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Naphthalene Diimide—Based Polymers Consisting of Amino Alkyl Side Groups:
Three—Component One—Pot Polymerization and Their Application in Polymer
Solar Cells
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Abstract In this work, we demonstrate the microwave-assisted synthesis of naphthalene diimide-based polymers via
three-component polymerization (TCP) of diynes, dialdehydes and dibenzylamine, and the applications of such polymers as
cathode interfacial layers for polymer solar cells. The TCP of diynes (1a~1c), dialdehydes (2a~2b) and dibenzylamine
catalyzed by InCl; could be performed smoothly under microwave irradiation in very short reaction time, yielding soluble
polymers P1~P4 with high molecular weights. The chemical structures of these resulting polymers were confirmed by nu-
clear magnetic resonance spectroscopy. The thermal stability, photophysical and electrochemical properties of the resulting
polymers were also investigated. Besides, the effects of chemical environment of amine groups on the resulting polymers’
electrode modification capability and self-doping behavior were explored by conducting scanning Kelvin probe microscopy
and electron paramagnetic resonance (EPR) spectroscopy studies, respectively. It was found that the chemical environment
variation of amine groups, including the decreasing electron density of the nitrogen atoms in alkylamine and the enhancing
steric hindrance around the nitrogen atoms from substituent groups, can substantially influence the electrode modification
capability and self-doping behavior of the resulting polymers. Moreover, quantum chemistry calculation was also conducted
to qualitatively illuminate the essential distinction in chemical environment of different amine groups. It was found that the
negative atomic dipole moment corrected Hirshfeld (ADCH) charge of nitrogen atoms in side chains was significantly larger
than the ADCH charges of nitrogen atoms in main chains. Among all the resulting polymers, P1 can be easily dissolved in
alcohol due to its amino functionalized side chain groups and thus was utilized as the cathode interlayer for polymer solar
cells. The device with P1 as the cathode interlayer and PTB7-Th:PC;,BM as the photoactive layer exhibits a high power
conversion efficiency of 9.34%, which is much better than that of the control device without such cathode interlayer. All these
results provide a guideline for the material design of amino-functionalized polymers for the optoelectronic devices. And it
was also shown that the multicomponent polymerization (MCP) is an effective strategy for the synthesis of functional poly-
mers, and may trigger broad research interests in developing effective polymerization approaches toward multi-functional
polymer materials.
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Scheme 1 Synthetic route of monomers and polymers
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Figure 1 'H NMR spectra of (A) dibenzylamine, (B) 1b, (C) 2b and (D)
polymer P2 in deuterated chloroform (the solvent peaks are marked with
asterisks)
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Figure 2 TGA curves of polymers
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Figure 3 The stacked UV-Vis absorption spectra of resultant polymers and their corresponding monomers: (a) P1, (b) P2, (c) P3, (d) P4
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Table 1 UV-Vis absorption and electrochemical properties of polymers

Polymer Asomion mm A fam Alm m EJ eV EX™ IV EX IV EnowmoleV Erumo/eV E eV
P1 339 344 496 2.50 1.64 —0.58 —6.06 —3.84 222
P2 339 342 498 2.49 1.68 —0.56 —6.10 —3.86 2.24
P3 338 341 612 2.03 1.48 —0.48 —5.90 —3.94 1.96
P4 — — 620 2.00 1.43 —0.46 —5.85 —3.96 1.89
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Figure 4 CV curves of polymers
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Figure 5 EPR spectra of P1 and P2 in thin films
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Figure 7 J-V and J"*-V characteristics of electron-only devices
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Cathode interlayer Jo/(mAscm ?)  Voo/V FF/% PCEp/%

none 15.81 0.67 64.14 6.79
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P1 16.23 0.78 73.75 9.34
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XES-40S1). X BH 645 40 2% 5K A A A 1 1 e it b 8
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100 mWeem 2. J-V R # 28 K H Keithley 2400 SR4E. T
A 2] £ R AR B UE A T E48 58 i (Braun
GmbH).

43 BEAEEREYHIE

e 509, 81U 121, 1b™), 22" R YE 2 Fi R
TE SRR G i, FARE B AW El 1 s,

2,6-(X-5- L R Bk -2-WE Wy 35 )-N,N'- — 5 ¢ Fk-1,4,5,8-
ZEI W (1e): FLEP S (4.0 g, 5.00 mmol), Cul
(0.026 g, 0.14 mmol), — =ZKFERE & ILH(0.175 g,
0.25 mmol) I B K. S AR R e < =ik I
ARG, FHFEFZHMAFE (100 mL)5 = 55 H %
J(30 mL). Fifi J5 s = 3 2 EG mL)PL 15 mL — &
VAR B S IR T N 28 IR SR, (RS 70 CHiEHE 4 h.
Fr R BIEA AR =R, —R AP REER =R, AVUHEE
WEZERR Z A, M= DL & F e AR R A E BT
BRI EEA 6. 1AW 6 HAAET 100 mL & F i/
HEE(V D V=1 DIRAW, MA K,COs (1 gfii#: 1 h
SN K (200 mL)H, & EEAEE, A HUAHEE
WEZEBR IR G, K= DA e & (L v=
1 DEEREEN SRR aEE 1e 247 g WEATT
P23 72%). '"H NMR (500 MHz, CDCl3) 6: 8.72 (s, 2H),
7.34 (d, J=3.8 Hz, 2H), 7.15 (d, J=3.7 Hz, 2H), 4.07 (dd,
J=17.4, 4.5 Hz, 4H), 3.48 (s, 2H), 1.89 (dt, J=12.9, 6.5
Hz, 2H), 1.36~1.26 (m, 16H), 0.89 (dt, J=14.1, 7.3 Hz,
12H). *C NMR (125 MHz, CDCl;) §: 162.5, 162.2, 142.4,
136.5, 133.3, 129.9, 128.1, 127.6, 125.6, 124.9, 123.6,
83.2,76.5,44.7,37.7,30.6, 28.5,23.9, 23.1, 14.1, 10.6.

2,6-(W-4- F Bt - 1- 4 5E)-N N 55 36-1,4,5,8-2%
I R (2b): LAY 8 (4.0 g, 5.00 mmol), 4-F
BTN (1.88 g, 12.5 mmol), PU=ZKFLBE4(0.289 g,
0.25 mmol), HIABNP O R, RBA RS =
UOFHE ARG, BE S S 88 I AU KoCOs 7K
(10 mL 2 mol-L™ )5 FZ£(100 mL). KAE 100 CIHl
MPEFER N 12 h, WEIZE =R, Kk, Z& PR =
K, EIFFANAE, D2 R 223550 5, R4 LA i
it/ A BV - V=1 DEEREEITEEE AR K 2b.
'H NMR (500 MHz, CDCl3) §: 10.14 (s, 2H), 8.65 (s, 2H),
8.05 (d, J=8.1 Hz, 4H), 7.57 (d, J=8.1 Hz, 4H), 4.03 (dd,
J=17.4, 4.4 Hz, 4H), 1.86 (dt, J=12.8, 6.4 Hz, 2H), 1.33~
1.22 (m, 16H), 0.87 (dt, J=11.7, 7.2 Hz, 12H); *C NMR
(125 MHz, CDCly) §: 191.7, 162.5, 162.4, 146.6, 146.4,
135.9, 135.2, 129.8, 128.8, 127.4, 125.9, 123.2, 44.6, 37.7,
30.5,28.5,23.8,23.1, 14.1, 10.6.

P1 (&R K54k 1a (1152 mg, 0.3 mmol), 2b
(209.4 mg, 0.3 mmol), —*Ff%(130 mg, 0.66 mmol)JIA
F| 35 mL B RBLE . OB TE BRI O <
“RBREAR. ZEEFEHTIMA InCl (13.2 mg,
0.06 mmol), 4 A 4T (100 mg). 48 ~HZKGB.0mL). x
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1 F F ®R

R B T B, EMBRBET 160 C/RM 45
min. £ RMNIEAEHE =, 4 0.45 um PTFE JE:kid JE,
B T INTVELE FEE(150 mL) . e 44 L R A AT
VE, BT 40 CTRRIEE, BEREAEA P1, M=
12300; M,/M,=1.31. "H NMR (500 MHz, CDCL) J: 8.65
(s, 2H), 8.06~7.92 (m, 4H), 7.77~7.64 (m, 6H), 7.51 (m,
8H), 7.43~7.36 (m, 20H), 5.12 (s, 2H), 4.06~4.01 (m,
4H), 3.93 (d, J=12.6 Hz, 4H), 3.68 (d, J=12.2 Hz, 4H),
2.09~1.86 (m, 22H), 1.36~1.18 (m, 16H), 0.86~0.84
(m, 16H); “C NMR (125 MHz, CDCl3) J: 162.9, 162.6,
150.6, 147.5, 140.7, 140.2, 139.5, 136.0, 131.5, 129.2,
129.1, 128.4, 127.1, 126.2, 125.5, 122.9, 120.9, 120.1,
89.6, 85.0, 59.7, 56.2, 55.0, 54.9, 45.4, 37.6, 30.5, 28.4,
23.9,23.1,22.1, 14.1, 10.6.

P2 & AHEIRERAE, B4K 1b (97.8 mg, 03
mmol), 2b (209.4 mg, 0.3 mmol), " %130 mg, 0.66
mmol), InCl; (13.2 mg, 0.06 mmol), 4 A 7T (100 mg),
A 2K(3.0 mL), 150 CHEE A KM 45 min 355
4 P2 (339 mg, 7R 82%), M, =20800; M,/M,=1.52.
'H NMR (500 MHz, CDCls) ¢: 8.65 (s, 2H), 8.06~7.91
(m, 4H), 7.78~7.65 (m, 6H), 7.52~7.50 (m, 8H), 7.43~
7.33 (m, 20H), 5.12 (s, 2H), 4.05~4.00 (m, 4H), 3.93 (d,
J=13.2 Hz, 4H), 3.68 (d, J=12.8 Hz, 4H), 2.09~1.85 (m,
6H), 1.30~1.25 (m, 20H), 0.85~0.72 (m, 22H); *C NMR
(125 MHz, CDCly) d: 162.9, 162.6, 151.3, 147.5, 140.7,
139.5, 135.9, 131.3, 129.2, 129.0, 128.9, 128.4, 128.0,
127.1, 126.2, 125.5, 123.0, 120.9, 120.0, 89.7, 84.9, 56.2,
55.3, 54.9, 44.4, 40.1, 37.7, 30.5, 28.4, 26.0, 23.9, 23.1,
14.1, 10.6.

P3 M& R AHEHERAE, BK 1e (206.7 mg, 03
mmol), FAK 2a (145.8 mg, 0.3 mmol), - i%(130 mg,
0.66 mmol), InCl; (13.2 mg, 0.06 mmol), 4 A 7377 (100
mg), 2B HZE(3.0 mL), 140 CHE R A RN 30 min 15
A E R P3 (358 mg, yield 78%). M, =22600, M, /M,=
1.61. '"H NMR (500 MHz, CDCL;) J: 8.84 (s, 2H), 8.02~
8.01 (m, 4H), 7.83 (t, J=10.9 Hz, 6H), 7.72~7.58 (m,
4H), 7.51~7.33 (m, 22H), 7.18~7.14 (m, 2H), 5.07 (s,
2H), 4.15~4.09 (m, 4H), 3.95 (d, J=13.4 Hz, 4H), 3.65
(d, J=13.5 Hz, 4H), 2.06~1.96 (m, 6H), 1.43~1.31 (m,
16H), 1.13~1.10 (m, 4H), 0.98~0.89 (m, 12H), 0.72~
0.68 (m, 10H); “C NMR (125 MHz, CDCl;) J: 162.5,
162.4, 151.7, 147.7, 142.4, 141.7, 141.0, 140.1, 139.4,
136.6, 135.0, 133.3, 132.4, 130.3, 129.2, 128.9, 128.7,
128.4, 127.7, 127.4, 127.1, 127.0, 126.2, 126.0, 125.6,
123.4,121.5, 120.9, 91.6, 81.4, 56.3, 55.3, 55.2, 44.7, 40.3,
37.8,30.7, 28.6, 26.0, 24.0, 23.1,22.1, 14.1, 13.8, 10.7.

P4 & AHEHERAE, AR 1c (206.7 mg, 0.3
mmol), 2b (209.4 mg, 0.3 mmol), " %130 mg, 0.66
mmol), InCl; (13.2 mg, 0.06 mmol), 4 A 43Ffiii(100 mg),
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A _H2K(3.0 mL), 140 CHak R A M 30 min 1345
[l & P4 (361 mg, 7% 69%), M, =26600; M,/M,=1.80.
'H NMR (500 MHz, CDCls) 6: 8.83 (s, 2H), 8.65 (s, 2H),
7.86 (d, J=6.8 Hz, 4H), 7.50~7.35 (m, 22H), 7.29~7.25
(m, 4H), 7.17~7.15 (m, 2H), 5.12 (s, 2H), 4.13~4.01 (m,
8H), 3.92 (d, J=13.4 Hz, 4H), 3.61 (d, J=13.4 Hz, 4H),
2.01~1.85 (m, 4H), 1.41~1.25 (m, 32H), 0.92~0.83 (m,
24H); *C NMR (125 MHz, CDCl;) d: 162.9, 162.6, 162.5,
162.4, 146.7, 142.4, 141.8, 139.3, 136.6, 135.9, 135.3,
133.3, 129.9, 129.2, 129.0, 128.9, 128.4, 128.1, 127.7,
127.2, 125.5, 123.5, 123.0, 120.9, 91.4, 81.5, 56.4, 54.9,
447, 44.5, 37.6, 30.6, 29.7, 29.3, 28.6, 28.5, 24.0, 23.9,
23.1, 14.1, 10.6.
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