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Abstract: The development of efficient electron donor (or hole-transporting) molecules that can be used in various

optoelectronic device fields is highly demanded. In this work, a novel class of triptycene-based three-dimensional (3D)

triphenylamine (TI-TPA) derivatives with different end substituents was designed and prepared for transparent electron donor

materials. Owing to the rigid 3D triptycene framework, the obtained TI-TPA derivatives had an amorphous morphology with

high thermal decomposition temperature. The oxidation potential of these TI-TPA derivatives decreased as the electron donating
strength of the end substituent increased. Among TI-TPA derivatives, TI-TPA-OMe exhibited the highest HOMO level (-5.31 V)
which is similar to that of Spiro-OMeTAD (-5.22 eV). In addition, TI-TPA-OMe was found to form a strong charge transfer
complex with the triptycene-based acceptor TI-BQ, leading to a new absorption band at around 640 nm. These results can be

applied for developing efficient electron donor materials that can mimic the advantages of the spiro-linked structure and TPA

units of Spiro-OMeTAD.
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EgjmZotYl(triphenylamine, TPA) 7]gto] Z-of
A 49t AA-27 B4 o2 sl prddto|es
(organic light-emitting diode, OLED), 57| EJ4AA]
(organic solar cell, OSC), 1A ¥d& 7+32& EjIA A
(solid-state dye-sensitised solar cell, ssDSSC), {24
A71o] E EjAA K] (perovskite solar cell, PSC)Qt 242
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QFet WARL 24} Bololl Al A AAL-FA] 22
2] AREE| 1L Qlet [1-4]. o] F TPA §-=A|5 S-0llA] spiro-
OMeTAD (2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)
aminol-9,9'-spirobifluorene)= =& A1t § 840l
89 YO s AHE 943 MA-FA A 5O
st = 4eA Qict [5,6]. 8HX]TF Spiro-OMeTADE 11
U8, AT A AR, We A oS4, wet 54 A
AR A 5o DT A 7RI AL T} [7]. TEbA o]
2|3t Spiro-OMeTAD®] @A S F55F Al 2 TPA 7|§t
of AAb-2A 28E Astel wo] A48 02 A3y
B3l

Spiro-OMeTADS| 943t £7-2 42 gt AA-%7 &
92 7151 TPA THe1er ofje} vgy 4, 2 §2)



360

Aol 2&=(T,) W &N 71572 71Hs5H 8h= 3AHd &
o] A &(spiro) 34 ©@HE @7 7HA AL loh= Aotk
[6,7]. et F2AQ1 WA 2 o, YEJAT (Iptycene)
T& ol 7P e FEIJd EHEANS,10-0-
benzeno-9,10-dihydroanthracene, triptycene) t&
= 3R A A7 AR ol 2olA 9] fheo] &
12 250 FHe I0j2 /MY 4 9L Ao e
[8-10). E3F 2x] 2 2x0] u]s} A & Golstehs A
2 7Ptk B =R oA o] 23t EREM FA B0 A
A=A 717 278 TPA G55 =Ut 2= TPA
AF AR-2A 225 7Esto] EREHA 997t Ao =
4 B A e 2 4 JERlE dAshT ol &
Al AARL-ZA] 717 A &2 o Aloke(-CN), $4(-H),
H5A](-OMe) A1-87]5 Yol 71X]+= TPA &9 5 EY
EJAl Lxo] =38t TI-TPA S=A|(TI-TPA-CN, TI-
TPA ¥ TI-TPA-OMe)2 Al2] =2 A& 1, i =
Aol 518t LxS 'H-NMR, FT-IR, Al2F 2 U4 BA
2 Eof elstelnt Tak LA oIS TI-TPA SRS
o @, ek, Wlskeld 9 Hot-ols (charge-
transfer) £4& iﬂﬂlﬂ oz
72

[‘O\'

2.1 A 47171

E =y |

2 AolA AREH AR & T F29] AleF2 Sigma-
Aldrlchoﬂ/ﬂ FUste] Hro] A Qlo] AM&-stgitt. 'H-
NMR<L Bruker Ascend 500& 0] &35}o] &4519 00,
Ak BM2 JEOL JMS-7008, 94 AL Thermo
Fisher Scientific?] Flash 2000-& o] &35t &4 519 .
ARIM AdE A2 Bruker TENSOR IS AF8-519] ATR
mode& F7J 519 00, AJRFFAFGZA(DSC)t B 5 A
(TGA)E& A A 3lofA] Perkin Elmer DSC 4000, TGA
4000 AHgs Z47h S4skgict Ak -7HAlgA st
S AHERAL A FgdE A2 742 Perkin Elmer
Lambda 352 &435t3 oW, CT complex powder=
Lambda 10500 "B
ZX5tYTH @A UA FH(cyclic voltammetry, CV)
=& AUTOLAB/PG-STAT12 model systemS A}L,
270 &% 50 mV/s2 ZXs5t1 AMsjA=Z 0.1 M
tetrabutylammonium hexafluorophosphate  (n-
BusNPFg) & Ar&stch FAA E347](photoelectron

AFESH reflectance mode2

¥
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spectroscopy)s £t 2] 178 G B XY & (highest occupied
molecular orbital, HOMO) 01]1:17<] &9 =X 2 Hitachi
High Tech AC-2-& A5l UVE ZASHo] 5745t

2.2 TI-TPA R &M

2.2.1 Triptycene-1,4-benzoquinone (TI-BQ)<2| gHA

Anthracene (10.00 g, 56.10 mmol)1} p-benzoquinone
(21.23 g, 196.38 mmol)Z& OFAE4H500 mL)oj ¥
120°Co|A} 3AI7 &QF WRIAZITH BHSE3 SF450l
HolE Hl AHES ol el n £ L B2 HolEct 2Y
stolA =2 Al et H. dichloromethane2 71 8012
o]-&sto] de|7t A Z2utE & sho 1% &0l
Lt R MAEES A= (11.17 g, 70.0%). 'H-NMR
(500 MHz, CDCls) 8 (ppm) 7.42~7.44 (m, 4 H), 7.03~7.05
(m, 4 H), 6.60 (s, 2 H), 5.80 (s, 2 H). FT-IR (ATR, cm ™)
v 1,650 (C=0 stretching). MS (EI, m/z): caled for
CyoH120, [M]+3 284.08, found: 284.00.

2.2.2 Triptycene-1,4-diamine (TI-DA)2| &M
TI-BQ (5.00 g, 17.59 mmol),
hydrochloride (19.55 g, 281.38 mmol)&
mL)o]|

hydroxylamine
o &-=(500
231 80°Co|A] 3AIZT o]AF WHEFA|ZICH Ab o 2

Als) L, 37 ’é 713 Atgste] 01 2 E Hol 557
25 et AR oty SRR Hojylo] Kl
LetAlo]l IAE Og%ﬂr (5.99 g).

of7]of| 4] Aol A 1A sFE(5.99 g)& olEHE
(120 mL)o] ‘2 12 60°COl|A] R& =ojZr} 2o golof Xl
31 HCI (36%, 90 mL)2 goj& & & FA5 A

ol
wj7x] ZkEITE §oo]
139.02 mmol)2 21 80°C

A 4 B7F wEta .
202 A3jl &, A™EL Oﬂlﬂé}q‘ Aojxl dg =H
So] =01 $, 10 wt% NaOH 5~81-2 M7 3] 716l £3}
stoh g AR 2 of st a% 3N A dert
(3.44 g, & T 28 68.8%). 'H-NMR (500 MHz,
DMSO-dg) 6 (ppm) 7.35~7.37 (m, 4 H), 6.94~6.96 (m
4 H), 6.10 (s, 2 H), 5.77 (s, 2 H), 4.50 (br, 4 H). FT-IR

(ATR, cm™') 3,370, 1,610, 1,280. MS (El, m/z): caled
for CyoHigNy [M]+3 284.13, found: 284.00.

2.2.3TI-TPAZ2| &AM

712 = Schlenk flasko]] TI-DA (0.50 g, 1.76 mmol),
NaO#Bu (0.85 g, 8.79 mmol), bromobenzene (0.94 mL,
8.79 mmol), Pd,(dba)3;(0.06 g, 0.07 mmol), JohnPhos
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.28 mmol)& @11 A4 7|A]| &
42 5 100°Col|A] 2413t B9t wytstet. A
2 A138] &, dichloromethane©f %0 celiteo]] o1}
2 Hoj&E H MgSO.2 =2 AAst A
goio 2 Ale|7t 7 3 20tE Jin] FA|S it o]
A A2 A=c} (0.91 g, 87.7%). 'H-NMR
(500 MHz, DMSO-ds) & (ppm) 7.28 (t, 8 H), 7.02 (t, 4
H), 6.87~6.89 (m, 10 H), 6.85 (s, 2 H), 6.80~6.82 (i, 4
H), 5.46 (s, 2 H). FT-IR (ATR, cm™") v 1,590, 1,315.

MS (FAB, m/z): calcd for CasHsNy [M]™: 588.26, found:

588.00. Anal. Calcd : C 89.76, H 5.48, N 4.76. Found:
C 89.53, H5.68, N 4.74.

2.2.4 TI-TPA-CN2| &M

TI-TPAQ} =Ust 8 O 2 4-bromobenzonitrile2
o]g-ato] Aot WA TI-TPA-CN& A+=r} (0.09 g,
7.4%). "H-NMR (500 MHz, DMSO-ds) & (ppm) 7.76 (d,
/=10 Hz, 8 H), 7.05~7.07 (m, 10 H), 6.91~6.93 (m, 4
H), 6.85~6.88 (m, 4 H), 5.44 (s, 2 H). FT-IR (ATR, cm ™)
v 2,220, 1,500, 1,340. MS (FAB, m/z): caled for
CusHzsNe [M]": 688.24, found: 688.00. Anal. Caled: C,
83.70: H, 4.10; N, 12.20. Found: C 83.60, H 4.25, N
12.11.

2.2.5 TI-TPA-OMe?2| &M

TI-TPAQ} =5t O 2 4-bromoanisoleS 0|85}
o] fobH 1A 9] TI-TPA-OMe S A=
'H-NMR (500 MHz, DMSO-ds) & (ppm) 6.83~6.90 (m,
16 H), 6.77 (d, /= 10 Hz, 8 H), 6.70 (s, 2 H), 5.49 (s, 2
H), 3.73(s, 12 H); FT-IR (ATR, cm™) v 1,500, 1,230,
1,030. MS (FAB, m/z): caled for CagHaoNyO4 [M]+5
708.30, found 708.00. Anal. Calcd: C 81.33, H 5.69,

N 3.95, 0 9.03. Found: C 81.38, H5.71, N 3.90, O 9.02.
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2.3 TI-TPA SEAIS0 &4 A=E 37 1o] Yepjy
t}. TI-BQ+= 1,4-benzoquinonex}t anthracene®] Diels-
Alder ¥Fg-of Q5] 70% &= {7 AojF i, olF

o
il

972 80f& A7t H ethyl acetate@t &4t 1:3 (v/v)
Stk H A

u =

(1.07 g, 86.2%).

ZZ N

2

Q O C {¢] HON C NOH
. A NH,OH-HCI
won T L4 (4
Y ~ N
1

R R

e ron Gpd
P SHG

3 2SS
TI-TPD-CN: R = -CN

TI-TPD: R =-H
TI-TPD-OMe: R = -OMe

e

Pdy(dba);, JohnPhos

SnCly, HCI
—_—

Fig. 1. Synthetic routes of TI-TPA derivatives.
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Fig. 2. '"H-NMR spectra of TI-TPA-CN (top), TI-TPA (middle), TI-
TPA-OMe (bottom) in DMSO-d.

TI-BQ9] #l % Hi=(benzoquinone) &%+ hydroxylamine
hydrochloride®} tin (II) chloride& o] &35to] ofql THe]
2 AT T2l a A F 58 SEEQ TI-TPA-CN,
TI-TPA, TI-TPA-OMet: E2tg H0js o] &st
Buchwald-Hartwig (BH) o}g1g} vF2 [11]0. 2 A Qict.
Aozl B 3512 0| aHeA] LxE 'H-NMR, FT-IR,
A D da FAY o2 solsklnt £5], o5 &
20 AA-27 54 'H-NMR AHEY] £48
3l Watslr) &elst 4 9llct. &, 'H-NMR AT E 2o
A TPA 9ot E=|Al T4 Z4 9] /dxtai-c7t TPA
o] Ueho] =l A8719] ™A-FA A7Vt ARSE
AATH (™ 2).
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Fig. 3. (a) TGA curves of the TI-TPA derivatives (heating rate 10°C
min™') and (b) DSC curves for the TI-TPA derivatives (second heating,
heating rate 10°C min™).
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Fig. 4. (a) UV/vis absorption spectra of TI-TPA derivatives in CH2Cla.

(b-d) Comparison of the absorption spectra of TI-TPA-CN (b), TI-
TPA (c), and TI-TPA-OMe (d) in the solution and solid film state.
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Dichoromethane 89 AMejojlA] TI-TPA SEAEL
250~385 nm J oA st n-n” FMo|S 7L, 7HA| T
A YoM B 4 o I7F YEUA] ) [1-
4(a)]. o]+ ol &0l EYsit= A2 UEHUH, ol2

A 0|5 270o] OLED, OSC ¥ PSC 59| 2o A &g
e 242 fEsPl 282 &+ 9Se uletth TI-

TPA % TI-TPA-OMe& 305 nmoj|A| A9 &2 z0f &
IS 7HA]= BH, TI-TPA-CNO 2|t} S4-mpg2 o]
£ Bxtd o AopAr o 2 o] =35 350 nmoj|A] YEFCE. o]
2|3t A Eol = MA}F X5 TPA ©9lo] A4 AR
R wo] AAL RAT -CN @92 Hstrt ol g st
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o o] TI-TPA SEAISS] 8 Aefet 1A| B Aef
£ AHMEL Ao EASICHE 2 & 4 ek o] AL
TI-TPA SEAlE E2]9410] 3D 252 Qo) B S A
ol A BAF 7E AL g o] ThS- ofsteh 218 Liehdlct. of

y

TI-TPA S =A|S9] AM7|g}erAd EAL SeHAQMA
(CV)e S &olstgim, 1 At 12 5ol LERfgic.
TI-TPA QA0 Atet meld m] 3=
o, o] E3f| o]5 240 AY|g}etA oz obystH
ue At ol§ SolE il 2lg e Relstalet. col

TI-

TI-TPA ¥ TI-TPA-OMe®} Z2] TI-TP
R4 539 A7l T4 sl ozl TI—TPA—CNJ
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Fig. 5. Cyclic voltammograms of TI-TPA derivatives in the solution
of CH:Cl, [inset shows the first oxidation half potential (Ei2) of TI-
TPA derivatives as a function of Hammett parameter of the end
substituent].

KA B7] 544G 71Rl -CN &H87] Th2Ql A0 o] A4
th. E3F TPA Wiko] 2hg7]9] Axp-Z7]| 4ol 2ol d
22 & WA Alst ZEIM(E,,) ZHo] AXIAo 2 745t
t} [Ei2 (V): TI-TPA-CN (0.87) > TI-TPA (0.33) > TI-
TPA-OMe (0.06)]. &, TPA ©¢19] AR-27] E7d0] %
S5 TI-TPA S5A] BRI RAH BolRuphe
Absfutg o] Wt go|stA] wAystths Zolck. o &
23t ke CVE Sal Aol A wiA) Aol mEIA Zha
TPA 2t 51-8.7]9] Hammett ¥ 57} 019 -2 Ab ot/
E 7K = A = 71" 0 2 =03t & 9lojct (7.3 5
Al Jdjm). J2]1 SulEA = TI-TPA-OMe2] A €
moAtel =R 2 22 R7ojA F74st Spiro-
OMeTAD9] Atst mENA ZH-0.07 V)u} SAtsHgict.
TI-TPA G=A19] MA-Z7 5218 Bt o AAsH
A7) g5) ol BAle] A 12 AH w(highest
occupied molecular orbital, HOMO) & &X AL 234
oz Aeigict oig 374L TI-TPA §EA0] wap
.LIJE /\l-EHoﬂ}\-] X oHQo%\;]. o]-K]D]- TI-TPA- CN—] 7:10
CV ERA & 4 %ol duixler F2 AA-27 &
A g 2o BAAL BL o2 HOMO oUA] £ 574
s 2 QiQith 9t TI-TPAS] HOMO 2 -5.68 eVE =
Ao, TI-TPA-OME= o]ECt =2 -532eVE &
BE AT (& 1). £, CVE St Aletadld £7 Ao}
Zo] TI-TPA-OME2] HOMO #¢] %2 Spiro-OMeTAD
o] st ZH(-5.22 eV)1t GAMGHS &olst 4 91l [15].

o aOwa T
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o] 9]

ﬂJ[o
o
=Oél:
—|>l
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3.5 M3t 0| = HzEtet=E

02.'!

TI-TPA SEA7} RA-Z7] 2 Q1%
S &9l5t7] sl FAIst TI-TPA S=A] 5 7H L4536t
A2 785 71X 1L 9l TI-TPA-OMe & A &5}
i 229 Ast-ols A=

>

2xR ges

(charge-transfer
A o] 2 913

complex, CT complex) &4 E4S
g4l 2xg THREA

-1 O
TI-TPA-OMe®} Zto] 3%} Eg]

Table 1. Summary of thermal, optical, and electrochemical properties of TI-TPA derivatives and Spiro-OMeTAD.

Compound To/Ta (°C)1 Amax (nm)®! Ein (V) HOMO (eV)l!
TI-TPA-CN DI<l/338 350 0.87 ND
TI-TPA ND/328 305 0.33 -5.68
TI-TPA-OMe 101/386 305 0.06 -5.31
Spiro-OMeTAD 126/44911 385lel -0.07 -5.22Mh

[aIT,: glass transition temperature, Ta: thermal decomposition temperature for 5% weight loss. [""Measured in dichloromethane solution. [/Half-
wave potentials for 1*t oxidation. [YIDetermined by photoelectron spectroscopy of thin films. FIND: Not Detected. [TRef 13. [¢IRef 12. MRef 15.
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Fig. 6. UV/vis absorption spectra of TI-BQ, TI-TPA-OMe, and TI-
BQ:TI-TPA-OMe mixture in film state.
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