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Terahertz spectroscopy and weak interaction analysis of cinnamic
acid derivatives

ZHENG Zhuan-Ping", ZHAO Shuai-Yu, LIU Yu-Hang, ZENG Fang
(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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it ¥ 35 A L iR (P—Coumaric Acid, PCA) , il 44
X R, B2 R, e AR B 2 N S
SR PRI SO RR ) AR IR R 2
JEURE , LA 0 3] 200 AT 98 a0 4 - S G )
R AEA T T PR R X 4 B €6 A A BR TR IR AT
B S K B AT T XA S ) A B A I sk A R, T LA
FRAE A ARG R 7 i AR ), e -2-FR A
FEMR (trans O—CoumAric, OCA) & —F A LA =Y
i, A B, 5 PCA B MR 432X, B R4 544
1A, HAMNRABARL ; 4— 5 N R (4-FluoroCinnamic Ac-
id, 4-FCA)J&—Fh B 25 iAo n] DR BRI,
‘B 5 PCA 22 AU R I I R FHUR T3,
5 PCA SR ALAHL . H1 A LRI %0, PCA OCA 5 4-
FCA 45 ¥ 3 AL, S0 AHABL, 359 A PR A % 1) 05 26 )
(Cinnamic Acid Derivatives, CADs) , &8 A] 1%~ 25 5
TEIBORTE], B LA = Fa LA 7 1Y R AE 95 51
KA RE 48 7 o = 2l S 2e 4 A

eV, Kumar 55 NG i 22 78 0 5047 (Differ-
ential Thermogravimetric Analysis, DTA )% /7 i 0F 5%
T PCA By, 38 1 X A7 5 8] T8 il S R &%
¥ ; Swistocka 25 A F1 4387 T PCA AR Y
P ZTANETE (400~3 600 em™) , BFSE T B84 )& FH
BT XF PCA HLFE5 M AYS2  , & IR LA 4 B i & 4
PTG ARk 37 T0 AR R 3 67 B A2 5 Kowe-
zyk—Sadowy 55 AN BIFSE T 5843 J& BH 25+ X OCA HL+
A Z2 1 52 AN AL B P00 o T 45 SR T R 2
[] 19 6 2R, 3 3 00 2 e T T A 2 T A1 (400~4 000
em™ ) NIRRT R B Sl 5 & 8 S H = M)
AHIEPE" s Raghunathan %5 A8 i3 X A7 5 S50 66 T
OCA [ f I 2544 Jenkins 25 A SZE6 ML T 4-FCA
B LT AN (1 500~1 800 em™) , 20 M7 T FRL A AE R AT
A= W0 AR 22 5 AT RE R SN C-H-- - F SR i
Byt R BT, B X PCA L OCA H14-FCA 14 91 51
FTAE BARAR oy F 1B AR B9 - R il .
T THz 9% B Ak 0956 38 47 &, 6 45 4 5 {5 Bh H: TH2
“HE B0 WA AT LSRG R AT AL K [ S R R Y
BERRAE , I AT By T 5 AL B HL i3 11k
J5, SEHE PCA L OCA H1 4-FCA B OWL 43 T VE PR =
KA EAE A7 (0 AT S TR

UL, 2 52 6 5 T THz W 050 X PCA
OCA Fl4-FCA R H R M9 . & Y6 R H THz-
TDS il & T PCA .OCA Fl 4-FCA 7£ 0. 5~3. 5 THz i
FEL P %) THz WS, VA 40 T — 5 7% THz I B i R 1R

W Wi 5 L F i AL BEIS , 40 T PCA L OCA Fll 4-FCA
THz 5 AE I IS0 R TR 11 25 57, 52 40 [ ) I sl A
KA e 15 Bh 3 F 1 G fie i o i 6 =Ry
BLATF- 1053 [0 55 A0 B4R dE A7 nl AR 43 #T

1 SEIGERSY

1.1 SRIR{UsS

THz WS 3R SRR R 2% (R ) B4
A BRSE HER% (Advantest, TAS75008U) . Hirr,
KRN (P 800 nm AT 1 550 nm) 7= A 46 I
Sk, L T R vk A TH ko, 280 7 =R
FHHEJERFE , RGMIATEE Y 0. 5~7. 6 THz, Hi&% 4y
HEAT. 8 GHz, L5 AR R FE IR T 2%«
1.2 LHREIE

S 6 ) 3 FH 1 J2 [ AR S, PCA L OCA Fl1 4-
FCA ¥ & F 1 BT R T A AR e A BR 2 ]
AR 3 T2l (>99% ) , A s R 547 i — 2D sl Ak sk
BRI SR 200 me, BE AL S R 0 (PE)BER
Fie B LU A1 25% 2 T5% T8 A , 6 3B v 58 40 0 5 i
AJFE R HLEL 10 MPa 1) 7 FE il 3 min, B2 35 H
#2913 mm B9 A7
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2.1 ZEZHRER

B R 43 T 4540 S HOR B ST K2 dn ik
Bl R TSR A T % 7 PR IS (Density Fune-
tional Theory, DFT) . Z Jrikiz Hl T 244z vR
B3LYP I Grimme [ D3 R 1E™, FE 4] Sl 6-311¢
(d,p)o B SEXIFE il 1 40 FAR R BEAT T 450 A0
A6, AR B SRR T - 04 e 1 dm AR, IR A B
TEARRE R S AE Y o BT B TR R A SRR
SR AT TR RO S A R T A, &
120 FR B URIAT HL o5 A A 5
2.2 RBNFFIES IR

VFZ A BL5T 75 THz W3 B 1 W WA e ke 5140
(] 55 AH B R 0, i 55 4H B R D 7E TH2 M B 3%
IRy SR W AR A R R R T 43 B R
B Erya i A IR . R IR T
DU S £ [ A IR s A A 3l SCHH 7 5 1 (Vi-
brational Mode Automatic Relevance Determination,
VMARD ) K8 43 F e s X, 4341 THz D635 i
WO KR . VMARD J5 i BE 4311 & 1Y LT 25
e C—ZH N AR bR, A AR R AR B St
L AT AN A M FER R BAR A PR Sh B
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K1 (a) PCA;(b) OCA;(c) 4-FCA 43 T-45#4
Fig. 1 Molecular structures of (a) PCA; (b) OCA; (c) 4-
FCA
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ot d R MR AR B, FR AR A bR X
5 R I TR 5, 2275 0 A 5 RV 2 4
2 TR 5 19 ik AR BB 14 A b
U T AR () A

B,
>|B,
Hob, @ = sgn(B,,), b = argmax (| B,,|), Fm 5 i 4>
PR STk B K0 sgn BREL, L RREUR LT A 5
AR IR SR T 1) AH— E08 PN AR A B IEACEE, A
RO A R

I FH DU 2 [l )19 68 BT ik i 2 80 B, A T
[

w, (%) = ¢ % X 100 , (2)

p(BIA) = N(BIOA™) . (3)
B Fe i ik DU S A 30 04 R 8, HR A, N R
NS
2.3 EFHFhizngEsERE
7 ¥ 7137 6k & 43 f# 15 (Energy Decomposition
Analysis based on Force—field, EDA-FF) 0] LG4+
T v B Ak 22 S8 A 0% 55 A0 ELAR 93 i S LA 5
PRy B SCHYBE B IT, DL 153 B i 26 55 AH B4
A . AR (4) RS AT, 23 T Y 55

AHEAEF AT 0 A # B AH EAE H (electrostatic ) A7
A AEH (van der Waals) . A3 (6) FoR i AE
AHEAE FH AT #E— 2553 Ry 28 48 B 30 (repulsion ) il
B (dispersion) , H i 52 4 B 350 2 A HE R AR
FH A O 0 =AW 5 R .

Et\l]c3 _ 49198 , (4)
T'xp
B = B+ By NE)
R ) RS
EG = ‘9,\3( = )12,Ei‘§p = 2&,( = ) (6)
AB T'ap
gAazx/SASBaRngR:"'R; , (7)

q MR r AN Z T R & JEVUPEAR A Y
PRI, R 2T R AR AR BAR 28, 2 50(T)
Hh G RO S P S 8] 9 AR S A ELAE TS A A
M= RO ) P A A T REAS 2 T S B
3 HR5H®

3.1 KIEEXTEe a4

€12 & PCA ,OCA Fll4-FCA 7£ 0. 5~3. 5 THz i [
YRR 2% B SR SO . FR BT AT DL, PCA AT 4 MR
W e 08, 43 5457 T 2. 09 THz.2. 36 THz.2. 68 THz Fil
3.19 THz, H:H 2. 09 THz A4 W i 16 5% , 2. 36 THz
J& T HE W JE 16 ; OCA A S ASRFAE Wi | 43 5 4
F 1.02 THz, 1.31 THz, 1.83 THz, 2.28 THz fl
2.76 THz, H:t 1. 83 THz 1 2. 76 THz J& T 52 W i
I, 1. 02 THz F1 1. 31 THz J& T 55 i ; 4-FCA A 3
A FEAE WS |, 43 512 A F 1. 09 THz &b 1) 55 W 1
W , A7 T 2. 03 THz F1 2. 92 THz Ab i) 458 i W Wi 04
S 4E S I PCA L OCA Fil 4—FCA A9 THz W i
W2 5 8 B THz-TDS $2 AR G4 %00 Htk AT
P RAE
3.2 it 5T RO

5] 3~4 F1E] 543 52 PCA L OCA Fll 4-FCA ) 5
B RS AL . o PCA Y THz T Wi 2. 09
THz.2.36 THz.2. 68 THz F1 3. 19 THz, 43 1) % i
1 45 5% 2. 00 THz. 2. 46 THz.2.71 THz il 3.32
THz; OCA 4 5256 W e 0% 1. 02 THz. 1. 31 THz. 1. 83
THz.2. 28 THz F1 2. 76 THz, 43 5 %5 7 B8 K4 1
0.99 THz. 1.35 THz. 1.70 THz. 2.39 THz I 2. 77
THz; 4-FCA A9 SZ 55 W2 i W 1. 09 THz. 2. 03 THz Fil
2. 92 THz, 3 5% b BEIE 11514 1. 18 THz 2. 12 THz
F12.98 THz, XF Lt AT DL 52 50 25 51 55 32 B0 i D fic
U, ST RE A b X S0 25 SR AT E M
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Frequence/THz

K2 PCA.OCA Fil4-FCA ) THz W i3
Fig. 2 THz absorption spectra of PCA, OCA and 4-FCA
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K3 PCAW THz SCH M GE 5 BT 45

Fig. 3 The experimental THz spectra and theoretical data of
PCA

—e— Experiment
50 - —a— Calculation
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Absorbance/a.u.

1
2.0 2.5 3.0 3.5
Frequence/THz

K4 OCA K THz SCH WIS HE T2
Fig. 4 The experimental THz spectra and theoretical data of
OCA

MR PSR 5 45 R AEAE T — S
7. N :PCA TE 0. 94 THz ) 624455 20 3 A A X 1y 52

4-FCA

—e— Experiment
30 —a— Calculation

Absorbance/a.u.

0.5 1.0 1.5 2.0 2.5 3.0 35
Frequence/THz

K5 4-FCA B THz S5 5 B 1 45
Fig. 5 The experimental THz spectra and theoretical data of
4-FCA

BRI, OCA TH3 384519 0. 99 THz A1 1. 35 THz 5
1. 02 THz 1 1. 31 THz 5% 56135 i WIS 58 BE A7 AE 22 57,
PCA 7E 3. 19 THz &b % W i 04 55 B8 3155 1% 3. 32
THz AW 25 o 3X AT B A JR [ —J& e AL ff
FH B BB AR R R BE 58 42 b A IR 5 SE PR G A 45
PR s R RS TR % BV s 38 B3LYP
DB T RE S R ATCR A 2 R R IR R AL
N, H TR A 2 — o BB b5 A 1
TSR, FEAE TR R R Be it b 9 Al AR g
PG = PCA ,OCA Fll 4-FCA #5256 1 38 2 78
295 KB F#EAT, mi BRI AL 7E 0 K F kAT,
FEES A S LM A E R Ik,
S W ) B R B 25 5 ) THz 52 56 3% 1) 43 B
AT B ARON £3 ¥  THz 3% 10 32k 1) %A%, D b
HB 2> LS S FE A5 A —E.
3.3 REhEX S

F T H S 1A AR 55 I X THz 5238 05 1 45 5
¥, % FH VMARD J7 B:%F PCA . OCA F14-FCA (1) THz
WU ) AR s AR EA TR N . 26 1R BRI IR Bl 15
ok, s 5 50 S 4 sl 26T R 9 A B TR
FILR A A ST 5 9 L EE L 26 4 91 R iR s rp
o Mk e K A AR AR S E K. Bl 6~8 43 Il
PCA ,OCA F14-FCA X F THz W Wi 57 ik o5 K 119
PRz,

ghA 3 1 FE 6 iR sh A RT LA, PCA &
ZAE 2. 00 THz FEF KT Cy CoC T 7E - T 1Y 5 £
25, Tk RN 3.8%; 2.46 THz £ %ok i T
CosCoCog T 7E - THT 1) 58 A7 25 il DTHR R H 7. 5%
2. 71 THz FE VR T C,\C,CosCo ITFEST T HY —THI 1
%, STHR R N 8.8%;3.32 THz £ E R JH T
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CysCoCsg PN TEF- T B B A 25, DTN 7. 4% K
I, PCA 7£ 0. 5~3. 5 THz 312 il PN 114 W8 WAC 0 o U5 1 e
AR RN A AL . 1Kl 6 2 PCA IR R A
WA A ) B Bl AR X

(d)

Kl 6 PCA 7£ (a) 2.00 THz; (b) 2.46 THz; (c) 2. 71 THz;
(d) 3. 32 THz B9FR BN

Fig. 6 Vibrational modes of PCA at (a) 2.00 THz; (b)
2.46 THz; (c) 2.71 THz; (d) 3.32 THz

[AHE, OCA A& Z 0. 99 THz FE IR T C,,C..C, Coo
B TR 25 i, STRRR N 6. 8% 1. 35 THz £ ZR I
T 0,C5,0,,Cs, AP 1 25 i, DTRRFE N 5. 6% 1. 70
THz £ BRI T C,,C,.C,0, B 1 &1 25 i1, 57 kR
H6.7%;52.39 THz FZRIET C,,C,,C.00,, I TE5r+
B T LS, STk RN 7. 7%52. 77 THz £ 2R R

%1 PCA.OCA F14-FCA IR IEREE VT B

T C,CL.CC T TE 2 F 19 T M L5, STk R R
7. 4%, W, OCA7E 0. 5~3. 5 THz 35 B P B Wz g g
SR T A1 A RN A AL ES . 1R 7 & OCA
I3 AR AR A i PR B A

TG vl 15, 4-FCA IR &1 1. 18
THz AWK Y5 F H,,C,,C, O, T FE 53 F 1) 1l £
L, BTHRR A 11, 4%;2. 12 THz T8N F,C,C,C [T
TESr 0 I f L, DTN 6. 4%;2. 98 THz
BN F,C,, CooHL, TR 43 1) —TH F L , sk %
7.5%. 4-FCA7E 0. 5~3.5 THz 7t FBl PN (9 1% i 0 ok
TR X5 R o0 0 DA AL, L B R 4
FCATEJUMARAL JG 423 T 2544 . 5] 8 J& 4-FCA 41
TR R ARG AL i PR SR

ZE Bk, =3 0 TH2 WOk I8 2 TR &
T Z A AR bR LR, HL 2 S R e EE AR T T
RS R A LA L PCA AW R R
S £ 2 R AR LS 5 OC A A W AT I SFe Yy 1o Ak
25 1 A TR L 5 4—FCA 1 W2 AT I8 i Y5 147 S —
1 FHLFE o WO TR AN ], J& PCA LOCA 5 4-
FCA 78 THz i BEARRAE WS AN AR TR 9 R 2R 3
U1, B 25 % PCA LOCA 5 4-FCA 5E 1 FHE R e
3T SOWAE FERE S 4 8 7 B A
3.4 BHEEEASHSTHL

B U RN AN AR RS A BAE )
3 N AR LTS5 K8 1 T [ R AT 55 AH ELAE FE 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 €38 C40 (3. 8) v(8.9); 6(28.1); y(11.4); z(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 €52 (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 7C19CI4CI5C16 (-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 7 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)

v, 6.y, e BRSNS TSI 1SR 7S A A o 155 A T 23 L, 3R SRR UK AR S STk L A5 3k

AR5 SCRARBEAR L o

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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K7 OCATE(a) 0.99 THz; (b) 1.35 THz; (¢) 1. 70 THz;
(d) 2.39 THz; (e) 2. 77 THz ¥R 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

K8 4-FCATE(a) 1.18 THz; (b) 2. 12 THz; (¢) 2. 98 THz
PR sl

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 & 5045 6 BE il i i
W S H % FT A AR A a5 A R
Z 5B TTHk L, 456 VMD 45 (0 R] UL £ 5 5 A0
HARHIBIRCR .

S RERY A 10 T7 33N I 4 HL A (DA /IS
EIPNI R ) N AN N Ry Sy A
FL PR, I | A R S RE Y DTRR A

[ B B 2T ) J R e B8, X 45 BE Y Tk
HTE 5 R, P09 D 0 3R 0 B4 RE SR AR I

Aotk e EE R A B R 67 R R
Ji 1 0 80 €8 RO 5 | i, R T Y
5 55 Ao T B B Rl B R R T Bl B TR
K, BE BB L IR PR K, B T R, R

% 2804 2675 PCA LOCA 1 4-FCA K R IO 45 4
e e aBER N E S, HRERKZ , ZHSF
N — B LA T XA WG] ). A9
(a) 1] UL, PCATEBE T =X O-H---0 &5, 1525 TixX
SRV R L S | Y DT , Flag 1-Flag 2, Flag 3-
Flag 4 fl Flag 1-Flag 4 2 [a] /) & B W 51 4 51 Ry
~23. 46 kJ/mol . ~19. 81 kJ/mol F1-17. 85 kJ/mol. 2%

2454 1F1 9(b) Al WL, PCA 1A 2 1 €0 BUVE FH AR A —

B FERAE AR, Flag 2 5 Flag 3. Flag 1 g Flag 4
Z 8] €5 8 ) Fe ik, 43 3k 21 T =71, 20 kJ/mol Al
—69. 71 kJ/mol. i &l v &5+ XF AV E L7 I A
DTHR L 3R PR SR AR B 0 i R AR A 7
ARG G NEGREB T

& 10 (a) AT UL, OCA PR 2 HIE B T W X O-H

&2 PCA.OCAT4-FCA &R RZEHEE(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 PR R A B ST B G R BT, A I B A

o3 R PR A BN 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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