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Terahertz spectroscopy and weak interaction analysis of cinnamic
acid derivatives
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(School of Electronic Engineering, Xi’an University of Posts & Telecommunication, Xi’an 710121, China)

Abstract: The absorption peaks of three cinnamic acid derivatives (CADs) : p-coumaric acid (PCA), trans o-coumaric
acid (OCA) , and 4-fluorocinnamic acid (4-FCA) were measured using terahertz time-domain spectroscopy (THz-
TDS) in the range of 0. 5-3. 5 THz. To identify the origins of the THz absorption peaks in the three samples, the density
functional theory (DFT) was employed along with the vibrational mode automatic relevance determination (VMARD)
method. Additionally, the molecular force field energy decomposition analysis (EDA-FF) was used to analyze the
forms of weak intermolecular forces in the molecular systems. Visualization analysis was conducted through the visual-
ization of molecular dynamics (VMD) using atom coloring to study the contribution types and strengths of weak inter-
molecular forces by atoms in the molecular systems. This combination of THz-TDS, DFT, VMARD, and EDA-FF
methods not only effectively distinguishes organic molecules with structural isomers or structural similarities but also
provides valuable reference data for uncovering their biochemical functionalities.
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K1 (a) PCA;(b) OCA;(c) 4-FCA 43 T-45H4
Fig. 1 Molecular structures of (a) PCA; (b) OCA; (c) 4-
FCA
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Fig. 2 THz absorption spectra of PCA, OCA and 4-FCA
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Fig. 3 The experimental THz spectra and theoretical data of
PCA
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Fig. 4 The experimental THz spectra and theoretical data of
OCA
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Fig. 5 The experimental THz spectra and theoretical data of
4-FCA
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Kl6 PCA 7£ (a) 2.00 THz; (b) 2. 46 THz; (¢) 2. 71 THz;
(d) 3.32 THz PR BN
Fig. 6 Vibrational modes of PCA at (a) 2.00 THz; (b)
2.46 THz; (c) 2.71 THz; (d) 3.32 THz
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e oAy s iR T A I 5 OC A Ao R Wi I I 9 Ay T b
25 11 A TR AR LA 5 4-FCA 1 W2 AT I8 S Y 147 —
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FCA 78 THz J} BEARRAE M AR HA TR 9 R 2R 3
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I3 T SO FEARE S 14 8 7 B A
3.4 B[HEEEASTESAIAL

B U RN AR RS A BAE )
3 N A L 25 K8 1) 5 [ R AT 55 AH ELAE FH A

Table 1 Assignment of absorption peaks of PCA, OCA and 4-FCA to their corresponding vibrational modes

Sample  Experiment/THz  Calculation/THz Vibrational Modes Assignment Modes Attribution
PCA 2.09 2.00 536 C38 C40 (3. 8) v(8.9); 6(28.1); y(11.4); 7(51.5)
2.36 2.46 5C75C76 C78 (<7.5) v(7.0); 5(45.2); y(10.6); 7(37.2)
2.68 2.71 7 C31 €33 €35 €36 (8. 8) v(8.8); 6(21.2); y(13.4); 7(56.6)
3.19 3.32 555 C56 C58 (7. 4) v(7.0); 8(51.8); y(9.5); z(31.7)
0CA 1.02 0.99 y C74 C75 C76 080 (6. 8) v(2.7); 8(3.7); y(19.4); z(74.1)
1.31 1.35 y 049 C51 050 C52 (5.6) v(1.6); 8(2.9); y(37.8); 7(57.6)
1.83 1.70 y C14 C15 C16 020 (6.7) v(9.5); 8(9.5); y(16.5); 7(64.6)
2.28 2.39 7 €39 C34 €35 040 (7.7) v(0.1); 8(2.5); y(6.5); 7(90.9)
2.76 2.77 zC19CI4CI5C16 (-7.4) v(0.0); 5(1.6); y(0.9); 7(97.4)
4-FCA 1.09 1.18 rHI5C14 C16 018 (-11.4) p(0.7); 8(1.7); y(33.5); r(64.2)
2.03 2.12 F1C2C3C5(6.4) v(7.1); 8(9.0); y(11.7); 7(72.2)
2.92 2.98 7 F20 C21 €29 H30 (-7.5) v(1.5); 8(5.7); y(24.4); 7(68.4)
Hev, 8.y, ool REREERAR S A0 Sl A S R i A o 5T N R A L, FOR STBR B R A IR SR U TRk L A 3R
ARB) 5 E SRR AR

Note: v.,6,y,7 represent bond stretching, bond angle bending, out-of-plane angle bending, and dihedral angle torsion, respectively. The unit in brackets

is the percentage, indicating the contribution ratio of vibration modes with large contribution, and the negative sign indicates the vibration is opposite to

the defined phase.
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(d) 2.39 THz; (e) 2. 77 THz YR Bl

Fig. 7 Vibrational modes of OCA at (a) 0.99 THz; (b)
1.35 THz;(c) 1. 70 THz;(d) 2. 39 THz; (e) 2. 77 THz
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Fig. 8 Vibrational modes of 4-FCA at (a) 1. 18 THz; (b)
2.12 THz; (¢) 2. 98 THz

EDA-FF 5355 A Lo 51 &R 5045 6 RE il i il
W A H T FT A AR A il a5 A T
Z 5B TTHk L, 456 VMD 45 (0 R] UL 52 5 5 A0
HARHIBIRCR .

S RERY A 10 T7 3R I 9 FL A (LA /S
FR A B AL A o DA B 2L, DRI P00 i 119 D
FL P R, I | A X S G RE Y DTRR A

[ B B 2T ) J 1R e B, X 45 BE Y Tk
HTE 5 R, P0G D 0 3R 0 B A A RE R AR I

A orik . T EE R A B R 67 SRR
Ji P 0 B0 €8 RO 5 |V i, B T Y
5 55 Ao T B B R B R R T Bl B T A
P - Sl N N N C (B R

% 2804 675 PCA LOCA 1 4-FCA K R IO 45 4
e e aBER N E S, HRERKZ , ZHSF
N — R FHE T XA s ). E9
(a) W] UL, PCATEBE T =X} O-H---0 &5, 1525 TixX
SRV R L S A DT , Flag 1-Flag 2, Flag 3-
Flag 4 fl Flag 1-Flag 4 2 [] /) & B W 5] 4 51 R
-23. 46 kJ/mol.-19. 81 kJ/mol Fi1-17. 85 kJ/mol. %%

2454 9(b) Al WL, PCA 1A 5 1 €0 BUVE FH AE B —

B AR, Flag 2 5 Flag 3. Flag 1 g0 Flag 4
Z 8] €8 8 ) Bk, 43 il 3k 21 T =71, 20 kJ/mol Al
—69. 71 kJ/mol. i &l &% A E LTI A
DTHR , 3= PR SR AR B (0 i AR A 7
ARG G NEGREBT .

1 & 10 (a) AT UL, OCA & & HE i T X O-H

&2 PCA.OCAM4-FCA &R RZEBE(ERBEAN
Table 2 Interaction energy components of PCA, OCA

and 4-FCA fragment

Sample  Fragment  Electrostatic Repulsion Dispersion  Total
PCA  Flag 1-Flag2  -23.46 23.15 -24.4  -24.71
Flag 1-Flag 3 =7.12 13.29 -18.02 -11.84
Flag 1-Flag4 ~ -17.85 43.52 -69.71 -44.04
Flag 2-Flag 3 -6.75 42.30 =71.20 -35.66
Flag 2-Flag 4 1.22 4.85 -10.19 -4.12
Flag 3-Flag4 ~ -19. 81 25.79 -26.27 -20.29
OCA  Flag 1-Flag2  -28.83 23.34 -27.61 -33.10
Flag 1-Flag 3 -0.59 0. 00 -0.26  -0.85
Flag 1-Flag 4 -4. 40 5.50 -18.53 -17.44
Flag 2-Flag 3 -4.41 5.48 -18.51 ~—17.44
Flag 2-Flag 4 -1.14 0.93 -13.65 -13.86
Flag 3-Flag4  -28.84 23.32 -27.61 -33.13
4-FCA Flag 1-Flag 2 -3.20 31.70 -53.21 -24.71
Flag 1-Flag 3 0. 08 0. 00 -0.13 -0.05
Flag 1-Flag4  -12.58 13.11 -15.4 -14.88
Flag 2-Flag3  -12.59 13.13 -15.41 -14.87
Flag 2-Flag4  -19.89 32.45 -28.43  -15.87
Flag 3-Flag 4 -3.19 31.71 -53.21 -24.70
He iR Z A B ST B G R BT, B Bk A

3 R R A AL A KT /ol o
All the atoms in the system are relabeled in terms of bonding concerns,
so that each fragment represents a molecule, and the data in the table

are measured in kJ/mol.
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Fig. 9 Total binding energy atomic coloring diagram (a) and
dispersion atomic coloring diagram (b) of PCA, the atoms
with hydrogen bond and dispersion are labeled for convenient

reference
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Fig. 10 Total binding energy atomic coloring diagram (a)

and dispersion atomic coloring diagram (b) of OCA
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and dispersion atomic coloring diagram (b) of 4-FCA

Total binding energy atomic coloring diagram (a)
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