Material Sciences #1£}#}22, 2025, 15(11), 1989-1999 Hans X
Published Online November 2025 in Hans. https://www.hanspub.org/journal/ms
https://doi.org/10.12677/ms.2025.1511211

ETER =KMo FREMRIINE R ERE

TR

BEE, X2, A M, BRE, H—2
W 2B S 2 TR AR, IR 2R

WekE H . 20254E10 50 s HBE: 20254E10H29H; KA HH: 20254E11H5H

HE

BERNFHTEE = ERRE. BUHREIMNE TR EER, B VIR (0SCs)F
T HRRMRE. UER=FKER(TPAYAFOEE, FHESREEY A, @it wmiEsmn, &
&R T — R I ERA-n-D-n-ABUNT-45 46418} (TPA-SEHC2 TPA-SEHC4 TPA-SEHC6 TPA-SEHCNCs-
TPA-SCz2. TPA-SCs. TPA-SCelA X TPA-SCNCe). L5 Sb- 7] IR BOEEMIEIMR ZIEF R T e
MR . WA RRE: sNMMTFABMERRKEEMEZEASRK, HHTPA-SEHCAITPA-SCa/
SFEEMEBRESF S A SIE (HOMO) B EK(-5.56 eVAI-5.57 eV). LEEIFEPCBMANZE, 8
PN F AR R 41 I LIRS & T 2k R R EA VLR HHE-TTPA-SEHCNCAHEH &/
BEREB T BREREBEEHRNE (PCE)N1.09%, T TPA-SEHCJHITPA-SCJIRE T B i B P 8% B I
(Voc)43312580.92 VA0.93 V, [EHPCEAN0.32%H10.78%. AHFF N T EXA HLARH Rk Bt i E &L/
TR L T A SRS .

XK ia
=R, MrTeik, BRSGH, FIUKFERE BT

Design and Properties of Star-Shaped
Organic Small Molecule Donors Based on
Triphenylamine

Zhihong Yin*, Haozhe Wu, Liu Liu, Tianying Peng, Yilan You

College of Materials and Chemical Engineering, Hunan City University, Yiyang Hunan

Received: October 5, 2025; accepted: October 29, 2025; published: November 5, 2025

R

NESIH: BREL, REW, XM, BRI, W BT RN TSRS B ERERT T MORRE
%%, 2025, 15(11): 1989-1999. DOI: 10.12677/ms.2025.1511211


https://www.hanspub.org/journal/ms
https://doi.org/10.12677/ms.2025.1511211
https://doi.org/10.12677/ms.2025.1511211
https://www.hanspub.org/

&SNS

Abstract

Star-shaped small molecules have attracted great attention for organic solar cells (0SCs) because
they have three-dimensional charge-transport characteristics, strong light absorption capacities
and easily tunable energy levels. In this work, we design a series of A-wt-D-1i-A type star-shaped small
molecule donor materials (TPA-SEHCz, TPA-SEHC4, TPA-SEHCs, TPA-SEHCNCs, TPA-SC2, TPA-SCs,
TPA-SC¢ and TPA-SCNCe), based on the star-shaped triphenylamine (TPA) as the core framework,
with different alkyl-thiophenes bridging each other as n bridges for altering the electron-deficient
terminal units. The ultraviolet-visible (UV-vis) spectra and cyclic voltammetry (CV) are utilized to
explore their optical and electrochemical performance, showing similar absorption region between
the above donor materials, and exhibiting lower highest molecular orbital (HOMO) energy level
(-5.56 eV and -5.57 eV) of TPA-SEHC4 and TPA-SC4 small molecule donor materials. Then, intrinsic
heterojunction organic photovoltaic devices were fabricated, by blending fullerene PCBM as the ac-
ceptor and small molecule donor materials as the donor. The device fabricated using TPA-SEHCNCe¢
material achieved the highest photoelectric conversion efficiency (PCE) of 1.09%, while the devices
based on TPA-SEHC4+ and TPA-SC4 obtained higher open-circuit voltages (Voc) of 0.92 Vand 0.93 V
respectively, but their PCE was 0.32% and 0.78% respectively. This study provides an effective
strategy for star-shaped small molecule donor materials for high-efficiency organic solar cells.
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PCBM 324K, 73l 8 My Fea kiR LIRS & 1 OSCs #3 . Hrh 5T TPA-SEHCs A1 TPA-SCqy 7)
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Figure 1. Chemical structures and design of small molecule donor materials
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Figure 2. Synthetic routes of TPA-SC2, TPA-SC4, TPA-SC6 and TPA-SCNC6
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Figure 3. Synthetic routes of TPA-SEHC2, TPA-SEHC4, TPA-SEHC6 and TPA-SEHCNC6
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2.3.1. INS3F TPA-SCzs TPA-SCiy TPA-SCs B TPA-SCNCs B8 R 5 =4E

H #5751 TPA-SCa. TPA-SCs. TPA-SCs L2 TPA-SCNCs 4 LR A 2 s, a7 4 TPA-
S. TPA-SCHO Z & CHk & R[1][10][11].

WA TPA-SC2 & B: TERAHMEE T, #H1b&4) TPA-SCHO (150 mg, 0.18 mmol). 3-ZJED P
Ui ££(103 mg, 0.5 mmol) LA K& T4 1 I3 50 mL # FUH, VRS SO . FTE S #8 — KX 25 mL
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CHCL; #1 1 mL WRBEAR AT NI K N2 BN 65 CHIE B L 7 h J5, WA A 2 =,
BT, SRERARENT 0 B5240, Ch Vi smny: Vi = 1:22 fERERBLT, 24k )5 e T3 2R 406 B AR~
TPA-SC (0.11 g, 71%).

A9 TPA-SCa: 'HNMR (400 MHz, CDCls), § (ppm): 7.94 (s, 3H), 7.59~7.57 (d, 6H), 7.20 (s, 3H),
7.18~7.16 (d, 6H), 4.14~4.11 (t, 6H), 2.82~2.78 (t, 6H), 1.72~1.63 (m, 6H), 1.43~1.29 (m, 18H), 0.98~0.95 (t,
9H), 0.91~0.88 (t, 9H).

BCNMR (400 MHz, CDCl3), 6 (ppm): 192.32, 167.52, 151.71, 150.46, 147.19, 131.45, 128.40, 127.12,
125.89, 124.62, 123.73, 119.15, 39.94, 31.65, 31.18, 29.16, 29.09, 22.60, 14.11, 12.34.

A9 TPA-SC4 TPA-SCs LA S TPA-SCNCe 2 I TPA-SC, [FIFEII B i 7 150 79 45 B S 20 € 11
PR RN 12% T0%H1 65%.

WA TPA-SCs: '"HNMR (400 MHz, CDCL3), § (ppm): 7.94 (s, 3H), 7.60~7.57 (d, 6H), 7.22 (s, 3H),
7.18~7.16 (d, 6H), 4.15~4.11 (t, 6H), 2.82~2.79 (t, 6H), 1.72~1.65 (m, 6H), 1.43~1.30 (m, 30H), 0.98~0.95 (t,
9H), 0.91~0.88 (t, 9H).

3CNMR (400 MHz, CDCL3), 6 (ppm): 192.57, 167.80, 151.68, 150.45, 147.19, 131.47, 128.40, 127.11,
125.89, 124.62, 123.72, 119.07, 44.64, 31.64, 31.18, 29.16, 29.12, 29.09, 22.60, 20.12, 14.11, 13.75.

A TPA-SCs: '"HNMR (400 MHz, CDCL3), § (ppm): 7.94 (s, 3H), 7.60~7.57 (d, 6H), 7.22 (s, 3H),
7.18~7.16 (d, 6H), 4.13~4.09 (t, 6H), 2.82~2.79 (t, 6H), 1.71~1.64 (m, 6H), 1.33~1.31 (m, 42H), 0.91~0.88 (t,
18H).

BCNMR (400 MHz, CDCL3), 6 (ppm): 192.56, 167.78, 151.68, 150.44, 147.20, 131.48, 128.41, 127.12,
125.89, 124.63, 11.10, 44.88, 31.65, 31.38, 29.16, 29.10, 26.99, 26.49, 22.61, 22.53, 14.12, 14.06.

k&%) TPA-SCNCs: '"HNMR (400 MHz, CDCl3), 6 (ppm): 7.94 (s, 3H), 7.60~7.53 (d, 6H), 7.22 (s, 3H),
7.18~7.16 (d, 6H), 4.13~4.09 (t, 6H), 2.82~2.79 (t, 6H), 1.71~1.64 (m, 6H), 1.33~1.31 (m, 42H), 0.91~0.88 (t,
18H).

BCNMR (400 MHz, CDCl3), 6 (ppm): 192.57, 167.80, 151.68, 150.44, 147.19, 131.47, 128.40, 127.11,
125.89, 124.62, 123.72, 119.07, 44.64, 31.64, 31.18, 29.16, 29.12, 29.09, 22.60, 20.12, 14.11, 13.75.

2.3.2. I7M3F TPA-SEHC2. TPA-SEHCs. TPA-SEHCs AR TPA-SEHCNCs & S RAE

H#%%¥ TPA-SEHC,. TPA-SEHC4. TPA-SEHCs PA K2 TPA-SEHCNC, & Rl #% £ an 14] 3 s, Hrii)
7“4 TPA-SEH. TPA-SEHCHO &8 SCHR A A1 [10] [11].

&) TPA-SEHC: & l: ERAME T, K& TPA-SEHCHO (150 mg, 0.16 mmol). 3-ZJE%
FF (93 mg, 0.5 mmol) LA K T s T I NE] 50 mL % Eirh, &SRS SN . B ESH88—E 25
mL CHCI; #1 1 mL WRBERIRFT N RS . R3S BTN 65 CHs M. 7h 5, BRNEAHEE
I, BEAENET, SEERAEZEI o sieal, WA v amik: &Rkt =11 A5 e TR R a E icre
) TPA-SC> (0.11 g, 71%).

tk&%) TPA-SEHCs. TPA-SEHCs LA K TPA-SEHCNCs 28 TPA-SC, [FIFE A BT V2243 73 45 I S 41
A, FEE 8 68% T2%H 65%.

4A¥) TPA-SEHC,: "HNMR (400 MHz, CDCl3), 8 (ppm): 7.96 (s, 3H), 7.61~7.58 (d, 6H), 7.19 (d, 6H),
7.18~7.17 (s, 3H), 4.21~4.19 (t, 6H), 2.75~2.73 (t, 6H), 1.68~1.63 (m, 27H), 1.36~1.28 (m, 27H), 0.94~0.88 (t,
27H).

BCNMR (400 MHz, CDCL3), 6 (ppm): 192.38, 167.51, 150.97, 150.16, 147.22, 132.06, 128.41, 127.14,
126.37, 124.64, 123.91, 119.16, 41.39, 39.94, 33.50, 32.56, 28.81, 25.79, 23.04, 14.13, 12.33, 10.95.
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L4549 TPA-SEHCs: "HNMR (400 MHz, CDCls), § (ppm): 7.94 (s, 3H), 7.60~7.58 (d, 6H), 7.19 (d, 6H),
7.17 (s, 3H), 4.14~4.10 (t, 6H), 2.74~2.72 (t, 6H), 1.72~1.63 (m, 3H), 1.43~1.25 (m, 36H), 0.98~0.87 (t, 27H).

BCNMR (400 MHz, CDCl3), 6 (ppm): 192.62, 167.78, 150.93, 150.15, 147.21, 132.08, 128.41, 127.14,
126.37, 124.63,123.89, 119.03, 44.66, 41.37, 33.49, 32.54,29.72, 29.68, 29.12, 28.79, 25.78, 23.04, 20.12, 14.12,
13.74, 10.94.

&%) TPA-SEHCs: 'HNMR (400 MHz, CDCl3), d (ppm): 7.94 (s, 3H), 7.60~7.58 (d, 6H), 7.19 (d, 6H),
7.17 (s, 3H), 4.13~4.09 (t, 6H), 2.74~2.72 (t, 6H), 1.73~1.69 (m, 3H), 1.36~1.30 (m, 48H), 0.93~0.87 (t, 27H).

BCNMR (400 MHz, CDCL3), 6 (ppm): 192.61, 167.76, 150.93, 150.14, 147.21, 132.08, 128.41, 127.14,
126.36, 124.64,123.89, 119.11, 44.89, 41.37, 33.49, 32.54,31.37, 28.79, 26.98, 25.77, 23.04, 22.52, 14.12, 14.04,
10.94.

&%) TPA-SEHCNCs: 'HNMR (400 MHz, CDCl3), § (ppm): 8.14 (s, 3H), 7.64~7.62 (d, 6H), 7.22~7.21
(d, 6H), 7.19 (s, 3H), 4.24~4.20 (t, 6H), 2.75~2.73 (t, 6H), 1.75 (m, 3H), 1.42~1.25 (m, 48H), 0.93~0.87 (t, 27H).

BCNMR (400 MHz, CDCL3), 6 (ppm): 166.31, 165.93, 152.60, 151.14, 147.42, 131.03, 128.08, 127.52,
127.34, 126.57, 124.66, 113.55, 112.52, 112.22, 55.23, 45.33, 41.48, 33.57, 32.54, 31.28, 28.81, 28.78, 25.79,
25.65,23.01,22.44,14.11, 13.97, 10.93.
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Figure 4. Optimal molecular structure, HOMO/LUMO energy level distribution and electrostatic
distribution of small molecule donor materials
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Table 1. Calculation results of DFT functions for representative small molecule donor materials

F 1. KR DT FRIFMEIE DFT RBRIHELESR

Materials HOMO (eV) LUMO (eV) D (u)
TPA-SC2 -5.20 —2.75 6.49
TPA-SC4 -5.19 —2.74 6.38
TPA-SCs -5.19 —2.73 6.33
TPA-SCNCs -5.47 -3.39 11.76
TPA-SEHCNCs —5.42 -3.33 12.77

W 4(a) 0 1 BT ZE BFTAN, Hid TPA-SCy. TPA-SCy BL K TPA-SCe 731 3 Jk Jog i 5 AN
A, %FH 71 HOMO 2. LUOMO Regl LA SABMH A K. 554h, AT TPA-SCs 73+ » H T4
FEHIAN A WO BEE T TPA-SCNCs 4 T 1) HOMO. LUMO f64%, X2 THRIEM R TR/, AR
HiFFK 7 HOMO M1 LUMO fegl, A BT S as it I B L (Voc), i — 41 PCE. 73 ZMH R B )
FERIRG N, A BT S IR B RE J1[16]. LA, TPA-SCNCs Ml TPA-SEHCNCs E A5 55 K A AR AT
DABRAIG 2 51 DA 4G g, A6 R T Fafar B Ry B A PEIE i, Db T DASRASH i R 2% IR (Usc)
Wi 4(b)FrR, TPA-SCav TPA-SCz BA K TPA-SCs ) ESP IEAA AT AHZEAN K, 1505 5 Joe ik e PO AN [R5 e
ESP B ANK, 17 e A U i 0] B AR ESP 140 AT AR T i B bre S A PR AN (R 47, 3 R UL 9o
SRR, ARG T AR, A R T AT A R B 16], W LA AR sco

3.2. SRR

N TRFAE o AAS R B PO BRI, 285 T 8 AN T A BHE =& e
ORI S ORI R 4 - rTOEIRISOE 1S B ] 5 B, AHDCERTE A 1342 2 .

TERTCIRE R, 84NN FAA AR AR IR ISCTE I 7E 300~650 nm 2 [A] 2 B H 2 4> = ZEIR LI, 300~450
nm ARSI T &8 T4 1 A ) - * BRIE, 550 nm 2 A AR R I Y HOMO — LUMO Re 20 I BRIT =4 .
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Figure 5. Absorption curves of the donor/acceptor materials in solution and film states
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Table 2. Optical performance parameters of small molecule donor materials

T2 NI TRIEMRIBIEFE RS R

Materials Solution/Amax (nm) Film/Amax (nm)
TPA-SC2 518 522
TPA-SC4 520 520
TPA-SCs 518 524
TPA-SCNCs 519 518
TPA-SEHC: 538 515
TPA-SEHC4 520 525
TPA-SEHCs 522 521
TPA-SEHCNCs 538 543

3.3. BUEEMR

] 6 & TPA-SC,+ TPA-SC4~ TPA-SCs+ TPA-SCNCe. TPA-SEHC,+ TPA-SEHC4 TPA-EHSCg A TPA-
SEHCNCs Al &k IR R LR, AHREIRIC B AE % 3. WM~ H R8s, UAARH
W TAERL, CAEAZZAE X i), LL Ag/AgCl fE RS L)L, 0.1 M DY T 287N Sk IR B (1) LIS Vs A
DNHLRI, AEARIRI AT T 8 AN/INor T4 A M R AR AL FAL 43 1) 1,054 1,184 1,104 1.28, 1.16. 117,
1.17. F11.24 Vvs Ag/Ag®, FCURIE R AL 5 -0.55. —0.63. —0.82. —0.83. —0.58. —0.49. —0.82. F
—0.81 Vvs Ag/Ag", I XERIHEALN 0.419 eV, BEHAXUITF:

Current (a.u.)
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Figure 6. Cyclic voltammogram of small molecule donor materials and energy level diagram
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Table 3. Electrochemical performance parameters of small molecule donor materials

T3 N TRIEMRIHBAEERESH

Materials HOMO (eV) LUMO (eV) EM™ (eV) EX™ (eV)
TPA-SCz 5.44 —3.84 1.05 —0.55
TPA-SCs =5.57 -3.76 1.18 -0.63
TPA-SCs —5.49 -3.57 1.10 -0.82
TPA-SCNCs -5.67 —3.56 1.28 —0.83
TPA-SEHC: —5.55 —3.81 1.16 —0.58
TPA-SEHC4 —5.56 -3.90 1.17 -0.49
TPA-SEHCs —5.56 -3.57 1.17 —0.82
TPA-SEHCNCs —5.63 -3.58 1.24 -0.81

Eomo = —[E;’:SC‘ +4.8-Ferrocene eV]

Eiomo = —[Eonset +4.8-Ferrocene eV:|

red

K o(d) it 8 N T M BRI RESUR B, ZIRIBI R St ANIE) AR ) S e 1 e ) £
Xf H HOMO REZLAT LUMO e 44 52 52 K o

3.4. AR

NTHIBREIX 8 NN T EMEHERYER, 3T TPA-SC,: PCBM, TPA-SCs: PCBM, TPA-
SCs: PCBM, TPA-SCNCg: PCBM, TPA-SEHC,: PCBM. TPA-SEHC,: PCBM. TPA-EHSCs: PCBM #il TPA-
SEHCNCs: PCBM #liEM: )=, 4 7 — RAIKIER OSCs #3fh. #84F45%)%: ITO/PEDOT: PSS/active
layer/PFN-Br/Ag, Wi 7 Fir. & 7 5T 8 FliE 14 )2 B AL OSCs (1) J-V #14k, FHRIFIEIR S HUa 451
Fad, WTUUEH, T TPA-SEHCNCe: PCBM 14 R4 B OSCs HUF I & i AR RLE,  XFRL[¥) PCE
9 1.09%. Voc A 0.856V. Jsc N 4.40 mA-cm™2, HFKF(FF) N 28.8%. ULAIEMEZAZ LT TPA-
SEHC4: PCBM 14 R OSCs IRE(0.32%)HE =il 70%. 734, 5T TPA-SCy: PCBM, TPA-SCa:
PCBM, TPA-SCs: PCBM, TPA-SCNCg: PCBM, TPA-SEHC,: PCBM LA TPA-SEHCqs: PCBM F4 51 i) 4%
PEFCAR B 53N 0.85%, 0.78%, 0.85%, 1%- 0.45%F1 0.77%. MIXLELE L] LLIE H, JEF TPA-SEHCNCs
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Table 4. Photovoltaic performance of small molecule donor materials

4. BT IO FHRBMREERIEES K

Voc Jsc FF PCE

Active layer
W) (mA-cm™?) (%) (%)
TPA-SC.: PCBM 0.868 4.14 27.7 0.85
TPA-SCs: PCBM 0.925 3.06 27.6 0.78
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B3k
TPA-SCs: PCBM 0.892 3.46 274 0.85
TPA-SCNCs: PCBM 0.868 4.14 27.7 1.0%
TPA-SEHC2: PCBM 0.865 1.93 28.7 0.48
TPA-EHSC4: PCBM 0.923 1.33 26.3 0.32
TPA-SEHCs: PCBM 0.840 347 26.4 0.77
TPA-SEHCNCs: PCBM 0.856 4.40 28.8 1.09
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Figure 7. J-V curve diagram based on the PCBM: TPA-series
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