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Abstract: To reduce the cost of organic solar cells (OSCs), a simple diester-based electron-deficient unit (2,5-bis(5-bromothia-

zol-2-yl)thiophene-3,4-dicarboxylic acid bis(2-ethylhexyl) ester, 2ETTz-2Br) was designed and synthesized. By copolymeri-
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zing it with the easily synthesized (4,8-bis (5- (2-ethylhexyl)thiophen-2-yl)benzo [1,2-b:4,5-b'|dithiophene-2,6-diyl)bis (trime-

thylstannane) (BDT-2Sn) donor unit, a novel wide-bandgap polymer donor material, PBTZT2E, was successfully prepared.

Studies have demonstrated that this polymer exhibits excellent thermal stability, a broad spectral absorption range, and a deep

HOMO energy level (5.72 eV). Meanwhile, the non-covalent interactions of O-:-S and N---S within the molecular skeleton

effectively enhance the backbone planarity and the ordering of aggregated structures. The device based on the blend of
PBTZT2E and L8-BO achieved a high open-circuit voltage (Vi) of 0.98 V, with a short-circuit current density (Jsc) of 12.95 mA/

cm? and a fill factor (FF) of 40.99%, ultimately yielding a power conversion efficiency (PCE) of 5.20%. The above results

confirm that the synergistic electron-withdrawing effect of the carboxylate ester and the thiazole -bridge significantly lowers

the HOMO energy level, achieving a high Vi of nearly 1 V. However, the HOMO energy-level offset of —0.04 eV between

the donor and acceptor materials weakens the charge-separation driving force, which to some extent limits efficient charge

transport. Therefore, finely regulating the energy-level offset between donor and acceptor through molecular engineering to

achieve an optimal balance between Vi and Js is the key to enhancing the photovoltaic performance of devices.

Keywords: wide-bandgap polymer; high voltage; negative energy level offset; organic solar cells (OSCs)
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dro-1H-indene-2,1-diylidene)]dimalononitrile, L8-BO)
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Fig. 1 Chemical structures of PBTzZT2E and L8-BO
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Z it (CHOCHs) . £ (CH;COOH) . f#ii IR
(H,SOy . IR (Br) . XHZKEERR (P-toluenesulfonic
acid, PTSA) . NN-HIEEHIMEZ  (N,N-dimethylfor-
mamide, DMF) . PU(=2RERE)H (Pd(PPhy),) . N-
TRACT Bt % (N-bromosuccinimide, NBS) #11E
T AR (n-butyllithum, n-BuLi) W% 205 . &
{fi (chloroform, CF). HZK (toluene, TOL). 1IEC.
J5 (n-hexane, CHy(CH,),CH, . & %¢ (dichloro-
methane, DCM) . LR L TiE (ethyl acetate, EA) .
{1yt (petroleum ether, PE) . HfE (methyl alco-
hol, MA) . Z % (ethyl alcohol, EA) . JC/K iR
B, PO (tetrahydrofuran, THF) W & F &2y
AR,

1.2 US|/ERE

g PR 205K ('H nuclear magnetic resonance,
'HNMR) ZEZER T, MHARMAEN (CDCL) 1
HEEF, FE Bruker AVANCEII 400 MHz #% % 4L ¥R
B E; E ST (thermogravimetry, TG)
JETE N, SR, fli] NETZSCH (449F3/F5) {X#%
PEAT, THEE RN 10 C/min, KRG 5% 5 15 25
Al BEVE RIS 5 23T IO S50 —n] DL IO i
(ultraviolet-visible spectrum, UV-vis) fifi F§ Perkin-
Elmer Lambda 35 436 FETH7E 400~1 000 nm {15 [H
WINAE ; /> FREZRAE CHI 600 Hifb2: T AR, |,
T ER 3 (eyclic voltammetry, CV) ik, 3
i3 % R 100 mV/s; KRB EZ RAIE  (density
functional theory, DFT) X} PBTzT2E A% JL{nf 4% #4) ik
17T % E - & (V) &R NREL
TANE R AR F TAS TE A 450 WK BH RERR L 242 1L
AM 1.5 G 818 (100 mW/cm?) R EfTiliat; R0
B (atomic force microscope, AFM) {4 i)
Multimode 8 SPM 14 %% i #5% 2 7E i W R 4510 T
Ao BRI R P AT T RTESPA #£41[0.010 ~
0.025 Q-cm, # (n %) BZeaE], HpEEEHCH
20~80 N/m, #i#% 305~356 kHz.

1.3 PBTZT2E HIER T B

PBTZT2E M5 MEREANEL 2 iR .

D &Y S1 MG, ETKTEFMET, ¥
2-JRLIEME (8.20 g, 50.00 mmol) JiCE T RUE S I i
W, HET T THE (150 mL) . Bfifs, K
LT —78 CRpigs . IET ILEE] (24 mL,
60.00 mmol) ZZH& N 2 IR Ik SR 2 h
Ja, FImA=THEMLS (21.15¢g, 65.00 mmol) ,
JV 1 h, HERIOESE, fRNIESGY HATHRR

FRIFBAEI R . RN RE, FIRGRRALE
FOKBK, DEZ@W B, SIFAPLE, HToK
BREREN T, U8, BRI R R WA, Ak
AHbE, AR TR S1 (645¢, ™
% 40%) ., 'H NMR (400 MHz, CDCl;) &: 8.15 (d, J=
3.0 Hz, 1H), 7.53 (d, J=3.0 Hz, 1H), 1.58 (d, J=
7.5 Hz, 6H), 1.33 (d, J=7.3 Hz, 6H), 122 (d, J=
8.3 Hz, 6H), 0.88 (s, 9H).

2) AW 1 E. TERSGUET, Kkl 34-
WEWY “¥RIR (160 g, 931 mmol) AT HIEE (90 mL)
R - S /O D A T DY 8T 2 Lo ) | 2
fr 2mL) J&, BRMARZMMERR, FHFzii
JETBEFERN S he OVEEHRIE, KRAYRHER
Tk, ARG IR S A/ IR N VK 2 IS A
WS, MZMROBRHATHNL, G IFAMUAHZTOKER
BT . DUBE , B ZE W AR, 1REIHTY .
L 2R 1B R 2 31 = ) = T2 L0 A O ) W 1] | e N
(RFHLL 1:6) MTRGIERIVE ORI, RA&RAF
AR S 1 (1.62 g, 7% 87%) . 'H NMR
(400 MHz, CDCl;) &: 7.86 (s, 2H), 3.88 (s, 6H).

3) kB2 AR KikEw 1 (155 g,
7.76 mmol) ¥ F =S H itk Q0mL), FK VIR
CE Tk, RO R R RS IR (8.68 g,
54.32 mmol) . TEMNSERESS, WALV, FHEIAE
BIF IR R . RN R E, BIREEHE
i, PRI IR S AV R K RO . Bl A
FBEAEI, A HLARAK R A NaOH 0 RIK DR
TORBRFR AN T 1 . VR, DRI Te e 25 R ke 4
A A= 43 2o RE AL E AT A T2k, DA i kA
TAEFRE RFREE 1:3) SHPRIER, e A
k&9 2 (239g, 7% 86%) . 'HNMR (400 MHz,
CDCly) &: 3.89 (s, 6H).

4) fkEM3IMER. Hikaw?2 (213 g,
5.95 mmol) , 2-ZF-1-CUFE (3.10 g, 23.80 mmol)
SRR (4.10 g, 23.80 mmol) MK INAZIE
A 30 mL FHOR BRI . K R TR A A
B, o RINESHRE, FARRGHZEER, I
PR o @) A VAN ) = A E I R T e
B, BIFA PR JOK BN T, edm, BREw
), SR MR, DamBER SR e (R
R 2:1) yiisnl, SEFrREEAralifh, PRAIo
WIEEW 3 (2642, 774 43%) . 'HNMR (400 MHz,
CDCly) &: 4.25~4.14 (m, 4H), 1.66 (d, J=12.3, 6.1 Hz,
2H), 1.48~1.24 (m, 16H), 0.97~0.81 (m, 12H).
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5) AW 4 AR, TEIOKICASMET, ik
AW S1 (585 g, 15.64 mmol) 5 U (=2 5 B 4
(041 g, 0.36 mmol) F T TH:AXUHRIEH,
MALEY 3 (248 g, 4.46 mmol) 5 I /K HI 2
(40 mL) o K¢ SR A P 2 m, B R .
RMVEEHR)G, BRRBEAEER, A LB FKE
KW MR LEHAT20, GIFAPMAEZTEK
WREREN T, RhIRJEhezEkds, 2, LA
MBEM R (RFRE 7:1) iR, o2
rafifh, R a ARG 4 (118 g, 7%
47%) . 'H NMR (400 MHz, CDCly) &: 7.88 (s, 1H),
7.87 (s, 1H), 7.46 (s, 1H), 7.45 (s, 1H), 424 (t, J=
5.9 Hz, 4H), 1.67 (d, J=6.2 Hz, 2H), 1.28 (s, 16H),
0.88~0.84 (m, 12H).

6) L&Y 5 QETTz2Br) HIa . ka4
(1.04 g, 1.86 mmol) ¥ T —FH Lk (10mL). Bl
5, B RONORE T UKE R, BT 218 im A
NBS (0.99 g, 5.57 mmol) . HUKl5EH )R, WE UK
W, RO R B IR R . RNEE R, B

Cl
C4H9'S'H‘C4H)
S CHy
B
[N’>_ T OLi—CH,
%

S S
ﬂ CH}OH }L Brz
a
0 0 pso, © 4 O “Chcr,

OHHO

137 9 Q Eh

B ]?I_ﬁ
S1 s /) s
Pd(pph),

.

C.H, C.H,

4

N N
N Br/é_s\ \S/ ’}Br

O
JHo

CH;s
C.H,

CHO v H CHCI
2>5__9 2Hs 3

RRZBHEER, IARARR S KSR ZETTS
W A . ROV R S e At Fl NaOH IR,
GIAHAILTOK BRI T8 . oug, We4n, 155
=8, PE—2LAmiE i R O (KA 50:1)
PRI, BEATREE AT, 1580 A E IR S
(0.87 g, 7”#* 65%) . 'H NMR (400 MHz, CDCl;)
8:7.76 (s, 2H), 4.25 (d, J=5.9, 3.8 Hz, 4H), 1.67 (d,
J=12.1, 6.0 Hz, 2H), 1.33 (d, J=22.9 Hz, 16H), 0.92~
0.86 (m, 12H).

7) WA W PBTZT2E A M. ¥Bik&W 5
(3.70 mg, 0.05 mmol) F(4,8-X(5-(2-2 Fk L FE )
Wy —2—HHHIF[1,2-b:4,5-b" " BEMY—2,6— — )X (=
L8 4%) (46.47 mg, 0.05 mmol) fil A %] 10 mL
Schlenk &, I NV G H 2 TFE£48, HEAT
KHZE (091 mL) F1 DMF (0.11 mL) PIEMRIR S
Y. 5 MA Pd(PPhy), (2.96 mg, 2.56 wmol) fEH
AT, SO IRTE RS T T 120 Chnfi 21 b
BRHE, BIEADHEARE (50mL) H, UWEEDT
UE, BAEFRREROL, MRHNm ., ke, &

S §4Ho
L >-sicH
N 9
S1
Bre S« Br HO/YC4H9 Br \S/ Br
W/,
o o C,H; HO
9 Q TsOH, Tolene G )5_9 C{,.(
) W CH,

N
Br’a_s\ \S/ I}Br
CHO v H
o5 Q o5
. )_.9 \..2

Hy CHy
5

CH,

NBS

Pd(pphy), TN s If‘§+
DMF, TOL N/ S h
[EF/m o) 0]
C,H; C,H;
CH C,H, C,H,
C.H;
PBTZT2E

2 PBTZT2E W& RS
Fig. 2 Synthetic route of PBTZT2E
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KeME M ralifh . WS, T BT,
g R 2 ol yE I B N T, SRR EY)
(45 mg, 7% 77%) o

2 GRSt

2.1 PBTzT2E gy iaE

RAEWY) PBTZT2E fEAM; . &K . HIRSEH A
PUE R R BRI R iR, AR TS84
WL, NG SRR A BE R THE I T I 2
Wit TG X PBTZT2E By & M TR AE, 455
B3 pR. HEATHL, ZREWALE S%m iR E
IYEIRE ML 350 C, FIIHEEIL T RHRFEEE,
REAZTE 1L OSCs il & T XA R E R R
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©  90r '

¥ gof :
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Fig.3 TG curve of PBTZT2E
2.2 PBTzT2E KyFFMBL MR

&l 4 TR PBTZT2E 7RV IR ST DL
L8-BO TEHE T A4 h-n] W KOG . i T AT
TEVE WA EOIR SN, PBTZT2E 1E 400~600 nm I
KGN Bt 2 AR AR g, o, 4
Ty Tl R Sl Ry R AR TR U, SR 3 [ AF AR
FIAR EAE A B o0 FHER . IR B, mT 0
LRI IELT RS T 29 10 nm,  H WS BB B4R 58
X FZIHHFREET 40F A EAE . 1Ak,
BUNWAK, HE—ESC T PBTZT2E e P E
AR I 4y R, B E R AR
UF R TE, Xf BTAE  ASHEE rPOR BA
TG, e gk far it % . e4h, PBTZT2E 1Y
RN (A T2 F 626 nm, A3
BRHSEFEE (E) N 1.98 eV, KUIZEEYE
— M B R AR GEE >1.80 eV) B, [F AT,
PBTZT2E 5344 1L8-BO 7 ik 1 A SIS S B B
IR EAME, A BTSRRI RE R,
RV AR, RIS E ) T $RAERTRE

1.2 ——PBTZT2E- &/t
- - - -PBTZT2E- A1k
1.0F L8-BO- fifii
= 0.8r
=
A\éj 06'
|
m 0.4"/
0.2r
0.0
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4 PBTZT2E WIR R ANERE LS - AT DL AR S its AR
L8-BO HEFEHI IR 1S

Fig. 4 UV-vis absorption spectra of PBTZT2E in solution and in
film, along with the absorption spectrum of the L8-BO film

K FATEIMR 2 AT R A W45 R4 8L PBTZT2E 1
ML PR REEATRAE . DL %4k (Fe/Fet, HIELZS
BRI E R —4.8eV) HNZ, G 8K M bRk
AR JF B (B N 006V, FEZERT
PBTZT2E W& 4G A LR AL (E™) i 0.98 V
(K5, *E?(E/A\ft EHom:_(onom_EFch++4-8 eV)
T, 153813 HOMO R8K Exowo H—5.72 eV, HF
A NEL BB A 4R R Rt A2, ik PBTZT2E
LUMO REZUHR I HOMO BEHADE2EHT B (1.98 eV)
B Z A — 18 —3.74 eV, OSCs #3114 B BEZ%
SATEWME 6 s . HERHE, BRAEY S IK
PBTZT2E 5%k L8-BO Z Al £ B —0.04 eV {1
HOMO i#, ZREH S A W THE T8 Vieo

25: —Fc/Fc*

1or —PBTZT2E

I/ mA
(e}

—15¢ —L8-BO
_20_ _ -
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