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Abstract

Project Code : MRG5480005

Project Title : Synthesis of Anthracene-phosphineoxide Adduct from Diels-Alder reaction
for the palladium, iron and copper catalyst
Investigator : Asst. Dr. Rukkiat Jitchati chemistry department, faculty of science,

Ubon Ratchathani University, THAILAND
E-mail Address : rukkiat_j@hotmail.com

Project Period : 2 years

Abstract:

This research synthesized and characterized anthracene-phosphineoxide adduct (L20) as from
Diels-Alder, phosphenation and auto oxidation reaction, respectively. L20 was used as the
additive ligand in Suzuki-Miyaura cross-coupling and Sonogashira cross-coupling by using the
complex of palladium, iron and copper specifically, Pd(PPh3),Cl,, FeCls, Fe(acac); and Cu,O as
the catalyst. We found that L20 showed the good property only in Suzuki-Miyaura cross-
coupling reaction with Pd(PPh3),Cl, as the catalyst. Furthermore, we used the cross-coupling
products as the ligand the synthesis of the charged iridium(lll) complexes, which were as the

emitter in highly efficient organic light-emitting electrochemical cells (OLECs)

Keywords: Ligand; Anthracene-phosphineoxide adduct; Organic light-emitting electrochemical

cells (OLECs); Suzuki-Miyaura cross-coupling reaction
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1. AUATIZAAITEITHBUNTITUNBAAN 91NULHATEN Diels-Alder ¥83 anthracene way methyl acrylate

Y a Yo v A o I3 1
lﬂﬁ'ﬁ‘l/ﬁ’]ﬂ\ﬁu\l'Jﬂaiﬁﬁuqiﬂﬂﬂ A.NT.UANNY LNNIITUUNLRE A

Z>co,Mme
+ Xylene: AIClycatsy H_ co,me
oo T A

2. duanzikaunindu-Wesusanlanuandn 91nUHATET  phosphenation W&1WMIE  auto

oxidative TuussenniaUns
o

Ph
ome P o4 ©
CILD 2 cipen, 7 ‘Q 7 ‘Q
L2 L20

white solid (36% yield); m.p. 206-208 °C; 'H NMR (CDCLs, 300 MHz): 0 2.47 (ddd, J = 21, 15, 3 Hz,
1H), 2.94 (ddd, J = 15, 9, 3 Hz, 1H), 3.10 (s, 3H), 4.31 (s, 1H), 3.56 (d, J = 6 Hz, 1H), 7.03-7.28 (m,
13H), 7.53-7.56 (m, 3H) 7.85-7.91 (m, 2H); "C NMR (CDCl,, 75 MH2): O 33.8, 44.0, 49.6, 52.3, 58.1,
58.8, 123.0, 123.6, 124.1, 125.7, 125.8,126.5, 126.7, 126.9, 127.7, 127.9, 128.1, 128.2, 131.1, 131.7,
131.8, 131.9, 132.0, 138.8, 140.6, 140.7, 143.9, 144.7, 171.7; IR(KBr) 536, 694, 706, 1193, 1217,
1434, 1732, 2946, 2960 cm’'; MS (ESI) 465.09 (MH', 100%).



3. msvegauanuuduwnud  L20  Tuufisen  Suzuki-Miyaura  cross-couplings  lagld
Pd(PPh3),Cl, (1 mol%) 1usissufiiizen, phenyl boronic acid (3.51 mmol), 2-chloropyridine

(3.51 mmol), base (8.75 mmol), solvent (20 ml) {Jutan 6 sii"'ﬂm waé’f&mswﬁl 1

@-B(OH)Z CI—@ 1% Pd(PPh3),Cl, X @_@
ppy

base (25 €a) biphe
so|vent A

ang1ei 1 Optimization of the Pd(ll)-catalyzed reaction of phenyl boronic acid and 2-

chloropyridine
ppy/Clpy ppy/biphe
Temp
Entry Base Solvent o Ligand (peak area (peak area
C
ratio) [a] ratio) [a]
1M Na2CO3
1 THF 65 - 0.1 1.2
(ag.)
1M Na2CO3
2 THF 65 10% L20 1.7 23.6
(ag.)
1M Na2CO3
3 THF 65 10% PPhs 1.0 19.7
(ag.)
aq 1 M NaOH (aq.) THF 65 10% PPhs 0.04 0.5
1M Na2CO3
5 THF 65 10% phen 0.04 0.3
(ag.)
6 1 M NaOH (aq.) THF 65 10% L20 0.002 0.4
1M Na2CO3
7 THF 65 10% dppf 0.71 175.9
(ag.)
1M Na2CO3
8 THF 65 10% dppe 0.03 0.15
(ag.)
9 Na,COs5 (s) THF 65 10% L20 0.53 5.35
1 M Na,CO, 1,4-
10 101 10% L20 >1000 54.7
(ag.) dioxane

[a] ratio determine by GC and calculated from peak area.

NANTNA 1 WU Funud weunsiFu-eaiusenleduandn (L20) ANan aunsawsaufisen

Suzuki-Miyaura cross-couplings lafiga (Entry 10) wazillounludnasisiasidmunedssieanlily
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5T 2 wudnasaduaseRleviatu electronrich thiophene boronic acid (Entry 2)  waw
electron poor (2,4-difluorobenzene) boronic acids (Entry 3)  Bsluniniiu WERU bulky
mesitylboronic acid (Entry 6) kagfiaunsaunandiunsizniu less reactive, mono- and dibromo

phenanthroline 8n¢ae (Entry 7-8)

Table 2. Pd(Il)-catalysed cross-coupling Suzuki-Miyaura reaction of aryl boronic acid and aryl

halide”
Entry Aryl halide Aryl boronic acid Product % Yield"
1 Cl— / @-B(OH)Z \\_/ 6 70
— \ -
2 c— ) (}—B(OH)Z LS /g 60

F

c— =
3 \ F—@-B(OH)z F \ /9 n

A

=N
o
=
<
(@)
M
w

a5

7

62

-

)-80m WCFs 10 85
/

65

&0
G | <50
O

SO
11
SO
11
D e | O | COCH
C

- / CgH1s” ~CgHys CeH1s™  CeHyz 12

__
[c] O‘O B(OH), Q.O \ N\ / 0.0

CeH13” ~CeHiz CgH1g”~ ~CgH1g 54

(0]
@
=
A
4
g
o)
=

CeHi13™ “CeH1s
13

[a] Reaction conditions: PdCL,(PPh3), (1% mol, 0.035 mmol), P20 (10% mol, 0.35 mmol), aryl
boronic acid (3.51 mmol), aryl halide (3.51 mmol), 1 M Na,COs (8.75 mmol) in refluxing 1,4-

dioxane (20 mL) for 4 hours; [b] yield of purified product; [c] aryl boronic acid (7.2 mmol)

2-Phenyl pyridine (6); colourless liquid; "H NMR (300 MHz, CDCl5) & 8.70 (s, 1H), 8.00 (d, J = 7.0
Hz, 2H), 7.74 (s, 2H), 7.55-7.38 (m, 4H), 7.24 (d, J = 6.4 Hz, 1H); "C NMR (75 MHz, CDCl;) o 157.6,
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149.5, 139.4, 136.8, 128.9, 128.7, 126.9, 122.1, 120.5; IR(NaCl) 692, 746, 800, 920, 993, 1020, 1076,
1152, 1292, 1423, 1449, 1465, 1587, 1960, 2358, 2857, 2929, 3064 cm

2-Thionyl pyridine (8); white solid; m.p. 59-61 °C; "H NMR (300 MHz, CDCl3) o 857 (d, J = 4.8
Hz, 1H), 7.78-7.63 (m, 3H), 7.59 (d, J = 3.5 Hz, 1H), 7.40 (d, J = 5.2 Hz, 1H), 7.20-7.07 (m, 2H); 13C
NMR (75 MHz, CDCls) o 152.6, 149.5, 136.6, 131.9, 130.8, 128.7, 128.0, 127.5, 124.5, 121.9, 118.78;
IR(NaCl) 710, 779, 992, 1155, 1435, 1464, 1580, 3030 Cm_l.

2,4-Difluorophenyl pyridine (9); colourless liquid; "H NMR (300 MHz, CDCl3) o 8.70 (d, J = 4.8
Hz, 1H), 7.99 (dd, J = 15.7, 8.6 Hz, 1H), 7.74 (d, J = 3.8 Hz, 2H), 7.24 (dd, J = 8.8, 4.5 Hz, 1H),
7.05-6.96 (m, 1H), 6.91 (t, J = 10.0 Hz, 1H); 13C NMR (75 MHz, CDCl3) o 163.7 (dd, J = 253.0, 12.0
Hz), 160.1 (dd, J = 253.0, 12.0 Hz), 152.6 (d, J = 3.0 Hz), 149.8 (s), 136.4 (s), 132.1 (dd, J = 10.0,
4.0 Hz), 124.2 (d, J = 10.0 Hz), 123.9-123.6 (m), 122.4 (s), 111.8 (dd, J = 21.1, 3.7 Hz), 104.33 (dd,
J = 27.0, 25.4 Hz); IR(NaCl) 456, 514, 563, 586, 749, 780, 855, 970, 1107, 1144, 1264, 1502, 1613,
2924, 3070 cm .

5-(Trifluoromethyl)-2-phenylpyridine (10); white solid; m.p. 60-62 °c 'H NMR (300 MHz,
CDCl3) O 8.96 (s, 1H), 8.04 (dd, J = 7.6, 1.7 Hz, 2H), 7.99 (dd, J = 8.4, 1.9 Hz, 1H), 7.85(d, J = 8.3
Hz, 1H), 7.56-7.47 (m, 3H); 13C NMR (75 MHz, CDCl3) o 160.3 (s), 146.5 (dd, J = 13.7, 9.2 Hz), 137.9
(s), 134.1-133.8 (m), 130.6-129.8 (m), 128.9 (s), 129.3-125.3 (m), 127.2 (s), 124.7-120.4 (m), 119.9
(s); IR(NaCl) 693, 741, 790, 839, 861, 1012, 1088, 1123, 1335, 1603, 2929, 3100 Cmil.

Trimethylphenylbenzene (11); colourless liquid; 'H NMR (300 MHz, CDCl3) o 7.70 (t, J = 7.3 Hz,
2H), 7.61 (t, J = 7.3 Hz, 1H), 7.46 (d, J = 7.0 Hz, 2H), 7.26 (s, 2H), 2.66 (s, 3H), 2.35 (s, 6H); 13C NMR
(75 MHz, CDCl3) o 141.2, 139.2, 136.6, 136.0, 129.4, 128.5, 128.2, 126.6, 21.1, 20.8.

3-(9,9-Dihexyl-9H-fluoren-2-yl)-1,10-phenanthroline (12); viscous liquid,; 'H NMR (300 MHz,
CDCl3) o 7.72 (d, J = 6.9 Hz, 2H), 7.58 (dd, J = 14.6, 7.9 Hz, 2H), 7.42-7.24 (m, 9H), 6.87-6.77 (m,
2H), 2.04-1.87 (m, 4H), 1.21-0.97 (m, 12H), 0.78 (t, J = 6.7 Hz, 6H), 0.71-0.62 (m, 4H); 13C NMR (75
MHz, CDCl;) o 155.3, 153.0, 150.7, 150.1, 141.1, 141.0, 134.3, 126.9, 126.6, 125.9, 122.8, 122.6,
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120.5, 119.6, 118.7, 113.9, 110.1, 55.0, 55.1, 40.5, 40.4, 31.5, 31.4, 29.7, 29.6, 23.7, 23.6, 22.6,
22.5,13.9; IR(NaCl) 741, 895, 1102, 1376, 1420, 1460, 2369, 2929, 3036 cm

3,8-bis(9,9-dihexyl-9H-fluoren-2-yl)-1,10-phenanthroline (13): 'H NMR (CDCls, 300 MHZ): o
0.75-0.81 (m, 20H), 1.00-1.27 (m, 24H), 2.06-2.09 (m, 8H), 7.36-7.42 (m, 5H), 7.71-7.81 (m, 5H),
7.90 (dd, J =9, 6 Hz, 2H), 7.97 (t, J = 6 Hz, 2H), 8.45-8.50 (m, 3H), 9.23 (d, J = 3 Hz, 1H), 9.52 (d,
J =3 Hz, 1H), 9.54 (d, J = 0.5 Hz, 1H); 13C NMR (CDCls, 75 MHz): o014.0, 22.5, 23.8, 29.7, 31.5,
40.3, 55.3, 119.7, 120.0, 120.4, 121.8, 123.0, 125.9, 126.5, 126.9, 127.0, 127.6, 128.2, 128.5, 129.6,
133.3, 136.0, 136.8, 137.5, 140.3, 140.4, 141.5, 141.7, 144.5, 149.7, 150.0, 151.1, 151.3, 152.0;
IR(KBr) 541, 741, 1120, 1171, 1335, 1414, 1609, 2856, 2927, 3064, 3210 Cm_l.

4. managauauludunud L20 Tuufjiisen Suzuki-Miyaura cross-couplings Ingld FeCls (10
mol%) Lﬂuﬁuidﬂﬁﬁ%m FeCls, phenylboronic acid (1.9305 mmol), 2-chloropyridine (1.755

mmol), LUd (6.1425 mmol), fvhazate EtOH (15 mL) sesneeulunisnedi 3

A15799 3 HaN1IVAERIUNTEN Suzuki-Miyaura cross-coupling 519 2-chloro pyridine fiu

phenylboronic acid f18 FeCl,

T

N
QB(OH)z . C|4<j\> KF'10% FeCly 007 5% 120 21

= EtOH’ 100°C’ 6 hr’
normayj ajr O

entry | % L20 | %Cross-coupling | %Homo- coupling

1 0 0 0

2 5% 0 0

9INN1INABBINUIT Aunua L20 ldanunsatieiss U{Asen Suzuki-Miyaura cross-coupling

e FeCl,
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5. managdauanuludunug L20 Tuufjiisen Sonogashira cross-coupling tngld Pd(PPhs),CL, (1
mol%) Wusissufiizen 14 phenylacetylene (1.1 eq) fiu bromobenzene (1 eq) 14 1% Pd(ll), wua

2.5 eq, Cul (0.005 eq), %5 L20 Aunud 14 1,d-dioxane Wusvhazane fasneanuluasad 4

A13799 4 Han1IRaaIUsen Sonogashira cross-coupling 58314 phenylacetylene fiu

bromobenzene lagld Pd(PPh;),Cl,

Bt f _
‘ ©)
. 0°5% CUI' NEt;* 0 0T 5% L20

106 Pd(PPhy),Cl, '
1'4 dioxaner101°C’ 6 hr 7 N\ —= — 7/ \
NG -
entry an1ie % L20O | %Cross-coupling (C) “| Homo- coupling (H) [a]

1 N, 0 1 0.37

2 N, 5% 2 0.20

3 U558INIAUNG 0 5 0.32%*

4 U558INIAUNG 5% 1 0.29

[a] o X g v a a Y]
* frunniunldnsveaneila GC Wsuiu dodecane

91NNINAGBINUIT AU L20 eliAnu)isen Sonogashira cross-coupling Tuaniiy

Pd(PPhs),Cl, (1 mol%) Wusissufizenlaiies 5 %
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6. msnagauaNdudunug L20 Tuufjisen Sonogashira cross-coupling lagld FeCls (15 mol%)
Lﬁuﬁaﬁﬂﬂgjﬁ%m, phenylboronic acid (1.9305 mmol), 2-chloropyridine (1.755 mmol), wu@ (2.5476
mmol), §viazans toluene (15 mL) $1891uL5lu #5197 5

A157991 5 Han1smAaeeUfisen Sonogashira cross-coupling 519 phenylacetylene fiu

bromobenzene Ay FeCl,

Br | | O — O (C)

15% FeCly’ CS,CO5
+ - *
0 Of 5%4L20" tojuene:

135°c'6hrinN, ¢ N — — /7 \
= _
entry | % L20 9%Cross-coupling (C) . Homo- coupling (H) 7
1 0 0 0
2 5% 0

[a] o EAP A P Y]
° ﬂﬂﬂ’lmﬁﬂﬂwumlmﬂiﬂwsuaﬂL‘VIﬂ‘Llﬂ GC Wgunu dodecane

91NN15NAABINUIT Awnua L20 laiaunsatiess Tuufisen Sonogashira cross-coupling Tuaniae
FeCls (15 mol%) «Jusiseuijizen

7. nsAnwansfivanzauvesdunug  L20 luufji3en  Sonogashira cross-coupling gl
Fe(acac); (30 mol%) \Jusissufjisen, phenylboronic acid (1.9305 mmol), 2-chloropyridine
(1.755 mmol), tua (2.5476 mmol), copper(l) iodide (0.1274 mmol), @iazaty DMSO (7 ml)
wanaWaly

a aaa . . ! (%
A3 6 WAN1IVAABIUL N8 Sonogashira cross-coupling 81119 phenylacetylene nu

bromobenzene lngly Fe(acac)s

or _
* (cpd 1y
@ 30% Fe(acacy,’ 10% CUl
+

» +
K,COs (2 €q’y’ 0 O 5% L207
pMsO' 140°C' 6hf ¢ N= — / N\
entry dnnly % L20 | %Cross-coupling | Homo- coupling[a]
1 N, 0 1 0.02
2 N, 5% 0 0.09
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[al o ¥ g v a
? muanuildnsmveaunaila GC

IINNINAGBINUIT Aknua L20 lalanunsatiesss luufizsen Sonogashira cross-coupling lneld FeCls

udssufisen

8. M3AnanIEiINzaLYaALNUS L20 Tuuf)isen Sonogashira cross-coupling Tngld Cu,0
(2 mol%) Lﬁuﬁalﬁ'ﬂﬂﬁﬁ‘%m, phenylboronic acid (1.9305 mmol), 2-chloropyridine (1.755 mmol),
\wa (2.5476 mmol) §hvhazans 1,4-dioxane (15 mL) LaAIHalUASIST 7

A58 7 Wan1smaaesUf)isen Sonogashira cross-coupling 3¢9 phenylacetylene fiu

bromobenzene Tagld Cu,O

Br fl _
— (°pd 1)
© 2% CU,0O’ 0 OF 50 L20
+ - +
CS,COy’ 1'4 dioxane:

e O==0

(°pd 2)
entry dn1e % L20 | %Cross-coupling “1 Homo- coupling[aJ
1 N, 0 0 0
2 N, 5% 0 0

[a] o A a a Y]
? frunaniunldnsmvsameila GC Wsuiu dodecane

IINNINAGBINUIT AU L20 lalanunsatieiss luufiizen Sonogashira cross-coupling lngld Cu,0

Jusissufisen

PNMINeaRItUTIAUNUTI asweuns@u-neatiueanlynwondn L20 wisnzluufizen Suzuki-
Miyaura cross-couplings 913 PACL,(PPh5), tufiss Sahluduaseiansarsiedouvolanediimeu

(1) windivseq sely
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8. MsdaaTeansasBedourvadlangdaifen () vialiusey laeldans 6 lunesed 2 Niive

#aums1zst Complex 1- 5

1 (1
ethoxyethanoj : p| water N SN
. Cl
(4-1) L
Ircly " 3H,0 + ¢ \ > |/ \I
— \ e
Cl
6 N N
A | N
| P P

PWO1 (41%)

y \

l DCM:MEOH (11
2) KPFg

complex 1
(94%)

PFg

N

Tuwuamadeitusaunsadansigyt Complex 2-5 Nillassasienasoludl
_ R® 4 _
R R - b,

R2 72\ \_/ R2
R RL | COMPIEX 1 R: R RO RY=H
\ / COMPIEX 2; R R RO = H; R Mg
COMpleX 3; R*= M8; R2 R% R4 H
N/ \; COMpIEX 4; R* R?= H; R® R*= M€
axe CBplex §; R = H; R% R% R* = Mg

{(1,10-Phenanthroline-N-N")- bis—(2—phenylpyridine—C2,N)—iridium(lll) hexafluorophosphate
Jcomplex 1()0.15 ¢, 94 %, 1H NMR (300 MHz, acetone-Dg) [18.90 (d, J = 8.2 Hz, 1H), 8.51 - 8.32
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(m, 2H), 8.23 (d, J = 8.1 Hz, 1H), 8.07 (dd, J = 8.2, 5.0 Hz, 1H), 7.90 (dd, J = 15.7, 7.9 Hz, 2H), 7.67
(d, J = 55 Hz, 1H), 7.07 (t, J = 7.5 Hz, 1H), 6.96 (dd, J = 8.7, 4.6 Hz, 2H), 6.45 (d, J = 7.4 Hz,
1H);, °C NMR (75 MHz, acetone-Dy) [1 167.81, 151.27, 149.87, 149.37, 146.93, 144.29, 138.75,
13855, 131.79, 131.71, 130.32, 128.45, 126.99, 124.90, 123.43, 122.56, 119.81; Ms (ES"): m/z(%)
681.1630 (M"-PF, 100).

{(4—Methyl-1,10—phenanthroline-N—N')- bis-(2—phenylpyridine-Czl,N)-iridium(III)}
hexafluorophosphate) complex 2( )0.08 g, 49 %, "H NMR (300 MHz, acetone-Dg) [ 8.86 (d, J =
8.2 Hz, 1H), 8.50 (d, J = 9.1 Hz, 1H), 8.40 (t, J = 7.4 Hz, 2H), 8.23 (dd, J = 13.2, 6.7 Hz, 3H), 8.01
(dd, J = 8.2, 5.1 Hz, 1H), 7.88 (dd, J = 14.3, 7.1 Hz, 5H), 7.66 (d, J = 5.6 Hz, 2H), 6.99 (ddd, J =
18.5, 14.8, 7.3 Hz, 6H), 6.54 - 6.36 (m, 2H), 2.99 (s, 3H), 13C NMR (75 MHz, CDCls) [1 205.44,
167.84, 167.80, 151.25, 150.44, 150.27, 149.27, 149.23, 147.03, 146.50, 144.35, 144.28, 138.64,
138.52, 131.84, 131.79, 131.46, 131.30, 130.29, 128.09, 127.52, 126.85, 125.09, 124.89, 123.46,
123.44,122.47, 119.80, 18.22; Ms (ES"): m/z(%) 740.1618 (M+—PF6+2Na+, 100).

{(2,9—Dimethyl—1,10—phenanthroline—N—N')— bis—(2—phenylpyridine—Czl,N)—iridium(III)}
hexafluorophosphate (complex 3) )0.145 g, 91 %(, "H NMR (300 MHz, CDCl5) [1 8.72(d, / = 8.3
Hz, 1H), 8.23 (t, J = 3.7 Hz, 2H), 7.92 (t, J = 7.8 Hz, 1H), 7.82 (t, J = 6.9 Hz, 3H), 7.01 (t, J = 6.6 Hz,
1H), 6.95 (t, J = 7.6 Hz, 1H), 6.79 (t, J = 7.4 Hz, 1H), 6.21 (d, J = 7.6 Hz, 1H), 2.21 (s, 3H); "C NMR
(75 MHz, acetone-Dg) [ 205.34, 205.07, 167.85, 165.19, 150.15, 148.95, 148.00, 143.48, 139.22,
138.50, 131.57, 130.04, 129.71, 128.03, 127.24, 124.82, 123.04, 122.10, 119.80, 26.8; Ms (ES+):
m/z(%) 709.1943 (M"-PFs, 100).

{(4,7-Dimethyl—1,10-phenanthroline-N-N')- bis—(2—phenylpyridine-CzI,N)-iridium(III)}
hexafluorophosphate (complex 4)) 0.15 g, 94 %, 'H NMR (300 MHz, CDCl3) [1 8.24 (s, 1H), 8.08
(d, J = 5.1 Hz, 1H), 7.87 (d, J = 8.1 Hz, 1H), 7.74 — 7.58 (m, 2H), 7.52 (d, J = 5.1 Hz, 1H), 7.34 (d, J
=55 Hz, 1H), 7.04 - 6.79 (m, 3H), 6.39 (d, J = 7.3 Hz, 1H), 2.85 (s, 3H); 13C NMR (75 MHz, CDCl;)
0 167.72, 150.33, 150.16, 148.94, 148.56, 146.45, 143.85, 138.16, 131.93, 131.03, 130.62, 127.23,
124.73, 123.40, 122.53, 119.58, 19.04; Ms (ES"): m/z(%) 709.1943 (M"-PF¢, 100).

{(3,4,7,8-Tetramethyl—1,10-phenanthroline-N-N')- bis-(2-phenylpyridine-C2 ,N)-iridium i}
hexafluorophosphate (complex 5) )0.15 g, 92 %(; 'H NMR (300 MHz, CDCls) [1 8.26 (s, 1H), 7.91
(s, 1H), 7.89 (d, J = 8.3 Hz, 1H), 7.68 (t, J = 6.9 Hz, 2H), 7.36 (d, J = 5.6 Hz, 1H), 7.02 (t, J = 7.1 Hz,
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1H), 6.92 (dd, J = 10.6, 6.1 Hz, 2H), 6.38 (d, J = 7.3 Hz, 1H), 2.78 (s, 3H), 2.36 (s, 3H); "C NMR (75
MHz, CDCl,) [1 167.80, 151.03, 150.60, 148.70, 146.38, 145.41, 143.74, 137.88, 135.06, 131.88,
130.67, 130.02, 124.63, 124.42, 123,31, 122.42, 119.41, 18.07, 14.99; Ms (ES"): m/z(%) 737.2256
(M"-PF,, 100).
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Intramolecular © Stacking in Cationic Iridium(IIT)
Complexes with Phenyl-Functionalized Cyclometalated
Ligands: Synthesis, Structure, Photophysical Properties,

and Theoretical Studies

Peng Li,'™" Guo-Gang Shan,™ Hong-Tao Cao,™ Dong-Xia Zhu,*™!
Zhong-Min Su,*** Rukkiat Jitchati,’*"! and Martin R. Bryce*!

Keywords: Iridium / Luminescence / Photophysics / Density functional calculations / Light-emitting cells

The syntheses of two new heteroleptic cationic iridium com-
plexes containing 2,6-diphenylpyridine (Hdppy) and 2.4 ,6-
triphenylpyridine (Htppy] as the cyclometalated ligands,
namely, [Irfdppy)aphen)PFg (1, phen = 1,10-phenanthroline)
and [Ir(tppy).phen|PF; (2), are described. The X-ray crystal
structure of 2 reveals a distorted octahedral geometry around
the Ir center and close intramelecular face-to-face n-n stack-
ing interactions between the pendant phenyl rings at the 2-
position of the cyclomelalated ligands and the NN ancillary
ligand. This represents a new n-r stacking mode in charged
Ir complexes. Complexes 1 and 2 are green photoemitters:
their photophysical and electrochemical properties are inter-
preted with the assistance of density functional theory [DFT)

calculations, These calculations also establish that the ob-
served intramolecular interactions cannot effectively prevent
the lengthening of the Ir-N bonds of the complexes in their
metal-centered ("MC) states. Complexes 1 and 2 do nol emit
light in light-emitting electrochemical cells (LECs) under
conditions in which the meodel compound |[Ir{ppy):phen|PF;
(3) emits strongly. This is explained by degradation reactions
of the *MC state of 1 and 2 under the applied bias during
LEC operation facilitated by the enhanced distortions in the
geometry of the complexes, These observations have impor-
tant implications for the future design of complexes for LEC
applications.

Introduction

Cyclometalated Ir'"" complexes have attracted consider-
able attention during the last decade owing to their syn-
thetic versatility, high thermal stability, relatively short ex-
cited-state lifetimes, high photoluminescence efficiency, and
good emission wavelength tunability!"! They have been
widely exploited as emitters in phosphorescent organic
light-emitting diodes (PhOLEDs),*" solid-state lighting,™!
and light-emitting electrochemical cells (LECs).1*l LECs of-
fer advantages over conventional OLEDs owing to their
simpler device architecture, the use of spin-coating tech-
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nigques in their fabrication, and the use of air-stable elec-
trodes without the need for rigorous encapsulation, all of
which are applicable to large-area emission and cheap pro-
cessing. In LECs, ionic transition metal complexes (iTMCs)
of the generic formula [(CAN)Ir(NAN)|[PF] perform all
the roles needed to generate light.!*! When an electrical bias
is applied to the LEC, the iTMCs serve to (1) decrease the
injection barriers through the displacement of the counter-
ion, (2) transport the electrons and holes through consecu-
tive reduction and oxidation processes, and (3) generate the
photons. The devices can operate at very low voltages and
wield high brightness and power efliciency with tunable
emission color.

The practical applications of iITMC-based LECs are
hampered by the current limitations of their stability.”) Nu-
cleophile-assisted ligand-exchange reactions at the metal
center can occut, and the new complex that is formed can
quench the luminescence. A strategy initiated by Bolink,
Constable et al., which involves shielding the Ir atom of the
iITMC by intramolecular n—n stacking (to form “an intra-
meolecular cage”),® has led to dramatic improvements in
stability and enhanced lifetimes of the LECs.®! For this pur-
pose, phenyl groups have been attached at the o positions
to the nitrogen atoms of the NN ancillary ligands, For
example, pendant phenyl groupis) on 2.2"-bipyridine (bpy).

0 3014 Wilew-VCOH Verlag GmbH & Co. KGaA, Weinheim
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1, 1-phenanthroline {phen). and 2-(1H-pyrazol-1-ylipyridine
(pzpy) ligands engage in face-to-face intramolecular n—n
stacking interactions with the cyclometalating C*N li-
gands.* These interligand interactions effectively close the
complexes in the ground states (S,), the emitting (1) states,
and the metal-centered (*“MC) triplet excited states and,
thereby, protect the complexes from attack by nucleophiles
such as water, 1!

Similarly, our group has reported cationic Ir'" complexes
based on the 2-(3-phenyl-2-phenyl-2H-1.2 4-triazol-3-y1)-
pyridine (Phtz) ancillary ligand, which also show intramo-
lecular m-m interactions. Density functional theory (DFT)
caleulations clearly indicated that these interactions reduce
the possibility of ligand-exchange degradation reactions,"™
We note that Duan et al. reported that phenyl substitution
of the N-heterocyclic carbene ancillary ligand of [Ir(ppy)s-
(pyphmi)]PF; [Hppy = 2-phenylpyridine, pyphmi = 3-
phenyl-1-{2-pyridyljimidazolin-2-vlidene-C,C*']  leads to
weak - interactions and increased torsion angles, which
do not enhance the stability of the LECs.[%#]

To the best of our knowledge, the n-stacking strategy has
exclusively involved pendant phenyl substitution of the an-
cillary ligand.* "' The aim of the present work is to address
a fundamental question: what is the effect of attaching pen-
dant phenyl substituents to the cyclometalating (C™N) li-
gands? We now present the synthesis and characterization
of two new complexes [Ir(dppyh(phen)][PFg] (1) and
[Iritppyisiphen)][PF] (2) (Hdppy = 2.6-diphenylpyridine,
Htppy = 2.4.6-triphenylpyridine) (Figure 1). An X-ray crys-
tal structure analysis of 2 shows strong intramolecular n—r
stacking interactions. The photophysical and electrochemi-
cal properties of 1 and 2 are reported, along with DFT/
time-dependent DFT (TD-DFT) caleulations, LECs have
been fabricated from 1 and 2, and the data are compared
with those of the archetypal parent complex [Ir(ppy)a-
(phen)][PFg] (3), which serves as a reference,

PRy PRy

Complex 1

Complex 2

Complax 3

Figure 1. Chemical structures of 1 and 2 and the parent complex
3, which is included for comparison.

Results and Discussion

Synthesis

The synthesis of 1 and 2 (Figure 1) followed the standard
routes for complexes ol the generic formula [(C*N);lr-
(NAMN)|[PFg]. The low vield for the formation of 1 and 2 is
due to the steric hindrance from the o-phenyl substituents,
as observed previously with sterically hindered C*N li-

Eur. J Inorg. Clem. 2014, 2376-2382 2377

gands."?l The complexes were unambiguously characterized
by "H NMR spectroscopy, mass spectrometry, and elemen-
tal analysis,

X-ray Crystal Structure of 2

The solid-state structure of 2 was determined by single-
crystal X-ray diffraction. As depicted in Figure 2, complex
2 adopts a distorted octahedral geometry around the Ir cen-
ter,

Figure 2. The X-ray molecular structure of the cation in 2; the
centroid-to-centroid distances are included.

The structure is characterized by the small C{3)-Ir(1)-
N(1) (80.48%), COARI(-N(I) (80.48%), and N-Ir(1)-
N{OA) (75.57) bite angles and twisted C3pIr(l)pN
(169.59%), CE3AMI(1-NIOA) (169.59°), and N-Ir(l}-
N{OA) (172.19%) bond angles. The Ir-N{phen) (2.209.&!,
Ir-Cltppy) (2.005 A}, and Ir-Nitppy) (2.074 A) distances of
2 closely resemble those previously reported for the parent
complex 3 Ir-Niphen) 2.137 and 2.150 A, Ir-C{ppy) 2.003
and 2.017 A, Ir-N(ppy) 2.043 and 2.048 A * However,
there are small differences in some of the bond lengths be-
tween structures 2 and 3 as a consequence of the steric in-
teractions of the pendent phenyl groups in 2. Specifically,
the Ir-Nitppy} (ca. 2.074 A} and Ir-N{phen) (ca. 2.209 A)
bonds of 2 are slightly longer than the comparable bonds in
3[Ir-Nippy) ca. 2.05 A, Ir-Niphen) ca. 2.14 A" Figure 2
illustrates the double face-to-face n-stacking between the
pendant phenyl ring of both tppy ligands and the ancillary
phen ligand of 2; the interaction is in an optimal offset ar-
rangement at a  separation (centroid-to-centroid) of
3.276 A. This stacking distance is similar to those observed
in the [Irippy)o(pbpyi]" and [Irippy)(dpbpy)]* cations
{pbpy and dpbpy are 6-phenyl-2,2'-bipyridine and 6,6"-di-
phenyl-2,2 -bipyridine, respectively). " This observation
confirms that an intramolecular caged structure is formed
by introducing a pendant phenyl group at C(2) of the cyclo-
metalating ppy unit.
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Table 1. Photophysical and electrochemical data for 1 and 2.

PL at room temperature PL at 77 Kl Electrochemical datal!
FeV [nm] e M (e, sl B 07 K 0] A ] b Agm [nm] Eox [V] Era [V]
1 532 015 (0.23) L] 371 595 0.06 515, 552 (sh) 0,80 1.58
2 S 0,06 (0.31) 20 306 552 0.0 517, 545 (sh) 0,80 -1.59
3 583 0,39 (0.23) I7.3 27 0.l 5312 .79 —-1.58

[a] Data obtained in acetonitrile solution; de.. = 355 nm. [b] Estimated crror of =10%, [c] &, = afp % 1), [d] Data obtained from a neat

thin film.

Photophysical Properties

The absorption and emission spectra of 1 and 2 (Fig-
ure 3) at room temperature were recorded in degassed
acetonitrile solutions. The photophysical characteristics are
reported i Table 1. The strong absorption bands in the
range 200-350 nm are assigned to spin-allowed m—n* transi-
tions from the ligands. The relatively weak absorption
bands that occur in the lower-energy region (350-500 nm)
correspond to '"MLCT (metal-to-ligand charge-transfer),
*MLCT, '"LLCT (ligand-to-ligand charge-transfer), *LLCT,
and ligand-centered (LC) *n—n* transitions with reference
to those reported for other Ir'"! complexes!! This observa-
tion implies that the spin-forbidden *MLCT, *LLCT, and
LC *n-n* transitions have gained considerable intensity by
mixing with the higher-lying spin-allowed 'MLCT transi-
tiens because of the strong spin-orbit coupling endowed by
the iridium atom. Generally, for cationic Ir"" complexes,
three excited states, namely, "MLCT, *LLCT, and LC *n—
w*, contribute to light emission.!'¥ At room temperature, 1
and 2 exhibit intense green emission with peak values at
546 and 552 nm, respectively, in CHyCN solutions. The
broad and featureless bands indicate that the emissive ex-
cited states of these two complexes are predominantly
*MLCT or *LLCT in character, rather than LC *rn-n® tran-
sitions, which typically show vibronic structure in the emis-
sion spectra.l' The emission spectra of 1 and 2 in CH,CN
solutions at 77 K remain broad and are blueshifted, which
indicates that their excited states retain "MLCT and *LLCT
character at low temperature,!™

- 41.0
"-E 1.6 —s— Compbex 1 "
o 40.8
& =
=} =
o Jos =
w 2
0.4 E
g '-,\ 0.2
0.0
700

‘Wavelength (nm)

Figure 3. Absorption and normalized emission spectra of 1. 2, and
3 in CH;CN solutions at room temperature,

As shown in Figure 3, the 2-phenyl substiluenis cause a
significant blueshift in the emission wavelengths of 1 and 2
{31 and 37 nm, respectively) compared to that of 3. The
larger blueshift for 2 is ascribed 1o the additional electron-

Eur X Inorg. Chene Hi14, 2376-2382 2378

donating phenyl group at Ci4) of the pyridyl ring.!"™ The
emission for 3 (4., = 583 nm in MeCN; Figure 3) is con-
sistent with previously reported data for this complex
(579 nm in MeCN'"1 575 nm in CHLCl:).1"¥ The emission
spectra for 1-3 have the same trend in a non-coordinating
solvent such as CH,Cly (see Figure 85 in the Supporting
Information).

For 1 and 2 in CH3CN, the photoluminescence quantum
yields (PLQYs) are 0.15 and 0.06, respectively. Complex 1
shows a significantly higher radiative rate constant than
that of 2: this may be the reason that 1 has a higher PLQY
in solution, as the nonradiative rate constants for both 1
and 2 are quite similar. Conversely, in thin films, the PLQY
of 2 (@ = (L10) is higher than that for 1 (@ = 0.06), as
the steric bulk of the extra phenyl substituent now has the
beneficial effect of reducing self-quenching. The excited-
state lifetimes of 1 and 2 in solution are (.23 and 0.31 ps,
respectively, which are typical for phosphorescent emission
in [(CHN)Ir(N“N)|[PF,] complexes!® The radiative decay
rates (k) of 1-3 in CH;CN solution were calculated as
6.6 10° for 1, 2.0 10° for 2, and 17.3% 10° for 3.

Electrochemical Properties

The electrochemical behavior of 1 and 2 in CH.CN solu-
tion was investigated by cyclic voltammetry, and the data
are reported versus ferrocene/ferrocenium in Table 1. Com-
plexes 1 and 2 exhibit quasireversible oxidation and re-
duction peaks at E,, = 080V and £ = -1.38-1.59V,
respectively, which are very similar to the data obtained un-
der the same conditions for 3 [0.79 and ~1.58 V this work
{cf. 0.85 and —1.54 V in CH,C1,)])." These data are consis-
tent with oxidation primarily at the Ir center and the phenyl
ring of the cyclometalated ligand, whereas the reduction is
localized on the ancillary ligand.

Quantum Chemical Calculations

The geometries and electronic structures of 1 and 2 were
calculated by DFT/TD-DEFT methods at the BILYP/(6-
INGF+HLANL2DZ) level to provide additional imsights into
the structures and nature of the emissive excited states. Fig-
ure 4 displays the atomic orbital compositions of the lowest
unoccupied and  highest occupied molecular orbitals
(LUMO and HOMO, respectively) of the cations of 1 and
2. The LUMO of both complexes is almost the same and
resides on the phenanthroline group. The HOMO is com-
posed of a mixture of © orbitals of the phenyl group at C(2)

0 3014 Wilew-VCOH Verlag GmbH & Co. KGaA, Weinheim
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of the cyclometalated ligands and iridium d orbitals: the
phenyl groups at C{4) or Cl6) make no contribution to the
HOMOs, These data are consistent with studies on analo-
gous complexes. ™ To further understand the emission pro-
cesses of 1 and 2, TD-DFT methods were used to calculate
the low-lying triplet states (T,) at the optimized geometry
of the ground state (S;). The orbital diagrams show that
the T, state for 1 mainly originates from HOMO— LUMO
(74%), and the T, state for 2 mainly originates from
HOMO— LUMO+1  (56%) and HOMO-—LUMO+3
(20%0) transitions (Figure S6). These data suggest that the
lowest excited states are induced by *MLCT (iridium —» an-
cillary ligand) with some *LLCT character {cyclometalated
ligands— phen). In addition, the unpaired-electron spin
density distribution calculated for 1 and 2 perfectly matches
the topology of the HOMO—LUMO excitation in which
the T, state originates and confirms the mixed *MLCT/
YLLCT character of the lowest triplet state (Figure 87).1%
The photophysical properties and the calculated results il-
lustrate that the emission of 1 and 2 mainly originates from
the T, states and agree with the experimentally observed
broad unstructured emission spectra of both complexes

%
-

Figure 4. HOMO and LUMO distributions of 1 and 2.

The metal-centered (*MC) states result from the exci-
tation of an electron from the occupied 15, (dn) HOMO 1o
the unoccupied e, (do®) level, which 1s regarded as the ori-
gin of the degradation process for Ru'- and Ir'"-based
LECs! In the *MC states, the rupture of metal-ligand
bonds can induce opening of the structure and, thereby,
enhance the reactivity of complex; thus, photodegradation
is facilitated, and the device becomes unstable. The robust
intramolecular m-stacking observed i the complexes re-
ported by Bolink et al. minimizes the expansion of the
metal-ligand bonds in the excited state, and this prevents
the unwanted ligand-exchange reactions™! To evaluate the
stability of 1 and 2, the molecular structures of the ‘MC
states were fully optimized from the minimum-energy struc-
ture of S, with Ir-N,,, bond lengths lengthened to
2.70 A 50 The metal-centered character of the triplet states
for 1 and 2 was confirmed by the spin densities, which were
caleulated for the optimized *MC state geometries. The spin

Eur. J Inorg. Clem. 2014, 2376-2382 2379

densities are mainly concentrated on the iridium atom with
1.47 ¢V unpaired electrons for both 1 and 2 in their *MC
states. The key bond lengths that affect the stabilities of 1
and 2 in the *MC states are prc:.c,ntod in Figure 5. The Ir

Nphen bond lengths of 2,23 A for 1 and 2 in the *MC state
are similar to the Ir-N .., bond lengths (2.26 A)in T,. The
structures show that the face-to-face n stacking, as observed
in the X-ray crystal structure of 2 (Figure 2), is retained in
the *MC states with centroid-to-centroid distances of
4.006 and 4.022 A for 1 and 2, respectively.

R2=2.61

Complex 1

Complex 2

Figure 5. Minimum-energy structures caleulated for the "MC
states of 1 and 2. Distances R1 and R2 are the optimized
Ir Nt‘;‘fhrmuh\l:ltﬂl ligand bond lcngths l I-

However, a crucial point is that the intramolecular n—x
interactions in 1 and 2 do not prevent opening of the struc-
ture in the *MC state, unlike iridium complexes with a pen-
dant phenyl group on the ancillary ligand such as [Ir(ppy).-
{pbpy)]*.*% For example, as shown in Figure 5, the caleu-
lated Ir-N bond lengths (R1 and R2) of 1 increased from
2,13 A in the eground state (S,) to 2.61 A in the *MC state,
and the changes are the same in 2. Complex 3 exhibits sim-
ilar changes to the corresponding bond lengths (Figure 58),

Light-Emitting Cells (LECs)

To investigate the electroluminescent properties of the
complexes, LECs were prepared with a structure of ITO/
PEDOT:PSS (50 nm)¥iridium complex-IL {(molar ratio 4:1
wiw: T5nmdAl (120 nm). ITO s indium tin oxide,
PEDOT:PSS is poly(3.4-ethylenedioxythiophene) poly(styr-
ene sulfonate), and IL is the ionic liquid 1-butyl-3-methyl-
imidazolium hexafluorophosphate (BMIMPF). which re-
duces drastically the turn-on time of LECs and enhances
the ionic conductivity of the thin film.*™ This is the stan-
dard LEC architecture that our groups have used pre-
viously P! As a benchmark, model complex 3 was studied
in the present work. As expected, upon applying a bias of
3V 1o the device with complex 3, light emission was ob-
served within a few minutes, as reported previously by us!'!
and by Bolink et al."™! for this complex. However, for 1 and
2, under identical conditions no light emission was ob-
served even after the application of a bias of 3 V for as long
as 24 h. Moreover, no light emission was observed at a
higher bias (8 V) for 24 h. These studies demonstrate that

O 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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although 1 and 2 show efficient photoluminescence they are
not suitable for LECs. This can be explained by the dis-
torted molecular structure induced by the double n stacking
{as revealed by X-ray analysis) and by the theoretical calcu-
lations that show that the intramolecular r—n interactions
in 1 and 2 do not effectively prevent the transition to a
more open structure with an expanded Ir-N coordination
sphere in the excited states. Consequently, we conclude that
the double © stacking in 1 and 2 is detrimental to stability
and it is likely that the complexes degrade in the excited
state through reactions with adventitious nucleophiles and
s0 luminescence is quenched.

Conclusions

This combined experimental and theoretical study has
provided new insights into the established strategy of using
intramolecular 77 stacking in cationic Ir'"" complexes to
enhance LEC performance. Complexes | and 2 possess the
new feature of pendant phenyl rings at the a position to the
nitrogen atom of the cyclometalating units. X-ray analysis
of 2 shows that it has a distorted octahedral geometry with
strong intramolecular face-to-face - stacking interactions
between the pendant phenyl units and the ancillary ligands,
DFT caleulations establish that the intramolecular interac-
tions are retained in the excited triplet states and that this
mode of n-n stacking does not prevent the opening of the
Ir-N coordination sphere in the excited states. Conse-
quently, although the complexes are photoluminescent, they
do not emit light in LECs under conditions in which the
model compound [[r{ppy).phen]PF,. emits strongly. This is
presumably because of degradation reactions of the *MC
state of 1 and 2 under the applied bias during LEC opera-
tion. This combined experimental and theoretical study
provides new insights into structure-property relationships
in ionic Ir complexes and demonsirates convincingly that
intramolecular n—n stacking can be detrimental to LEC
performance in specific cases owing to enhanced distortions
in the geometry of the complex, This is valuable infor-
mation for the future design of complexes for LEC applica-
tions.

Experimental Section

Materials, Synthesis, and Characterization: All reagents and sol-
vents emploved were commercially available and used as received
without further purification, The solvents for syntheses were freshly
distilled from appropriate drying reagents. All experiments were
performed under a nitrogen atmosphere by using standard Schlenk
techniques. "H NMR specira were measured with a Bruker Avance
500 MHz spectrometer with tetramethylsilane as the internal stan-
dard, Mass spectra were recorded by using matrix-assisted laser
desorption-ionization time-of-flight (MALDI-TOF) mass spec-
trometry. Elemental analyses (C, H. and N) were obtained by using
a Perkin-Elmer 240C elemental analyzer. UV/Vis absorption spec-
tra were recorded with a Hitachi U3030 spectrometer. The emission
speetra were recorded with a Hitachi F-7000 fluorescence spectro-
photometer. The excited-state lifetimes were measured with a tran-

Eur X Inorg. Chene Hi14, 2376-2382 2380

sient spectrofluorimeter (Edinburgh FLS920) with a time-corre-
lated single-photon-counting technique. The photoluminescence
quantum vields (PLOQYs) in solution and in neat flms were mea-
suned with an integrating sphere in a fluorospectrophotometer. Cy-
clic voltammetry was performed with a BAS 100 W instrument at
a scan rate of 100 mVs ! in CHyCN with a three-electrode configu-
ration: a glassy-carbon electrode as the working electrode, an aque-
ous saturated calomel electrode as the pseudo-reference electrode,
and a platinum wire as the counter electrode, A (0.1 M solution of
tetra-n-butylammonium perchlorate (TBAF) in CHCN was used
as the supporting electrolyte, and ferrocene was selected as the in-
ternal standard.

Synthesis: Ligands Hdppy!' and Hippy!" and complex 37 were
synthesized as described in the literature. The p-dichloro-bridged
diiridium C"N ligand complexes, which are precursors o com-
plexes 1 and 2, were synthesized from Hdppy and Hippy, respec-
tively, by following standard literature procedures for analogs22

[Ie{dppya(phen)]PFg] (1) A mixture of 26-diphenylpyridine
(508 mg, 2.2mmol), IrCl3H0 (352 mg, 1.0mmol), 2-ethoxy-
ethanel (12mL). and water (4 mL) was heated at 120 °C. After
12 h, the mixture was cooled 1o 20 °C, and the precipitate was col-
lected by fltration, washed with water, and then dissolved in
CHCly, The organic selution was separated, dried with MgS0,,
filtered, and evaporated to give a pale green solid, presumed to be
the bis-p-chloro-bridged complex, which was used directly in the
next step. A mixiure of this complex (138 mg, 0.1 mmol) and phen-
anthroling (36 mg, 0.2 mmol) in dichloromethane (30mL) and
methanol (15 mL) was heated wnder reflux for 24 h in the dark.
After cooling to room temperature, the mixture was filtered: an
excess of solid KPF, was then added, and the mixiure was stirred
for 1 h at room temperature. The solvent was removed under re-
duced pressure, and the residue was purified by silica gel column
chromatography with a mixture of dichloromethancfethyl acetate
(d:1 wiv) as eluent to yield 1 (¥ mg) as a vellow solid. '"H NMR
{500 MHz, CDCly): 6 = 8.20 (d, J = 7.5 Hz, 2 H), BO2 (d, J =
7.5 He, 2 H), 7.98 (s, 2 H), 7.88 (d, J = 7.5 Hz, 2 H), 7.63-7.67 (m,
4 H), 7.20-7.24 {m, & H), 702 (., J = 7.5Hz, 2 H), 6.81 (d, J =
8 Hz, 2 H), 6.62 (1, J = 3.5 He, 4 H). 6.48 (d, J = & He, 2 H), 6.11
(s 2 H) 5.01 {d. 7 = 7Hz 2 H) ppm. CagHuFolrN,P (1006.02):
caled. © 5731, H 361, N 557; found C 5736, H 365 N 5.61.
ESI-MS: miz = 833.2 [M - PF,]".

|Ir{tppy )a{phen)]| PFg] (2): By following the same procedure as that
for 1, 2 4,6-triphenylpyridine (676 mg, 2.2 mmol) gave a pale green
solid, presumed to be the bis-p-chloro-bridged complex, which was
used directly in the next step. A mixture of this complex (168 mg.
0.1 mmol) and phenanthroline (36 mg, 0.2 mmol) in dichlorometh-
ane (30 mL) and methanol (15 mL) was heated under reflux for
24 h in the dark. Workup and purification as described for 1
yiclded 2 (15mg). "H NMR (500 MHz, [Dg]dimethy] sulfoxide; 4
=869 (d, J=1.5Hz 2 H), 837-8.42 (m, 4 H). 8.07 (5. 2 H), 7.98
B.O0 (m, 4 H), 7.67 (d, J = 4 Hz, 2 H), T48-7.50 (m, & H), 7.17-
7.22 {m, 4 H), T.05-7.06 {m, 2 H), 6.96 (d, J = 2 Hz, 2 H), 684 (d,
J=75Hz 2 H), 664 (t, J=75Hz 2 H), 6.56 (t, /= 7.5Hz, 2
H), 6.06 (1, S = T.5Hz 2 H), 511 (d, J = T.5Hz, 2 H) ppm.
CroHaaFleN P (1158.22) caled. C 62,22, H 3.83, N 4.84; found C
62.27, H 3.91, N 4.88. ESI-MS: miz = 983.2 [M - PF,]". Single
crystals of 2 were obtained by slow evaporation of a dilute CHCl,
solution of the complex,

Xeray Crystallography: The data collection for 2 was performed
with & Bruker Smart Apex 11 CCD diffractometer with graphite-
monochromated Mo-K, radiation (4 = 0.71069 A) at 293 K. Ab-
sorption corrections were performed by using the multiscan tech-
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nique. The crystal structure was solved by direct methods with
SHELXTL-97% and refined by full-matrix least-squares tech-
nigues by using SHELXTL-97 within WINGX_ ™ The hydrogen
atoms of the aromatic rings were included in the structure factor
calculation at idealized positions by using a riding model. Aniso-
tropic thermal parameters were used to refine all non-hvdrogen
atoms except for some of the nitrogen and carbon atoms, Structural
data in CIF format is available as Supporting Information, CCDC-
956631 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.code cam.ac.uk/
data_requesticil.

Theoretical Caleulations: The ground and excited electronic states
of the complexes were investigated by performing DFT and TD-
DFT calculations at the BALYP level** The 6-31G* basis seis were
employed to optimize the C. H, N atoms, and the LANL2DZ basis
sets were employed for the Ir atom, An effective core polential
{ECP) replaces the inner core electrons of iridivm to leave the outer
core (3s)%(5p)® electrons and the (5d)® valence electrons of the 1r'™!
ion. The geometry of the metal-centered triplet {*MC) was fully
optimized and calculated at the spin-unrestricted UB3LYP level
with a spin multiplicity of three, All caleulations reported here were
performed with the Gaussian 09 software package,1*!

Device Preparation and Characterization: PEDOT:PSS is poly(3.4-
ethylenedioxythiophene):polyistvrene sulfonate) (CLEVIOS'™ P
VP Al 4083 aqueous dispersion, 1.3-1.7% solid content Heraeus):
solvents were obtained from Aldrich. TTO-coated glass substrates
(20 £4sq) were cleaned and treated with oxygen plasma before use,
The PEDOT:PSS layer was spin-coated onto the ITO substrate and
baked at 100 °C for 30 min to vield a film with a thickness of ca.
100 nm. After cooling to room temperature, the solutions of 1-3
and the ionic liquid 1-butyl-3-methylimidazolium hexafluorophos-
phate (BMIMPF) in CH»Cly were spin-coated onto the substrate,
and then the layer with a thickness of ca 90 nm was baked at 80 *C
for 2 h. The film was transferred into a metal evaporating chamber
in which an aluminum cathode (120 nm) was evaporated under low
pressure (<5 107" mbar). The electroluminescence (EL) spectra
were obtained with a Photo Research PR630 spectrophotometer
under ambient conditions by applyving a constant voltage with a
Keithley 2400 source meter.

Supporting Information (sce footnote on the first page of this arti-
cle): '"H NMR spectra of 1 and 2; cyelic voltammograms of 1-3;
theoretical calculations of 1-3; emission spectra of 1-3 in solution.
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Two heterolepise charged iridivam {111 species  composing two  cvclopedallasing ligands and a neadral

iwimine  ligand  were ayedhesies] aned

whharacterizid,
M Bie- [ 312 A-clifliomapdeny] -5 iriBusrnet o] peericlise- O™ N - imdinm

namudy |[ﬂ.l.T,S-PI'rm1||l'rh_t'l-1.I“—pllllllmlthﬂllirﬂh.“i-
(L | btatbaaroplosphiate [LRL01)
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(I} hexaflicraphnspliate (UA02). Batle pomplexes were ised as the hlise embtter bn OLED and LEC dovies. e
founad thot the optimized stoecture is ITO PEDOT:PES complex: BMIMPFg{1:1) /Al The UM0 gave a current
efficiency of 1.14 cd A", whereas the UMAO2 shows a beiter C1E coordination at 00149, 40,400

D 10120598 AP hyvsPol A 1271109
P ARG B A6.60.00
1. Introsduction

Hetercleptic charged ixidinm (111} specics comprising
two eycbometallating lgaimds and 8 neatral diimbee Bgand
of generic formala (CON]ale{ NN Lave been of great
interest a5 mmdtifunctional chromophores for advameed
optaclectronic applicaticas [1-6]. The key propertics of
these eompsleses are theie high staldlities, high lumines-
cenee gquantium viekds, short excited state Ofethne and
tapabde emisson energios, The photoplysical properties
aof these phosphors can be taoed by varying the ligand
ar itz substitnent groops amd by the e of additiconal
anvillary ligands 7). A charged Ir (10) complex is the
ks component in highly efficknt organle lght-vimbtting
alivabes [OLED=] wned =imple devios lght-cmitting electo-
chemical cells (LECs) |E]. OLEDs amd LECs hane D
ikl s stadied during recent. years motivaded by thesic
potential for applications in display and lighring. Today.
the devioes that are still far from expeiiencing & sucomss-
ful meacker epteanee aind many Baes have 1o be solved
in coder to make them a viable albernative to the cor-
reat display techinologies. {ne big proklem that should
bt intensive stidied is the developaemt of the bl canir-
ter materials |9, 10, For example, s charged irdiom
(1} demonserated by Henk 3. Bolink give a bloe-green
frean LECs with a curvent efficiency reaching 5.5 ed A1
and a maximmem power eBicieney of 58 Lo Wate—! 9]
Yoo Qi shows that LECs hased on the charged iried-
i (100 of (2 A-diffuoropheny -1 -prrazale wnd 2-(1-
[-earsl phenyd - L -lmidazol-2-yDpyridine ghee highly of-
ficient blue-green electrohoninescence with current effi-
ciency, extermal ouantum etbciency, amd pever efficieney

“onrreapindigg author; e-mallk rokidist jEhetesil. com

of 18.3 ed A~Y, 765, and 18,0 bn W', respectively [11],
Hepe, we developed the electrolumineseenes baszed on
GLED: and LEC: fom a changed ieidiom (1) evm-

b,

2. Experimental

ALt clsemicals were purchased rom Aoros onganic
and used without fuctber pudfication, unless oferwise
nated. The VMDD amd UMO2 were synthesized accard-
ing 1o the referenee by varving the CX ligamds [12). °H
gl 0 NMR spectra were recorded an s Bruker Avance
30 spectivimeter. Chenical alifts are gisoted downfeld
from interoal stamdard TALS, MS data were shtained s
ing i Thermo Finnigan LTOQEFT instraoment. Uliravichet-
vigihle [UV-vis} spectra were recorded with Perkin-Elmer
UV Lambdn 25, Photeluninescense spectrnn and the
fuoresocics quantiuin yiedds () were dentified by a
Perkin-Elmer LS 508 Luminescence Spectrooeder the
stanabared quindne salfate solution in 001 M Hy50y, whose
Huorescenee quantomm yield is known to bee 0054,

(&4, T S-tetramedhy -1, W-phenant hrodine-N-N -
bie-{ 2-0 2 A-diflucrophenyd)-5-(trifluoromethy ]| pecidine-
O Ni-iebdinm (T bexafuerophospluae (UMO1] (2490
VH NME (300 MHz, CDC,) § 851 (dd, J = 8.8, 2.4 He,
1H). B4 [= 1H). 802 [dd. J = 849, L6 Hz, 1H], 7.95 (s,
1H}), 7.41 5, IH}, G.75-6.65 [m, V), 5.74 {dd, J = 5.1,
23 Hez, 1H}, 293 (s, 3H]), 2.51 (s, 3H); M5 (ESY)
s = MR 1ET (M*-PFq, 100,

[03,4, 7 Bvetpamet b l-1, M- phenanthrolioe- N-N-bis-
[3-027 A -diflucrc-phienyl |- 1 -pyragole-C'™ N Hiridinm
[ lesatfrophosphate  [URHEZ) (TE%); 'H NME
[y MMz, D0 & 856831 (m. 20, S0E-500 (m,
1H), 686 (d, J = 25 He, 1H), 677 667 (m. 1H),
G.50-6.490 (m. TH), 5.8% (dd, J = 83 20 He, 1H),
288 (5, 3H), 2.48 (5. 3H): M5 (ES5') mfz = TET.1TS4
[M*-FFg, 100).

[RR L
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The cectrolominescence of  iridiom  complex was
digsolved o peetonitrile  solution st B comsmiTe-
thorr of 125 mgml™'.  Prior to the fabrieation of
the electmolumimseenee,  the 1T pglass  subsirates
were thoronghly  cleaned followed by U speone
treatmaent Tor 1 min. A thin film of poly[34-
ethylerrdiccorthiophene:polvistyrenesulfonate]  (PE-
[HOIT:PSS] layer was spin-coated ar WA ppon for 180 =
and habesl at 3600 for 10 min. For the host-gpest
OLED deviee, the eanitter byer was spinecoated with
the host 2 [d-palvi9-vinylearbazoke) [PYR) amd 2-
[-tert-hutyIphsme -5 4-hipghenylyl1- 1.3, dmondiasode
(PRO} G 31 w/w with the comples followed by
1.4.5-tris| 2-M-phemylbemsimmidazaly ] benene [TPEi).
LiF aned ahominom catbode with o shadow mask under
high varnum. For simple LEC deviee, the complex
films were spin-coated with or withoee  1-bory]-35-
methylimldazodium (BMIMIPFy by ovarded the mole
radios and then capped with aliminum cathode, The
electrohominescent properties of the resultant devices
were perormed nsing a Keithley 2400 souree meter, as
a power supply and moliimeter, o Minolta L5110, as
a luminance detector, and an Ceean apthes TSE4000
speciioarieler,

A, Hesults s discossions

The medeculny strueture of targes chaeged cdiom
(M peompdeses =2 depicted o Fig 1. UMD and

5]
r ’ F
e :

The mdecilar steactuee of UK and UNIKE

Fig. 1.

UR02 in dichloromethane (DO were charcterized us
ing, IV -visikde ahsorhance and Aisweseenes spectroseopy
ar shown in Fig, 20 The compdes displays =strong ab-
sorption bands between 250 and 300 nm which can be
attribnated to ligamd-ventered [LC] of the cychometalaged
phenyl pyristine (pgyy] and phenanthroline |phen). While,
thie weaker abeorption hands about S0 nm and abwe can
beir assigreed o metal- to-ligaod change cransfer (MLCT).
These charaetori=tic are consistent with the previoosly
reported in the literatores [13, 14]. The emission wave-
lengths of the hioth complexes were fonmad around 480 nm
which = compared to the hlue-green eolor, We found thar
bosth UAO1 ad UBOR2 give the gquantum vield of 0.01.
We carried aut DET calealatbons to abiain the molesular
gecapetries and electmoic infomeation of the charged id-
inm [ 11} coanplemes. The geometries of UA01 amd U NO02

K. Wingkloen et ol

Wanakeagih jnm i

Fig, 2. UV-Wis sbesorpdion amd emissaon of UMD aand
LUIBI02 o dichloervanet Bane sl rocan bosperadane,

were cqtimized at BILY P 6-310G%: LANLZDY. The from-
ticr awhital and energy gage of UME2 are showen in Fig. 3
wherre the LUMO is located on the phenanthroline lig-
amd and the HOMO bpvodves the ikdiom apd plemylene
groups [Fig, 3], The cabeulated enengy pap of Ul
shiwrs a value at 13T @V which is in agreeamnt with the
resalt from phodophysical experiments (510 «47).

LU0

2 LI -

Fig. 4. HOMO el

and LUMOD  emergies
spomding  orbidal contonre of UNOE by BILYFP/6-
AMGHLANLEIDE, The E, i defioesl as the HORO-
LUK EORTEY KA.

oarre-

In arder to evalate the dectmluminescent properties,
complexes were first employed 2= cmitting layver in hoth
host-guest LECs |18] and OLEDs |16, 17] where PVE
anl PRI were miged s the eo-hast, PEDOT:PSS acts
as hole-injecting laver to facilicate ebection tramspor,
TPBi v wasd as an electron-transport  hole-blocking
layer. Unfortunately, both bost-guest LEC and QLED
devicrs show weak current efficiency bess than 002 od A~ 1
This can be explained by the unsaitable ewerpgy leved of
UB01 aned host material [18]). RBecently, the effichmey
al the LECs deviees can be improved by the adedition of
acanie: liouid (11 [19-21). To invesitigate, we optimized the
e Tatio of BAMIMPF;. We foond that LEC stractune:
ITO/PEDOTPSS UMILBMIMPFL 1) Al was the ef-
flekent deviee whth a maxbronm brightness of 1087 ed m—?
amd a current efficiency of 114 cd A™' (see Figure 4).
With the same structure, we wssl UMO2 as the ematter
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== T2 FIZCTI Uil VAP

54 W= CTFIDSTHL L R
[ n MEHSOTHL cse BRI | L&
— [F2HEC] H i o BUBAH 4§ P SO T LF
—a T2 HTOTHL v BEIW 1 L

g b
B

Vg Y

Fig, 4. Braghtawss e waltage corves of the device
hiesedd o UMD ] UNO2 with s dilflerend siractars.

TABLE 1

LEC apd QOLED devices performasnces of
UIAIOT and ITNA0EE

[ S 2 ki
s Jedin ™ J
o TR (R o il il L]
FYE-uFE B A
. T LK T (S8 b LLRIE] ju T
FYR: RSP
TFBRI/LiF /Al
(R N [ [T [CETTN T
HERLREF g
f:0 Al
(R A5 [TRT] s [T 2, 0
EMIMPF
[1:0. 7% A _ _ [
(REA ] 1.0 Eatil [ ] L8] b4, i
EMIMPF
1A A _ _
LInane: A.n 44 s s L]
HALIALPF g 1:00:
FYR:EVSFIN
TFBRI/LiF /Al
Tindirs: ER 242 I, adE e, ool
(IR LI
§1:00 Al

in LEC=, We found chat the TUAMIR ghve o better blue
CIE coordinate at 0,19, 040, Hewever, the devios shows
a lower corment efficiency of 0.08 cd A~ Detailed el
tredaminieseent characteristies jire summariasd in Tabde |1

and Fig, 4.

Conclusions

The hlue clectroluminescence LECs can b achivved
with the chasged ividinm (11T} comphees, We foand tha
the curpent efficiency can be inproved to 1,04 ed A~ by
the wdditicn of 1L af 121 meobe matio oo the emitding
lwerr. The comple: with CJN pyrazole ligemed give o blhoe
CIE coordination at 0,19, .40, Therefore, this research
may he & nseful and helpful data o devedop an efficicne
real hlue eleetmolumipecenee LECs b the future
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