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Abstract: Neural synapse mimicry plays a crucial role in realizing efficient artificial neural networks, and finding suitable
materials for synapse mimicry devices is critical. Among many alternative materials, organic polymers can be designed with
different structures to modulate the electrical properties, thus attracting the attention of researchers. The redox property of
metal porphyrin and the charge transport property of polyfluorene were bonded to the same molecule by Suzuki coupling.
Then the porphyrin-containing polyfluorene functional material (PF-ZnPor) was obtained, which had good thermal stability
and was soluble in polar solvents. The structure of polymers was verified by X-ray photoelectron spectroscopy (XPS), UV-
visible absorption spectroscopy and steady-state fluorescence spectroscopy, and thermogravimetric analysis of their stability.
Using PF-ZnPor as the active layer, devices with the structure of Al/PF-ZnPor/ITO by solution spin-coating were prepared
and applied to synapse mimicry research. The devices successfully simulated the synaptic enhancement and inhibition, the
learning behavior of the human-like brain of remembering-forgetting-remembering, and so on. The effect of different

thicknesses of the active layer on the device performance was also investigated. The results show that the electrical
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performance of the devices diminishes with increasing thickness of the active layer film. The HOMO energy level, LUMO
energy level, and electrostatic potential (ESP) surface of the basic unit of PF-ZnPor were simulated by density-functional
theory (DFT). The theoretical validation is in agreement with the actual experimental results. This study provides a new idea
for the design of organic polymer resistive change materials applied to synaptic bionic devices.
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FRAE]; 2,7-2(4,4,5,5-D0 B BE-1,3- 480 2-Rl1 B 56)-9,9- Ak 25 Jpdfrali, i Heqs BE 2R EOR I AT BR A 7] 5 1-
TR-2-Z 3T he . SHRFIRPEE, = H IR, S RN SRR P, O (=R ) A8 = A i T A
T PEAT T ERAL I AL (ITO) LB fEm MR A TR A ], i< 6 Q.
1.2 WX 5 RAE

PF-Por W 4035 4 T & (M,) . F 3501 (M) A5 BUPEHE £ (PDID) il i3 Waters1515 #5128 (4335 {3
3, VR R DU Ak iR (THF) , AR A R 4 PR 2K 20 (PS), it 4 1 mL/min; 4% % 3 3k &0 ("H-NMR) 38 i3
AVANCE Il 400 7% 5 e B 72 460 A% 1 T4 P 35 A I 45 5 58 40 - AT LS IS 3% (UV-Vis) B Shimadzu UV-
2450 B 1 2 A0 4 5606 BE I AS 5 9% 5% %15 i Fluorolog-3-P %1 43 5 56 Y6 3% A I 45 5 41 B4 AR 22 B 4 i 1ot
PARSTAT2273 #Y e Ak 2% T ARl A5, H ff# BRIA WM 0.1 mol/L (19 DU T 3 7S 1 W R 44 ( n-BuyNPF) Il 48 £ N5 7
W, Ag/AgCl LI R 2 L, X FL AR 5 TAE F AR 3 28 Pe f At FHHEEE 30 100 mV/s; 4 73T (TGA) #h £k th
TGA 8000 R B /3 Hr A5 ; X R 1 TAEi% (XPS) 1 ESCALAB 250 Xi Y X 526 T BEE {45
1.3 #EEK
1.3.1 4-2-TATHAR) XFE(2) 096w B 42K HEE(1)(8.55 g, 70 mmol) | 1-¥R-2-Z 3 T HE(11.55 g,
70 mmol) . K,CO5(11.75 g, 85 mmol) | 42 mL ¥% 57 DMF A 2| R B . 7EME 5 FHE R 65 C J5 [
18 h, RIG VR HI B = I . TERG LTG0 SN I i A i i B K R4 780, I ffad i 1Y KoCOs A . 52 1y Y
LR TR A, A HLIZ 5350 F HoO FARFN NaCl ¥ Wi 2R 17 U6 U 5 B JE 7K NapSOy it 1 T4, i3 U8, I8l H 25
A, iR Al (R N Al EE (PE) -2 R 25 (EA), Ver: Vea=5:1), B o 15 28 @R =4 12.39 g, P2 RN
85.9%, 'H-NMR (CDCl;, 400 MHz): 9.80 (s, 1H), 7.85~ 7.78 (d, J= 28 Hz, 2H), 7.02~ 6.95 (d, J= 28 Hz, 2H),
3.95~3.90 (d, J =20 Hz, 2H), 1.73~1.60 (m, 1H), 1.55~1.40 (m, 4H), 0.98~0.88 (t, J = 40 Hz, 6H).
132 2,2-((4-(2-T A T A E) R A) W) Zwbek (3)a9a k. FEIRR RS Hom A 5 2% 5 14 5 fif e i (50 mL,
589 mmol) |, 4-(2-Z. 3 T FEfk) ZKH#E (11.14 g, 54 mmol) . T THE F A =9 2 2 (450 pl, 6 mmol ), I 4
FEACVELAE RIS, b G B SO 7= A= 52 i, 23 R 384 3 he A 150 mL /9 0.1 mol/L NaOH ¥ 47V K,
SRJG H R L TR 75 B VA TR T AR B, Jo7K NapSOy T 1% o a8 5, T8 T 025 W 4, A5 31 (14 38 (0 s T
PRI FEHR AL (VBRI R PE-EA, Ver: Vea=5:1), THG35] 12.19 g IR E A EAK, 7234 70.1%. 'H-NMR (CDCl;,
400 M Hz): 7.92 (s, 2H), 7.15~ 7.09 (d, J =24 Hz, 2H), 6.88~ 6.83 (d, J =20 Hz, 2H), 6.71~ 6.66 (m, 2H),
6.19~ 6.12 (m, 2H), 5.96~ 5.89 (s, 2H), 5.45~ 5.40 (s, 1H), 3.88~ 3.78 (d, J= 40 Hz, 2H), 1.75~ 1.65 (m, 1H),
1.59~1.44 (m, 4H), 1.02~0.93 (t, J = 36 Hz, 6H).
1.3.3 10,20-= (4-38 A 3K JK)-5,15-= [4-(2- TR T AR Bk 28] vhak(M1) 698 5%  1F 500 mL [RJEE B - A%
T 2,2-((4-(2-& F T 3 k) 78 ) W H ) —mE g (11.29 g, 35 mmol) . X R < F % (6.48 g, 35 mmol) [
300 mLCH,CL ¥ ¥, 3 &< 15 min, BRE 2T, AT =9 42 (450 puL, 6 mmol), I H 48 1A 40 43 R
I, G BRSO 1 R . IR T HEEE 24 h R, AR A T PR R (14.07 g, 62 mmol), 4k4E
SR 3 hy BRIG A 1 mL = Z e = i K, FH HLO AR AT NaCl S W PE 55, JEK MgSOs T4, B a5 W4,
FEZATHE 46 (BERL R A PE-CHLCLy, Vog: Ven,e,=211), )i 13 2 28 A EAK 1.69 g, 7734 9.9%. 'H-NMR (CDCl;,
400 MHz): 8.95~8.87 (m, 4H), 8.85~8.77 (m, 4H), 8.14~8.06 (m, 8H), 7.92~7.87 (m, 4H), 7.31~7.27 (m, 4H),
4.16~4.10 (d, J = 24 Hz, 4H), 2.76~2.90 (s, 2H), 2.40~2.29 (m, 2H), 1.75~0.60 (m, 20H).

R M1 A B &l 1 R .
1.3.4 PF-Por #94-p%  fEEAIK 2,7-7 (4,4,5,5-DU I HE-1,3- 480 -2-0l b £6)-9,9- — 3 ££ 45 (321 mg, 0.5 mmol) , B
A& M1(485 mg, 0.5 mmol) . K,CO;(552 mg, 4 mmol) Lk & 10 mg[Pd(PPhs)s] JiIl A4 F T 19 25 mL Schlenk 45
o SRIGIIARRZ O, 19 2 mL 258 /KA 8§ mL HI A, 85 °C R 48 h, WHIEE )G, 7RI ZU TR TCK
FF I 2R I A S I YA, 1ot 08 i AR DB TR 0 S 25 S K R Bk 0 E TR . R ST RIREREL, 65 °C F R
48 ho JWESHUG, Vo1 2 A I, A5 30 0 G207 VA VR ) e 28 AN FLZS VR A I, A6 T U i T K R et ep B LUE
P I TR 15 3 5 B (5 [R]4A 449 mg, 77K 74.9%, 'H-NMR (CDCls, 400 MHz): 8.99~8.88 (m), 8.66~8.59 (m),
8.41~8.25 (m), 8.17~7.72 (br), 7.42~7.09 (br), 4.18~4.12 (m), 3.25~3.20 (m), 2.75~2.91 (s), 2.22~1.93 (br),
1.73~0.58 (br). GPC (THF): M, = 0.62x10%, M,/M, = 1.63.
1.3.5 PF-ZnPor #94&-p%  1E 80 mL {5 1A i il A PF-Por(240 mg, 0.2 mmol) , £ 5 b & H il G < 15 min, 28



90 Y/ T s A 4538

~ ~
)
K,CO3, Reflux
CHO 65 C, 18 h HO

= —

\_NHHN_ /
1 2

Br@CHO

TFA, DDQ, 24 h

1 BAfR MI G s

Fig. 1 Synthesis route of the monomer M1

JE AR T JCKBEBREE (1.48 g, 8 mmol) A 20 mL F BEVAE T, 76 80 °C FHE K M fi it I B IR B (o 5 BT &
JBCERRIR L, BHIBIE G, RN I 40 mL H,0, 2R 5 CH,CL 65X, JHTE7K NaySOs 3178 T4 .
DR LS VR 4 e, aok A 4 A (R B R O PE-CHLCLy, Vgt Vewo, =2:1), 145 45 3] 58 2B €8, [ 1A 215 mg, 77 % hy
85.3%, 'H-NMR (CDCls, 400 MHz): 9.10~9.01 (m), 8.78~8.72 (m), 8.43~8.29 (m), 8.22~7.60 (br), 7.42~7.11 (br),
4.20~4.10 (m), 3.29~3.21 (m), 2.22~1.95 (br), 1.78~0.62 (br).

PF-ZnPor 5 MK L WA 2 PR o
14 BHHF 5N

PF-ZnPor [ HL 24 PE i A 2544 9 AVPF-ZnPor/ITO 25 44 rh A5 21 . K 1TO 3¢ 3 FL AR H 2 85 1K
B AEHEFE 15 min, 285 ) Ny K. B 50 uL B9 PF-ZnPor F I (R 10 mg/mL) fig 44 7E 1TO %
JIE b, FEBESH N 800 r/min R HE4% 20 s, B 5 7 1500 r/min | $:74% 45 s, i J5 76 80 °C T EL25 T4tk . PF-
ZnPor 15 Y JELBE T & B R4 4 29 4 100 nm. 7E 1.33x1075 Pa {5 B2 IR A 0F N, il b By F ol 288 1y )y
e, A A AR AR 16 2 R B L — 2 DR AL TR AR (42 500 um. JEEBE 200 nm) o #5441 L2414 BRI K
A2 38 1o e A ko B G Y Keithley 4200-ACSC 2 AR S B HH e B F R T & . R ik, 78
JELR H Z4 5332 1700, 1900 r/min T, il #8545 2R FE 73051124 90, 80 nm A AR, F T J5 SLAMF 90 IR 2 SR B X 4
PR BE A2 .

2 #ZR5iTiE

2.1 PF-ZnPor W ZHTMMAIEE R

PF-ZnPor (1) XPS J&E UK 3 iR, AT fha] LIRS PF-ZnPor 4 % Zn2p. Ols, Nls fil Cls M55 .
Zn2p FIRZRE GG AT LI EE S 2 M5 506, B 1044.8 eV 1 1021.7 eV, 23 5JE T Zn2piyn LA K Zn2ps, BE L (25-27),
HE— 25 F B T PF-ZnPor 45Ky 1) IEHA1E .

PF-ZnPor 7£ F 4 15 W P 1 28 - 0] DL SOE 3% a5 4(a) BT 7s o £E 426 nm &b H BT — AR 58 1 0% i e,
T )& F 5L M1 9 Soret 47, 3 J2 HMIHRIR 1119 187 HL IR R &AL non*BRAE, PUITIUA B 3800 R m B [R2 1 .
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0 [Pd(PPh;),], Toluene
B\
O Na,COs, 85 °C

M2

Zn(OAc),

CHCl;, MeOH
Reflux, 85 C

PF-Por PF-ZnPor

2 PF-ZnPor 4 ULk
Fig. 2 Synthesis route of PF-ZnPor

a b
@ ppznpor ®) znzp
Cls
Zn2p Ols
Nlls
1200 1000 800 600 400 200 0 1050 1 040 1030 1020
Binding energy/eV Binding energy/eV

¥l 3 PF-ZnPor ) XPS(a) & &5 (b) Zn2p 1% FREZIE K
Fig. 3 (a) Wide scan spectrum and (b) Zn2p core level of XPS spectrum of PF-ZnPor

{3 F 550, 590 nm F1 623 nm Ab 1Y 3 55 I & T 50k ML Q i, B FHER S EFE —MAS S,
BRAEI = A 10, R — TR A nom* BRAE 5 R 5 WSO IA A 55 T BB B R HINIbk 51 A 42 TR I, (45 437 285 44 1) %ot
FRYERS RS, 78 323 nm A H 3R A9 W20 04 00 U9 & T PE-ZnPor #9725 £4£29, 8] 4(b) T 7%l PE-ZnPor 78 H 2K 1%
TP RS TG I, % B L SR E DK R 426 nm, 1] LL& BLAE 622 nm Al 663 nm 4b 4351 L T —
A B 5 A9 2 i A 06 R 5 W MO0, 3 P PF-ZnPor A B 42 H NI A1 Q 7 A & A BT 5 1 A9 281, PF-ZnPor
(4 BE AT 5] BN 20T U e gl o LR 2 S5 s B0,

EHOMO/ELUMO -= [Eoneset - onA(ferrocene)] - 48 CV (1)

Eg:ELUMO - EHOMO (2)
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o, Enomo 5 & i 35 43 FHLIE BEDL, ELumo M F AR (5 38 7 F FLIE RE DL, Eonese N 55 — 48 AL /A4 I HL {0
Eox (ferrocene) N IR AU E IR AL HL A7 (0.38 eV, HIXT T Ag/AgCl HibR ), 4.8 eV & — gk B AL G XTI 1 FL 23 RS
%, E, 1t 3 HOMO BEZ Ml LUMO REZ 2 8] B9 RE L 22 . PF-ZnPor i IX A4 1 B8R 22 i £& i 1&] 4(c) BT 7R, PF-
ZnPor JEFR I T A AR 51T R . Hrf, PF-ZnPor X5 T Ag/AgCl HL M 145 — 4 AL HL 057 7 0.91 V, 55— iR 5
LA —0.98 Vo H2C (1, 2) 115 H PF-ZnPor [ Enomo. Erumo. Eg 7358 =533, —3.44, 1.89 eV, PF-ZnPor [
AT an & 4(d) s, AT DOUEE R, B4R P03 i e 06 1 328 239 °C, iX Ui Bl PF-ZnPor #BHE #8115
PR BT, WREAA RS

1.2 (a) 10x10° - (b)
L Toluene ——Toluene
10 8x10° |
0.8 F
2 6x10°}
- 0.6 | E
04l g ax10°f
02f 2x10°}
0F
1 1 1 ] 0 1 1 1
300 400 500 600 700 550 600 650 700 750 800
Wavelength/nm Wavelength/nm
(© 120+ (d)
239 °C
100
D\\"
Eoneset = 0'91 V g 80 r
=
B 60t
E
\ 2 40t
Q
Eogpeser =—0.98V ~ 20
L 1 1 1 ] 0 1 1 1 1 1 ]
-2 -1 0 1 2 100 200 300 400 500 600 700
Potential/V 7/°C

4 PF-ZnPor i (a) 4 4h- AT WSO TE N (b) RIS (B I 426 nm); (o) HERTE Pt TAFEHAR /) PF-ZnPor i
7E 0.1 mol/L n-BuyNPFg )i 5 2 I P AR T W P A MR 2 1l (F 3 26 100 mV/s) 5 (AN, B8R, PF-ZnPor /Y TGA
£k (FHE g 20 “C/min)

Fig. 4 (a) UV-Vis absorption and (b) fluorescence spectra of PF-ZnPor (1. = 426 nm); (c) Cyclic voltammograms of PF-ZnPor film coated on
Pt electrode in deaerated acetonitrile solution on basis of 0.1 mol/L n-BuyNPF¢ (Scan rate: 100 mV/s); (d) TGA curve of PF-ZnPor
under atmosphere of N, (Heating rate: 20 “C/min)

22 HB[HFEMEENSEHFBEZERENE

A LA ALFTITO Sk 15 B A% FNRE FE B . PF-ZnPor B 36 14 2, 45 T =BG 2549 /) AUPF-ZnPor/ITO %%
(1 5(a) ) o A FH R 8 458 CAFM) (18 5 i T B 2 TR T 50 KRS 88 A 7 o, 25 3R an 151 5() T .
TR 1% % TP S4 RS B (R.) R 4.02 nm, 3 7% B ISR T 45 R T4 o 76 AL TR AR b in— A~ ELJR H e, 7T LA
135 AVPF-ZnPor/ITO #5441 FL i - Fo R RRIE IR £ o o0 T Bl 1k FRL 35 R 9 A BRI A T 2 T B IR 1 2, FRAT)
B R RSN 1V B SCe) Hra] RUOULER B, 24 5% s 170 e Jin 7 22 14 57 ] B R (0 V>—1 V—0 V)
Jei BERDHE N IE 5] B HE (0 V—1 V-0 V), 1E | G a] 545 B F o35 o 80 T B S %) [ iy ol 2k, 8 10 0 FRL IS B T 3%
SRR . —1 V ARSEEEY 6 AT AL 20 S —143.1, —108.1, —89.2, —81.2, —75.6. —68.8 pA, HL I Ay 4 %}
B KE & B 3E Inms/ . 7E 1V AR EREY 6 Y 19 FE AR 4351 62.8. 93.8. 110.3, 128.5, 143.9,
163.3 pA, HL 3t B9 40 XHE BE & R B R 8 4 k. & 5(d) 7R T AVPF-ZnPor/ITO #54 i FL - R 5 45
RV QR o SN ) (| K T A et 2 G o i R - B TR A NP ) | T e [ = E WA S I 3 <6
P, 3 B AT OB ) R T3 K, IR A SR AN R 3 () e R A 25 R — K e Ah, FRATXS ER RGN 50 AN L2 1E 1]
ik (1V, 100 ms, 1 s)F1 50 A& L2 kb (=1 V, 100 ms, 1s), BRIk PEE RS, 76 0.2 V Zbji i —A R4
SR S 25 R A SR Ubk vl WL 5Ce) R, TE I BK R, #8404 H 5 238 B K SO B N S R, X g A
22 2 il v 5 fl AN E P 1 55 S I KRR e A P SR R A K v BB B T 9/, R I A 28 5% i v 2 Al AR
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(a) (b) 6nm

-

3,

PF-ZnPor
ITO 0
(©) 200 (d) 1200
1.0
{100
100 - 0.5}
< > <
=y 2 =
54 0 = 0 10 §
g g 3
-0.5
-100 | 1-100
-1.0}
7100 1 1 1 1 ) 1 1 1 1 1 1 1 1 1 1 1 1 1 ,200
-1.0 05 0 0.5 1.0 01 2 3 4 5 6 7 8 9 1011 12
Voltage/V Number
(e) 120
a1V
100 - @-1V
"f_a Read@0.2 V
< 80f %
2 ab
jo)
5 60 - é,p Y
40 Fd M
L ]
20 L 1 1 1 1 1 ]
0 20 40 60 80 100
Pulse

K5 (a) =BIAEE AVPF-ZnPor/ITO IZ5HE7/REIE; (b) AFM Rz F I Hi 1) PF-ZnPor HERRAY R TETEAR i 1A (5 pmx5 um);
(c) AVPF-ZnPor/ITO i i H Jii- HL R Ak il 25 () 76 D B R T, HEL 0 ot 3 T T o 5 %) i 7 il 28 T 5 () T 50 A ZEIE
k(1 v, 100 ms, 1 s)Fl 50 L F k(-1 V, 100 ms, 1 s)VERT, BRI

Fig. 5 (a) Structure diagram of Sandwich device Al/PF-ZnPor/ITO; (b) Surface topography height of PF-ZnPor films measured by AFM

according to tapping mode (5 pmx5 pm); (c) Current-Voltage characteristic curves of Al/PF-ZnPor/ITO devices; (d) Current responses

with time under applied bias pulses; (¢) Tendency of current change after 50 successive positive pulses (1 V, 100 ms, 15s) and
50 successive negative pulses (—1 V, 100 ms, 1 s)
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Fig. 7 I-U curves of artificial synapse device Al/PF-ZnPor/ITO fabricated under different active layer film thicknesses of (a) 90 nm (spin-
coating speed 1700 r/min) and (b) 80 nm (spin-coating speed 1900 r/min)
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Fig. 8 (a) Optimized structure for the basic unit of PF-ZnPor; (b) Calculated HOMO and (c) calculated LOMO of PF-ZnPor; Simulated ESP profile
(d) before applying the electric field, (e) short time after applying the electric field and (f) long time after applying the electric field
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