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Abstract: We investigate the possibility of sensing opioid drugs, such as fentanyl, by their THz
electromagnetic signatures. The methods include both computer modeling and experiments. Molec-
ular dynamics simulations predict that fentanyl should display THz resonances, with several of
them occurring below 1.0 THz; the lowest one is at around 0.337 THz (337 GHz). Spectroscopy
measurements were conducted on oxycodone, which was used as a surrogate for fentanyl. They
display vibrational absorption resonances between ∼1.4 and 1.6 THz.
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1. Introduction

The portion of the electromagnetic spectrum with wavelengths spanning from 100 microns
to 1 mm is the terahertz (THz) region. A chemical or biochemical sample under test (SUT)
in the form of powder may consist of a large number of microcrystals. Each microcrystal
contains multiple identical cells. Atoms in a unit cell may participate in collective vibration
modes, which may be optically active to certain THz frequencies, leading to absorptive elec-
tromagnetic signatures. They can be unique, like fingerprints, which are used to identify the
underlying material of SUT [1–4]. Such a spectroscopic approach has been explored to detect
illicit drugs [5–13].

In the past decade, opioid abuse has gradually become an epidemic. Fentanyl, a
synthetic opioid, is 50 to 100 times more potent than morphine [14]. It is dangerous not
only to the victims but, if containing a toxic dose, could be harmful to first responders,
emergency care facilities, and law enforcement alike. There were reports that nurses or
police officers passed out after being accidentally exposed to fentanyl powder. Therefore,
there are at least two urgent needs to develop rapid, non-contact, spectroscopy-based
methods. One is for detecting drugs laced with fentanyl. Some illicit street drugs, such as
cocaine and heroin, may contain fentanyl unaware to users for its lower cost of producing
pleasure. This leads to many tragic deaths by fentanyl overdose. In 2020, synthetic opioid-
related death reached a stunning 57,500, according to [15]. There was a recent report on
using surface-enhanced Raman spectroscopy to detect fentanyl mixed into heroin [16],
but reports on THz/millimeter-wave sensing opioids are still lacking to date. The other
is for inspecting packages that may contain smuggling opioids by customs and post
office. Sensing concealed cocaine in FedEx packages with a THz wave was investigated
previously [7], but detection of fentanyl in the mail has not been investigated yet to the
best of our knowledge.

This research is to investigate the possibility of a fast, label-free, non-contact (THz)
spectroscopic method for detecting fentanyl. Here we take a baby step by focusing on
oxycodone, by treating it as a surrogate of fentanyl, which is a highly toxic substance
that cannot be tested in our lab. Oxycodone, a semi-synthetic opioid, has been commonly
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used as an effective alternative to morphine for extreme pain management [17]. Oxy-
codone overdose contributes to the opioid pandemic too, because the drug is abused for
recreation. Since oxycodone is a controlled substance, we used oxycodone tablets in our
preliminary studies.

Pharmaceutical opioids contain inactive “filler” or “carrier” materials, such as lactose
monohydrate, which are designed to improve ingestion into the human body. Therefore,
these tablets are also good “mimics” of street drugs mixed with synthetic opioids.

2. Materials and Methods
2.1. Methods by Combining Modeling and Experiment

We applied both modeling and experimental methods to study absorption signatures
(“lines”) of opioids. The modeling effort involved first-principle molecular dynamics (MD)
simulations with software, such as Gaussian [2,18]. The input of Gaussian simulation
was customized to include the structural features of opioid molecules. Gradient-corrected
correlation functional b3lyp was applied to calculate the exchange and correlation energies
in density functional theory (DFT) Hamiltonians, and 6-31G(d) was chosen as the Gaussian-
type basis set.

The modeling results are used as guidance for the experimental studies of absorp-
tion lines and also provide an atomic-scale view on how the characteristic vibrational
modes behave.

A 780-nm fiber-based frequency-domain spectrometer (Model PB7200, Emcore Corp.,
Alhambra, CA, USA) was used for the experimental studies. The spectrometer was based
upon the photomixing of one tunable wavelength laser and one fixed wavelength laser.
Its range spanned from 0.2 to 1.7 THz. And its resolution was set at 1 GHz. Because the
spectrometer was designed for field tests having neither a vacuum chamber nor a nitrogen
box, the experiments were conducted at ambient conditions. Water vapor absorption lines
were present, some of them very strong in the THz region.

We made the following assumption for the experimental studies. When various
materials are mixed together, their individual vibrational modes remain undisturbed. In
other words, the absorption signatures from “carrier” materials and pharmaceutical opioids
can be differentiated from their joint spectra.

2.2. Sample Preparation

Oxycodone was the focus of our experimental studies. Three generic oxycodone
tablets (labeled as O#1, O#2, O#3) were studied. Each tablet contained about 4.48 mg
oxycodone, 325 mg acetaminophen and roughly 195 mg lactose [19]. The tablets were
ground into a fine powder, which was squeezed into steel washers with a thickness of
1 mm and a diameter of 1 cm using a 12-ton hydraulic press. By doing this, the background
scattering from loose particles of SUT powder could be greatly reduced.

For every sample, three measurements were conducted: background without sample
(B), sample (S), and noise floor with the THz beam blocked (N). The transmittance for each
sample was calculated with the ratio of (S-N)/(B-N) [4].

In addition to the opioid samples, we prepared two control ones (labeled as L#1, L#2)
containing pure lactose monohydrate and performed scans over the same frequency range
as the opioid samples.

3. Molecular Dynamics (MD) Simulation Results

First, we performed MD simulations of one single molecule for: (a) fentanyl, (b)
oxycodone, and (c) hydrocodone using Gaussian [18]. Hydrocodone is also an opioid used
for pain relief, but is less potent than oxycodone. MD simulations of a supercell containing
multiple molecules are postponed to future work. Our previous experience with lactose
monohydrate indicated that single-molecule simulations may yield results very close to
supercell ones.
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As shown in Figure 1, fentanyl has its lowest absorption line at 0.337 THz (337 GHz)
and its strongest line at around 1.3 THz. The vibrational motion for the 0.337 THz of
fentanyl viewed from various directions is shown in Figure 2.

Figure 1. Absorption lines of fentanyl.

Figure 2. Fentanyl, the lowest 0.337 THz vibration mode. Three views of atomic motions (blue
arrows) and dipole moment derivative (brown arrow). Color legends: Grey—carbon, blue—nitrogen,
red—oxygen, and white—hydrogen.

Oxycodone and hydrocodone have similar structures to fentanyl chemically but
lack the strong signature around 0.337 THz according to the vibrational modes shown
in Figure 3. However, they both display moderately strong signatures around 1.4 (more
precisely 1.358 for oxycodone, 1.405 THz for hydrocodone) and stronger signatures around
1.6 THz (∼1.595 for oxycodone and ∼1.625 THz for hydrocodone). The resemblance of the
two spectra is explained with almost identical molecular structures of the two with one
exception: hydrocodone has a hydroxyl group at the carbon-14 position of oxycodone [17].
This is evidenced by the vibrational motion for the 1.358 THz mode of oxycodone shown
in Figure 4 and the 1.40 THz mode of hydrocodone shown in Figure 5.
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Figure 3. Absorption lines for oxycodone and hydrocodone.

Figure 4. Oxycodone, the lowest 1.358 THz normal mode. A view of atomic motions (blue arrows)
and dipole moment derivative (brown arrow).

Figure 5. Hydrocodone, the lowest 1.40 THz normal mode. A view of atomic motions (blue arrows)
and dipole moment derivative (brown arrow).

4. Experimental Results
4.1. Control Samples

The two lactose control samples, L#1 and L#2, were measured first in order to check
whether the spectrometer had enough dynamic range and also to unmask characteristic
absorption lines of the “filler” material of the opioid samples, which was likely lactose
monohydrate. The spectra of both SUTs (L#1, L#2) are plotted in Figure 6 (top), which
displays the background (B), sample (S), and noise-floor (N) spectra. The dynamic range
(B/N) is ∼60 dB at 0.2 THz and falls monotonically with frequency but remains adequate
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at ∼20 dB up to 1.7 THz. Figure 6 (bottom) plots the extracted transmittance curves with
(S-N)/(B-N). There are three attenuation “dips” of signatures exhibited at: 0.530, 1.205,
and 1.370 THz, respectively. These signatures agree with previous studies by others, for
example, Ref. [20]. The 0.530 THz line is sharp and well understood; the 1.205 THz line
is the weakest; and the 1.370 THz line is the strongest and broad (∼1.362 to 1.420 THz in
Figure 6).

Figure 6. Spectra of the lactose control samples. (Top) Power (arbitrary unit) vs. frequency (THz);
(Bottom) transmission vs. frequency, which is corrected with an offset frequency. The ∼1.478 THz
“dip” of sample L#1 may be related to lactose hydrated by water molecules [21].

4.2. Oxycodone Samples

Next, the oxycodone SUTs O#1, O#2, and O#3 were measured. Figure 7 shows the
transmittance spectrum of SUT O#1 and O#2, respectively. The strongest water vapor
lines from the ambient air are exhibited: 1.102, 1.159, and 1.676 THz [22]. The three
characteristic lines—0.530, 1.205, and 1.370 THz—of lactose monohydrate are found too.
Even the weakest 1.205 THz is present. This confirms that lactose monohydrate was a
“filler” material.

By excluding the water vapor lines, as well as the lactose lines, the 1.567 THz signature
on SUT O#1 and 1.552 THz on SUT O#2 are possibly an absorption line of oxycodone
because of its proximity to the MD-simulated line at 1.595 THz shown in Figure 3, which
is also the strongest line, so most likely to appear experimentally. The small shift of
center frequency from 1.567 to 1.552 THz may be a secondary humidity effect through the
hydration level in the samples, which is known to create shifts in the center frequency of
THz vibrational resonances of powder samples [23]. Figure 7 also shows “dips” at 0.784,
1.037, and 1.637 THz. Whether or not they are absorption lines or artifacts remains to
be understood. They don’t belong to acetaminophen when compared with [24].
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Figure 7. Spectra for oxycodone O#1 and O#2. (Top) Power (arbitrary unit) vs. frequency (THz);
(Bottom) transmission vs. frequency, which is corrected with an offset frequency.

Figure 8 shows the spectrum of SUT O#3. Again, the three lines—0.530, 1.205, and
1.370 THz—of lactose are present, the same as in the case of O#1. A “dip” of the signature
appears at ∼1.565 THz, which may be attributable to the oxycodone alone. It is broad with
its lower limit at ∼1.565 and the upper limit at ∼1.591 THz.

Figure 8. Spectra of oxycodone O#3. (Top) Power (arbitray unit) vs. frequency (THz); (Bottom)
transmission vs. frequency, which is corrected with an offset frequency.
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5. Discussion

The experimental results clearly establish that lactose monohydrate was used as the
“filler” material for the oxycodone tablets. These results also confirmed our assumption
that the mixing of materials does not change their individual spectroscopic lines.

Oxycodone likely has a line just below 1.6 THz. This is consistent qualitatively with
the Gaussian modeling (Figure 3). However, for oxycodone, the ∼1.358 THz signature
is difficult to discern because of its proximity to the 1.370 THz line of lactose. We notice
that the 1.370 line in Figure 7 spans from ∼1.355 to 1.397 THz, which is about 7-GHz shift
to the left and is narrower than the 1.370 THz line spanning from ∼1.362 to 1.420 THz in
Figure 6 for pure lactose samples. More investigations need to be performed to confirm
the signatures by measuring “pure” samples through collaboration with pharmaceutical
companies or chemists.

Another effect that needs to be considered is background scattering from grains of
powder samples, which can lead to substantial attenuation. This can be seen from the
∼10 dB falloff of transmittance in Figure 6 as frequency ( f ) increases despite the high-
pressure pressing for sample preparation. Such scattering has a power-law dependence on
frequency, i.e., f n [25,26]. Hence, the scattering may have less impact on fentanyl detection,
as the predicted 0.337 THz line is positioned at the lower end of the THz regime.

6. Conclusions

The preliminary computer modeling and the experimental results indicate that it
is promising to develop a THz spectroscopy-based method for non-contact, label-free
detection of opioids, such as oxycodone and fentanyl. The spectral results show the
feasibility of opioid-targeted THz sensors. Possible designs for powder analysis include
parallel-plate metal waveguides [27] or conical horn waveguide couplers [28], and surface
plasmon enhanced inter-digital electrodes [29] or THz metasurface structures [30].

Future studies will involve direct measurement of fentanyl powder through collabo-
ration with law-enforcement scientists. Other investigations will include the detection of
fentanyl in mixtures together with other drugs, such as heroin and cocaine.
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