EBREASIPE HHEH

HE SHrTEREIRE

X Sfdio F

SR

RmIG: 10384 NRE BRI
5. 20720141150099 uDC

) B
B2 08 30

SRV AR & YA PRRERL AR (R R
@it 5

Design and Synthesis of Novel Low Band Gap Polymers for
Organic Solar Cells

& ]
¥FHITHL: X o 3 K
A7 A&l & )R

+ % & AR M O I A2
WARKAM: 2017 F 5 A
WAEHEE: 2017 F 5 A

FEEFHE: 2017 5 A



Design and Synthesis of Novel Low Band Gap Polymers for

Organic Solar Cells

A Thesis Presented for Master of Science
at Xiamen University
By

Zhiming Hu

Advisor: Associate Professor Anhua Liu

Advisor: Associate Professor Feng He

Department of Materials Science and Engineering
Xiamen University, Xiamen, 361005

April 2017



BiIXRFEZFMILFE AR

AN AW AL SR A NAE FidE 3 F L 58 RAHE 7 A o
ANERLCGE S LA NS AR D E R RN FURCR, 297E3C
T DU 2 07 U RAAR B, IR AT AN (E T TRAE AR SRS

ETE GAATID.

T, BRSO ( ) WL (D BT
R, FE ( ) W (A e = wE,
( ) SR ESE M. GEAELL BRSNS IR EE

AL DT NBCSEIR AR, ARA M= A1, w] DOAERs B

FIAN (Z4):
F A H



B IXFFMIR I EEUE R EA

AN AR T TR AR (e N RN B 2257 26 49 AT S fti /25D
SERLRE P B AN B 22 0398 3, I 170 8 BT Bl R R HLMIE 28 AL
W CEFERRT RN B /O, VAR SCHEN R TR B T K
HAE FE A B A B AN N R T TR SR 2 e SO 4 1
it = A7 V8 SO B O B AT R R 5 S L S A AN 2L
G AR, SRAHRCED . g Enelcs e oy UG B R Hl 52608 3.

N S ATS

O LaFETNRERERRSEEZENREEZME L, T5
A BE, e RE N BRI

O 2A0R%, &N BB

CIE 7E LA LA R 5 A TN B P AL A 28 o PRS2 18 ST
O ETRERER R E TR, REFTTRARER
R HE WAL S A AT AR 3. JEAE IR AEHE R, BN
NIFRLR S, B BRI AL

PN (Z4):
£ H H



H %

H%
1R I
ADSTFACT. . et Il
B B0 s 1

LTI BBEIR oo 1
1.2 BHLKPEEEE AR RITEHERR ..o 1
1.3 BEYKPEEER AR ..o 3
1.3.1 BAYARBIAE A TAETEIE oo 3
1.3.2 BEAMIARBABE T ATLEH oo, 4
1.3.3 BHHUARBHAE M AIFEAR B E oo, 5
1.4 BEIBEHRBOTETEINR oo 7
1.5 ETFHEHETME D-A BHABEREMABRHRATR. ..o 10
1.5.1 AN[EJ I B0 2R I8 M SR B AR AR RE I o, 10
1.5.2 MUIEEXS D-A BRI FFIE EIETEMIITEEI oo 11
1.5.3 FJ X AR IFIE ISR E A RAEL IR oo, 13
1.6 ARSI B RIATIE oo, 15
BB THEFHIAMMREE . 16
2.1 SEIEIRT oo 16
2.2 FBFUBISELARIR. ... 18
2.3 MR TTSEGURE oo 18
2.4 BHLARPHEABIEIR ... 20
BEE SUENRRESPLEMRN SRR 1EaEMSR ... 22
BuL B ES oottt 22
3.2 BEIEEBAY oo 23
B.2.1 BBEEELE oo 23
3.2.2 BIHITFR oo 23
3.3 BEBR G oo 27



RN 2R R DA DS

3.3.1 AW EIE T EE AL ZE T oo oo e e e e e et e e 28
3.3 2 B I FEE T oottt 31
3.3.3 B A Y AR B oo 32
3.3 BB TSR e oo e e 34
B AR N oo s 36
FUE ETEHE_MWIOEMRBESMEEMANNE R EE LR
TR 37
1T RS 37
B B By oo e e 38
B.2.0 B BB R oo s 38
4,22 B I R oot 39
A3 B R G T S oo e 44
4.3.1 FEVRIICRERTEALZEYEIT (oo 44
4.3, A E B e e e 46
4,33 A AR E B oo et 47
B34 AT R AR A oo ettt ettt 49
A R BN . e ————— 50
B T EE B o ————— 52
BN oo 54
MEHREE R ITIREEF] ..o, 65
A .o . 66



Content

Content

ADSEract IN ChINESE ...ceeniieiiee e I
Abstract INENGHISN ... Il
Chapter 1 INtroduCtion ..........ccceuiiiiiiiiieee e 1
1.1 INEFOTUCTION ...ttt 1
1.2 Research progress of organic solar cell materials .............c.ccccciiiiininnnn, 1
1.3 The INtroduction fOr PSCS .........oiiiiiiiieee e 3
1.3.1 Working mechanism fOr PSCS..........ccoiiiiiiiiiiiiee e 3
1.3.2 SErUCEUTE TOF PSCS ...t 4
1.3.2 The parameters fOr PSCS........cuiiiiiiiiiiie it 5

1.4 Development of solar cell donor POlYMErS .......coooviieiiiiiii e 7
1.5 Development of BT-based solar cell donor polymers.........c..ccccoveevveeinnnenn 10
1.5.1 Effect of Polymer Backbone ..........ccccovveiiiii i 10
1.5.2 Influence of Side ChaiNs ........cccoiiiiiiiiiieee e 11
1.5.3 Influence of the SUBSTIUENTS .........oooviiiiicee e 13

1.6 Scheme and objective of this dissertation............c.ccccecvvveiiie e 15
Chapter 2 EXperimental .........cooovviiiiiiiiiin e 16
2.1 MALEIIAIS ... 16
2.2 Purification Of SOIVENT ..o 18
2.3 Test methods and eqUIPMENT .........ccviieiiii e 18
2.4 Preparation of organic solar cell..............coooveiiii e 20

Chapter 3 Design and Synthesis of Chlorinated Benzothiadiazole-

Based Polymers for Efficient Solar Energy Conversion.................. 22
L INTFOAUCTION. ... 22
3.2 Experimental SECHION .........cc.vviiiiiiiie e 23

3.2. 1 SYNLNESIS FOULE.......vviiieeeiiiie ettt bae e erara e 23
3.2.2 SYNLNESIS PIOCESS .. .vvieeeiitirite e e ettt e e e ettt e e e e st e e e s e e e e st e e e e e et e e e e sraeee e 23



RN 2R R DA DS

3.3 RESUILS aNd TISCUSSION ........eiiiiieiiieiie ittt 27
3.3.1 Optical and electrical properties of POlYMers...........cccocevviiiiiiiieiiieinenn, 28
3.3.2Thermal PrOPEITIES ........coiuiiiiieiie et 31
3.3.3 PNOtOVOILAIC PIrOPEITIES .....eoieieiiiiiie st 32
3.3.4 Morphology CharaCterization.............cuevveiieeiiiesienie e 34

34 CONCIUSION ...ttt e e a e che s 36

Chapter 4 Design and Synthesis of Benzothiadiazole-Based donor

Polymers for Efficient Solar Energy Conversion ...........cccoievvnvinnnns 37
I o 0o [ 1o 1 o o SR SPR PR 37
4.2 EXPErimental SECTION ........cccuiiiiiiiieiie et et 38

4.2.1 SYNENESIS FOULE.....cuviiiiiieitie ettt et 39
4.2.2 SYNENESIS PIOCESS ....vvvveievieeeiieeiiteieeitaeessteeestaeeataeeastaaeassaeeesnaeeesnaeeeanneeeas 39
4.3 ReSUILS aNd AISCUSSION .....ceiiiiiiieiiiieiiee sttt 44
4.3.1 Optical and electrical properties of pOlYMEers..........cccccveeviveeiiie e 44
4.3.2 Thermal PrOPEITIES ... .cccuiei i e eeiee ettt et e e e e e eaee e 46
4.3.3 PhOtOVOItAIC PrOPEITIES ...oeeiviee e 47
4.3.4 Morphology charaCterization............cccccccuereiiieeiiiee e e siee e 49
4.4 CONCIUSION ...ttt 50

Chapter 5 CoNCIUSIONS ......vvuiiiiiiiii e 52

RETEIBNCE ...ee it 54

PUBIICALIONS ..cvvieee e 65

ACKNOWIEdgEMENTS ...veie i 66



S

HE

RAYIRPHRE b B T HbIE AR, MR EL, TR R, 5T X
BUBLA: =254 i, A ERIFF AW 77, TR A 47 kA B B 284 F 7 4
o ZRIFIE MR ITAE SN A WL B BE F AR R i A, TR —
SE (PRS- T 45 M A1 R I B0 AR ke Itk JFRE S5 45 WL T B R s 1R -2 44

(D-A) JLHEZEM, MR B, /AR I 1A ALK BH RE it A )

RCHRYE S -2 Ak (D-A) HEEE, DIZKIREE M (BT) MIZL i H+4
T — R 5UETA HUK R b i AR AR, X e TR PERe, el
BE, AL 2EVERE LA K o P S ST RAE, RN PRANHLAR 9T T 1% RIS M R
A ML BH BE FLI AR R HH Rt B 3 PE RS, X 28 0F BRI S0 AT T IR N 3 #T

HIRBA TR SR 7SI NBIZR IR e, AR T s 04N 1AM 2 4
SR T HUR 28 -1 W O M Iy SR 5 o S o 57 N R 18 T 5 5 4 A B i i
TSR (Voo), FHIRmE IR HkRE (PCED. W70 RIILE BT I
SUR T HUR M JLHE 3R & W m] DLIE I 42 b SUS 7 (1 AR AL B RS0k T 4% L5 2R
EIZ A SR R 1 45 R LR A FEERIHES T . AR IR A
) PCBTAT-20D EA K77 (1) face-on’ HU ], 1 AE A K G4 PBT4T-20D FIXL
FHURH) PCCBTAT-20D WARAA 1277 [ VU o [F]I 254 PCBTAT-20D f£
X ZFER G B A KIS R . IR S face-on’ B[] LA A 38 N2
PR R T2 ) B A AR A R 7 5 1 2R G K BH R FELML R P R o B 2 DA
LGRS A5 ) 25 1) K B R B b 254 (1 6 FRURG 0 AR L 31 8.21%, X LLIES
REGWHITERL S T 68%.

AT T B S HRAE F T A st LR MRS, R I — AN SUE TS B8
PrrotERe R R T, HET Uk, A TR A RS ANSUR TS T AU, i
W, FUETFILEMER, @iaed, WERLLLIE PCBM IV, DUHSEHl S
UFHIMERE. AR R A9 PCBTAT-20D HARAHIMIGE C8CL2, M T-M%EX K&
W) R B FE RTINS 2 = AR R K A RS I, R b AT Tl o 4 e e e LA R
FHEELF B BRI S T I R RE, DABR LM RE . BARTALIRERY], T 5
J5, &%) PCFBTAT-20D 1) HOMO e A K KIIAEAL, 1 LUMO fegk il



JE TR 2 AR 24 i 3L

BRI T, FBRSRAEWREE R THENAE, HHEZ Vo N 0.72V, I A 17.61
mA em? DGRy 8.84%, it i, SN [ 41 A 75 3 FL AU AT H 240 4
R RI3R T, BRZASEIUE A 1 PCE. A AMEA TR M4 R 5, BIOEEE T —2
ML, {Hi2 HOMO ReditibE 2 FEIK, 5 Voo N EEECH BTG, LB A
Reth A BT R RS

g A ETAE, RATRIEIRAE — € FERE LRl AR SN ae L, S
KB R e P RE R BRI DAod i 6 SR 3R [FIVE SR 4H R, LASE B A I R
XN TR BH B It ) R SR T T B

REE . REVIRHAERM; JIACREY; SR-%4 (D-A); REWE
(S



Abstract

Abstract

Polymer solar cells (PSCs) have been given significant attention in recent years
owing to their benefits of low cost, lightweight, and flexibility, as well as their strong
advantages of no need for vacuum processing and high temperature sintering,
nontoxic end products, etc. Benzothiadiazole unit is widely used in high performance
solar cell materials, owing to its rigid structure and high carrier transport
characteristics. Combine with electron donating groups to form donor acceptor (D-A)
conjugate structure, obtained a low bandgap, wide and strong absorption organic solar
cell materials.

In this thesis, we design and synthesis of a series of donor-acceptor (D-A) solar
cell material based on benzothiadiazole, and their thermal stability, optical absorption
properties, electrochemical properties and theoretical calculation were characterized.
In addition, the power conversion efficiencies (PCE) of these donors were discussed
based on OSC device optimization and mechanism studies. Besides we analyzed the
morphology of the film.

Firstly, we describe the synthesis of DTBT monomers with either 0, 1, or 2
chlorine atoms on the BT unit and their corresponding copolymers with the electron
rich donor bithiophene. Chlorinated benzothiadiazole-based polymers with multiple
chlorine atoms to achieve enhanced open-circuit voltage and improved power
conversion efficiency. Chlorine substitution was found to affect molecular orientation,
increase crystallinity, and thereby alter band gap and charge transport properties. The
one-chlorine-substituted PCBT4T-20D exhibited a larger portion of ‘face-on’
orientation than that of other two polymers, nonchlorinated PBT4T-20D and
two-chlorine-substituted PCCBT4T-20D, in the polymer:PC;1BM blended films.
PCBT4T-20D also showed the largest crystallite sizes in those three polymers. The
improved molecular orientation and larger crystallite sizes would definitely facilitate
the charge transport in the active layer and enhance the performance of corresponding

polymer solar cells. The highest power conversion efficiency of 8.21% with PC7,:BM
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was achieved in the photovoltaic device of PCBT4T-20D. It is approximately 68%
higher than that of the nonchlorine analog.

Based on the above research, we found mono-chlorinated benzothiadiazole-
based polymers achieve improved power conversion efficiency, while the power
conversion efficiency has declined after introduced two chlorine atoms. Therefore, we
replaced the second chlorine atoms to fluorine, energy levels, band gap and its
solubility are regulated by the interaction of fluorine and chlorine atoms. At the same
time, the side chains play an important role in determining the intermolecular
interactions between different polymer chains and polymer-fullerene interaction at the
interface between regions, as well as affecting the process ability of the polymers.
Thus, we replaced the side chain of PCBT4T-20D and synthesis the polymer
PCBT4T-2BO. The polymer PCFBT4T-20D introduced the fluorine atoms can
enhance the Jsc while do not reduce the Vi, Therefor, the power conversion efficiency
reach 8.84%. After shorten the side chain, although the spectra have a certain redshift,
but HOMO level also decreased, the Vo finally fell more obvious, so the overall
performance also declined.

In conclusion, we found that chlorine substitution can fine the level of the
polymer and improve the performance of the solar cell, at the same time through the
interaction of fluorine and chlorine atoms can achieve better performance. Which

provide new ideas for the development of the polymer solar cell.

Keywords: polymer solar cells; chlorinated polymers; D-A conjugated polymer;

polymer donor
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(1) Photoexcitation and (2) Exciton diffusion (3) Exciton dissociation (4) Charge transport
exciton formation Max. L, and collection
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