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Abstract 

Ferulic acid (FA, C10H10O4), a type of hydroxycinnamic acid derivatives, has beneficial 

pharmacological effects and biological activities, and known for its high application 

value in medicine, health care and cosmetic products. The vibration spectrum of FA 

ranging from 0.3 THz to 2.0 THz has been investigated by terahertz time-domain 

spectroscopy (THz-TDS). The characteristic absorption peaks located at 0.937, 1.159, 

1.464, 1.694 and 1.910 THz are obtained experimentally. To understand the origin of 

the characteristic absorption peaks of FA, density functional theory (DFT) calculations 

based on both isolated molecule and crystalline structure are performed. Combined 

analysis of the experimental and theoretical results informs that the characteristic 

absorption peak at 1.464 THz comes from intra-molecular interaction, and the ones at 

0.937, 1.159, 1.694, and 1.910 THz originate from inter-molecular collective 

vibrational modes.  
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1. Introduction 

Ferulic acid (FA) is a hydroxycinnamic acid derivative, also known as 4-hydroxy-

3-methoxycinnamic acid. The molecular formula of FA is C10H10O4 (Fig. 1 shows its 

molecular structure). FA is widely present in plants, and it combines with 

polysaccharides and proteins in the cell wall to form its skeleton [1]. In the biomedical 

realm, FA is known to have many beneficial traits, such as the lowering of blood fat, 

and its anti-oxidation, de-inflammatory, and anti-cancer effects [2]. Also, through 

modification and transformation of the molecular structure of FA, a variety of 



derivatives of it, such as esters, amides, ketones and ethers, came into being, which are 

widely used in food preservation, medicine, ecological protection, and consumer 

products [3]. Fully exploring the molecular structure of FA may lead to the discovery 

of more useful pharmacological characteristics and biological activities, hence research 

activities on the molecular structure of ferulic acid has shown an uptick in recent years.  

 

Fig. 1 Chemical structure of ferulic acid. 

Vibrational spectroscopy has been widely used in molecular structure analysis. At 

present, the most widely used vibrational spectroscopy is infrared spectroscopy (IR) 

and Raman spectroscopy. Molecular structure of FA had been investigated by Sebastian 

et al. [4] and Yan et al. [5] using IR spectroscopy and Raman spectroscopy, respectively. 

Terahertz spectroscopy, as a complementary spectral technique to infrared and Raman 

spectroscopy, has developed in the past two decades as a new analytical tool for 

molecular structure analysis [6]. Terahertz wave refers to electromagnetic waves in the 

0.1-10THz band, which is able to excite and detect intermolecular weak interactions, 

perceive the molecular skeletal vibrations and the lattice low-frequency vibrations [7]. 

Simultaneously, with the rapid development of quantum chemistry theoretical tools, 

density functional theory (DFT) has become a powerful theoretical analysis tool for 

vibrational spectroscopy analysis [8]. There are many successful experiments about 

vibrational spectroscopy analysis of molecules by THz spectroscopy combined with 

DFT have been reported. For example, Wang et al. used THz spectroscopy combined 

with DFT to investigate the intra- and inter-molecular weak interactions of four DNA 

nucleosides (Adenosine, Thymidine, Cytidine and Guanosine) and two nucleoside 

derivatives (Ribavirin and Entecavir) [9]; Shen et al. studied the terahertz vibrational 

spectrum of melatonin with the help of the DFT [10]; Neu et al. studied the dipeptide 

L-carnosine by terahertz spectroscopy and DFT [11]. However, the study of FA by 

terahertz spectroscopy combined with DFT has not been reported.  

Here we perform a complete vibrational analysis by terahertz spectroscopy 
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combined with DFT on FA.  The terahertz absorption spectrum of FA has been collected 

by THz-TDS, and theoretical calculations based on isolated molecule and crystalline 

structure of FA are implemented by DFT, respectively. The remainder of the paper is 

organized as follows: in Section 2, the experimental setup and experimental method 

employed are introduced, including sample preparation, THz-TDS setup, data 

processing and theoretical calculation; In Section 3, experimental and theoretical results 

of FA is presented. Concurrently, the vibration mode assignment of characteristic 

absorption peaks is accomplished. In the last section, the main conclusions are 

summarized  

2. Experimental and Theoretical Description 

2.1. Sample Preparation 

The sample of FA powder was purchased from Shanghai Ulva Biotechnology Co., 

Ltd. The sample was used in the experiment without further purification with the 

original purity of 99%. Under a pressure of 2 MPa, the powder was pressed into tablets 

with the diameter of 13 mm and the thickness of 0.70 mm, respectively. A total of 5 

tablets were prepared, and all tablets were placed in a vacuum drying chamber (DZF-

6020) for 4 h at 40℃ to remove residual water. 

2.2. Terahertz Spectra 

The experimental setup of THz-TDS system (Zomega Inc., USA) employed in this 

work is shown in Fig.2. The relevant characteristics of the system are as follows: 

effective frequency range is 0.1 - 2 THz, with 11 GHz spectral resolution, and the 

dynamic range is greater than 70 dB in this band; Typical THz output power is about 

100 nW; The beam spot size at the focus is 2 mm. The system is configured in 

transmission mode. The entire system including the sample and sample holder is purged 

with dry nitrogen with the relative humidity less than 1%, to avoid the influence of 

water on the experiment. Throughout the experiment, environmental temperature is 

kept at around 23℃. 

2.3. Data Processing 

As the most important parameter to characterize the absorption characteristics of 

the sample, the absorption coefficient α(ω) is extracted in this work. According to 

references [12, 13], a complex refractive index describing the optical properties of a 

sample can be defined as 



�̃�(𝜔) = 𝑛(𝜔) − 𝑖𝑘(𝜔),                                                    (1) 

where ω is the angular frequency, n(ω) is the real index of refraction and k(ω) is the 

extinction coefficient. Denoting the time-domain signals of the sample and reference 

as Esample(t)and Eref(t), respectively, corresponding to the frequency-domain signals Esample(ω) and Eref(ω), the system response function of the sample can be expressed 

as 

𝐻(𝜔) = 𝐸𝑠𝑎𝑚𝑝𝑙𝑒(𝜔) 𝐸𝑟𝑒𝑓(𝜔)⁄ = 𝜌(𝜔) 𝑒𝑥𝑝[−𝑖𝜑(𝜔)].             (2) 

In the above equation, ρ(ω) is the amplitude ratio of the sample signal to the reference 

signal, φ(ω) is the phase difference between the sample signal and the reference 

signal. It then follows that the absorption coefficient can be expressed as 

𝛼(𝜔) = 2𝑘(𝜔)𝜔𝑐 = 2𝑑 𝑙𝑛 { 4𝑛(𝜔)𝜌(𝜔)[𝑛(𝜔)+1]2}.                               (3) 

Here, c is the speed of light in vacuum, d is the thickness of the sample. The refractive 

index n(ω) can be calculated from the relation 

𝑛(𝜔) = 𝜑(𝜔)𝑐𝜔𝑑 + 1,                                                                 (4) 

and the extinction coefficient can be represented by 

𝑘(𝜔) = 𝑙𝑛 { 4𝑛(𝜔)𝜌(𝜔)[𝑛(𝜔)+1]2}.                                             (5) 

2. 4. Theoretical Calculations 

The density functional theory (DFT) was applied as the method of theoretical 

calculation in our work. The theoretical calculations were carried out based on two 

different structures of FA, i.e., isolated molecule and crystalline structure, respectively. 

The isolated molecule structure of FA is shown in Fig.2. The theoretical 

calculation based on isolated molecule structure was implemented by Guassian 09 [14]. 

In this calculation, the Becke-3-Lee-Yang-Parr (B3LYP) [15] was selected as the 

density functional. In order to get accurate results, we tried a variety of basis sets 

matched with B3LYP to complete the calculation, including 6-31G, 6-31G(d, p), 6-

311G, and 6-311G(d, p).  



 

Fig. 2 Isolated molecular structure of FA. 

The crystalline structure of FA applied on theoretical calculation is shown in Fig.3, 

according to the Cambridge Crystallographic Data Centre (CCDC), and the crystalline 

structural parameters are listed in Table 1. The theoretical calculation based on 

crystalline structure of FA was performed by Cambridge Sequential Total Energy 

Package (CASTEP) program [16], which belonging to a part of the Materials Studio 

package from Accelrys. For this calculation, two different exchange-related functional 

energy were applied, which were GGA-PBE [17] and GGA-PW91 [18]. The relevant 

parameter configuration in the calculation process was as follows: The quality of energy 

calculations was ultra-fine, with the plane-wave cut-off energy set at 830 eV. The 

Brillouin zone sampling of electronic states was performed on a 1 × 2 × 1 Monkhorst-

Pack grid in k-space, and the total energy was converged to within 5.0×10-7 eV/atom. 

The maximum force remnants between atoms were less than 0.01 eV/Å. The grids 

adapted for fast Fourier transform was 180 × 64 × 216. 



 

Fig. 3 Crystalline structure of FA (unit cell). 

Table.1 Crystalline structural parameters of FA 

Crystal system Monoclinic 

Space group P21/n 

a (Å) 4.5982(10) 

b (Å) 16.7517(2) 

c (Å) 11.8052(2) 𝛼 (°) 90 𝛽 (°) 91.718(2) 𝛾(°) 90 

Z value 4 

 

3. Results and Discussion  

3.1  Experimental Results 

The time domain and frequency domain spectra of the reference and FA were 

collected by THz-TDS, respectively, which are displayed in Fig. 4 (a) and (b). From 

Fig.4 (a), we can see that the time domain signal of FA is delayed compared with that 

of the reference, which is caused by the refraction and reflection of THz waves in the 

FA sample. For the acquisition of frequency domain spectra, the effective frequency 

range of FA and the reference is 0.3-2.0 THz, as shown in the dashed box in Fig. 4. 

From Fig.4 (b), we can see that the signal amplitude of FA is attenuated compared with 

the signal amplitude of the reference, due to the absorption of THz waves in the FA 

sample.  



 

(a)                                                              (b) 
Fig. 4 Time domain and frequency domain spectra of FA and reference: (a) time 

domain spectra; (b) frequency domain spectra. 

The absorption spectra of FA is obtained by the time domain and frequency domain 

spectra of FA and reference obtained according to the method mentioned in section 2.3, 

which are shown in Fig. 5. We can see that the FA has five absorption peaks in the 0.3-

2.0 THz frequency range, located at 0.937, 1.159, 1.464, 1.694 and 1.910 THz, 

respectively.  

 

Fig. 5 Absorption spectrum of FA. 

3.2  Theoretical Results 

The calculation based on isolated molecular structure of FA had been 

accomplished by B3LYP combined with 6-31G, 6-31G (d, p), 6-311G and 6-311G (d, 

p), respectively, the result of the calculation is shown in Table 2.  
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Table 2 Result of the calculation based on isolated molecular structure of FA  

Experiment 

(THz) 

B3LYP 

6-31G 6-31G (d, p) 6-311G 6-311G (d, p) 

0.937 -- -- -- -- 

1.159 -- -- -- -- 

1.464 1.364 1.403 1.418 1.433 

1.694 -- -- -- -- 

1.910 -- -- -- -- 

From the Table 2, we can see that the calculation completed by B3LYP combined 

with 6-31G, 6-31G (d, p), 6-311G and 6-311G (d, p) each shows one vibration 

frequency, with the value of 1.364, 1.403, 1.418, and 1.443 THz, respectively. 

Compared with the value of vibration frequency measured in the experiment, the value 

of the calculation by B3LYP/6-311G (d, p) at 1.464 THz is the closest. Vibrational mode 

assignment of the calculated frequency at 1.464 THz has been implemented with the 

help of Gauss View 05, with the corresponding atomic motions sketched in Fig. 6, 

which shows that it can be attributed to intra-molecular interactions, and is caused by 

the scissor vibration of 21C-22H and 17C-20H around 18C-19H, and the torsional 

vibration of 12O-13Cand 10O-11H around 1C-6C. 

 

Fig. 6 Atomic motions corresponding to the vibration mode of FA at 1.443 THz. 

The calculation based on crystalline structure of FA had been carried out by 

GGA-PBE and GGA-PW91, respectively, the result of the calculation is shown in 

Table 3.  



Table 3 Result of the calculation based on crystalline structure of FA 

Experiment GGA-PBE GGA-PW91 

0.937 1.088 0.728 

1.159 1.255 0.961 

1.464 -- -- 

1.694 1.643 1.664 

1.910 1.915 1.930 

As we can see in Table 3, corresponding to the experimental values at 0.937, 1.159, 

1.694 and 1.910 THz, the predicted values by GGA-PBE is 1.088, 1.255, 1.643 and 

1.915 THz, and the predicted values by GGA-PW91 is 0.728, 0.961, 1.664 and 1.930 

THz. Comparing the calculated values between GGA-PBE and GGA-PW91, we see 

that only one calculated value at 1.664 THz by GGA-PW91 is closer to the experimental 

value at 1.694 THz than the frequency value at 1.643 THz predicted by GGA-PBE. Of 

the calculations corresponding to the remaining three experimental values at 0.937, 

1.159 and 1.910 THz, the calculated frequency values of GGA-PBE locating at 1.088, 

1.255 and 1.915 THz are closer to the experimental values than the calculated values at 

0.728, 0.961 and 1.930 THz by GGA-PW91. Therefore, it is observed that GGA-PBE 

is more suitable to perform the task of the calculation based on the crystalline structure 

of FA. Thus the calculation results of GGA-PBE at 1.088, 1.255, 1.643 and 1.915 THz 

correspond to the experimental values at 0.937, 1.159, 1.694 and 1.910 THz, 

respectively. Furthermore, it can be concluded that the experimentally obtained 

vibration absorption peaks at 0.937, 1.159, 1.694, and 1.910 THz originate from the 

inter-molecular interactions.  

The vibration mode assignment of the calculated characteristic absorption peaks 

at 1.088, 1.255, 1.643 and 1.915 THz had been accomplished, with the corresponding 

atomic motions shown in Fig.7.  



 

(a)1.088THz                                                  (b) 1.255THz 

 

                   (c)1.643THz                                                  (d) 1.915THz 

Fig. 7 Atomic motions corresponding to the vibration modes of FA at (a)1.088 THz, (b) 

1.255 THz, (c) 1.643 THz, and (d) 1.915 THz. 

4. Conclusion 

The vibrational spectroscopy of FA was thoroughly studied by terahertz time-

domain spectroscopy combined with DFT in this work. In the experiment, five 

characteristic absorption peaks of FA were detected, with frequency of 0.937, 1.159, 

1.464, 1.694 and 1.910 THz, respectively. In order to uncover the mechanism of these 

characteristic absorption peaks of FA, DFT calculations based on an isolated molecule 

and the crystalline structure of FA were performed, respectively. In the calculation 

based on isolated molecule, by comparing the performance of different basis sets, the 

6-311G (d, p) basis set having the calculated value at 1.433 THz gave the closest to the 

experimental value (1.464 THz). By vibration mode assignment, it can be found that 

the characteristic absorption peak at 1.433 THz was derived from intra-molecular 

interactions. In the calculation based on the crystalline structure, the GGA-PBE with 



the calculated values at 1.088, 1.255, 1.643 and 1.915 THz was employed, which was 

the most appropriate combination of theoretical considerations and experimental values 

(0.937, 1.159, 1.694 and 1.910 THz). With the help of the vibration mode assignment, 

it can be confirmed that the characteristic absorption peaks at 0.937, 1.159, 1.694 and 

1.910 THz originate from inter-molecular interactions. Thus we conclude that the five 

characteristic absorption peaks of FA at 0.937, 1.159, 1.464, 1.694 and 1.910 THz come 

from intra-molecular interactions and inter-molecular interactions. 
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