
applied  
sciences

Article

Study of 2,4-D Spectral Characteristics and Its
Detection in Zizania Latifolia Using Terahertz
Time-Domain Spectroscopy

Pengcheng Nie 1,2,3, Chengyong Cai 1,2, Fangfang Qu 1,2, Lei Lin 1,2, Tao Dong 1,2

and Yong He 1,2,*
1 College of Biosystems Engineering and Food Science, Zhejiang University, Hangzhou 310058, China;

npc2012@zju.edu.cn (P.N.); alayy@zju.edu.cn (C.C.); ffqu@zju.edu.cn (F.Q.); linlei2016@zju.edu.cn (L.L.);
dt2016@zju.edu.cn (T.D.)

2 Key Laboratory of Spectroscopy Sensing, Ministry of Agriculture, Hangzhou 310058, China
3 State Key Laboratory of Modern Optical Instrumentation, Zhejiang University, Hangzhou 310058, China
* Correspondence: yhe@zju.edu.cn; Tel.: +86-0571-8898-2143

Received: 25 April 2019; Accepted: 29 May 2019; Published: 31 May 2019
����������
�������

Featured Application: Identification and detection of pesticide residues in crops.

Abstract: 2,4-Dichlorophenoxyacetic acid (2,4-D) is a common plant growth regulator, which can
remain in food and, with long-term consumption, threaten human health. Therefore, it is necessary
to propose an effective detection method. Terahertz time-domain spectroscopy technique (THz-TDS)
has good advantages in the quantitative and qualitative analysis of most biomolecules due to its rich
fingerprint characteristics. In this paper, density functional theory (DFT) was applied to geometry
optimization and frequency vibration calculation of 2,4-D, and THz-TDS was used to quantitatively
detect 2,4-D in Zizania latifolia. The results showed that there were three characteristic absorption
peaks of 2,4-D at 1.36, 1.60, and 2.38 THz, respectively, and the theoretical spectra were in good
consistency with experimental spectra, with slight discrepancies. Additionally, the absorption peak
at 1.36 THz had the best absorption characteristics and was chosen as the main peak for 2,4-D
quantitative analysis. It was demonstrated that the limits of detection (LOD) of 2,4-D in Zizania
latifolia were found to be as low as 5%, the absorbance intensity at 1.36 THz showed a good
linear relationship (R2 = 0.9854) with 2,4-D concentration from 5% to 30%, and the recovery was
93.29%–98.75%. Overall, this work enriched the fingerprint database of pesticide molecules on the
basis of terahertz spectroscopy and could provide a technical support for the detection of 2,4-D in
food by terahertz spectroscopy.

Keywords: Terahertz time-domain spectroscopy; 2,4-dichlorophenoxyacetic acid; density functional
theory; quantitative analysis; Zizania latifolia

1. Introduction

2,4-Dichlorophenoxyacetic acid (2,4-D) is a widely used plant growth regulator [1]. A small
amount of it can promote crop growth and contribute to the improvement of fruit quality, and a
large amount of it can help in weeding [2]. As an antistaling agent, it can enhance the disease
resistance of fruits and vegetables and delay their aging. However, 2,4-D is difficult to decompose
and can remain in water, crops, and soil because of its low water solubility [3–5]. Improper usage
of it will affect the environment pollution and threaten the human body’s immune system [6–8].
Also, long-term consumption of 2,4-D would greatly increase the incidence of cancer [9]. In view
of these hazards, some countries and international organizations have made clear provisions on the
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residue limit of 2,4-D. Codex Alimentarius stated that the maximum residue limit of 2,4-D in food
and feed varied from 0.01–400 mg/kg [10]. Therefore, it is of great significance to explore the detection
method of 2,4-D. At present, the main methods for detecting 2,4-D include high-performance liquid
chromatography (HPLC) [11,12], gas chromatography (GC) [13], and enzyme-linked immunosorbent
assay [14]. However, the pre-process of these methods is complicated, with low detection efficiency.
Therefore, it is necessary to propose a new detection method with simple operation and high efficiency.

In recent years, analysis of spectral fingerprint peaks has gradually become one of the important
methods for qualitative and quantitative analysis of compounds. In the past few years, some researchers
applied spectral characterization techniques to the detection of 2,4-D. Jin-Liang et al. [15] applied
surface-enhanced Raman scattering technology for detection of 2,4-D using laser excitation at 632.8 nm.
The result showed enhancement factors of Au nanorods substrates and Au nanospheres substrates
were 6.2×105 and 5.7×104, respectively. Wells et al. [16] compared quantitative nuclear magnetic
resonance spectroscopy (QNMR) with chromatographic methods for the determination of the purity
of 2,4-D. The result showed that QNMR is more precise and accurate than the chromatographic
methods. Trivedi et al. [17] applied the UV–Vis spectrophotometer to detect the concentration of 2,4-D
absorbed on mustard plant ash. Still, these spectroscopy technologies had some shortcomings. NMR
spectroscopy mainly detected hydrogen-containing groups, which was inadequate. Raman spectra
could be influenced by fluorescence, and a UV spectrophotometer could only be used to detect liquid.

THz detection technology is a novel characterization technology, which has been gradually applied
in many fields. The vibration and rotation frequencies of many macromolecules are in terahertz
band. Therefore, they show strong absorption and dispersion characteristics in this band [18–20].
The spectral properties through resonance absorption of materials to terahertz radiation can be studied
by terahertz time-domain spectroscopy (THz-TDS) technology [21,22]. Compared with traditional
spectroscopy, terahertz spectroscopy can simultaneously provide amplitude and phase information of
terahertz signal [23]. Additionally, THz radiation has strong penetrability for many nonpolar materials,
which can detect internal components of the tested object more adequately [24]. Researchers have
made significant progress in studying and analyzing chemical composition using terahertz in the past
few years, which has provided a foundation for the study of terahertz in the detection and analysis of
substance components. Baek et al. [25] investigated the feasibility of detecting methomyl, a carbamate
in wheat and rice flours, using THz-TDS. The results showed that three absorption peaks were found
in 0.1–3 THz, 1, 1.64, and 1.89 THz at room temperature, with the regression coefficient higher than
0.974, and the limit of detection of less than 3.74%. Hua et al. [26] applied THz-TDS technology to
qualitatively and quantitatively detected four pesticides and three food powders in the frequency
range of 0.5–1.6 THz. It was showed that the limits of detection (LOD) of imidacloprid was lower
than 8% and the relative error was less than 5% in predicting the weight ratio of imidacloprid in
these two mixtures by the partial least squares (PLS) model. Shen et al. [27] found that the THz
spectral of caffeine and 3-acetylmorphine in the range of 0.2–2.6 THz were in good consistency with
the spectra calculated by density functional theory (DFT) and Hartree-Fock (HF). Redo-Sanchez et
al. [28] explored THz spectral properties of eleven antibiotics and found that eight of the antibiotics
had THz fingerprint peaks. Moreover, two antibiotics in three kinds of food were detected by the
THz system, which indicated the feasibility of THz technology for detection of antibiotics in food.
These researches illustrated the existence of molecular terahertz fingerprint peaks and the potential of
terahertz technology for quantitative detection of matters.

In this paper, terahertz time-domain spectroscopy (THz-TDS) was used to investigate 2,4-D
spectral characteristics, including analysis of time-domain waveform, frequency-domain spectrum,
and absorption spectrum. Additionally, DFT was applied to 2,4-D geometry optimization and vibration
frequency calculation, and the generation mechanism of fingerprint peaks was explored. Then,
feasibility of quantitative detection of 2,4-D in Zizania latifolia was explored by a terahertz system.
The linear relationship between terahertz absorbance intensity and 2,4-D content was established.
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Overall, it is believed that this work provides a theoretical and experimental basis for fingerprint peaks
analysis of 2,4-D and a rapid method to detect 2,4-D in Zizania latifolia.

2. Materials and Methods

2.1. Chemicals and Instrumentation

In this experiment, 2,4-D (C8H6Cl2O3) selected for this experiment was from Hangzhou Mumu
Biological Technology Co., Ltd (Hangzhou, China), whose purity reached 99%. Zizania latifolia
was from Hangzhou, China. The apparatus used in the experiment was a Terahertz time-domain
spectrometer (CCT-1800), produced by China Communication Technology Co., Ltd (Shenzhen, China).
CCT-1800 mainly consists of femtosecond laser sources, an optical delay system, and a free space
terahertz emitter and detector. THz pulse was photoexcited by a 100 fs pulse, with a center wavelength
of 780 nm. The usable bandwidth spanned 0–4 THz, with a spectral resolution of 20 GHz. A tablet
machine purchased from Tianjin Tuopu Instrument Co., Ltd (Tianjin, China) was applied to sample
preparation. The Nitrogen generator was from Shandong Saikesaisi Hydrogen Energy Co., Ltd
(Jinan, China).

2.2. Sample Preparation

The method of 2,4-D tablet preparation was that 200 mg of 2,4-D powder (particle size < 75 µm)
was pressed at 18 MPa for 4 minutes with a diameter of 13 mm. Pressure of 18 MPa for 4 minutes met
the compaction requirement of experiment (compaction optimization experiment in Table S1). In order
to reduce multiple reflections from affecting the experimental results, the upper and lower surfaces
of the flat cylindrical sheet were parallel to each other. In addition, the method of mixed 2,4-D and
Zizania latifolia tablet was prepared as follows. First, Zizania latifolia was ground to a sufficiently
small particle size. Second, Zizania latifolia powder was sieved through 200 mesh filter (75 µm). Third,
200 mg of 2,4-D and Zizania latifolia powder were mixed at a mass ratio of different concentrations
of 2,4-D (5%, 10%, 15%, 17%, 20%, 23%, 25%, 27%, 30%, and 33%) for a period of time until uniform.
Fourth, the mixed 2,4-D and Zizania latifolia powder was pressed at 18 MPa for 4 minutes with a
diameter of 13 mm.

2.3. Spectral Acquisition

In this work, the transmission module of apparatus was used to detect samples. First, the sample
bin was filled with dry N2 for 2 minutes to eliminate interference of moisture in the air before THz
spectra acquisition. Second, the terahertz time-domain spectrum of N2 was collected as a reference
signal. Third, THz spectra of samples were acquired. Fourth, each time-domain spectrum was
converted into a frequency-domain spectrum by Fourier transform. In order to ensure that the spectral
data were not affected by random interference, each spectrum was obtained by re-sampling for
100 times.

2.4. Theoretical Density Functional Theory Calculations

DFT [29,30] is a common method for molecular geometry optimization and frequency vibration
calculation. The principle of DFT is the exchange-correlation functionals [31]. DFT not only has
higher calculation accuracy and less computational complexity, but can also consider the correlation
effects such as electron energy and spin to a certain degree, which is suitable for analysis of most
molecular structures. It has been demonstrated that DFT can achieve higher accuracy in molecular
structure optimization and harmonic vibrational frequencies calculation than the more computationally
demanding MP2 method [32]. Moreover, the performance of B3LYP [33] hybrid density functional
in combination with various basis sets has been widely used for molecular geometries, vibrational
frequencies, ionization energies and electron affinities, dipole and quadrupole moments, atomic
charges, infrared intensities, and magnetic properties [34].
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In this work, B3LYP with three different basis sets, 6-31G, 6-31G (d, p), and 6-31G++ (d, p),
respectively, were applied to DFT calculation using Gaussian 09 software, where (d, p) denoted the
addition of polarization function and ++ denoted the addition of diffusive function to the hydrogen
atom and heavy atom.

3. Results and Discussion

3.1. Experimental Terahertz Spectra of 2,4-D

Figure 1A shows the terahertz time-domain waveforms of reference and 2,4-D, Figure 1B are
the terahertz frequency-domain spectra of reference and 2,4-D, and Figure 1C is terahertz absorption
spectra of 2,4-D in the range of 0–4 THz. As shown in Figure 1A, the 2,4-D time-domain terahertz
waveform had a spectral phase difference and an amplitude difference in comparison with the reference
time-domain waveform. The reason was that the optical path of the terahertz wave passing through
2,4-D was larger than N2. Therefore, the terahertz spectrum of 2,4-D lagged behind the reference
spectrum. Beside this, the amplitude of the terahertz spectrum of 2,4-D was lower than that of the
reference signal because of the absorption, reflection, and scattering of terahertz by 2,4-D.Appl. Sci. 2019, 9, x FOR PEER REVIEW 5 of 10 
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(B) Frequency-domain spectra; (C) Absorption spectrum of 2,4-D.

Moreover, compared with the amplitude of reference signal, the frequency-domain amplitude
of 2,4-D was lower (Figure 1B). Also, there were three positions with absorption characteristics in
the frequency-domain spectrum of 2,4-D at 1.36, 1.60, and 2.38 THz, respectively, among which,
the position at 1.36 THz had the most obvious absorption effect. In a previous experiment, the third
peak of 2,4-D was detected at 2.67 THz [35], which was different from the results obtained in this work.
A THz time-domain spectrometer (Teraview, UK) was used in the previous experiment. Therefore,
the different experimental results were probably caused by the difference of instrument components
and performance. In Figure 1C, with the increase of frequency, the baseline of the absorption spectrum
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rose, which may have been caused by the scattering effects [36]. It can be seen that whether the
frequency-domain spectrum or absorption spectrum, the usable frequency range of the sample was
in the range of 0.1 to 3 THz. When the THz spectrum was below 0.1 THz, the signal-to-noise ratio
(SNR) significantly reduced. Low frequency of the TDS system was mainly limited by diffraction losses
and bandwidth of the antenna. When the THz spectrum was greater than 3 THz, the high-frequency
oscillations noise was too large.

3.2. Theoretical Calculation and Analysis

For detailed analysis of spectral characteristics, DFT was applied to 2,4-D geometry optimization
and frequency calculation. Figure 2 shows the comparison between the 2,4-D experimental spectrum
and the theoretical spectrum calculated by B3LYP with three basis sets in the range of 1.1–2.8 THz.
Furthermore, in order to analyze the absorption spectrum more intuitively, the baseline correction
was conducted to the experimental obtained spectrum. In addition, the assignment of the calculated
absorption peaks are summarized in Table 1.
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Table 1. The assignment of the calculated absorption peaks.

Experiment B3LYP/
6-31G

B3LYP/
6-31G(d, p)

B3LYP/
6-31G++(d, p) Assignment

1.36 1.32 1.37 1.36 υring+δ(3C-12O-13C)oop
1.60 1.55 1.58 1.57 υring+δ(13C-14/15H)oop+δ(2C-11CL)oop

- 1.92 1.94 1.93 υ(6C-18CL)ip+υ(2C-11CL)ip+υ(13C-12O)ip
2.38 2.59 2.64 2.56 υ(3C-12O-13C)ip+υ(6C-10CL)ip

RMSD 0.13 0.15 0.11 -

υ: telescopic vibration, δ: deformation vibration, oop: surface external bending, ip: surface internal bending.

It can be seen from Figure 2 that there were four DFT-calculated absorption peaks of 2,4-D
for all the three basis sets. The four absorption peaks calculated by three basis sets had similar
peak positions, at around 1.36, 1.57, 1.93, and 2.59 THz, respectively. Moreover, according to the
frequency RMSD (root-mean-square deviation) values of 2,4-D theoretical absorption peaks, compared
to experimental absorption peaks in Table 1, it shows that all the basis sets had good calculation
results. Comparing spectra calculated by 6-31G with 6-31G (d, p), it can be seen that the addition of a
polarization function caused all the absorption peaks to blue shift. Moreover, it shows that theoretical
spectra calculated by 6-31G (d, p) and 6-31G++ (d, p) had better consistency with the experimental
spectrum on the first two absorption peak positions than theoretical spectra calculated by 6-31G.

The theoretical spectra absorption peaks had a good consistency with experimental spectra,
especially at 1.36 and 1.60 THz, which indicated that the theoretical calculation was feasible. However,
there were some slight discrepancies between experimental absorption spectra and DFT-calculated
absorption spectra. For instance, there was a blue shift phenomenon for the absorption peak at
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around 2.38 THz in the theoretical spectra. First, the theoretical calculation was to calculate isolated
molecule without considering the intermolecular forces. Second, it might be that theoretical spectra
were calculated based on the environment of 0 K, while the experimental spectra were performed
at 294 K. The experimental spectra obtained at 294K showed broader absorption than theoretical
spectra, especially at 2.38 THz, which was mainly due to the high temperature of the molecule (294 K,
or 25 meV) compared with the THz photon energy (2–8 meV). Therefore, a lower energy resonance
will have a contribution from hot-band transitions, which results in broadening [37]. An absorption
peak at around 1.92 THz was not detected in the previous experiment, which might be caused by
limitation of apparatus performance.

In order to further analyze the formation mechanism of the terahertz fingerprint peaks,
the vibrational modes of 2,4-D molecular at the absorption peaks of 1.36, 1.60, and 2.38 THz are shown
in Figure 3. The experimental results showed that the absorption peaks of 2,4-D at these three peaks
were caused by the action of different bonds. The absorption peak at 1.36 THz was mainly caused by
the joint motion of the two parts. One part was the out-plane stretching vibration and deformation
vibration of C–O–C (3C, 12O, 13C) along the Z-axis direction. The other part was the ring vibration.
Simultaneously, these two movements were accompanied by the stretching and deformation vibration
of C–O and O–H (16C, 18O, 19H) along the Z-axis direction. The absorption peak at 1.60 THz was
also mainly generated by the combination of two parts of motions. One was the out-plane stretching
vibration and deformation vibration of two C–H (13C, 14H, 15H) along the Z-axis direction. The other
was the out-plane stretching vibration and deformation vibration of C–Cl (2C, 11Cl) along the Z-axis
direction. In addition, these motions were also accompanied with the ring vibration. The absorption
peak at 2.38 THz was mainly formed by the in-plane stretching vibration of C–O–C (3C, 12O, 13C) along
the X-axis and the in-plane stretching and deformation vibration of C–Cl (6C, 10Cl) in the X-Y plane.
In addition, these motions were companied with stretching and deformation vibration of carboxyl
group along the X-axis.

3.3. Quantitative Analysis of 2,4-D in Zizania Latifolia

In this paper, we further studied the feasibility of quantitative detection of 2,4-D in Zizania latifolia
by THz technology. Figure 4 shows the frequency-domain spectrum of pure Zizania latifolia in the
range of 0–4 THz. Absorbance spectra of Zizania latifolia mixtures at six different concentrations of
2,4-D (5%, 10%, 15%, 20%, 25%, and 30%) were detected, and the results are shown in Figure 4B.

From Figure 4A, it can be seen that there was no absorption peak of Zizania latifolia at a usable
detection range. Therefore, it would not influence quantitative analysis of 2,4-D. In the region with
frequency greater than 2.5 THz, the SNR decreased significantly. Therefore, the usable range should
be below 2.5 THz, which was smaller than for pure 2,4-D. From Figure 4B, it can be seen that only
the absorption peak at 1.36 THz could be detected clearly. The second absorption peak could not be
detected because its signal was too weak, and the third absorption peak was submerged in the noise.
Moreover, it shows that the spectra had different degrees of baseline drift, which made it difficult for
quantitative analysis. The baseline drift was mainly caused by a scattering effect, which might be
related to sample particle size [38]. Therefore, baseline correction was conducted to these spectra for
further analysis.
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correction from 1.2 to 1.5 THz.

It can be seen from Figure 4C, the 2,4-D absorption peak at 1.36 THz was detected obviously,
and the absorption peak intensity at 1.36 THz had a corresponding increase trend with increase of 2,4-D
concentration, which could be used as the main peak for quantitative analysis. At 1.36 THz, the LOD
of 2,4-D was lower than 5%, which was close to the LOD of pesticide residues in food obtained by
other researchers using terahertz. Figure 5 shows the fitting curve between 2,4-D concentration and
absorbance at 1.36 THz. The fitting curve achieved a good linear regression relationship with an R2

of 0.9854. To verify the accuracy of the model, 17%, 23%, 27%, and 33% concentrations of 2,4-D in
Zizania latifolia were detected by THz-TDS, and the results are shown in Table 2. The result showed
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that the recovery was 93.29%–98.75%, which fully demonstrated the great potential of THz technology
in the detection of 2,4-D in Zizania latifolia. However, the LOD still could not reach the detection
requirement for actual application, and further researches on improving apparatus sensitivity and
designing usable signal enhancement materials need to be conducted.
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Table 2. Recovery of 2,4-D detection in Zizania latifolia.

Actual Concentration (%) Predicted Concentration (%) Recovery (%)

17 16.40 96.47
23 21.46 93.29
27 25.72 95.26
33 32.59 98.75

4. Conclusions

In this paper, THz spectra of 2,4-D were obtained by using THz-TDS, and its spectral characteristics
were analyzed. It was found that there were three distinct characteristic absorption peaks of 2,4-D
at 1.36, 1.60, and 2.38 THz, respectively. Combined with DFT, single molecule of 2,4-D geometry
optimization and frequency vibration calculation were conducted. It was shown that the theoretical
calculation results were in good consistency with the experimental results, except the absorption
peak at around 1.93 THz. Then, we demonstrated the feasibility of THz-TDS in the quantitative
detection of 2,4-D in Zizania latifolia. The absorption peaks at 1.36 THz could be used as the main
peak for 2,4-D quantitative analysis. The limit of detection was lower than 5%. The fitting curve
between 2,4-D in Zizania latifolia concentration and absorbance achieved a good linear regression
relationship. This work enriches the fingerprint database of pesticide molecules on the basis of terahertz
spectroscopy and can provide a technical support for the detection of 2,4-D in food by terahertz
spectroscopy. However, the detection of limit is not low enough, and it may be optimized by improving
instrument performance and designing suitable signal enhancement materials in the future.
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