the peaks of hexane should be
much smaller, but provided that palladium has the property of attract-
ing hydrogen, the absorption increases 100 times as compared to the
numerical results.

Therefore, we conclude that the utility of modified rib waveguides
extends to hazardous industries and disaster zones, where they enable
the accurate detection of low concentrations of substances. This capa-
bility is valuable in enhancing safety measures and response strategies
in critical situations. The versatility Pd coated nanoparticles on rib
waveguides positions them as valuable tools with various applica-
tions, contributing significantly to environmental monitoring and safety
protocols.
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Fig. 6. Numerical simulation of a rib waveguide for three configurations: (a) clean waveguide, with (d) palladium nanorod perpendicular to propagation direction and (g) nanorod
parallel to propagation direction. The electric field at a wavelength of 1.5 μm was calculated in the center of the nanorod at (b, e, h) 𝑦 = 0 μm (𝑥𝑧 plane) and (c, f, i) 𝑥 = 5 μm
(𝑦𝑧 plane).
Fig. 7. Numerical simulation for the losses of a rib waveguide with a mixture of N-
methylaniline in hexane with a concentration of 1:3 (NMA/hexane) for fundamental
TE and fundamental TM modes.
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