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On Evolution Models of Exciton Fission in Organic Materials
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Abstract: The coupled differential equations have been utilized to fit the transient fluorescence decay from
rubrene material, which had the property of singlet exciton fission. One set of coupled differential equa-
tions was derived from a traditional two-step/three-state evolution model. Another set of coupled differen-
tial equations was derived from a newly established three-step/four-state evolution model. The dynamic
change of singlet exciton fission process could be depicted by the iterative operations of the above two set
of equations. The simulated results show that four-state model was more reasonable than three-state model
for the description of singlet exciton fission. The simulating curves were more coincide with experimental
curves. In addition, we adopted the exponential laws to fit the variation of rate constants at different tem-

peratures. Furthermore, the energy difference of fission process in rubrene could be obtained. Similarly,
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the simulating results showed that the value of energy difference obtained by using four-state model was
more accurate than that from three-state model.

Key words: singlet exciton fission; transient fluorescence decay; rubrene; evolution model

1 IEipHERE

TEIC ARS8 3 MR — BT TR — T+ A0 S35/ T 5 A 1 o A0 O el
S W% 38 CF 1 G LB LR BN 10096, 25 B4 FhBURE . BT96 1 AT LAY 55 1 0 AR 28 15 B 1 55 10 25 %2 11
Shockley-Queisser B FR 2 34 %17, Paci 512 76 2006 4F 45 Hy A LU FIT 84 o 25 80 T 24728 R R o - 20728
U SR — 45 26 A L DR B Y e B A T LA BT A A R S 5 TR A ) R )
B PRI RE IR R, B B S BRI RO B A AR AR T T A5 AT, R T P AMIF ST ki
T 205 kT 2 5 PR 1 R 3 56 T YT A e TR R — R R AT LB R e T RO B
T8 BB Bk P D B ORI R E AT Sy TR S AWM TR R R R
YU 5T BT S, o TS, AETF RIS, 4840 i e 5 25 5 A~ HA B MR R 65 11 = T A5 T
T BERT . BT S8 b 3o RS — A1 B 0 P A5 =R A5 L B SR R

kg

by
S1+Sofl(TT),le+Tl (D

Hr, "(TD), ZEHWA T, B ARG R P RS b ook ko ky JEA[RRRE ] AH B 5% A 1Y 3
FORAXOA W, MBS, By = E 8% PR (RS TR, —K&H
DR 3 7 ok AR A7

Paci 55 4 (09 5w AR T A DL RH AN RR T 2758, MR — A6 J5 AT aE A i AR R
AETAS Ty S, NSBB8 i A 1 s HOR, AL R — i T, B F L S B FrHEamE
RO AR E A R T ) S B AT R A S AR, A — SR M SR I R AR, Y )it
PR CTD, &m (T +ToORFEAAR, HEAZGRIFEMAX DI R EE. 52X AFNZ, WD
Ty AT e W 280k 23 (0] L 0 43 B9 4 L 2 1108 oR B0 00 28 8 A B o R IR Bk 3 R A% 88 fR 4R — 8 5 B85 19 1 e A
HAER, RS — D E S ES (T, TWije Ha B A T A AT EERME R, REHMmA T,
BT A E M T, B, BIAR (OB CT, +T O, . 509812478 ik i 22w LU — 4
B 1) = 20 DU AR 2 Al AR R R A 3R

k_p kD k_y
S]+S()T\1(TT);f1<T"'T)ﬁ‘=\T]+T] (2)

¢ 1

H: by oy ks kes koo by RTRDRZS AR B ALY R (A R0 XA ) g g /9 v 8] 5 %
BT, CHEBERRIEANZ ., ip B R b b, Wik = 2 12 S ke .

FEA DL RS+ b B TR TR B AR BN, SR =88 FMRElR T HRE
ST RIRE . MITERE SRR IR A B2 7 b Rl & 2 00 R R AT A= W ph BE . =3 207 19 B & W 4 AR
PR FRESETFRREN L, FREARX KD TR AR PR B BN IEARRGN .
S, BWMTFWEER ESOMYS5MWA T, &M F AR 2E(THOMEFIHEE, B ECS,) ~2E(TH™. filln,
TELLH M (rubrene, Rub) BB, H E(S)) =2.23 ¢V, 2E(T,)=2.28 ¢V, ZF A i E & 2% AE =
2E(T ) —ES)OMA 50 meVY . Ry TEUE (T T) o [a] 2 ¥ A 76 3T 2448 Ak B2 P i S 200, RSB0 L
LSRR BN WEFE X G2, LR )T BE R I a8 17 20 5 A v S 0 D BUR O 1 S B AS RO it 6. s,
T A RS T A AR A N =0 DUAR S AR AL, 43 550 1) T 2R 5 08 B 03 T A AR AN [) il B T 1Y ' e U
MR DT BIE LA, IZRILA S R W R . M T W RS AR AL, = 25 DUR 25 v fh B A0 BT 45 110 10145 il



% 10 XN, F AN PR TR TR G EAAER 3

L5 R WA B A, 2D, G S R TR R SRk, 5 k) BT B A, WIS
FIHDA R RE & 22 AE. AR PIE S R FIRE B, HIA T PP =R BRI, T =0 PR 25 3 A B 8L i 73
AE i B4 E A £

2 ZWERSH

] LN-1123SC BV WL/ B E & Z AR RGE, TERHA (~1X10° Pa) 6 N AE AT B AT I
ZEHE 100 nm B A LLIG MR . 7R 28 S ik AR Pl IR IR AR FRTE SR, DR A A TR o 28 R A A
FER R AE — DR 2 (~1X10 7 PO A A . IF7E 24 h S8 S I . AT Edinburgh FL920
Fa 25 / Bk 25 O6 IS AAE A R IR T (300,250,200, 150, 100,50 K43 51 I 1 21 5 K 3 I A9 Ol 3 & 6% b
WS B aEm il 2. TP 0 F 1 E(S)<T2E (T\,), 8% 47 1 18] 19 38 7 24748 53 78 2 — W e
P, 7 o TR 3 1Y RE R AMEE 50 meV R I Bk, I BE AR A3 AR S s . i AR R AR
il Sy AW A AR o 4 A G O O e, PR 3 R ) O B O R R IR R AR AR T i 3
S, PR R BN A5 R S W — 2. SR IEER T NPB: Rub(2% . JRR M0 15 2208 A A TR IR A9 6L
RICTE . R B IR REAR A 5 SR L1 S0 W — AR R A SR, (H A 4T A T AU AR B,

R T X RE R RO R AT RIS LG, WML S BT AOLE R ks, R
Bl £ T NPB: Rub (200, Bt 43 80 5 2 Wi, JF A [F] I B F I 1 48 2% 158 A0 I 25 40O it 8. 7
B, NPB 7 TR B E FRAE . B AR 0 70 0T, i T L9 o 74 T AR 3 Fi B R S
FARBLL DN o3 F [ FE B RKORK, ANREAR A M R FE, DBIUR Y S, B+ R g o 468 0 52 A 19 Jr 2R .
WA 2 7R, B AR A 60 B2 1Y S Bl 1E L T 48 BRI 2L exp(—kst) s BT HE L9806 70+ S BT
RCHAE ks, T8BIERFH] ks=0.11 ns ', XN S, B F WP HWL 9.1 ns. B 2 /R 7 &G
A4 W] 157 BRI Y (instrumental response function, IRF) k. % B £k 12 5 %6{UA 0. 63 ns, E/NTF S, BiF
PR~ 127 5 i, 3 W) ASC g 1 I ) 53 9% 8 % DN 38 SR B A S . 1B 2 R B9 TR Ol 090 Oy TR AT R
A RE Y BER BRI s B AL T A0 200 TLLRR MR il 7 R i B A S o . HAT R R RZH
A ASELYN W T AL A B T ISR R SR AR A T R S R R AR, (S, +S) E
' (T, A M5 AANT ~200 £, SKIL i T A8 5230 Bir F FL920 7 [ 245 6 1% A3 1) i 17 3 B ( ~0. 63 ns).
X FAE A LI, R TAPRH B0 71588 FR KRR, 7 22 W B A9 B i i (] E K 2 ns BEER, B4
BT v AL o 7 0 . AR S DA AR A B A I 2 2L 5 M R R D T R AR R AR RIS X 4L TE
FEEERR T, X 52 30 45 R 47 BLS H0 A sOBUE 43 2 — Fh i TR BF 98 05 ik 2013 48, Piland 585V RS SR A
(S, +S) <> (T, + T ) B PRIR A S AL B A G HE A A LL VIR A 7 2B 8. il T Al TRk,
Gl TR aTE M m i E S, BRARE A S, HAB AR TAEAR WA E.

N

K &

00 10
- K
18F [100k
161 150K
[ | 200K 108
14F |250K
L Y300K
w12 0.0 i
® ol 500 550 600 650 700 02
R sk B /om R
6} 1
4-_ 10
2.
0 ]00 a1l | T WU S ), N |

1 ! ! 1 ] | 4 L 1 it
500 550 600 650 700 750 0 10 20 30 40 50 60 70 80
R /om R 8] /ns

A1 R e R BCR ik B2 RGBSR



4 @ )L K FF WA RFF ) http://xbbjb. swu. edu. cn F AT K

ST L RS TR RY , W] B AR A 09 Bl O R LR N RO ) T v e AT A OA

d]\]S +

d[ *—(kg"fku)Ns kZND

dND —+

dz =—(ky, +k)Np+£E_,Ns+k Nt (3)
dN']‘

=~ & FEDONT RN

Hd: Nooh S BT8R, Ny FhEE s (T, B8R, No AT, +TO BB FX 5. ks N
S BWMTFRPEAWER, by N T BWFIERHEGHBE, MRG0, BESENPIHHE N0,
Np(0) s Ny (O FIHEAME ke 5y kos b1y ks kss kp) s BIWTARAE 5 R4 (3D AT R AGZ R, 15 3 & A0 %)
Ns(),Np (O F N @O PE, TR OCECR G IE LT Ns() s BVA N ) Bl [E 9 28 LR ROk
JETR AR, A SRR R FEIE 3a . b, PR IE T =0 DR A A AL, W50 AR S 0 o Oy AR
213k X & O 1 3 v AR AT A AR

dN
dts =—(ks+%, ,)Ns+FL,Nyp
dN
dtl)l =— (ks +kp)Np +k s Ns+kcNp
N (4)
dtm =—(ky +kc)Np, +kpNp +4,k, Ny
dN
dtl =— (kb +k )N+ k2 Np

Hy N B (TD, BEE, No ' (T-TOAR B, H A AH R 13 5 B4l ). PRk
EATEHIIAME Ns(0) s Np(0) N (O FH R (b —y kg skpskcsk ik sksy ko) BIE TR B, IG5
RIERTER 3b .

FEIE 3a fr. O R (3) B AR ML A il £ A0 ST 86 i 2R 38 HAEAE 0~ 100 ns (14 i (] 98 P9 45 4 15 AR 4
I 100 ns LhJS LA 11 2 TUF- 45 LAAH [] (30 8 # DRsdt o s, ) Sl fd 225 S 6l £ i ZE /e 3b o, BRT 300 K A
250 K X 07 i 2o 85 2 w20 = RSB R 3 /N b . oA 3 SR i 1005 45 SRR S S 00 i 2 1 A A5 T . X
S SULHT . A QD AT FRZH (3) R 2478 b B SO 30 AR R F R A A A B, 124 X (2) A R 4H ()
T AR I FE AR R T NS B, o ] P AR (T T B A8 45 38 Ak ok 7 B4 5 S PR A . IR T 0L b &
OS2I M 2R A4 65 B S A SN SIE G A IR S T (T T2 1 5 2 .

E 2015 4F . Scholes™ i i 43 3 [l f## 1 (branching diagram method) X ¥ 53 F 745 11 4 43 1 (¥ H1, F HE 51
07 sCHEAT T R A X A 45 X0 A5 1) D o ORI 43 B S (0 0k R R, DA R XA A R 0 B S AR 4G
PEAT A R B L B T R W AR (TT), &, aliad T,-T, 5 B HLH Ctriplet-triplet energy
transfer) JE 2840 25 (0] _F A9 405, RO A0 7 i) HL 7 25 58 B R B2 JF R T O B 220 %, (HIR AR 45 % 1 e # B AF:
F s BRJE 20t [ HER M TP 40 T 58 242 8. 7 2016 4F, Pensack 25070 )\ 5256 A 3 UF 920 32—/ i i o
IF1) 3t 0 25 A B AR R A AL R, IR (T D B MBS E S5 T, BTk S
WAL, mH (T, SMWIKESHER. XERA, (T, STHHEMRE N T, T Z A BN
AEAE, MAE (T DA X FA TAEH BT T, 8 0928 8] 53 B R K ss » [RE 3 B RS 0 F i+
E R A T I ARE ST AR S F R S0 A5 A S A R D Y T P X I ) TR A 2 ) IR AR
ARAk PRI AT LA B A5 W % eh B TR L A Rl e P A 45 A WSS 5, T XA B B A AR AL HEA T I B,



% 10 & X, F A A PR T A TSR IRAER 5

RHEE

lo—ll..|..|...|...|...|...|.| W I I [ I BPEPETES A BT B
0 40 80 120 160 200 240 10 0 40 80 120 160 200 240
8] /ns A i) /ns
a H=RSERELER b ZHIORSERBEAEER

B3 FRABETHBRSALERBEARLMESLER

0 2R SR FH AL 27 B, B V8 R8T 248 BBk et AR AT AR BT, X T I A R R A SR LA B AT
A RS s i ) PO A B WA o (S 7ot SR VAT 28 Bl N U i Ny (| I <= e REAR 0 1 e I DR G S A LS4
PO, BOE R kL0 2 Arrhenius R, Bl ko, =A « exp(—E ks T) s Ho by APIREZHE T H
IIEREE  ZHCA IR E T, £ 100~300 KEE N, @t £ .-1/T WA M EMELREE ..
Ty, E b, AIFRIR A k=B « exp(E,/kyT), #£100~300 K Ju [ N, [WAEA @S X £,-1/T A
BREAERE Y E, . AR AN EOP MR, R e, 5k, MERIWE R : ko /k, Cexp(—AE/k,T), Hrf
AE BIRReit 2210 2E(T) —E(S). XMLLZEM B, T8 MAE AE=50 meV-" . A 5T XS BEAS KOG 0
M2 M AR £ o F by MEEAT THREBILG . BIAS LB RER 4 . d & 4a IR BILG 45
BFEE ,229.5 meV, E,~15.5 meV, W AE=E ,+E,~45 meV. {1 & 4b JE/R LG L RBHE ,~
30 meV, E,~19 meV, W AE=E_, +E,~49 meV. fiitnl WL, A H P4 = IR 25 A0 AR R 06 21 98 4 rp 1)
WM AR RHAITIE, BB AE SUERE AR 22 5 meV, 1R =20 DU AR A WAL BB BEAT UL G
RAAFEIN) AE 5 UHERE A2 1 meV, 3% P 008 B A = 25 DR 2 B 78 X 330 2R 40 g R E A7 4 Ak
A,

10° F 10° 5
E Bg LS
g N i N
= mi < Wk
] 2 100K 2
;ﬁi 10'F @k 2 ﬁ 10 @k 100 K
B 150K ¥ i
) 200K 5 - @ - S— 3
i 300c K, % [ 200K %
250K | 300K, %
c
250K
n 1 1 1 1 1 1 1 1 L 1 2 1 ;- 1 1 1 )
0.002 0.004 0.006 0.008 0.010 0.002 0.004 0.006 0.008 0.010
1/7/K? 1/T/K"
a. WS RSBERESHE b. ZHTURSERRRSH

B4 #Fk ,-1/T 5k,-1/T 9458 m4H

3 #ig

Mg b SR T T OB AL SR P AD IR ES T AR B R T A =20 PR S AR R AT 4% 3 4t — AR Y
Mo Ir R, A SR RSB R 15 3 DO SO BERT TR A AR i Sy AT RO B 1)
478 A R AT 453 2 B1E b BEAS Sl B — O 1. UG il 2N SR i AR AT S R R . T =28 PR A T
PSS TR A 1 3R 38 2 ) A 5 R B L AP RS B R T S B 55— O T, A R S RO 15 B 2



@ )L K FF WA RFF ) http://xbbjb. swu. edu. cn F AT K

REVRE 7R o BT PI2D =R REAY 3 5 = A0 DU IR 25 A8 TR 4% 21 i) 8l 7 28708 A 2 (T R vEA (H. X
7 1 A 45 R NS A B UESE T A ) AT (T ) A 8 AR AR Y o ity 5 2

S EHf:
[1] SHOCKLEY W, QUEISSER H J. Detailed Balance Limit of Efficiency of P-n Junction Solar Cells [ J]. Journal of Applied

[2]

[3]

[4]
(5]

[6]

[7]

[8]

[9]

[10]
[11]

[12]

Physics, 1961, 32(3): 510-519.

PACI I, JOHNSON J C, CHEN X D, et al. Singlet Fission for Dye-Sensitized Solar Cells: Can a Suitable Sensitizer Be
Found? [J7. Journal of the American Chemical Society, 2006, 128(51): 16546-16553.

HANNA M C, NOZIK A J. Solar Conversion Efficiency of Photovoltaic and Photoelectrolysis Cells with Carrier Multi-
plication Absorbers [J]. Journal of Applied Physics, 2006, 100(7): 074510-1-074510-8.

SMITH M B, MICHL ]. Singlet Fission [J]. Chemical Reviews, 2010, 110(11): 6891-6936.

B/ AATITEL, S, S5, AR TBE R SR G WY RO G R G A [T VU g IS R 2 i CH AR 2= D 5 2021,
46(9) . 43-49.

SCHOLES G D. Correlated Pair States Formed by Singlet Fission and Exciton-Exciton Annihilation [J]. The Journal of
Physical Chemistry A, 2015, 119(51): 12699-12705.

PENSACK R D, OSTROUMOV E E. TILLEY A J, et al. Observation of Two Triplet-Pair Intermediates in Singlet Ex-
citon Fission [J]. The Journal of Physical Chemistry Letters, 2016, 7(13): 2370-2375.

BREEN I, TEMPELAAR R, BIZIMANA L A, et al. Triplet Separation Drives Singlet Fission after Femtosecond Corre-
lated Triplet Pair Production in Rubrene [J]. Journal of the American Chemical Society, 2017, 139(34): 11745-11751.
MA L, ZHANG K K, KLOC C, et al. Singlet Fission in Rubrene Single Crystal: Direct Observation by Femtosecond
Pump-Probe Spectroscopy [J]. Physical Chemistry Chemical Physics: PCCP, 2012, 14(23): 8307-8312.

I W], SR Ao ORI S A SR P A T B R D). 74 R R4l CEAR B2 O » 2021, 43(10) ¢ 110-116.
PILAND G B, BURDETT J J, KURUNTHU D, et al. Magnetic Field Effects on Singlet Fission and Fluorescence Decay
Dynamics in Amorphous Rubrene [J]. The Journal of Physical Chemistry C, 2013, 117(3): 1224-1236.

LIJ., CHEN Z H., ZHANG Q M, et al. Temperature-Dependent Singlet Exciton Fission Observed in Amorphous Ru-
brene Films [J]. Organic Electronics, 2015, 26: 213-217.

RERE HAK





