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Fig. 1. (a) Schematic of the experimental setup; (b) schematic diagram of defocused wide-field imaging of single conjugated polymer

molecules excited with phase-modulated ultrashort laser pulse pairs.

Instruments, ProEM512B) #1785 F /%, 4%
M BUR IXIRZT Hy (24.6 x 24.6) pm?. 38 b FEAE
PR ST 1 pm SCEILAE R A W 50 T HL
FEE.

2.3 SCIG[HIE

IR EW T HOCHAE)S, MRS R T —
AR A, SR T RE R A R 1) R Y e R fe IR Y
R E TS, ME 1(b) FiR. & BARE
RIS SIS AR RE R A S A AR R PRIk, ) DAl e )
S 55 W) B 03 1 WSO i S RO A A B ) ) A
S B IR SRR S R Bl 2T A A S P R

BB A AL 2E 0 A BYIESSHOLK bt
5 A RO RAHEAE . SH— otk 5 & 6
VAR EL AR 2R (0 P i) o I BE 25 MO 5 &
AOREAVIRAS, FIAR IR ERF A PR BN A3 385 O F2 A
FEASTERE BB IS ML 22 Ap B ANk 5%
AR EAR T RS ERE AT b ok i, e B
DRE T Kt 22 (A A AL, 55 Dk ok A AR
J R A R 25 AT T AR ] LASR R A

Pee = % X (1 — cosfy cos Oy + sin by sinf; cos Ayp) ,
(1)
FErb 0,1 02 7351 R WA ok ) JC B AR bk b e AR, AX
T TR R TE DA, BB LR Ak op
007 QLT 28 ivwd N RPN = W N D S Ti [V BV
016>
4
5 4 €2, 1T 1) WA WS AS A0 R 5 5 — 1 ok o i
D3I B AR A B, D) Ot 9 S A S K o 4 Jk e
FRTLAZRIR A

(91/92+92/01+2005A(p). (2)

Pee ~

01 = o cos (B, 3)
92 = 9() sin (ﬂ) s (4)

H16g = —u- By T/h, B TRk oLz ),
A AT T A, By J i .
B (3) A (4) SARAF] (2) R p, AR
RAATEHER pee HF AL
2
%f(l + mcos A<p>.. (5)
M (5) AT LA R A0 R R ARk
SE T Kb B RDOHRIE , T ELAS % € P A I i BR T
ARRCIBR )5 K. Rk et 59 RO 7T LA S5 B
e A FEHEAR (IR IR SEHE IR 49 B0 Tk
5 S 1) 25 3 OV 2 1 € T 21 T A
AT K, I A K X RS 57 TT LA B T
B FA TG A 39T A7 S L
A, T LALE R LR RR (L V353 05 B AR
B L2 R O R (AR 0 < 8 < S
—3 < B < OB . (K, 3 i it S ¢
BT T IR ARG B A7 B, 7T
DB 42 £ AT AR MR R 1 I 254
SEHTIR AW T SR A 1 T LA
A SO . Fefi E 2 BB s h
S P FH 2 45 89 PRFO-DBT L4549 543
T8 B R T R R 031, B — i 2
A —ANRE IR A LA & Sk, TERIUE i
Jei g, A KR A PO 7E EMCCD ERYHER
FEBERE 7 R A O RUIREIR R FEE 23 AR 2, R
JE A R B 8 X T 2 T TR 6 TR AR
FIBRIE SR B3R 0, HLH M A e - 2
S A 2 SR A ] . BT RGBS A
R 192 S A AT A B R R IR R A 7
GRS I AR 2. S ORI B B AR A
PR BB IC Y, 15 FISTR A R T IR
SBR[ 1(b) A7 239 b R SR

Pee ~

048201-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 68, No. 4 (2019) 048201

! B ALHL R A W o O BUSOR B
WA S AR K B BRI (AR IR ] 5 2 SRR AL
Tl 0 R, RS 2 e f; o 20
WARTE vy FHIN RS o e Jef, BRI
5 KSR AR T LA A ke . B ER
AT I BCEE GBS 3 43 A BT R] 119 28 Ak ] 3k
1353 K HEAR IR A A AR 1k

I PR L e oy RO A AR T LAAR
) % 6 WS & AR R PR I HLSE R 43 B 3
J12EE A X R AR R ) S A A I i, I
B 1] 23 R 2 R T EMCCD AR 43 i i) A3
PRG YA FOOLMESE S, #ig b, R
HHER AW T HA RS NGS5, Mk
ISP AR B ) B0 2 Ak 20 BT R B 8] 0 B ] LGS 3
EMCCD 173 0% FR 33 ms. [}, 2356
B EMCCD 1) 55 5 B[] 43 3% 33 ms i BRI,
T3 5 X 98 A5 4 B A A 3 9 AT 1 R
B, AR SRAE E A, T BB E) S R AR 2
15 Hz. #7558 o) {8 B0 4645 318 S5
T B D — AN R TE 5 SRR AT, SRFRI
B /DRTE 3 WAL, XA ) I SR AR B ) ) 2
Ak 5t v B 1] 20 BER 249 4 100 ms. T AE 3256 3

H BRI T VOIS R O SRR, A
BEBGR T R N 1 He, B 585 UGRS3 I 1)
100 ms, i HLIH 2SR 50 Wt, DIRAS 2481
DENCAF T LB IR MCRI A SRSV G 70 A A SRAE
AR5 T 5t LU AR 8, SRS 8] 233 B g ) PR
P BT R B R AR X WSORI  Sh  Bl
TR AL AR B AT AR A B e B IR ) 3 .

3 #XR5i%m

K 2 ff s N 4B 4% F PMMA H ) PFO-DBT
LU R G W 53 IR T8 AR B B80T 51 1 R
FHARRRR A 38 ] %) Bk e o) 384 & %o LB R A B
I3 F 2 GAH HL AR ARAS (W A5 8 EE R )T 5
K. B 2(a)—(c) a3l ER T [H— X ik PFO-DBT
BUMFAE 5, 10 F1 15 s B AEEE AR, DL SAR R Y
PIA LS. IWE AT LUE Y, e R e R A
Yoy HAT BEAILEY & SRR R 3 A B e
i Sk 7 T AR 2 FH o G 50 VB s ) — A R 2R
BT & SR B e ] 2(d)—
(f) B T 5 2(a)—(c) Biw 5 H R B4 3805
A U AR LA 258 BRI ILHiR A

Bl 2 JLHEER G W oo T A 83 9 IR N S 51 155 7 L A R A R AR R B IR (a)—(c) BB s
3600 A5 ) T 5 3 9 O AR B IR () AR AE P 1, R 2 8 S AR L LA S5 AR (d)— () 5 AR B 4 ¢ R TR A DX s ) 0
WA B BRI, R R B R AL Y 22 5, o L O AERIERIGL, HERR GG, b0 B A R AR, T4

IF AL A

Fig. 2. Schematic of the time-domain imaging sequence and reconstructed frequency-domain imaging by Fourier transform for single

conjugated polymer molecules based on defocused wide-field fluorescence imaging. The upper part of (a), (b) and (c) gives the

experimental results of defocused wide-field fluorescence imaging, while the lower part shows the simulation results. (d), (e) and (f)

are the reconstructed frequency-domain imaging at the same area, where red color represents positive phase and white represents

negative phase, the upper part gives the results of reconstructed imaging, while the lower part shows the simulation results.
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Fig. 3. Modulated fluorescence trajectories and corresponding emission angle of single conjugated polymer molecules I, II and III:

(a) The sawtooth wave signal applied on EOM that used for phase modulation of pulse pairs; (b), (c), and (d) the modulated

fluorescence trajectories of each molecule; (e), (f), and (g) the change of the angle for molecules I, I and I, respectively.
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Fig. 4. (a) and (b) are the snapshots of time-domain imaging based on defocused wide-field fluorescence imaging of single conjugated

polymer molecules and corresponding simulation results; (c¢) and (d) show the reconstructed frequency-domain imaging and

corresponding simulation results, where red color represents positive phase and white represents negative phase; (e) the sawtooth

wave signal applied on EOM that used for phase modulation of pulse pairs; (f) and (g) show the fluorescence modulation

trajectories of molecules 1 and 2, respectively; (h) and (i) show the change of emission angle of molecules 1 and 2, respectively. The

absorption and emission dipole orientation of single conjugated polymer molecule 1 keep constant, while that of molecule 2 change

simultaneously.
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Abstract

Conjugated polymers have been widely used in optical sensors, light-emitting diodes and solar cells, due to
their attractive optical and semiconducting properties. It is widely accepted that the optical and electrical
properties of conjugated polymer molecules depend on the conjugated segments, i.e., chromophores in
conjugated polymer molecule. The study of the evolution of the absorption and emission properties of single
conjugated polymer molecules is essential to provide complementary information for the influence of
conformation of conjugated polymer on its energy transfer process, as well as on the performance of
optoelectronic devices based on conjugated polymers. Although the extensive studies have been reported to
elucidate the optical properties of conjugated polymers with single molecule spectroscopy, simultaneous
revealing their absorption and emission properties and their real-time evolution are rarely reported. In this
paper, we simultaneously measure the absorption and emission properties of chromophores in single Poly|[2,7-
(9,9-dioctylfluorene)- alt-4,7-bis(thiophen-2-yl)benzo-2,1,3-thiadiazole] (PFO-DBT) conjugated polymer molecules
and their real-time evolution by frequency-domain reconstructed defocused wide-field imaging. The emission
dipole orientation of chromophore is achieved by applying defocused wide-field fluorescence imaging. The
change of defocused patterns of individual polymer chain describes the angular distribution of emitted light and
thus the emitting dipole orientation. Meanwhile, the absorption dipole orientation of chromophore in single
conjugated PFO-DBT polymer molecule can be clarified in reconstructed frequency-domain imaging by
modulating the relative phase of the pulse pairs and performing Fourier transform to the photoluminescence
response. The population density of excited state of absorbing chromophore depends both on the relative phase
between the ultrashort pulse pairs and on the orientation of absorption transition dipole moment of the
chromophore. By extracting the frequency-domain information of fluorescence that is proportional to the
population density of excited state, the evolution of absorption dipole orientation of chromophore can be
derived. We distinguish three cases for the evolution of chromophores of single PFO-DBT conjugated polymer
molecules: the absorption and emission chromophores both keep constant in single PFO-DBT conjugated
polymer molecules; one of the dipole orientations of absorption and emission changes, while the other remains
unchanged; both of them change simultaneously. The results may pave the way for the further understanding of
the role of conformation in the energy transfer pathway in both natural and artificial light harvesting systems
at nano- and micro-level.

Keywords: conjugated polymers, single molecule spectroscopy, defocused imaging, transition dipole

orientation
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