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Terahertz technology is receiving increasing attention for its use as an efficient non-destructive, non-
contact and label-free optical method for qualitative and quantitative detection. The aim of this study
was to develop a chemical analysis methodology based on terahertz time-domain spectra that could be
used to detect plant growth regulators, such as glyphosine, naphthaleneacetic acid, daminozide and
gibberellic acid. The THz fingerprint spectra of these four PGRs were located in the 0.3-1.8 THz, with
the peaks of glyphosine at 0.32, 0.49, 0.74, 0.87, 0.96, and 1.49 THz; daminozide at 0.33, 0.39, 0.55,
0.67, and 1.17 THz; gibberellic acid at 0.46, 0.58, 0.92, and 1.38 THz and naphthaleneacetic acid at 0.43,
0.57, 0.73, and 0.90 THz. The results showed that these four plant growth regulators exhibited numerous
distinct spectral features in frequency-dependent absorption spectra, which demonstrated the qualitative
capacity of terahertz time-domain. The origin of the observed terahertz absorption peaks of these four

plant growth regulators was determined through density functional theory calculations and analysis of
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Accepted 23rd August 2021 absorption spectra. Discriminant analysis method was used to evaluate the classification trends of the
four plant growth regulators based on their THz absorbance spectra. Generally, this study provides

DOI: 10.1039/d1ra05222e a reference for the rapid detection of plant growth regulators in fruits and vegetables by using terahertz
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1. Introduction

Plant growth regulators (PGRs) are natural hormones and
synthetic hormone analogs that can be used to regulate the
physiology and metabolism of crops. They have been widely
used in fruit production to increase yield and improve quality.'
At low concentrations, PGRs can affect cell division, cell
expansion, and cell structure and function, as well as mediate
environmental stress.* Although PGRs are often applied to
agricultural plants, the excessive application of PGRs can cause
fruits and vegetables to retain PGR residues, which are poten-
tially toxic to humans.® Thus, the excessive use of PGRs poses
a threat to public health, as their toxic effects can lead to
digestive and endocrine disorders, chronic kidney diseases,
cancer, and other diseases.®® Several legislative bodies,
including the European Union, the United States, Japan, and
China, have established maximum residue limits for PGRs.
However, some PGRs are difficult to monitor and detect. There
is thus a need to develop reliable techniques for the rapid and
sensitive detection of these residues to ensure food safety.
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Several advances have been made in the detection and
identification of PGRs over the past decades using conventional
analytical methods, such as thin-layer chromatography, capil-
lary electrophoresis, gas chromatography, high-performance
liquid chromatography, enzyme-linked immunosorbent
assays, and immune-affinity column assays.'*™"* However, these
methods are time-consuming and require complex sample
pretreatment steps. Thus, enhanced purification techniques are
needed for multiclass PGR analysis given the low concentra-
tions of PGRs and the complexity of their matrices.

The terahertz frequency of the electromagnetic spectrum lies
between the infrared band and the microwave band and ranges
in frequency from 0.1 to 10 THz (wavelength between 3 mm-30
pum). Because of its non-ionization, low energy, high sensitivity,
and fingerprint spectroscopy of THz waves, THz spectroscopy
has become a useful technique for qualitative and quantitative
detection. THz spectroscopy has been used in chemistry,
biology, medical science, homeland security, and food
safety.’*"® Haddad et al. (2014) used chemometrics to analyze
ternary mixtures of fructose, lactose, and citric acid with
transmission terahertz time-domain spectroscopy (THz-TDS).
They found that principal component analysis (PCA) could be
used effectively to analyze THz data of ternary mixtures.” Xie
et al. (2019) used THz-TDS to detect tetracycline hydrochloride
and its degradation products over the temperature range of 4.5-
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300 K. Density functional theory (DFT) calculations and analysis
of temperature-dependent absorption spectra could effectively
resolve the origin of the observed THz absorption peaks of four
tetracyclines.” Furthermore, DFT has been shown to be an
effective theoretical method for accurately predicting vibra-
tional frequencies for medium-size molecules. The combined
use of both THz-TDS and DFT has been shown to be effective for
determining the characteristic spectra of illegal drugs.**

In this study, we show that THz-TDS is an effective method
for detecting PGRs, such as glyphosine, naphthaleneacetic acid,
daminozide, and gibberellic acid, and use DFT to analyze the
source of each absorption peak. Generally, this approach could
be used for the high-performance analysis of biological and
chemical molecules. We also conducted analyses to distinguish
the vibrational modes from intermolecular vibration modes
and phonon modes. Compared with PCA, the discriminant
analysis (DA) method shows a more obvious tendency to classify
the terahertz absorption spectra of the four PGRs.

2. Experimental

2.1 Sample preparation

Glyphosine (>97%, BR), naphthaleneacetic acid (>98%, BR),
daminozide (>99%, BR), and gibberellic acid (>99%, BR) were
purchased from Dalian Meilum Biotechnology Co., Ltd. and
used without further purification. All samples were gently
ground using a mortar and pestle and were then pressed into
circular disks with a tablet machine (Tianjin Tianguang
Optical Instrument Co., Ltd., China) under 12 MPa of pres-
sure for 2 min. The sample thickness was about 1.5 mm, and
the diameter was approximately 6 mm. Several procedures
were conducted to address the unevenness and adhesion
during tablet pressing. First, a small amount of polyethylene
powder was spread flat on the bottom of the tablet mold.
Next, the pure sample powder was placed on the polyethylene
powder and made flat; a small amount of polyethylene
powder was then placed on the top of the sample powder, and
the tablet was pressed. To minimize the effect of the inho-
mogeneity of the sample distribution on the experimental
results, the samples were placed for at least half an hour in
advance so that the shape and size of the presser would not
change. Each sample was measured three times, rotated in
120° increments.

2.2 Experimental apparatus

We used a standard THz-TDS imaging system (TAS7400SP,
Advantest INC, Japan) to study the optical properties of PGRs.
Experiments were conducted using the transmission mode
(Fig. 1). The function of the sample support part of the trans-
mission module is dry air purification. During the detection
process, the moist air can be discharged through high-purity
nitrogen to prevent the water in the air from affecting the
experimental results. In this study, the THz region for sample
detection was in the range of 0.3-2.5 THz with a frequency
resolution of 1.9 GHz. Air was used as the reference and
detected the detection conditions. All

under same
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Fig.1 Terahertz time-domain spectral imaging system.

measurements are performed in a nitrogen atmosphere at
a temperature of 25 °C (+1 °C) and a relative humidity of less
than 3%.

2.3 Data analysis

Glyphosine, naphthaleneacetic acid, daminozide, and gibber-
ellic acid samples were measured using the THz-TDS system.
Based on the optical parameter extraction procedure of Dorney
and Duvillaret et al.,*>** reference spectra E..fw) and sample
spectra Eg,,(w) were obtained by scanning background and
samples, respectively. By calculating the ratio 7(w) of the
frequency domain spectrum of Eg,m(w) and Ef(W), the complex
refractive index and extinction coefficient of the sample can be
obtained; the absorption spectra of the samples can then be
obtained. The normal incidence was used in experimental
measurements; the incidence angle and refraction angle were
both 0, and the multiple reflections of the THz wave in the
sample were ignored. The formula for calculating the electric
field of the THz wave was as follows:

Eout(w) = Ein(w) X T(W) X Psam(w) X Pair(W) (1)

where E;,(w) and E,.(w) are the incident electric field and the

outgoing radio field, respectively; T(w) is the transmittance; P,;,(w)

and Pg,,(W) are the transmission factors of THz waves in the air

and samples, respectively; and the transmittance T(w) is as follows:
Eout (W)/Psam (W) Esam(w)

T(W) = Ei (W) X Pair(W) - Ercf(w) (2)

By applying the fast Fourier transform, we obtained the
corresponding frequency-domain sample and reference THz
spectra, which were denoted as Eg,,(W) and E..((w), respectively.
The THz absorbance spectra of all samples can then be ob-
tained according to the following formula:**

Esam (W) :

Absorbance(w) = —og E—(w)
ref

(3)

2.4 DFT analysis

DFT uses the electron density distribution as the basic variable
to study the ground state properties of multi-particle systems.
DFT is a computational quantum mechanical modeling method
that has been used in the fields of chemistry, physics, and

RSC Adv, 2021, 11, 28898-28907 | 28899
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materials science to study the electronic structure of multi-
electron systems.”*” This method has also become a stan-
dard computational tool for analyzing molecular vibrational
modes in the electromagnetic spectrum, including the THz
region.”®* To understand the observed THz absorption features
from molecular structures, isolated molecule ground state
geometry optimization and frequency calculations were per-
formed using Gaussian 09 software. DFT calculations with
B3LYP/3-21G(*) were then conducted to assign the vibrations of
the four PGRs.* To obtain realistic vibrational properties of four
PGRs, firstly, the structure of PGRs based on the experimental
infrared spectra from the Shanghai Objective Database (http://
www.basechem.org/) was used to provide the initial gas-phase
single-molecule geometry, and then molecular geometry was
fully optimized and the harmonic vibration frequency calcula-
tion was performed. Finally, minimum energy structures were
found, which were confirmed by vibrational analyses. Further-
more, the calculated results were analyzed to ensure no imagi-
nary frequency was found. The single molecular structures of
glyphosine, naphthaleneacetic acid, daminozide, and gibber-
ellic acid predicted after the geometry optimization are shown
in Fig. 2(a)-(d), respectively.

&Y
(c)
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3. Results and discussion
3.1 THz spectra of PGRs based on DFT theory

Vibrations of molecules in the THz frequency region mainly
stem from the deformation vibration, bending vibration, and
distortion produced by collective vibrational modes.*>*
Different vibrations lead to variation in the position of peaks.
Because the effect of electron correlation and the non-
harmonic effect were ignored in the DFT simulations,
a frequency correction factor of 0.96 was used to modify the
frequency for the method and basis set.*” The epsilon
represents the molar absorption coefficient. The experi-
mental and simulated THz absorbance spectra of glyphosine,
naphthaleneacetic acid, daminozide, and gibberellic acid in
the range of 0.3-2.0 THz are shown in Fig. 3(a)-(d), respec-
tively. Because the vibrational modes of the isolated-
molecule simulation are often characterized as the

bending, twisting, and deformation of the atoms, we
analyzed the origin of the THz absorption peaks of PGRs. The
experimental and calculated vibrational frequencies of
absorption peaks, as well as the assignments of these vibra-
tional modes, are summarized in Table 1. Fig. 4(a)-(d) show
the displacement vector

representations of the THz

(b)

(d)

Fig. 2 Optimized geometrical structures of isolated-molecules using DFT calculations: (a) glyphosine, (b) naphthaleneacetic acid, (c) dam-

inozide, (d) gibberellic acid.
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Fig.3 Comparison of absorption spectrum of PGRs between experiment and Gaussian calculation, (a) glyphosine, (b) naphthaleneacetic acid, (c)

daminozide and (d) gibberellic acid.

vibrational modes of glyphosine at 0.49 and 0.96 THz,
naphthaleneacetic acid at 0.71 and 1.04 THz, daminozide at
0.67 and 1.17 THz, and gibberellic acid at 0.46, 0.92, and 1.38
THz, respectively; the arrowheads represent the displace-
ment vectors.

The simulated absorbance peak at 1.49 THz for glyphosine
is consistent with pure glyphosine in the presence of poly-
ethylene powder (Fig. 3(a)), which indicated that the peak at
1.49 THz represents the characteristic absorption peak of
glyphosine. The experimental absorption peak of glyphosine
at 1.49 THz was attributed to the calculated intramolecular
vibrational mode at 1.44 THz, which was mainly caused by
the C3-P8-C11 wagging vibration out of the plane. In addi-
tion, some other absorption peaks were detected, such as the
peaks at 0.49, 0.74, and 0.96 THz, which were mainly caused
by the H7-06-C25-H19 rocking vibration in the plane, O9-
P8-010 wagging vibration out of the plane, and H23-05-
C26-06 wagging vibration out of the plane, respectively. The
other experimental absorption peaks of glyphosine at 0.32
and 0.87 THz, which were absent in the DFT calculations,
may stem from the intermolecular vibrational modes or
phono modes. Experimental and simulation results show
that DFT can reflect the vibration of molecules. We also ob-
tained experimental and calculated vibration frequencies for

© 2021 The Author(s). Published by the Royal Society of Chemistry

the absorption peaks of the other three PGRs, as well as the
assignments and sources of these vibrational modes. It is
also worth noting that the theoretical data from DFT was still
slightly differed to assign vibrational modes to all peaks in
the experimental spectra due to the lack of intermolecular
forces.”®

The experimental absorption peak of naphthaleneacetic acid
at 0.71 THz was attributed to the calculated intramolecular
vibrational mode at 0.72 THz (Fig. 3(b)), which was mainly
caused by the H23-C22-H24 wagging vibration out of the plane.
The vibrational mode at 1.04 THz was mainly attributed to the
H12-C5 wagging vibration and H21-C18 wagging vibration. The
other peaks at 0.55, 0.88, 1.04, and 1.36 THz may stem from
intermolecular modes or phonon modes. Also, the interaction
of the carboxylic acid group on the naphthalene ring is of great
importance in determining its structure and vibrational prop-
erties. So we can conclude that all these absorption peaks
originate from the intermolecular interactions of naph-
thaleneacetic acid.

The experimental absorption peaks for daminozide were
basically consistent with the calculations (Fig. 3c), which indi-
cated that these absorption peaks originated from intra-
molecular vibrational modes. The vibrational mode at 0.67 THz
was mainly attributed to the H20-C6-H21 rocking vibration.

RSC Adv, 2021, 11, 28898-28907 | 28901
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Table 1 Assignment of the vibrational modes for PGRs in the frequency region 0.3-1.8 THz®

Vibrational frequency (THz)

Samples Experiment Calculation Assignment
Glyphosine 0.32 — —
0.49 0.48 p(H7-06-C25-H19)
0.74 0.72 »(09-P8-010)
0.87 — —
0.96 0.96 w(H23-05-C26-06)
1.19 1.20 ©»(015-P12-014-H16)
1.49 1.44 »(C3-P8-C11)
Naphthaleneacetic acid 0.42 0.48 »(C22-C1-03-H4)
0.55 — —
0.71 0.72 w(H23-C22-H24)
0.88 — —
1.04 0.96 p(H12-C5), p(H21-C18)
1.19 1.2 w(C19-C22-H24)
1.36 — —
Daminozide 0.33 — —
0.39 — —
0.55 0.46 ©(08-C7-N9-H10)
0.67 0.69 p(H20-C6-H21),
0.92 0.92 w(H22-C5-C6-H21)
1.17 1.15 w(H227C57H23),
Gibberellic acid 0.46 0.46 p(012-C11-013)
0.58 — —
0.92 0.92 p(010-C17-020), w(H8-C7-H9)
1.38 1.38 1(012-C11-013), w(H40-C41-H47)

4 p: rocking (in plane), w: wagging (out of plane), t: twisting.

The vibrational mode at 1.17 THz was mainly attributed to the
H22-C5-H23 wagging vibration. However, there was a differ-
ence between the vibrational mode at 0.33 and 0.39 THz in
experimental and theoretical calculations. The deviations can
be attributed to the fact that the theoretical calculations were
aimed at the isolated molecules in the gaseous phase and the
experimental results were aimed at the molecule in the solid
state.*

All four experimental absorption peaks for gibberellic acid
were consistent with the calculations (Fig. 3(d)), which
indicated that these absorption peaks originated from
intramolecular vibrational modes. The vibrational mode at
0.46 THz was mainly attributed to the 012-C11-013 wagging
vibration. The vibrational mode at 1.38 THz was mainly
attributed to the H40-C41-H47 wagging vibration and O12-
C11-013 twisting. Meanwhile, the strong hydrogen bond
type of interaction between C-H also had a certain impact on
vibration. In addition, we can find that the different vibration
forms have different absorption peaks (Table 1). The main
reason was that the form of vibration between C-O was
different.

Compared with the calculated THz absorbance peaks by
DFT with B3LYP/3-21G(*), the presence of unpredicted peaks
in the experimental absorbance spectra can be attributed to
the difference between the simulation and experimental
conditions and the lack of intermolecular forces.** The
experimental peak positions slightly differed among the four

28902 | RSC Adv, 2021, 11, 28898-28907

DFT simulated peak positions. This stems from the fact that
the simulation modeled the dynamics of PGRs in the gas
phase at zero Kelvin, but the experimental results were ob-
tained based on PGR samples at room temperature.**
Nevertheless, the combination of THz and DFT models with
B3LYP/3-21G(*) was effective for characterizing the finger-
print absorption peaks of glyphosine, naphthaleneacetic
acid, daminozide, and gibberellic acid.

3.2 Variation of experimental THz absorbance spectra

The stability of THz absorbance spectra in different matrixes
is critically important for the analysis of chemicals. The THz
spectra of the PGRs obtained in the experiment are shown in
Fig. 5(a). Polyethylene was used as a reference because it has
a near-zero absorption coefficient.*® The THz-TDS spectra
show that the spectral lines of the four PGRs exhibit
a decrease in amplitude and a temporal delay relative to the
reference, which indicates that the samples absorb in the
THz band. The optical parameter extraction procedure of
Dorney et al.** was used to process the experimental data. The
THz refractive index spectra (Fig. 5(b)) and absorption coef-
ficient spectra (Fig. 6) of the samples were obtained. Fig. 5(b)
shows that the refractive index of the four PGRs was higher
than that of polyethylene, and they remained stable in the
range of 0.3-1.8 THz. Glyphosine has an inflection point after
1.8 THz, indicating that the signal strength after 1.8 THz, as
well as the signal-to-noise ratio, is reduced. There is thus

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Displacement vector representation of the vibrational modes of PGRs. (a) Displacement vector representation of the vibrational modes of
glyphosine at 0.49 and 0.96 THz. (b) Displacement vector representation of the vibrational modes of naphthaleneacetic acid at 0.71 and 1.04
THz. (c) Displacement vector representation of the vibrational modes of daminozide at 0.67 and 1.17 THz. (d) Displacement vector representation

of the vibrational modes of gibberellic acid at 0.96, 0.92 and 1.38 THz.

a great deal of uncertainty in the data after 1.8 THz; conse-
quently, signals beyond 1.8 THz were not studied. Overall,
the refractive index can be used to distinguish the different
PGRs.

Each PGR has distinctive characteristics because of its
special vibrational modes in the THz region. Fig. 6 shows the
absorption spectra of glyphosine, naphthaleneacetic acid,
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daminozide, and gibberellic acid at 0.3-1.8 THz. The four PGRs
have their own spectral characteristics, including the number
and position of absorption peaks.

The four PGRs have obvious absorption peaks from 0.3 to 1.0
THz (Fig. 6(a)). The fingerprint absorption peaks of daminozide
at 0.33, 0.39, 0.55, and 0.67 THz are strongest. Although some
absorption characteristics are observed at 0.92 THz, the
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Fig. 5 Terahertz time-domain spectra and terahertz reflective spectra. (a) Terahertz time-domain spectra. (b) Terahertz reflective spectra.
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Fig. 6 Variation of absorption coefficients of PGRs. (a) Variation of absorption coefficients of PGRs from 0.3 to 1.0 THz. (b) Variation of

absorption coefficients of PGRs from 1.1 to 1.6 THz.

absorption peak is not obvious. The other PGRs can also be
discriminated based on the absorption peak positions of
glyphosine at 0.32, 0.48, 0.74, and 0.87 THz; gibberellic acid at
0.46, 0.58, and 0.92 THz; and naphthaleneacetic acid at 0.43,
0.55, 0.71, and 0.88 THz.

Fig. 6(b) shows the absorption spectra of glyphosine,
naphthaleneacetic acid, daminozide, and gibberellic acid at
1.1-1.6 THz. The absorption characteristics of the four PGRs
are not obvious. Only glyphosine has an obvious absorption
peak at 1.49 THz. Gibberellic acid exhibits weak absorption
characteristics at 1.38 THz. Although the other two PGRs
showed no obvious absorption peaks from 1.1 to 1.6 THz, the
four PGRs have different absorption characteristics from 1.1
to 1.6 THz. These differences permit these PGRs to be
distinguished.

3.3 Quantitative analysis performance

Discriminating among samples based on their spectral features
was difficult because of the slight changes in the experimental
environment and the similarity of the THz spectra of glyph-
osine, naphthaleneacetic acid, daminozide, and gibberellic acid
samples. We thus used chemometric methods to distinguish

28904 | RSC Adv, 2021, 1, 28898-28907

these four PGRs; specifically, we conducted (principal compo-
nent analysis) PCA on the THz spectra of the four PGRs.***
Because of the fingerprint absorption peaks and the high signal-

PC2 (6.0%)
[«

'
—_
L

2

'3 T
4 2 0 2 4
PC1 (88.4%)

Fig. 7 Score plot of PC1 vs. PC2 of a principle component analysis on
THz spectra of four plant growth regulators (daminozide, glyphosine,
gibberellic acid, naphthaleneacetic acid).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Classification of four plant growth regulators by using the discriminant analysis method. (a) Typical score chart. (b) Classification summary

chart.

to-noise ratio signals, the 1.1-1.3 THz frequency range was used
for the quantitative analysis of glyphosine, naphthaleneacetic
acid, daminozide, and gibberellic acid (Fig. 7).

A dataset of 80 PGRs samples was used to perform PCA,
including 20 samples each of glyphosine, naphthaleneacetic
acid, daminozide, and gibberellic acid. Fig. 7 shows the score
plot of the principal component scores of the first two principal
components (PC1, PC2) for the four PGRs. PC1 and PC2
accounted for 88.4% and 6.0% of the total variance, respec-
tively. Consequently 94.4% as the cumulative variance
explained. The four previously defined PGRs (with their corre-
sponding 95% confidence intervals) can be distinguished by
PC1 and PC2. Fig. 7 shows that all samples can be clearly
distinguished into four categories using the first two PCs.
Naphthaleneacetic acid samples are on left of the figure, while
glyphosine samples plot on the right side. Gibberellic acid and
daminozide samples lie between the two other groups. PCA
provides fundamental information on the data structure® that
can cluster THz absorbance spectra with similar features.
However, the difference between the daminozide and the gib-
berellic acid was not obvious. This result was consistent with
the absorption spectrum experimental results in Fig. 6. The
main reason may be related to the molecular composition. We
can find that the mode causes that the vibration of the dam-
inozide and the gibberellic acid were mainly the vibration
between C-H and C-O (Table 1).

In order to further realize the differentiation of four plant growth
regulators, the discriminant analysis (DA) method was used to
classify the four plant growth regulators samples (Fig. 8). It is
different from principal component regression in that it not only
decomposes X matrix, but also ¥ matrix, so as to make the regres-
sion result better. In DA, multiple quantitative attributes are applied
to determine the variables, which distinguish between two or more
naturally occurring clusters. In this study, the 80 samples are divided
into four classes (i.e. daminozide, glyphosine, gibberellic acid and
naphthaleneacetic acid), specifically, 65 samples are used as test
samples and 15 samples are used as prediction samples.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Fig. 8(a) shows a plot of the typical score chart of each
sample from the four plant growth regulators by using the
discriminant analysis method. It can be seen that four PGRs
samples were classified correctly in the discriminant analysis
model. Meanwhile, the prediction accuracy of this model can
achieve 100% (Fig. 8(b)). That is to say, using the discriminant
analysis method, the PGRs can be divided to a large extent and
a good classification results was obtained.

4. Conclusion

In this study, we obtained the THz spectra of four PGRs at room
temperature and analyzed the refractive index and absorption
peaks of these PGRs in the 0.3-1.8 THz. DFT was used to analyze
the source of each absorption peak. The results showed that the
combination of THz-TDS and DFT models with B3LYP/3-21G(*)
was effective for characterizing the fingerprint absorption peaks of
glyphosine, naphthaleneacetic acid, daminozide, and gibberellic
acid. More generally, this study demonstrates the efficacy of using
both DFT and THz spectroscopy for the high-performance analysis
of biological and chemical molecules. In addition, DA was effective
for evaluating the classification trends of the four PGRs by clus-
tering THz absorbance spectra with similar features.
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