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Table 1 Effect of solvent donor number of the electrolyte on conductivity of the electropolymerized polypyrrle films-!

g (PPy) Y B 5/ (Seem ™)

| DN~
PPy(BF; ) PPy(ClO; ) PPy(NO3 ) PPy(TsO )
DMSO 29.8 7X10°°¢ — 1X10°6 -
DMF 26.6 1Xx101 5X10* 3xX10°° 0.008
TBP 23.7 - 1 - -
TMP 23.0 1.0 20 - 0.09
THF 20.0 - 31 - -
H.0 18.0 8.4 34 2 79
PC 15.1 67 55 3 90
CH3NO, 2.7 69 56 - -
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Table 2 Effect of supporting electrolyte concentration on tensil strength (MPa) of the

as-prepared conducting polypyrrole films

e /M 0.2 0.5 1.0 2.0 3.0 4.0
TsONa 43.8 54.2 73.8 56.9

KCl 11.9 17.7 18.0 17.1 14.3
NaClOy 1.6 2.3 2.6 4.4 5.5 2.2
NaNOs 5.1 9.1 12.3 14.3

AR Y SE B 45 R A W] 0 TR R R AR (TsO ) 25 3 T 1 790 B 8 1 2 /K 0 b i s /L A 2 2R 5 i A
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BRBAZEH o
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REER o A o FRATIAEE P AR S T PR S S ER I R A F ORI B KA R o A T R AR RO
T R e g 2 6 JRE ) S L SR E IR IR (L2 3D

R3 EBFREFEFRWF G &H PPy [RS8 EHR0

Table 3 Effect of the nonionic surfactant additives on the conductivity and mechanical properties of the as-prepared PPy films

s FEIEH B3/ (Seem™ D) P18 3% / MPa Wy 4 $r A/ %4
TEER AN bickt 94.0 24.0 5.0
OP4 S 48.3 25.4 6.3
OP7 IR IR 84.1 60. 8 16
OP10 | S 92.2 68. 4 18
OP15 e 89.8 64.3 16
oP21 B[RS IR 113.2 67.0 20
A-20 e 126.6 66.3 17
SE-10 Se i 76.7 58.7 8.0
PAV-500 HLRE 48. 8 22. 8 4.7
NP HLRE 51. 2 15.2 5.0

* PPy BEAY AL 22 G A5 0F BRI ImA/em®, 15°C , MU 1mol/L TsONa H k7K i . BRI B 29 0. 01mol /L,
Lo1.3 men e Ao s S R AL B A S B Gd AT B AR L A AL 3R 5 B RF L DL E U R G W i S
BT AE B L A E PR S S AR AR M R B R 7 A i AR RSP, PR a7 A
FEAUER ARy o H 0 SR B S AL R P B 1 e R TS B R A (R  A BFE
R RSO A ES T A B S e B R T A i A T RS R A o TR R
ek e L B 4 [ I 32 i S AR ixt B B B RS
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Table 4 Effect of electrolyte anions on the composition and conductivity of the electropolymerized conducting polypyrrole films

1% 7 3 L R AL I 2 AR &/ (Seem™ 1)
TsO ,NO3 CyH3 o N(TsO) .19 (NO3 ) o, 08 43
TsO™ ,ClOy CyHs. 09 No. o7 (TsO) . 23 (C1O4) 0. 18 42
TsO ,Cl CiHs. 2 No. g7 (TsO) .27 (CDo. 11 66
ClO; ,NO3 CyHz. 99 N(CIO4) 0. 13 (NO3 ) 0. 14 21
Cl™ ,NO;3 CiHs.5 NClo. 16 (NO3) .18 23
TsO™ CyHs. 2 No.gg (TsO) . 34 64
ClOy CyHa. 1 No. 95 (C1O4 )0, 30 11
Cl™ CyHi. 1 No. 99 Clo, 25 13
NO; CyHs 1 N(NO3) o, 22 8
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R SN R SE M L R ARV B TR L RS S HL I O R S B ) 5 S A R VR IRUE L
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Figure 1 Device structure and working mechanism of polymer light-emitting electrochemical cells (LECs)
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Figure 2 Molecular structures of light-emitting conjugated polymers with main chain containing ionic-conducting units
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Figure 3 Molecular structure of the imidazolium salts ionic liquid
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Figure 4 (a) Device structure diagram of polymer solar cells; (b) Molecular structures and electronic energy levels of

polymer donor P3HT and acceptor PCBM; (¢) Typical current density-voltage (J-V) curve of the PSCs indicating
short-circuit current density (J.), open-circuit voltage (V,.), fill factor (FF) and power

conversion efficiency (PCE).
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Figure 5 Molecular structures of 2D-conjugated polymer thiophenes with conjugated side chains
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Table 5 Comparison of photovoltaic performance of 2D-conjugated polymer PBDTTT-C-T and corresponding polymer PBDTTT-C

Acdge/ Egt,/ HOMO/ hole Vee/ J! FF/ PCE/
B4 )
nm eV eV (em?/Vs) \% (mAscm ?) % %
PBDTTT-C 776 1. 60 —5.07 5X10714 0.70 15.51 59.2 6.43
PBDTTT-C-T 788 1.57 —5. 11 2X1071 0.74 17. 48 58.7 7.59
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Figure 6 Molecular structures of 2D-conjugated polymer PBDTTT with alkyl, alkoxy or alkylthio-substituted

thiophene conjugated side chains
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Table 6 Photovoltaic performance of the non-fullerene polymer solar cells recently reported from my research group

ik Z ik Voe/V Joo/(mAsem™2) FF PCE/% EE PN
150 N2200 0. 60 13.93 0.59 4.90 [71]
J51 N2200 0. 83 14.18 0. 70 8. 27 [71]
150 ITIC 0.71 12.93 0.53 4. 80 [73]
J51 ITIC 0. 82 16. 47 0. 69 9. 26 [73]
152 ITIC 0.72 13. 11 0.58 5.51 [74]
160 ITIC 0.91 16. 33 0. 60 8. 97 [74]
161 ITIC 0. 89 17. 43 0.615 9.53 [74]
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Figure 7 Molecular structures of polymer donors J50 and J51 and acceptor ITIC
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From Conducting Polypyrrole to Conjugated Polymer Photovoltaic Materials
——My 30 Years Research Carrier on Conjugated Polymers in ICCAS

LI Yong-fang'*
(1. CAS Key Laboratory of Organic Solids . Institute of Chemistry, Chinese Academy of Sciences. Beijing 100190, China;
2. Laboratory o f Advance Optoelectronic Materials, College of Chemistry, Chemical Engineering and Materials

Science, Soochow University, Suzhou 215123, China)

Abstract; This article briefly introduces my 30 years research carrier on conjugated polymers in Institute of Chemistry,
Chinese Academy of Sciences (ICCAS). The achievements mentioned here mainly focus on the fields of conjugated
polymers, including the electrochemistry of conducting polypyrrole (PPy), polymer light-emitting electrochemical cells
(LECs) and conjugated polymer donor materials for polymer solar cells (PSCs).

In the field of electrochemistry of conducting PPy, I and my group systematically studied the electrochemical
preparation and electrochemical properties of conducting PPy. We elucidated the effects of various electropolymerization
conditions on conductivity and mechanical properties of the as-prepared PPy films. We found that donor number of the
electrolyte solvents greatly influences the conductivity of the as-prepared PPy films: the smaller the donor number of the
electrolyte solvent, the greater the electric conductivity of the as-prepared PPy films. Very smooth conducting PPy films
with high mechanical strength were prepared by using non-ionic surfactant additive in the aquesous electrolyte solution. For
the reaction mechanism of pyrrole electropolymerization, 1 proposed and confirmed the solution-participated cation-radical

electropolymerization mechanism, and deduced a kinetic equation for the pyrrole electropolymerization reaction. We also

10. 14028/j. enki. 1003-3726. 2016. 09. 001



. 26 - I A 2016 4F 9

found that there are two doping structures (main chain oxidized with counter-anions doping structure and the proton-acid
doping structure) in the conducting PPy films prepared from NaNO; aqueous solution. We studied and elucidated
mechanisms of the reduction and re-oxidation of conducting PPy films in aqueous solutions, and the mechanisms of the first
reduction and re-oxidation of conducting PPy films in organic electrolyte solutions.

In the studies of LECs, I confirmed the electrochemical doping mechanism and the formation of p-i-n structure of the
LECs after applying voltage higher than E,/e of the luminescent conjugated polymers by ac impedance measurements. We
synthesized a series of luminescent and ionic conductive conjugated polymers with main chian containing ionic-conducting
units, and the phase separation problem in the LECs was avoided by using the bi-functional polymers as the luminescent
polymers in the LECs. We fabricated quasi-frozen junction LECs by using ionic liquid as electrolyte salt in the active layers
of LECs which improved the electroluminescent properties of the LECs significantly.

In the studies of conjugated polymer donor materials for PSCs, we proposed a molecular design strategy of two-
dimension (2D)-conjugated polymers with conjugated side chains to broaden the absorption and enhance the hole mobility of
the conjugated polymers for improving its photovoltaic performance. We synthesized a series of 2D-conjugated
polythiophenes with conjugated side chains which show broader absorption, higher hole mobility and improved photovoltaic
performance. Then the 2D-conjugation strategy was further extended to the narrow bandgap 2D-conjugated PBDTTTs by
attaching thiophene conjugated side chains on benzodithiophene (BDT) units. We introduced alkylthio substituents on the
thiophene conjugated side chains of the 2D-conjugated PBDTTTs and further improved their photovoltaic properties.
Finally, I introduced our recent research progress on non-fullerene PSCs based on our 2D-conjugated polymers as donor and
narrow bandgap n-type organic semiconductor as acceptor.

Key words: Conjugated polymers; Conducting polypyrrole; Electrochemical polymerization; Polymer light-emitting

electrochemical cells; Conjugated polymer photovoltaic materials
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