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Abstract

Plumbagin, 5-hydroxy-2-methyl-1,4-naphthoquinone, possesses antibacterial, antifungal, anti-ath-
erosclerotic, and antitumor activities, and is the most abundant core bioactive component in the
traditional folk medicinal herb Plumbago zeylanica L.. Based on density functional theory, this pa-
per obtained the stable molecular structure of plumbagin, and the theoretically calculated infrared
spectrum showed good consistency with the experimental infrared peak data. Using normal mode
analysis, the potential energy distribution of each vibrational mode was obtained, and nine vibra-
tional modes with molar absorptivity greater than 300 L-mol-1-cm-1 were assigned and identified.
By employing time-dependent density functional theory, the ultraviolet-visible absorption spec-
trum was calculated, revealing five distinct absorption peaks in the range of 100~450 nm, which
originated from seven main electronic transitions. Through visual analysis of the 10 molecular or-
bitals related to the transitions, combined with the isosurface of the molecular orbital wave func-
tions, the electronic structural characteristics of these excited states were elucidated. This work
provides a theoretical basis for elucidating the spectroscopic behavior and potential pharmacolog-
ical mechanisms of plumbagin.
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1. 5|8

HAEPF(Plumbago zeylanica L)) 253 A0 T iR E SN FE . DUNIFEES =pd T 2R ) POt E
X, DL R AR B LK, 2 o B A 2R 7 3 5KH TR 7 RIB DG 48 BF 9. RFT 8 00 S5 ) A%
GLRIAIZ4F . BEFEN Y 6P b o B 2RISR 1] R K[2]. AHIRAE3]. HIAK4]. Bk
[S1EEZ MRy . Horh, & &RFE WO AEIEYE RS & A 16 = (Plumbagin, 5-F25E-2-HI5E-1,4-2%
fi), BRIELEAPIR6]. PLEE[7] FUalbkus A8 TFIHTM R [0155) V2 I A= Wi 1tk S 24 BRAE F i 52 3]
JZ R T H., I SREE TG B B e R 2 idiE 1 & RO R A A Kumar 55 A [10]& 3,
RO ZBALIR AR A e PR SR bk &, BA K MR AR RO, TR 7s 5 G e
7R Qiao FEN[11JFR T —Fh3e8 FAEPH 2 0 111 pH e S B 32 ) 25903008 R 48, H T IR97T AL e &
. R, AR, B RNAREEERG AR SR OEFEA R R, BRI
IGRRIFH[12]-[14]. (HZ, HAEPTIEE, QRS LESE. &8 L &R RN E &Y L
BRI ARG, TR PR AR IR 4H B i B PR 15]-[23].

BT ERE R, AREET A RIDGE SERSTER, HT% 2 B Qe R EE
oy A RIREN AT e E 5, B ARG b SEEG 0T LU SR I8 UE 43 - G5 A I IE A PE . 8 35 R o A
G775, RN BRI . gk TR A B I3 2 BB AT AT T AR P R A I i Al
A 50 MUK U R o 1% TAE VBR8P = BB BT Dt IOBE T S S5 AR 73 7]
ReFOGAH BLAE AR AL 1 S R AR A, A BT — 20 R L 2 A ) 24 B A AL
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2. WEEE

ATAES, W EAEPERE S TR URRACFIR S 2 2 £ M06-2X [24]/def2-TZVP [25] [26] ) F it 5
SERI. SRR, SRAXURMLIZ B PBEO [27] (28], 454 def2-TZVP [25] [2615:4, X AAEPF 22 T 117 50
MR ST, SMD (Solvation Model based on Density) i 75 8 % & o . .

PR TS5, ] Multiwfn 3 BB 4T T [291261 1 2046 RE EIFTEE A1 - 7] WG O6RE K .
It veda BAE[30]0 EE R 2K T 300 Lomol -em™ 1) 9 MREIE M T IHEIEIN. BEFES T
TE PR BEE T, DARITRHE— D MEORE T, WAEE T Multiwtn 3% 55051 T B [29]58 B

3. BREE

FAEFHR TR BHUOME RS it R, 7008 CiHgOs, MRS F i &y 188.18. FET-# &
2RI INEN AP R A T AT LA, BRI R E A TR RWME | Fos, JEER | REIH T H
FEA 2y T 4535 B, A RS AN AL T 008k 1807, RUIAIEFIR ) T-& Vs
¥y C2 BT LiEREERIL, K R[C2-CISTA 1.4911 A; 4» FHmASIRE MK R[C3-011]F1 R[C3-
011143524 1.2088 A i1 1.2257 A; C7 JRFIERMFERIE P AR FH16) M ML (R IE FEiT, M A[CT-
O13-H16]4 107.8466° .

Figure 1. Optimized molecular structure of plumbagin

B 1. RERNBERRES T

Table 1. Molecular structure parameters of plumbagin

= 1. BREREND FEHSY

K R {A(A) A A {:1Q) I D 1E(C)
cic2 1.3356 C2C1C4 123.1711 C4C1C2C3 0.0001
C1C4 1.4743 C2C1H14 121.8711 C4C1C2C15 180.0002

C1H14 1.0840 C4C1H14 114.9577 H14C1C2C3 180
C2C3 1.4976 C1C2C3 119.8143 H14C1C2C15 0
C2C15 1.4911 C1C2C15 124.0843 C2C1C4C5 —0.0004
C3C6 1.4917 C3C2C15 116.1014 C2C1C4012 —180.0003
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C3011 1.2088 C2C3C6 118.3995 H14C1C4C5 179.9997
C4C5 1.4674 C2C3011 119.8139 H14C1C4012 -0.0002
C4012 1.2257 C6C3011 121.7867 C1C2C3C6 0.0003
C5C6 1.4041 C1C4C5 118.4408 C1C2C3011 -179.9997
C5C7 1.4030 C1C4012 119.4870 C15C2C3C6 -179.9997
C6C10 1.3793 C5C4012 122.0721 C15C2C3011 0.0002
C7C8 1.3997 C4C5C6 120.1172 C1C2C15H20 -121.5758
C7013 1.3335 C4C5C7 120.4438 C1C2C15H21 —0.0002
C8C9 1.3781 C6C5C7 119.4389 C1C2C15H22 121.5755
C8H17 1.0817 C3C6C5 120.0570 C3C2C15H20 58.4242
C9C10 1.3955 C3C6C10 119.0643 C3C2C15H21 —180.0001
CYH18 1.0823 C5C6C10 120.8787 C3C2C15H22 —58.4245
C10H19 1.0809 C5C7C8 119.2760 C2C3C6C5 -0.0005
O13H16 0.9804 C5C7013 122.6750 C2C3C6C10 179.9994
C15H20 1.0909 C8C7013 118.0490 011C3C6C5 179.9995
C15H21 1.0876 C7C8CY 120.2358 011C3C6C10 —0.0006
C15H22 1.0909 C7C8H17 118.0334 C1C4C5C6 0.0002
C9C8H17 121.7309 C1C4C5CT7 —179.9995
C8C9C10 121.0104 012C4C5C6 180.0001
C8C9H18 119.3404 012C4C5C7 0.0004
C10C9H18 119.6492 C4C5C6C3 0.0003
C6C10C9 119.1603 C4C5C6C10 180.0004
C6C10H19 119.1744 C7C5C6C3 180
C9C10H19 121.6653 C7C5C6C10 0
C7013H16 107.8466 C4C5CT7C8 179.9996
C2C15H20 110.0611 C4C5C7013 —0.0004
C2C15H21 111.0775 C6C5C7C8 —0.0001
C2C15H22 110.0611 C6C5C7013 -180
H20C15H21 109.6082 C3C6C10CY -179.9999
H20C15H22 106.3098 C3C6C10H19 0.0001
H21C15H22 109.6082 C5C6C10C9 0.0001
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gk
C5C6C10H19 —180
C5C7C8C9 0.0001
C5C7C8H17 —179.9999
013C7C8C9 —180
0O13C7C8H17 0.0001
C5C7013H16 0
C8C7013H16 —180
C7C8C9C10 0
C7C8C9H18 180
H17C8C9C10 180
H17C8C9H18 0
C8CI9C10C6 —0.0001
C8CI9C10H19 —-180
H18C9C10C6 179.9999
H18C9C10H19 0

N TR BIAE A G, £S5 U RSO R, X BEP R T RS AT
TR, PR, 333 60 MRS, BRI, HARIEFET 0.946 31X AR HATRIE)S,
BLAOL T AP S AE SR 26 IE T 4000~400 em ™! G N I ZLAMGHE . [RINE, b ERF e il A B 225 7
FITHBOE B PG R T AR PR I SZIR 68 [32]. Wil 2 FioR, Bt E B AME i 5 S 20 4 i 24 )
FEFR—AAAR R T o B0 LT AR, BT AR /M AE /N T 1500 om ™! X3, RRAEIE 2 ILH AT
IS 1 2000~1500 cm™ X3P, FRAEERAERS: MAEKT 2000 cm™ )R E Xk, FRiB Lk
3298 cm ! A AR REAE N, TR SEIG S AR DO REUON AN TR, HR, BIRER, H I
HERR LU ) £ BE AT SRS B R o Bl 3 45 M T B S Vi AN S G e i r o AR s Stk 7 38t B P 2% 1 [ D L
KARMLL, BRI TR N y=0.98392x - 42.22066, £t RBUN 0.99783, Ltk R KT, ALK
R T AR | DR LA SR 5 4 7 S5 K B UTAR O [33], BB HE (R B 5 040 e v (0 SE 30 s LA
GFI—3vE, 0 U B AR SCIR 431 G540 S SRR Y 2 5 7 H T HE T o

SEAG T R 52 B ARG P2 R0 A5 A5 8 8 RL I BR ), 35 40 IR BN 15 BAE LASREL . 1T B i 3 T 1)
SMTERAE, BRADFES TG TAER, (FRX T %5 [F 5 R 3015 2 AR a7 5 HL
FAER . AW TS F W ER B A T, RIS B IRENEE B R o AT, K EE R R R BT 300
L-mol -em™ {7 9 MRS M TIHEHIA. Widk 2 foR, S T ARRFHR S TR 9 A F Bk
SRR . BRI R B PAEIRENAIE . 1E 1707 cm™'. 1663 cm ™' Al 1633 em ™' FIHFAEIE A 32 B o7
BRERSR B T IRIE MR, AT SLIRis e/ R 7 44 em™'y 15 em ™' 122 em™'. 7E 1428 cm!\
1326 cm™'\ 1218 cm™' F1 1194 cm™' AL AHRFAEIEAR T T-S2 30 E 73 208 7 30 em™'y 42 cm™!y 44 cm™! f1 40
em!, XSRS Sk bk AR AR IR B DL R SR TI N E #R S, R T T S B R B A
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Figure 2. Comparison of calculated and experimentally measured infrared spectra of plumbagin
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Figure 3. Linear fitting of main characteristic peaks in theoretical and experimental spectra
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Table 2. Frequency, molar absorption coefficient, and assignment of the infrared peaks of plumbagin

F 2. BRARSFLAIMNERR, BRREER. UKIRENAR

SRR WRER RIEESER EBERIRCR AL

(em™) (e ) (o) (L-mol -cm ) PR B R IA
T 3486 3298 750.17 v (99%) 013-H16
1663 1806 1707 591.6393 v (87%) 011-C3
1648 1758 1663 1266.4162 v (65%) C1-C2, 012-C4
1611 1725 1633 409.6516 v (~81%) C1-C2, 012-C4
1458 1510 1428 490.7408 v (~14%) 013-C7
v(10%)  C1-C4,C3-C6, C4-C5, C5-C7, C6-C10
5(24%)  HI14-C1-C4, H18-C9-C10, H17-C8-C9
1368 1402 1326 708.5518 v(51%)  Cl-C4,C3-C6, C4-C5, C5-C7, C6-C10
8 (~12%) H16-013-C7
1262 1287 1218 865.7765 v(31%)  Cl-C4,C3-C6, C5-C7, C6-C10, C7-C8
5 (16%) H19-C10-C9
1234 1262 1194 528.3991 v (~10%) C1-C4, C3-C6, C4-C5, C7-C8
v(11%)  C1-C4,C3-C6, C5-C7, C6-C10, C7-C8
5 (~14%) H16-013-C7
5(34%)  HI14-C1-C4, H18-C9-C10, H17-C8-C9
758 771 730 380.1421 7 (~73%) H16-013-C7-C5

e v-hgEiREn, o-m A B MR, -mAh S HhiRs; A FARALIIRE) STk BUE SRR .

RGP T TR AR B AR SR MO S PE T, AR TR TS % Bz ik e, LR
RNEEFIVHE T AP R TR0 50 MR AS . B 4 R AR T3 45 R0 s (A 7E PR o PSR A
W, RPN BRI R, A N R S NS IR TR, B “Total” #4608 & LT IKIE
WSS A 28 U — A J5 B NS B ST, R 0 i G W R IR T 5 B & T 0.12 MUK A 48 v 10 e 58 a0 i
DTk, b s0 RRESE, sx R x MERE, EPeLES, AfFHERE S F7E 100-450 nm i P
TEAE S DRI, BATEZET M s0 2 s2. s5. sl s13. s17. s24 Fl s43 (] 7 M FERTE. B
TERAMXAE 2 U, SRR OEA T 168.3 nm 4b, FEJET s0~s24 BRI TTER; fLTF 144.2 nm [
WU )T JE T s0~s43 WOR I TTIR . T ERAMXAFAE 2 IR, AT 203.4 nm WSO PR 5 FE A IR T fe i
U, B s0~s13. sO~s11 Al sO~s17 WUKILETTRR: AT 264.6 nm WG FEA 58 2 HY sO~s5 WK TTRR -
IEAh,  H s0~s2 WK TTHRIE B0 55 FEIE AL T 406.8 nm Ak, TR 2R WOKIX .

IR AR, BAT 7 NS TP, Wik 3 Bon. R, s0~s2 WK FER T
5 49 SHUEMHOMO)[A 5 50 SHUELUMO)WE A/, TIBRE N 97.6%. s0~s5 Bk, 94.9%K H T3 45
FSHIEHOMO-4) [ 5 50 ‘FHUELUMO)KIE M Tk, s0-s11 A EEME 3 MAIEKS, 5 44 SHUE
(HOMO-5)[H] £ 50 S HIE(LUMO)YIBETTHR IR R, A 63.0%; RIS FEBESS 47 S HLIEMHOMO-2)[% 51 5
HIELUMO+D)MERIE, Tk 24.3%; LALAER 49 SHUIEMHOMO)MEE 52 SHIELUMOR)MELIT, DIk
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8.5%. s0-s13 WA RIRFIER KHIMAR L —(=0.5645), HIKTEARAHHE, Hk KK S 47 5
HIEHOMO-2)[ 5 51 SHIELUMO+DMIERIT, & 51.0%; FLIKZESE 44 SHIEHOMO-5)[ 5 50 S HiE
(LUMO)IFRKIE, 5 32.1%; LA 49 SHIEMHOMO) I 5 52 S HIELUMO) BT TI#R 7 11.2%. s0-
s17 WOk B £ SERT AR IR, 83.5%MITTHR K [ 46 47 S HIEHOMO-2)[A 4 52 SHUELUMOR) HIERIT,
[FI L& /D &5 49 SHITEMHOMO)ZE 53 SHIELUMO3)KILIT 5 10.7%. s0-s24 BRI T A A%
v 5 R TR (f = 0.7609), & WX B2 FIM Ui JE 3 . 3 67.8% STHkIR T 45 49 S HLi(HOMO) ) 45
53 SHUELUMO3)FIRKIE; ZBURSIEE S —/MIREEE 39 SHUEMHOMO-10)[A 25 50 SHLIE(LUMO)
IERIE, TTHRFRIE 19.2%, XIEHAMBREFE AL I . s0-s43 BUORA T HEfe R X IR, HEZTTHR 58.1%
FH T4 45 SHUEMHOMO-4)[A% 53 SHUELUMO3)MELIT: 14.9%5TH K E T45 44 SHIEHOMO-5)
M55 52 SHUELUMOR) KT 6.8%b1fkK H T2 35 S HUIEMHOMO-14)5 50 S HLIELUMO)IEKE

4.0 1.2
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Figure 4. Theoretical ultraviolet spectrum of plumbagin

E 4. BIEAZESTFEREINGE

Table 3. Analysis of excited states of plumbagin
3. BREARSTFHRESHRER

WRE WK BE(eV) WK (nm) PRTF M f BUERKIT DTN HUE KT
s2 3.0467 406.95 0.1278 H—L 97.6% n—u"
s5 4.6685 265.58 0.3052 H-4—L 94.9% n—m

H-5—L 63.0% n—m"

sll 5.9407 208.70 0.1787 H-2—L+1 24.3% T
H—>L+2 8.5% n—ra"

H-2—>L+1 51.0% T

s13 6.0884 203.64 0.5645 H-5—L 32.1% n—m
H—~>L+2 11.2% n—u"

H-2—L+2 83.5% T

s17 6.6026 187.78 0.2449 H—143 10.7% o’
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g
H—L+3 67.8% n—mw"
s24 7.3983 167.58 0.7609 H-10—L 19.2% o1
H-2—1L+2 6.7% T
H-4—1+3 58.1% n—r"
s43 8.5913 144.31 0.1862 H-5—L+2 14.9% n—n"
H-14—L 6.8% n—n"

¥ H EoR\E SIS THIEHOMO), L RoR&EA S T HIELUMO).

D @ )
F355HEMHOMO-14) H395HEMHOMO-10) HF445HEMHOMO-5) H455HIEMHOMO-4) HF4755EHOMO-2)
Z{HT@0.12 % {EHO0.12 Z{HTH0.13 Z(AT0.15 %{ETE0.07

@ D
495 5EHOMO) %505 $1E(@LUMO) FESISHEALUMO+1) FES25HELUMO+2) H535$iE(LUMO+3)
Z{ETH0.14 Z{ATH0.09 Z{HTH0.08 2 (AT 0.08 % /4H0.08

Figure 5. Isosurface of molecular orbital wave function

E 5 fSFEREEFEEE

FIRERIEILH S 10 Aoy HE, B 5 Al 7o FEE R B I, T AT e AT B 4
FIREAE . oA, JeRBUEMA LA RIR, FUAL DU 3R . B ARG & S E T, o4,
%35, 44, 45, 49 SHUIE R n PUEFRHE, 239 SHUERN o PUE, 2B 47 SHUIEN o HUIE, 2 50, 51,
52 53 SHUBENRIM »" RABHUERE . T RARPUERHES % 3 8, NSRS R TFIE AR
AT R RN : Bk s0~s2 5 s0~s5 WR NI n—a BT (TR > 94%)5h, HARERSH ERHEAHE
FEEEMRAHRE. HAd s0~s11 5 s0~s13 WHEE R EW nor"5 noa' sy, HESEUEAR, Ai#H nor
17 71.5%, J5# n—on' 5 51.0%. s0~s17 W LA z—x"BRIE N E(83.5%). EHAFFEREMIE, s0~s24 1E n—or'
SHIFEIR, &F 2 IR oon FHAE, IX7EFT T IO S AR . s0~s43 W EZRIN n—n'BR
iL(79.8%). LA RS REI AP RIS - AT E 2R T nor' Ml o R, HANFBURSERIT
RMGRAEE FAFHEES.

4 R

ICN=A

AHE TR 2 FE 2 B A S I 2 W, RAEUTEIF I T AR T4 B3
58 - Al WSO, B 7 E T ROR SR . BRI

(1) TS0 JUIIAE ] T BER R=RE P> T, £ M06-2X/def2-TZVP it
HACE TR, BLL AN S SLI0 KR B & B I (LR PEA < R 5 R? = 0.99783). it /i IEHRB 4T, 18
INT 9 A FELAMFEE IR JE . BRI 5 S50 5 78 ey I 25 X B 22 3 32 B T UM T AR A
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AR RE TR AR T S5 Hh 43 [ VB R R

(2) EHh - FTIRBOERE S T ERIE: TS b 45 SRR B AL SR 5> T7E 100~450 nm Y [ P AFTE
S AR R, SRYET 7 B TR AS(s2 85 sy s134 174 524+ s43). Feam AU & (s0~s24)
AT 168.3 nm, TMALT 406.8 nm (55 US4 (s0~s2) U £ ZE 41 52 1) I X o

(3) WRASHIE T AR : 8IS S T H0E T A /AT, [ B T SO A 1 L ERIE AR
s0~s2 Ml s0~s5 AR n—r"BRIE, T s0—sll. s0—s13. s0—s17. s0—s24 Fl s0—s43 MIFHLH A FFE
ERNR AR, EEAE non™M roa WFEKIESRTY, Hb s0-517 YL m—r" BRiENE S, s0—s24 NITE
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