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Fig. 1. The molecular structure of bilirubin studied in this

work.
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Bl JE 75 3k & 5 32 R (MN15M4, M062X12) Al
MOGHF)); 44~ X [6] 7 B % £ 12 K (CAM-
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wBITXD*) LA K 1 Rz iR (B2GPPLYPH).
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K = B 5 AR R B i A9 1 U7 15 (algebraic
diagrammatic construction method to second
order, ADC(2)") Wi+ B 45 RIE A S %, Hrh
ADC(2) 77 ¥ Fl F % £ #l & (resolution of the
identity, RI) ST AR BRSO, fEiHA
TR GHRE (BEyg) BF, S, B3k & & 450 & 7 TD-
wBI7TXD*/6-31G(d) K- FHfk. F4b, %5 T
FEH AN (WL 1), M def-SV(P)FY | def-
TZVPPU F| def2-TZVPVP2 Je 4l | & REI/ N2 H
0.08 eV, Tfi ¥} T RI-ADC(2) J7 %, W /N T &
0.16 eV, Al W H ARz s (I CAM-B3LYP)
Xof e 2H BB B BN T RI-ADC(2) X 2R T ik
PREIN TR, SR B H IR GG, A U2k
def-TZVP FEAFATIHE. LR/ F R BOERE
RS CIE S ok 1T 3Cmk [12,53], Hrb st
(B 1 U0 7 0 rh I SO T R e B D' il 11 e R
W . JE T SR A R L, S T A
iz BRI 4a X5 1% 22 (absolute error, AE = HiS{H
— SLEH) MIAHXTIRZE (relative error, RE = |#ig
i — SCHRAE | /5280 ME). 254 By AR % &
PERVEAT SR, FUR R pR VR i 2l Ak
AR (PCM) P X4k 17 bR B2GPPLYP 2k
FH SMDBS 5 8 RI-ADC(2)% Hl COSMOB7 ##
B OFT A % Bz R PS5 Y i B Gaussian
0981 Fll Gaussian 1659 3% 4 5¢ 1, WA 4L 1Z bR
B2GPPLYP 1 RI-ADC(2) JioihEE ORCAL)
F1 Turbomolel®™ #4558 il 25 7C-FL F o3BT Fil i Bt
6] B 7 ¥ #% (interfragment charge transfer,
IFCT) 3 #r i i Multiwfn S5 F 58 1, 431454
PN 25 - F- A @ ik VMDD 552 . 1
FAE R & AR AR I R A S s it H
1 CPU 3 64 i Intel® Xeon 2680 V4, I i H
2.4 GHz, 475 RDIMM DDR4 64 GB, 171l
300 T ) GPFS 73X R 4.

F 1  HEADSHR MR EEARE (Byy) BISEMH
Table 1. Influence of basis set on the calculated

vertical excitation energy (Ey,).

Eyp/eV
Basis set CAM-B3 LYP RI-ADC(2)
PCM GAS COSMO GAS
def-SV(P) 2.98 3.11 2.80 2.97
def-TZVP 2.91 3.05 2.69 2.86
def2-TZVP 2.90 3.04 — 2.81
EXP # 2.73 — — —

* Experimental values are taken from Refs. [12,53].
3 HXR5iTk

22BN T K FE 7 RIT R R T
IR B RE (Byy) MIEELAZSRE (Byg) K/, LA
R 5528 (HAH e i 4 R 25 FIA xR 2. 1k, ]
DL Hh e M Ak 3 458 IX 8] 43 25 %% B2 32 bR J7 i LC-
wPBE*HI wBI7TXD*RIMM 5F, REFHEIL T Eyy
HISERRAE, BATX Bya BZ4EXTHRZE5000 0.03 eV
F10.12 eV, MAHXFIRZESCH 1% F1 4%. AL,
KAPFER LC-wPBE Hl wBI7XD iZ bR = A A 45
XF(FHXF) %22 509000 0.38 eV (14%) F1 0.21 eV
(8%). iR UL T X HA BRI X [ 5 5 S5
w A DX TA] o3 597 pRHEA T IR I L B, FLAR X R 2
g Xt 25 HR I S 9s/ . AH LG TR % LC-wPBE
1 wWBI7XD iZ R, BT X [H] 43 B S5 w B /)N
F 2 IA{H, Bl LC-wPBE*: 0.178 Bohr! vs. LC-
wPBE: 0.400 Bohr ! #1 wB97XD*: 0.137 Bohr
vs. wB97XD: 0.200 Bohr 1. 3% M X} T AHZT K43
T 5 2N X ) 5 B S50 w, 1T R
(1) ATRIEE /NG w (H RN TER IR R A 5S40V
ISP DET AC4 50K 7E B8 (14 H, - [A] B 2 b gl
bl HF 52 e 50RAR. A S, 1R MN15, M062X
H1 CAM-B3LYP {Z bR 9 00 2 BRATS SR AL, 4 Xof
(FHXT) 1R 2243514 0.08 eV(3%) . 0.18 eV(7%) Fil
0.18 eV (7%). M —%(, PBE fil B3LYP iZ iR
B WARAG T Bya K/, 4EXFR 2253518 -0.90 eV
F1-0.25 eV, T AH X 52 22 3K 2] 33% F1 9%. 1M
MOGHF 7 pR TN B B 8 A 1T Erpp KD, ZaXE I
AXFIR 224390 0.39 eV Fl 14%. % T3 5 & 5
it (Byg) M 7, BX T PBE(-0.71eV), B3LYP
(-0.14 eV). MOGHF (0.13 eV)HI & # # 19 LC-
wPBE (0.15 eV) iZ R4k, BT A iz R R IMAET, 4
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S (FHXF) IR 2EH/NT 0.1 eV (4%). XULWARHZL &
O3 F BB S SR T2 PR R AR R B /N
B, ERR UL, S A IR s X R] 43 B 12 PR AE T
M Byy Al Byg WA R TR 22 500N, AR s B T
W AR S ST S B (A5 T B A MINLG 92
PR R bt mT DA A TN, X By A
Eyp WU 2243504 0.08 eV il 0.01 eV. X F

By BTN, FRATTIA R T Ab 76 5% vz oR “HE A AR
67 w5 By B X2 132 6 B2GPPLYP, & 3 HX T
By W F 8 1000 36 BRI A UM A4, 4a Xt (41
XY iR K 0.19 eV(7%). H LT E K ik
AR KL & #9171 55 07 ¥ RI-ADC(2), Hoxb T
By W2 R -0.04 eV, [RREAR - Fi 1
By SE5H.

2 AFENETIEI LR T 0 B RE (Bya) IR TSREE () FIEE EURSTRE (Bygp) LRS SERR B L A2 X iR 22

AR iR 2
Table 2.

Vertical absorption energies (Ey,), oscillator strength (f) and vertical emission energies (Eyg) of bilirubin and the abso-

lute errors and relative errors compared to the available experimental data.

w Eyp/eV f(Sy) AE/eV RE/% Evyg/eV AE/eV RE/%
PBE — 1.83 0.02 -0.90 33 1.68 -0.71 30
B3LYP — 2.48 0.12 -0.25 9 2.25 -0.14 6
MN15 — 2.81 1.21 0.08 3 2.40 0.01 0.4
M062X — 2.91 1.30 0.18 7 2.46 0.07 3
MOGHF — 3.12 1.42 0.39 14 2.52 0.13 6
CAM-B3LYP 0.330 2.91 1.33 0.18 7 2.45 0.06 3
LC-wPBE 0.400 3.11 1.43 0.38 14 2.54 0.15 6
w B97XD 0.200 2.94 1.36 0.21 8 2.46 0.07 3
Mi1 0.250 3.01 1.40 0.28 10 2.49 0.10 4
LC-w PBE* 0.178 2.76 1.20 0.03 1 2.36 -0.03 1
w B97TXD* 0.137 2.85 1.28 0.12 4 2.43 0.04 2
B2 GPPLYP — 2.92 1.13 0.19 7 — — —
RI-ADC(2) — 2.69 1.06 -0.04 1 — — —
EXP @ — 2.73 — — — 2.39 — —

2 Experimental values are taken from Refs. [12,53].

WAL, I T 45 Tl B pR 5 VA T AR 2T 28
S P ERACR EIS A IR TR (F(S)) BEB.
P58 85 A A RS R T BBR A 5 1Y) G
A, E AR RIS SIS Z R PR 7o
R, W (R 5T SeitkrhAH R Wl (R4 W,
R, 3R 2 FIH T SR R R IR R
YT AS) 18, 2L RILADC(2) kit i
T BE(EHIE NS, WTLUEH, 5 RIEADC(2) it
BAEAH I, PBE A1 B3LYP 2 o6 7= A dE /1Y
FE, SRR TRHLT R P S, SEA R
FL SRS, THiFR T PBE M B3LYP iz pk4h, H
fth 2 H77 pR P4 AT DA B IR AR 2T 2545 1 (1 e AR
FEIR SRR TR E K.

A R IRZ G AT R, 45 R BEZ R i
(1) 000 e B 5 92 ok A B I o R 32 e T L 4]
(eX%) FYIMK. B H A/ eX% WHIEZ

PRI 7 Y {0 ] 4 AR EL A B S S Ak /SR AR R AT 7Y
m ILHE H T EE R, DT AR R ARRA /s A Ok fig.
& 2 Fs, ZEHFIRIERS 7y = 2.75 Bohr (£ 1.455 A)
b, B AR FR e B~k B SR R OURE A 1 340 1 S
b, LC-wPBE*(w = 0.178 Bohr ') iZ M {0 & K&
52% 1 eX%, wB97TXD*(w = 0.137 Bohr!) fil &
K2 53% W eX%; I A& 28 )84 () LC-wPBE, H
w BRIAK 0.4 Bohr ', L7 88% MY eX%, [AIEEAR
ZPE R WBITXD IZ MR, w BRIAH 0.2 Bohr !,
T 66% 1 eX%. H M X [A] 43 B 92 oA W CAM-
B3LYP Z sRtl 7% 56% 1Y eX%, M11Z Bl T
82% 1 eX%. T MN15, M062X F1 MO6HF iZ pR
AR B rp BB LA 44%. 54% F1 100% 1Y
eX%; PBE Hl B3LYP 7Z pRi 43561 5 0 1 20% 1Y
eX%. AR, BRMIREL SR A iz R
i & ) eX%( PBE Al B3LYP) 5 i &
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eX% (WA LC-wPBE, MO6HF A1 M11). Al 4

H &% o4k M 3572 B LC-wPBE*, wB97XD*,

MN15, M062X 1 CAM-B3LYP %32 p& 4 B 413
DRI AT LA B T BT & IS H e X%, BITE
44%—56% JE N, XHE— BB e X% A AT
B FENZ PR AR IR F T A5 R R I T B Bk
WAL T Rl At IR AR X X [H] 73 25 9% BV o
(4 DX [) 53 B SR T e AR5 5, P DA AR 5
AR AE AR SR AR A I ) SR B, DT AT LIS ff
TR ARLT 25 F B A H 45 . o TIE %
PEACTRFE 7 VL s P, FRATTIA SR s B T e 7
% (phycocyanobilin) FIPUAEZ (tetracycline)
Yoy 7 (WANTESCHF) AT TE 5, & Mt fb
P75 LC-wPBEME AR AT RE O AR = 1 il
TNKG B2, HAS B AE 990 50 -1 2 1 28 Ak i B J 22 Ak
HERIE, W TS EMURER ST, B0
RBEMAES f(S) BXR, B FHE LE#E, K
I H F i) B3LYP($: 2 PBE) 12 bR & LA A4
HRAEABLL R A F B T L5k P R bR H B E
PEREIRAY, 33X — o 0 2 i HH e A AR VR 532 R s
(R T

100

80

60

40 — CAM-B3LYP
LC-oPBE
— wB97XD
— M11
LC-oPBE"
— »B97XD"

Percentages of eX/%

20

Interelectronic distance r15/Bohr

B2 A SO 2% B REZ oA b BT A o B S 4 30T L 49
(eX%) SHLFHBER (ry) XERER

Fig. 2. Percentages of exact-exchange (eX%) included in
various density functionals as a function of intereletronic

distance (75, Bohr).

H AR Y R SE RIS
X [ 43 5 %5 507 oK LC-wPBEXTE i SR IR %
O3 IR 7S I B P BRAT RE AR 5 By T A B
. Pk, it IR 2 5 T e AR R
KA (S)) MFFHIE, AT LC-wPBE*Z s 51

AR € i W A A S e s V[ 7 s W2 T
TR PR I R <25 X —H 7 AL
3 A L B SURTAE H A B A S R R A
] DALAEDEAL 7 SN B 5 28 i - 1 25 B,
125 8 HOUR AR . 38 AR 2 ORI - (AR X
frE, TR B R S RRIE 8 R & (local
excitation, LE), B fif ¥ #% ¥ & (charge transfer,
CT) FnZ4=fb - p 7 A 3 & (hybrid local and
charge transfer, HLCT). &%, 3T Multiwfn J#f
PREU TR e i 58 T IHLLR 0+ S, D+
MR E (DIs ) Mas S B g B R
(Sr8%0) S48tn. Hrh, D % 5228 /R
TR Z I YRR, BUE RO R 25 7 ORI 43 A
JUFE ZE IR (5] T CT H#E), BUE B/ NR IR 43
ARG T (i1 T LE $54F). Sr 5 Bufiif2s <
M FHESRE, FUEE K ESRE B (LE),
BE /NI 25 7 ORI 19 73 BB i 3 (C'T), Bt
HAEREZ 0 < Sr < 1. A58 DAEECK 1.18 A,
KW= R G H T FE MG EARER; Sr{ah
0.75 a.w., RSN GHFESBREES. AL
WL ASTREOT R, MBLLER Sy 1Y eI B U A
B T R S FER 2R Si4h, K 3 R,
S NBELL 2R J ¥ B AR B B R A Y &5 K- 0 AT
Hrp i R R 2390, SRR T, 259X F L
SRR A3 A A T A PRS- A R B L, 9 HLAs X
725 (0] L REAT S WA 735, 7R 45 k-
M T Py B A7 AE FL A e 7

K3 JHELER STl UL A IS /B T4 A s B
Fig. 3. Diagram of hole-electron distribution for the lowest

singlet excited state (isovalue=0.001).

N T L B ARGTIBLL R O T A AR B E Y
KSR, QI 4 FroR, IR R 5y 13070
3 B, R R R A P RIS 3 (L1
FeRR) 5 SO — 7 B, WIS IR LML (2% (0
FER) JEh B, R BRIREE M (5 E)
F=R B B4 B TR Bkl i 1 s Xy
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iRk, T LAE XA, BB 1 sk
52.9%, i B 2 45 46.1% B TTHk. X T HL 71 5
R B 1A 20.6% I oTER, R B 28 79.0% 19 51
Mk, Bt 3 X a8 ol L AR TR, S
FOMEF DTk, FORTTE BB 1 T Tk s
U 2 fa - rfag, T B 2 DR AR R 5]
HA 20 M. toh, #t—RH IFCT J
BB TR PSS B AR B2 R
THM R, K 3P THHLA R T S, BH B g
TR DA R B TR Rk E. B
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Fig. 4. The divided three fragments of bilirubin molecule
and contribution of each fragment to the hole and electron

for the lowest singlet excited state.
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Table 3. Net change of each fragment and elec-
tron transfer between fragments for lowest singlet ex-

cited state of bilirubin molecule.

Electron transfer between fragments

1 2 3

1 0.109 0.418 0.002

2 0.095 0.364 0.002

3 0.002 0.008 0.000

Net change of =) 0. 0.329 -0.006

each fragment
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10.251

0.209

10.167

0.125
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0.042

0

0 2 3

K5 JHLRD TR ARRE RS M4 R B TR
Fig. 5. Diagram of electron transfer matrix for each frag-

ment of lowest singlet excited state of bilirubin molecule.
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Density functional theory studies on the excited-state
properties of Bilirubin molecule’
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Abstract

Bilirubin is the main pigment in human bile, which is closely related to human health. Bilirubin combining
with fluorescent protein represents a new type of fluorescent chromophore and has important applications in the
field of biological imaging and biosensor. Due to the lack of efficient and accurate electronic structure methods,
the electronic structure and excited-state properties of bilirubin molecule are not characterized quantitatively
and accurately. Firstly, the vertical absorption energy, oscillator strength and vertical emission energy of the
lowest singlet excited state of bilirubin molecule are calculated by combining the implicit solvent model and the
linear response time-dependent density functional theory (TDDFT) method. Compared to the experimental
data and high-level RI-ADC(2) calculation, the prediction performance of a series of density functional methods
is systematically investigated. The results show that the optimally-tuned range separated density functional
method has the best overall performance and the minimum absolute and relative errors. This is obviously due to
the fact that the suitable proportion of exact exchange included in density functionals can produce neither
delocalized nor localized electronic structures. Based on the produced wavefunction by the optimally-tuned
method, the excited-state characteristics of the S; state of bilirubin molecule indicate a hybrid local and charge
transfer excitation, based on the quantitative characterization using hole-electron analysis and interfragment
charge transfer method. This work can provide a theoretical basis for the study of excited-state dynamics and
spectral properties of bilirubin molecules and the optimally tuned range-separated DFT method also provide a
reliable and efficient theoretical tool to study the excited-state properties of other biomolecular systems in the

future.
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