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Abstract

An optical system model for the identification of Carbon-Hydrogen bond using
spectroscopy is demonstrated and applied to the experiment setup. The optical
simulation is achieved using simulation software and performed in a two-mirror
system. The optical setup covers a wavelength range of 600 nm to 1200 nm which
is a new study based on carbon-hydrogen bond and test with samples from several
groups. Significant results of the Carbon-Hydrogen bond at 1149 nm are detected
in Dichloromethane and ethanol. This observation is recorded in real-time and
applied in a fast diagnostic system. The isosbestic point of water is measured at 970
nm and useful for our system spectral calibration. The result also shows the ability
to quantify the chemical bond of a sample based on two peaks of absorption due to
the C-H bonding. This gives a better opportunity for Chemometrics to perform
accurately.

1. Introduction
Spectroscopy is the interaction of an electromagnetic wave with matter[1]. This study relates to the effect of

absorption, emission, or scattering of electromagnetic radiation. The system was founded by Newton in 1655 [2]
and then developed to be an analytical instrument by Bunsen and Kirchhoff in 1959 for flame spectroscope [3]. The
spectroscopy was initially started with a study of flame samples. A similar technique was also used by other researchers
who studied spectra of stars and sparks [2].

The spectroscopy is determined by the wavelength or the frequency of light. The basic principle can be anticipated
from the experiment of the photoelectric effect [4] which shows that the response on a certain matter is not contributed
by an intensity of the light but rather by its wavelength as based on the equation below:

E =
hc
λ

. (1)

It is shown that there is a transfer of energy and it can be classified based on the response on the wavelength.
Spectroscopy has been widely used as an instrumental measurement to study chemical bonds. It is very useful

in various fields such as photonics, agriculture, chemical, and medical discipline. In the medical field, spectroscopy
provides spectra for solid and liquid samples with no pretreatment, able to implement continuous methodologies,
swiftly provide spectra and predict physical and chemical parameters from a single spectrum. These attributes make it
especially attractive for straightforward, speedy characterization of samples.

The wavelength of our system is near-infrared (NIR) which has reflection ranging from 650 nm until 1200 nm.
NIR spectroscopy is challenging since most of the vibration modes that fall in this wavelength region are overtones
modes either in second harmonic or third harmonics [5], [6]. The C-H vibration bond is normally detected using
Mid Infrared (MIR) signal since the fundamental vibration modes of the C-H bond fall under this wavelength. MIR
spectrometer is normally bulky and expensive on the tools and sources used. The sample preparation might be difficult
since it not homogenous on the micron size sample [7]. However, the NIR spectrometer offers the simplicity of the
experimental setup, the availability of the source which is cheaper, and easy preparation made the system is more
demanding. This experimental setup can be seen in Section 2.2. The C-H bond is one of the important chemical
bonds which relate to many medical or chemical studies. The C-H molecular vibration was used to analyze human
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tumors such as glioblastoma, brain metastases of melanoma, and breast cancer which induced in an orthotropic mouse
model[8].

Most of the studies on C-H bond vibration concentrated on the high wavenumber spectral region 2400 - 3800
cm−1 (2600 nm - 4200 nm)[8]–[10] that fall under MIR region. However, to our knowledge, no one studies the
C-H bond vibration on our wavelength configuration due to the many harmonic overtones and a fall almost close to
third harmonics. Besides, the NIR spectrometer provides an unusually fast response to this bond, usually taking less
than 1 s, compared to analytical techniques. It also requires, no sample preparation and it is nondestructive. This result
can be inspected in the spectrometer when the concentration of the analyte exceeds about 0.1%[11].

The spectral measurement in this dedicated wavelength is focused on identifying the C-H bond vibrational
mode. The diagnosis from the spectral of C-H bond can benefit analyses of tissue malignancies for early cancer
detection. This simple setup allows simple pre-measurement of tissue malignancies which then can be incorporated
with chemometrics analysis for an accurate result. There are also studies [6], [12]–[15]related cancer detection using
C-H bond which uses other methods and also Mid Infrared source which shown advantages of this bonding toward
cancer research. This initial finding can bring forward and extend for early cancer detection.

2. Methods
This experimental study is divided into two stages. The initial stage is optical modeling using optical simulation

software. Then, the second stage is the experimental realization. The experimental setup is implemented in few
iterations together with the simulation. The configuration setup is the initial model in simulation software before
implemented in the optical table. This propose setup is based on viability experimental work, then the optical setup has
been optimized using simulation software to achieve higher efficiency and high optical power received at the optical
detector. The simulation was used to test and optimize, the lens configuration and setup layout. In this simulation
study, the two mirrors system was used to optimize the space requirement. It also gives better alignment by using
more mirrors. The optical setup can be adjusted easily for a compact optical system if it using two mirrors instead
of the one mirror technique. Once the simulation result was finalized, the optical components were installed on
an optical table and the alignment optimization was done through the photodetector to get the highest coupling
efficiency. During alignment of optical setup, some sampling was used as experiment reference to achieved higher
visibility of optical output and optical absorption.

2.1 Simulation

Initially, our experimental setup was modeled using optical modeling and simulation (Zemax). The initial optical
setup model was based on optical loss as shown in Fig 1. The power alignment and the focus point on each lens and
mirror were simulated. The optical loss was calculated based on the received power spectrum at the photodetector.
The loss of optical signal due to air, lenses, and mirrors was calculated and the signal received value must not be
further from the calculation value. Optical loss due to misalignment in modeling was identified and reduced in this
simulation. The optical loss was identified from the intensity of the light that goes through certain apparatus. This
loss may due to the Gaussian beam divergence increase the area of space of interaction between material with the
source. For example, the coating in the mirror will reduce the intensity and when the divergence occurs the mode
field diameter will increase thus increasing the area of the interaction between the source and the lens.

∆θ =
w
Lr

[
1 +

(
Lr

B

)2

+

(
Lr A

B

)2]
. (2)

The above equation is the beam divergence which shown by ∆θ, where w is the beam waist, Lr =
πw2

λ is the
Rayleigh length, and A and B are the corresponding matrix elements. For propagation in free space A = 1 and B = d
so that ∆θ ≈ λ

√
3/πw for d = Lr∆θ ≈ λ

√
2/πw(Lr/d) for d ≤ Lr, and ∆θ ≈ λ/πw for d ≥ Lr. The detail of

beam divergence can be extract from [16], [17].
The placement of the correct lenses on the Equation (2) will improve the divergence and thus reduce the losses

in the system. From this simulation, the position and placement of optical components were improved to get high
coupling efficiency at the receiver side. The tungsten-halogen lamp was used as a light source to provide a broad
dynamic range, however, it produced less power on each of the wavelengths of interest. Thus, to optimize the position
and displacement of components, the alignment needs to be done carefully to achieve meaningful absorption spectra
at the photodetector. In the simulation, the coupling efficiencies of the light going through lenses and mirrors into
the photodetector were measured and optimized. The coating of lenses to allow only certain wavelengths into the
lenses was studied. Such coating removes unintended wavelengths from pass through the lenses or optical mirror.
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Figure 1. The optical setup test bed design for simulation and experimental setup.

Based on the simulation result, the coating on the mirror did not have a significant effect on the coupling efficiency at
the receiver.

2.2 Experimental Setup

In the experiment, the optical setup was prepared to cover the NIR spectral region from 600 nm until 1200 nm.
The wavelength selection was based on the optical components to cover visible and short NIR regions. A broad

Figure 2. A simple spectrometer setup for absorption spectroscopy.

source as shown in Fig. 2 is the tungsten halogen lamp from Avantes (Avalight HAL). The light source supports
wavelengths in the range from 380 nm to 2500 nm. A collimating lens was attached to the casing of the source to
provide effective light coupling into the fiber patch cord. The core size of the fiber patch cord is 400 µm providing a
better medium for the broad source to transmit through the fiber patch cord. The biconvex lens in the setup was to
focus the light into a cuvette and also into the aperture of a detector. This bi-convex lens is coated for the wavelength
range of 600 nm until 1200 nm. Such a lens was to make sure that all the light rays pass through the cuvette. Thus,
the spot size of the light reaching the cuvette would be less than the width of the cuvette. This was to allow optimum
absorption on each of the transmitted wavelengths.

The first mirror deflects the light into the second mirror. These mirrors help to adjust the light to be transmitted
into the center point of the iris aperture before reaching the photodetector. The second mirror provided an additional
adjustment of the light. Therefore, the second mirror had a wider control of light deflection into the detector while
the first mirror had limited control of deflection. The rotation stage on the second mirror gives the flexibility of
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the X-Y adjustment of the mirror. These two mirrors systems were intended for a compact optical setup. Thus, a
two-mirror configuration gives flexibility in reducing the size of the optical setup and allows easy adjustment on the
light path of optical alignment.

In this experiment, the light is a source of vibration energy that will interact with the sample that place in the
cuvette. After the optical setup was ready, the optimization of the signal was done to get optimize light signal enter
into the detectors. Before the absorption spectra were measured, the background noise of the system was detected
and becomes the reference background power. In this background test, all cuvette that will be used was measured its
background source to check the background power. Then, the sample was placed in the cuvette for measurement of
the absorption value. The light that enters the iris was directly focused by an objective lens into a multimode fiber
which a core size of 125 µm. The light emitted from the fiber was directed into a cuvette that contains a sample
before reach a grating. The light then being diffracted into the detector. The diffraction grating splits the light into
many wavelengths which were then captured by an array of detectors. In this experimental setup, an optical spectrum
analyzer (OSA) was used to diffract and collect the light measurement. The optimization of light coupling in the
objective lens was done using a Si-free space detector. The detector gives the Root mean square (RMS) value of the
light signal and optimization was done based on the best RMS value rather than the spectrum of the signal. The
results taken were results that were collected repeatedly to check the consistency with the absorption spectra.

The setup gives the flexibility to reduce the size of the spectrometer as mention before. In our setup, the focusing
of the light into the sample becomes more simple since the deflection signal made the broad spectra can be easy to
focus on the cuvette. As in a normal spectrometer, the broad source needs to be aligned and focus on the sample and
the arrangement of mirrors in a straight line that focuses on the sample makes the system is bulky and sensitive to the
vibration effects. Even this configuration using the current method reduces into micro-miniature optics, the setup
still has a bigger size compared to our design.

3. Results and discussion
The position of lenses and the distance between the lenses and receiver was studied. This is to improve the intensity

of the intended wavelength to pass through the optical setup with minimal losses. Thus, we can improve the power
margin for our absorption spectra signal at the detector later. The result shows that the distance of the lenses does
affect the coupling efficiency as shown in Fig. 3. The position of 70 mm away gives optimum coupling efficiency.
The graph also shows that the pattern of coupling efficiency swings between convergence and divergence as the
distance is varied. This result also agrees with our references, [18], [19], in such when the optic ray converges the
amount of light into the detector is more compared to when it diverges. In our study, we found that, even though the
convergence and divergence happen, the absorption value cannot be measured until it reaches the optimum point of
70 mm. In the region away from the optimum point, our absorption shows noises where the detector was not able to
distinguish between the absorption value and environmental noise. At the optimum point, the absorption of spectra
can be detected even though the light coming from the source is attenuated down. It has shown that no absorption
points were able to be detected when the coupling efficiency was not at the optimum point with the light attenuated.
Experimentally, we also study the effect of the worst-case scenario of our setup where the light was attenuated by
using different wavelength coatings in the mirrors as shown in Fig. 4.

In Fig. 4, the result shows the absorption values at high attenuation conditions when the light entering the detector
is minimal. As mentioned previously in Section 2.1, there is a location of the optimum position. We conduct the
experimental test and locate the lenses position based on the result shown in Fig. 3. Initially, we placed our lenses at
the optimum point and we measured the input signal and also the output signal. Then we moved into other positions
with the same setup. We found that only at the optimum point we can measured the signal absorption. The same
amount of receiving power that produced the signal when the lenses were in the optimum position cannot produced
any signal and only produced noises value when not in that optimum position. However, at the optimum point, we
can classified the absorption situation as the point where high absorption occurs and where there was a minimal
occurrence of absorption. As presented in Fig. 4; it is shown that where the occurrence of absorption is minimal, the
amount of peaks is less compared to where the occurrence of absorption is maximum where more peaks are located
there. The maximum absorption and minimum absorption locations are labeled as main absorption and minimum
absorption respectively. Based on this result, we found that whenever we found this peak, the system is already in the
optimum position. Then the only parameter that can be adjusted to have good visibility of the optical signal received
by improving the intensity of the signal since the optical setup is already in optimum condition.

The light interaction with the sample can be as a reflection, refraction, absorption, scattering, diffraction, or
transmission. Signal loss from the sample can occur as specular reflection, internal scattering, refraction, complete
absorption, transmission loss during reflectance measurement, and trapping loss. During measurement, the light enters
the sample and interacts resulting either in attenuated transmitted light or reflected light. The light frequency and the
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Figure 3. The coupling efficiency pattern based on the position of the detector from the lens using simulation.

Figure 4. The absorption signatures in high attenuation region or low scattering light
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amount of light being absorbed would yield information regarding both the physical and chemical compositional
information of a sample.

In this experiment, we first observed the absorption peak for dichloromethane (DCM) in liquid form. The experi-
ment was initially focused on the visible range since most of the studies are focusing on the same range[20].However,
in this region, there is a tendency that DCM produces fluorescence emission [20]. In the beginning, our result only
verifies the absorption wavelength peak but the noise floor is too high which forbids us from quantifying the result.
This is also worsened by the other bonding overtones that happen in the visible region [21]. Thus, we expand our
optical system into the short NIR region and focus on Deionized Water (DI) water first because the absorption of DI
water [22] falls in this region. From our experimental result, the first absorption spectra of DI-water fall in the range
of 900 nm until 1100 nm which tallies with other studies [23], [24]. DI water has been used as a reference model due
to its availability and easiness of handling. Thus we focus on this range of wavelength for sample characterization
as DI water absorption can be detected here. Besides, during our experimental investigation, we found DI water’s
isosbestic point falls under the wavelength of interest. This is an advantage for the optical setup which can use the
isosbestic point as the reference point and calibration point.
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Figure 5. The absorption spectra for DI water.

The DI water absorption peak is found at the wavelength of 970 nm and this result tallies with other experimental
results [25], [26]. This peak is referred to as the isosbestic point and is commonly used for calibration because the
total absorbance of a sample does not change with a chemical reaction or physical change of the sample such as its
temperature [27] or pH. Other absorption peaks of water normally change with ambient temperature, wherein in
our case the room temperature was around 25◦C, thus producing a broad absorption peak at 1100 nm wavelength.
The point can be identified by changing the chemical content of DI water or increasing the temperature. The new
curves cross the same point (isosbestic point) even though the chemical content of DI water has changed. DI water
absorption result is important for us to classify our C-H bond since most of the solution or solvent contains hydrogen
bond which normally overlapping to C-H bond [28]. Thus, the result confirms that our hydrogen bond or O-H
bond does not affect our result and the spectrum of the C-H bond does not have any overlapping spectrum from the
O-H bond.

As shown in Fig. 6 the graph is the absorption result of wavelength spectra using several samples in liquid form.
This result shows a second harmonic and the third harmonic of vibration due to the C-H bonding [27]. DCM is
categorized under methylene group, CH2, and our result shows that the second overtone falls at the wavelength
of 1149 nm which agrees with the result Workman Jr & Weyer [27]. It can also be observed the third overtone is
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Figure 6. The absorption spectra for the DCM and ethanol produce by simple optical setup.

at 870 nm, however, this peak is low in intensity. Fig. 6 also shows the C-H bond which includes ethanol. The
second overtone has combination tones, which can also be seen at the ethanol spectrum where the peak broadens
and is shifted into 1200 nm. The peak at the wavelength between 1100 nm till 1300 nm gives the signature of the
C-H bond. Based on these two samples, it can be seen that the C-H bond has two peaks which give indications of
the C-H bond inside the sample. This can be utilized in our application to detect the C-H bond to identify tissue
malignancies for early cancer detection. As mentioned previously in the Introduction section, the C-H bond can be
used as a parameter to detect tissue malignancies.

In order to confirm our experimental technique, we also tested two unknown samples with our experimental
setup to identified the ability of our setup to detect the C-H bond. The results are shown in Fig. 7 where we label it
as Solvent 1 and Solvent 2. These solvents were randomly picked from our laboratory without any label of the sample.
These solvents were tested and two solvents showed the same spectra absorption as similar to DCM and ethanol.
These two solvents were prepared to have the C-H bond in their chemical bonds. Both solvents were unknown to
the authors initially and then we matched these two solvents in our laboratory repository to identified these two
solvents based on chemical bond and reaction. They are Dimethyl sulfoxide and Diethyl ether. The spectra on which
these two solvents behave were unknown. Based on the previous result as shown in Fig. 6, we can identify that
Solvent 1 corresponds to Dimethyl sulfoxide and Solvent 2 is Diethyl ether. The result shows the effect of the Carbon
component in the C-H bonding which shifts the spectrum toward 1200 nm. It can be further identified based on the
small peak at each of the high peaks. The result shows that the small peak broadens and almost combine if there are
more than one Carbon component and more Hydrogen components. This shows the availability of the C-H bond to
be identified, classified, and quantified. This can be more accurate with the Chemometrics procedure in analyzing
these peaks. The absorption peak also able to identify C-H bonding on the various chemical group as shown in the
above results. This validates the new result that shows that the C-H bond can be classified by region bond under NIR
wavelength. It is thus proved that this setup can detect the C-H bond to identify tissue malignancies.

4. Conclusion
The optical setup for spectroscopy yields efficient results for measuring the absorption spectra and can reduce the

need for having high complexity and a complete spectrometer system for chemical analysis. This simple system can
identify the C-H bond to classify tissue malignancies. The simulation process makes the experimental result more
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Figure 7. The absorption signatures for two unknown solvents which have content C-H bond.

precise especially constructing the optical setup. The experimental results show a wavelength range from 600 nm
to 1200 nm can measure and analyze the C-H chemical bonding to give an absorption spectra at a range of 1100
nm to 1200 nm. The result also shows the ability to quantify the chemical bond of a sample based on two peaks of
absorption due to the C-H bonding. This gives a better opportunity for Chemometrics to perform accurately. In this
setup as well, the stable calibration point is identified which corresponds to the isosbestic point of DI water at 970 nm.
This is the point where the result may be rectified if the spectra are shifted due to misalignment or the quality of
the source. This proved that this simple optical setup is not only able to produce better C-H bond results but also
consistent results.
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