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ABSTRACT: A series of new emissive group 11 transition metal
d"’-complexes 1—8 bearing functionalized 2-pyridyl pyrrolide
together with phosphine ancillary such as bis[2-(diphenylphosp-
hino)phenyl] ether (POP) or PPh; are reported. The titled
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complexes are categorized into three classes, i.e. Cu(I) complexes ‘ fa_St Isc s (clOW ISC
(1-3), AS(I) complex_es (4 and 5),_ and Au(I) metal cor'nplexes Si(MLCrfm*)h\';‘:. T, (MLCT %)

(6—8). Via combination of experimental and theoretical ap- ) - i 7
proaches, the group 11 d'®-metal ions versus their structural Ty(nm*), Ty(rnt)

variation, stability, and corresponding photophysical properties

have been investigated in a systematic and comprehensive manner. The results conclude that, along the same family, how much a
metal d-orbital is involved in the electronic transition plays a more important role than how heavy the metal atom is, i.e. the atomic
number, in enhancing the spin—orbit coupling. The metal ions with and without involvement of a d orbital in the lowest lying
electronic transition are thus classified into internal and external heavy atoms, respectively. Cu(I) complexes 1—3 show an
appreciable metal d contribution (i.e., MLCT) in the lowest lying transition, so that Cu(I) acts as an internal heavy atom. Despite its
smallest atomic number among group 11 elements, Cu(I) complexes 1—3 exhibit a substantially larger rate of intersystem crossing
(ISC) and phosphorescence radiative decay rate constant (k) than those of Ag(I) (4 and S) and Au(I) (6—8) complexes
possessing pure 7T — 7r* character in the lowest transition. Since Ag(I) and Au(I) act only as external heavy atoms in the titled
complexes, the spin—orbit coupling is mainly governed by the atomic number, such that complexes associated with the heavier
Au(I) (6—8) show faster ISC and larger k,” than the Ag(I) complexes (4 and 5). This trend of correlation should be universal and
has been firmly supported by experimental data in combination with empirical derivation. Along this line, Cu(I) complex 1 exhibits
intensive phosphorescence (@, = 0.35 in solid state) and has been successfully utilized for fabrication of OLEDs, attaining peak EL

efficiencies of 6.6%, 20.0 cd/A, and 14.9 Im/W for the forward directions.

1. INTRODUCTION

There has been considerable interest in the fundamental proper-
ties of luminescent transition metal complexes, for which the
characteristics of the lowest lying triplet excited states are domi-
nated by both ligand-centered 777" and metal-to-ligand charge
transfer (MLCT) transitions." In moving toward realization of all
phosphorescent organic-light emitting devices (PhOLEDs), efforts
have been made to design metal-based phosphors with emission
wavelengths spanning the whole visible region.” These research
works are mainly focused on the late transition metal containing
materials, for which the most recognizable paradigms involve the
third-row transition metal complexes with either d°- or d*-electro-
nic configuration. Guided by this initiative, our group has initiated
research on Os(1I), Ir(I1I), and Pt(II) metal complexes with pyridyl
azolate and respective functionalized chelates, which are known to
constitute an integral component for harnessing effective radiative
transitions.® It is believed that the rigid metal—chelate bonding,
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higher ligand field strength, and the lower oxidation states of the
central metal ion all play pivotal roles in facilitating the heavy-metal
induced spin—orbit interaction as well as in the promotion of
MLCT contributions in the emissive states.*

The above interest then stimulates parallel studies aimed at
the investigation of emissive metal complexes that possess the
d"-electronic conﬁguration.5 However, in contrast to the lumi-
nescent Cu(I) cluster complexes,® the majority of monometallic
Cu(I) complexes are cationic in nature, and their assembly requires
the incorporation of two diimine chelates for full occupation of the
tetrahedral coordination environment.” Recently, attention was
paid to the alternative architecture possessing one diimine plus
an ancillary bis-phosphine chelate,® due to the greatly enhanced
emission performance imposed by the highly rigid and stronger
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metal-phosphine bonding. With respect to the photophysics,
their room temperature photoluminescence is attributed to the
MLCT transition, which is enhanced by both the low oxidation
potential of the Cu(I) core and the absence of a higher lying
metal centered dd-transition, the latter of which would result in
the weakening of metal—ligand bonding and in turn promote the
radiationless deactivation in d°- and d*-metal complexes. In other
words, for these Cu(I) complexes, the highest occupied molec-
ular orbital (HOMO) has a predominant metal d character,
possibly mixed with a small contribution from the bis-phosphine,
while the lowest unoccupied molecular orbital (LUMO) is
essentially residing on the 77* orbital localized on the diimine.
In the absence of the aforementioned metal dd state induced
quenching, they are thus capable of generating efficient lumines-
cence and are prospective in the fabrication of OLEDs" as well as
the light-emitting electrochemical cell (LEC)"® with relatively
low cost compared to the case of those constituted of Os(II),
Ir(1IT), and Pt(II) complexes. Another important issue of applic-
ability lies in that the Cu(I) complexes, in comparison to the late
transition metal complexes, are more environmentally benign.
Also, it is worthy of note that mobile ionic species are used in the
electroluminescent layers of LEC to yield eflicient light output;
thus, the employment of cationic Cu(I) complexes is especially
suitable.

Herein, we report the synthesis and characterization of a new
class of Cu(I) metal complexes with a series of tailor-made
pyrrolide anions, demonstrating various degrees of 7T-conjuga-
tion and spatial bulkiness. All of these compounds are lumines-
cent, and they are unique in their high quantum efficiency (® >
0.3 for complex 1) and tunable emission peak wavelengths
(550—605 nm) in CH,Cl, solution at room temperature, for
which their luminescent behaviors are comparable to those of the
three-coordinate Cu(I) complexes recently documented in the
literature."" Experiments were then conducted to demonstrate
their usefulness in fabrication of OLEDs. Moreover, for further
analysis of the effects exerted by the central Cu(I) metal, we have
also synthesized the Ag(I) as well as Au(I) counterparts of the
group 11 triads, cf. complexes 4—8, and then systematically
investigated their structural versus corresponding spectroscopic
and photophysical properties. In theory, the second and third
row analogues of group 11 d'°-metal elements, on the one hand,
would reveal a steady increase of atomic number, molecular mass,
and ligand—metal coordination bond strength. On the other
hand, they may concomitantly display a decrease of coordination
numbers and an increase of oxidation potential that play adverse
effects toward achieving effective luminescence. On this basis, we
then provide an in-depth analysis to elucidate a puzzling excep-
tion regarding why the Cu(I) complexes are deviated from the
“heavy-atom effect”, a theory which states that increased inter-
system crossing (ISC) rates typically accompany complexes with
atoms of higher atomic number (Z). With the possession of
whole group 11 metal complexes, the interplay of countering
effects on the luminescent characteristics can thus be judiciously
identified via the relevant photophysical studies. Such an inves-
tigation is complementary to the recent study on the relativistic
effects in homogeneous Au(I) catalysis versus that of its lighter
congeners.

2. EXPERIMENTAL SECTION

General Information and Materials. Mass spectra were ob-
tained on a JEOL SX-102A instrument operating in electron impact (EI)

mode or fast atom bombardment (FAB) mode. '"H and *C NMR spectra
were recorded on Varian Mercury-400 or INOVA-500 instruments;
chemical shifts are quoted with respect to the internal standard tetra-
methylsilane for 'H and "*C NMR data. Elemental analyses were carried
out at the NSC Regional Instrumentation Center at National Chao Tung
University, Hsinchu, Taiwan. The chelating pyrroles, namely, 3,5-bis-
(trifluoromethyl)-2-(2'-pyridyl) pyrrole (fpyroH), 3,5-bis(trifluorome-
thyl)-2- (6'-phenyl-2/-pyridyl) pyrrole (fphroH), and 3,5-bis(trifluo-
romethyl)-2-(2'-isoquinolinyl) pyrrole (fiqgroH), were prepared accord-
ing to the literature procedures,"® while the copper complex [ Cu(CHs-
CN),]BF, was synthesized by dropwise addition of aqueous HBF, (50%)
into a suspension of Cu,O in acetonitrile."* All reactions were conducted
under N, atmosphere using anhydrous solvents or solvents treated with
an appropriate drying reagent.

Preparation of Cu(POP)(fpyro) (1). A 25 mL round bottle flask
was charged with [Cu(CH3CN),]BF, (50 mg, 0.16 mmol) in 10 mL of
acetonitrile and bis[2-(diphenylphosphino)phenyl] ether (POP, 85.6
mg, 0.16 mmol) in 10 mL of THF. After stirring at RT for 1 h, a solution
of 3,5-bis(trifluoromethyl)-2-(2'-pyridyl) pyrrole (fpyroH, 45 mg, 0.16
mmol) in 10 mL of THF was added. This mixture was stirred for another
S h and solvent was then evaporated. Light green crystals were obtained
by diffusion of hexanes into a CH,Cl, solution of product at RT. Yield:
87 mg, 62%.

Spectral data for 1: MS (FAB, “Cu): m/z 881 [M']. '"H NMR
(400 MHz, dg-acetone, 298 K): O 7.87—7.84 (m, 2H), 7.68 (t, ] = 7.2 Hz,
1H), 7.40—7.38 (m, 3H), 7.30—7.22 (m, 10H), 7.16—7.08 (m, 7H),
6.98 (t, ] = 7.6 Hz, 3H), 6.86—6.74 (m, 3H), 6.68—6.67 (m, 3H), 6.60
(t, J = 6.4 Hz, 1H). *'P—{"H} NMR (202 MHz, dg-acetone, 298 K):
0 —12.57 (br, 2P). F—{'"H} NMR (470 MHz, ds-acetone, 298 K):
5 —54.19 (s, 3F), —59.22 (s, 3F). Anal. Calcd for C,7Hs3CuFgN,OP,:
C, 64.06; H, 3.77; N, 3.18. Found: C, 64.08; H, 3.89; N, 3.18.

Selected crystal data of 1: Cs;Hy;CuF¢N,0,P,, M = 953.34, mono-
clinic, space group C2/c, T = 150(2) K, a = 37.5399(17), b = 12.9489(6),
¢ =22.7366(10) A, B = 127.247(1)°, V = 8798.0(7) A%, Z = 8, peea =
1.439 mg/m?, F(000) = 3920, A(Mo Ko) = 0.7107 A, ¢ = 0.639 mm ",
crystal size = 0.50 x 0.40 X 0.15 mm?, 10105 independent reflections
collected with (R;ne = 0.0324), GOF = 1.107, final R, [I > 20(I)] = 0.0584,
wR,(all data) = 0.1742, and D-map, max./min. = 1.644/—1.121 e/A3,

Preparation of Cu(POP)(fphro) (2). Similar procedures are
employed for the reaction of [Cu(CH;CN),]BF, with POP and
fphroH, giving light green crystals with a yield of 67%.

Spectral data for 2: MS (FAB, ®*Cu): m/z 957 [M*]. "H NMR (400
MHz, dg-acetone, 298 K): 0 7.68 (d, ] = 8.0 Hz, 1H), 7.59 (t, ] = 7.6 Hz,
1H),7.56 (d, ] = 7.2 Hz, 1H), 7.40—7.20 (m, 20H), 6.92—6.84 (m, SH),
6.80—6.72 (m, SH), 6.60—6.58 (m, 4H). *'P—{"H} NMR (202 MHz,
dg-acetone, 298 K): & —16.03 (br, 2P). "’F—{'"H} NMR (470 MHz,
dg-acetone, 298 K): 0 —53.57 (s, 3F), —60.74 (s, 3F). Anal. Calcd for
CqsHs,CuFN,OP,: C, 66.49; H, 3.90; N, 2.93. Found: C, 66.33; H,
425; N, 327.

Selected crystal data of 2: CssH, CL,CuFgN,OP,, M = 1127.18,
monoclinic, space group P2,/n, T = 150(2) K, a = 13.9226(9),
b = 20.2681(12), ¢ = 18.1130(10) A, 8 = 90.146(1)°, V = 5111.2(5)
A3, Z = 4, peea = 1465 mg/m>, F(000) = 2296, (Mo Ka) = 0.7107 A,
U = 0763 mm ', crystal size = 042 x 040 x 035 mm’, 11736
independent reflections collected with (Ry,, = 0.0303), GOF = 1.029,
final R;[I > 20(I)] = 0.0443, wR,(all data) = 0.1092, and D-map,
max./min. = 1.285/—0.910 e/A>.

Preparation of Cu(POP)(figro) (3). Similar procedures are
employed for the reaction of [Cu(CH3CN)]BF, with POP and figroH,
giving yellow crystals with yield of 76%.

Spectral data for 3: MS (FAB, ®*Cu): m/z 931 [M*]. '"H NMR
(500 MHz, dg-acetone, 298 K): & 8.31 (d, J=9.5 Hz, 1H), 7.96 (d, ] = 9.0
Hz, 1H), 7.85 (d, ] = 8.5 Hz, 1H), 7.72 (d, ] = 7.5 Hz, 1H), 7.50—7.36
(m, 4H), 7.36—7.26 (m, 4H), 7.24—7.08 (m, 8H), 7.08—6.96 (m, 6H),
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692—6.80 (m, SH), 6.79—6.69 (m, 3H), 663 (t, ] = 7.7 Hz, 1H).
3p—{'H} NMR (202 MHz, dg-acetone, 298 K): 0 —12.24 (br, 2P).
F—{'H} NMR (470 MHz, dg-acetone, 298 K): & —53.62 (s, 3F), —58.81
(s, 3F). Anal. Caled for Cs;HasCuFgN,OPy: C, 65.77; H, 3.79; N, 3.01.
Found: C, 65.88; H, 3.98; N, 3.37.

Preparation of Ag(POP)(fpyro) (4). A 50 mL round bottle flask
was charged with Ag;O (22.5 mg, 0.10 mmol), POP (104.8 mg,
0.20 mmol), and fpyroH (54.5 mg, 0.20 mmol) in 30 mL of CH,ClL,.
After the mixture was stirred for 6 h at RT, the solvent was evaporated.
A colorless crystalline sample was obtained by diffusion of hexanes into a
CH,Cl, solution at RT. Yield: 150.8 mg, 81%.

Spectral data for 4: MS (FAB, 107Ag): m/z 1032 [M* + 107Ag],
646 [M" — fpyro]. "H NMR (500 MHz, dg-acetone, 298 K): O 7.89
(d,J=4.5Hz, 1H),7.82 (d, ] = 7.5 Hz, 1H), 7.71 (t, ] = 7.5 Hz, 1H), 7.36
(t, ] = 7.0 Hz, 4H), 7.32—7.20 (m, 18H), 7.30—7.22 (m, 10H), 7.01
(t, ] = 7.5 Hz, 2H), 692 (d, J = 8.5 Hz, 3H), 6.83—6.74 (m, 4H).
*'P—{'H} NMR (202 MHz, dg-acetone, 298 K): 6 —8.62 (d, Jagp =400
and 347 Hz, 2P). "F—{'H} NMR (470 MHz, dg-acetone, 298 K):
0 —53.7 (s, 3F), —60.3 (s, 3F). Anal. Calcd for Cy;H;3AgF¢N,OP,:
C, 60.99; H, 3.59; N, 3.03. Found: C, 61.21; H, 3.87; N, 2.84.

Selected crystal data of 4: C5;Hy4AgF¢N,O,P5, M = 925.56, orthor-
hombic, space group Pbea, T = 150(2) K, a = 15.8784(7), b = 21.1674(9),
¢ = 23.6769(10) A, V = 7957.9(6) A%, Z = 8, peyea = 1.545 mg/m’,
F(000) = 3744, A(Mo Ka) = 0.7107 A, i = 0.656 mm ™, crystal size =

0.30 x 0.15 X 0.07 mm?>, 9149 independent reflections collected with
(Rine =0.0700), GOF = 1.216, final R, [I > 20(I) ] = 0.0690, wR,(all data) =
0.1385, and D-map, max./min. = 0.810/—0.862 e/A>.

Preparation of Ag(POP)(fiqro) (5). Similar procedures are
employed for the reaction of Ag,O with POP and figroH in CH,Cl,,
giving yellow crystals with yield: 75%.

Spectral data for 5: MS (FAB, '“Ag): m/z 1082 [M" + '7Ag],
646 [M" — figro]. "H NMR (500 MHz, dg-acetone, 298 K): O 8.33
(d,J=8.5Hz, 1H), 8.04 (d,] =9.0Hz, 1H), 7.74 (d,] = 8.0 Hz, 1H), 7.60
(d,] = 8.5 Hz, 4H), 7.34—7.08 (m, 23H), 7.03 (t, ] = 7.5 Hz, 2H), 6.98
(d, J = 8.5 Hz, 2H), 6.81—6.76 (m, 3H), 6.74 (t, ] = 7.5 Hz, 1H).
*'P—{'H} NMR (202 MHz, ds-acetone, 298 K): 6 —7.40 (d, Jagp = 393
and 341 Hz, 2P). "F—{'H} NMR (470 MHz, dg-acetone, 298 K):
0 —52.9 (s, 3F), —59.8 (s, 3F). Anal. Calcd for Cs;H35AgF¢N,OP,: C,
62.78; H, 3.62; N, 2.87. Found: C, 62.56; H, 3.86; N, 3.26.

Preparation of Au(PPhs)(fpyro) (6). A 25 mL round bottle flask
was charged with NaH (7 mg, 0.29 mmol) in S mL of THF, and a
solution of 3,5-bis(trifluoromethyl)-2-(2-pyridyl) pyrrole (fpyroH, 51.3
mg, 0.18 mmol) in 10 mL of THF. After stirring at 0 °C for 15 min, the
resulting solution was transferred to the solution of CIAuPPh; (90.7 mg,
0.18 mmol) in 20 mL of THF. This mixture was stirred for 6 h, and the
solvent was then evaporated. Colorless crystals were obtained by
diffusion of pentanes into THF at RT. Yield: 115 mg, 85%.

Spectral data for 6: MS (FAB, '*°Au): m/z 738 [M"]. "H NMR (500
MHz, CD,Cl,, 298 K): 0 8.08 (d, J= 5.0 Hz, 1H), 7.80 (d, ] = 8.0 Hz, 1H),
7.70 (t, ] = 8.0 Hz, 1H), 7.64—7.52 (m, 10H), 7.52—7.46 (m, SH), 7.12
(t, ] = 6.5 Hz, 1H), 6.92 (s, 1H). *'P—{'H} NMR (202 MHz, CD,Cl,,
298 K): 8 329 (s, 1P). "F—{'H} NMR (470 MHz, CD,Cl,, 298 K):
0 —544 (s, 3F), —59.5 (s, 3F). Anal. Calcd for C,oH,0AuFgN,P: C,
47.17; H, 2.73; N, 3.79. Found: C, 47.06; H, 3.11; N, 3.92.

Selected crystal data of 6: C,oH,,AuFsN,P, M = 738.41, triclinic, space
group PT, T=150(2) K, a=8.7933(4), b= 10.1944(4), c = 16.6221(7) A,
o =73.1230(10), B = 75.2700(10), y = 64.7300(10)°, V= 1274.71(9) A,
Z = 2, peged = 1924 mg/m®, F(000) = 712, A(Mo Ka) = 0.7107 A,
u = 5900 mm ', crystal size = 0.16 x 0.2 x 0.12 mm’, 5819
independent reflections collected with (R;,. = 0.0363), GOF = 1.030,
final R,[I > 20(I)] = 0.0292, wR,(all data) = 0.0634, and D-map, max./
min. = 1.497/—0.689 /A,

Both Au(PPh;)(fphro) (7) and Au(PPh;)(figro) (8) were prepared
in an analogous manner with yields of 87% and 85%, respectively.

Spectral data for 7: MS (FAB, '*°Au): m/z 814 [M"]. '"H NMR
(500 MHz, CD,Cl,, 298 K): 6 7.93 (d, J = 7.0 Hz, 2H), 7.80 (t, ] = 7.5
Hz, 1H),7.68 (d, ] = 8.0 Hz, 2H), 7.48 (t, ] = 6.0 Hz, 3H), 7.35 (td, [ = 7.5
Hz, 2 Hz, 6H), 7.24—7.16 (m, 6H), 7.09 (s, 1H), 6.95—6.92 (m, 3H).
3p—{'H} NMR (202 MHz, CD,Cl,, 298 K): 6 32.3 (s, 1P). "F—{'H}
NMR (470 MHz, CD,Cl,, 298 K): 6 —53.8 (s, 3F), —59.3 (s, 3F). Anal.
Calcd for C3sH,4AuF¢N,P: C, 51.16; H, 2.97; N, 3.44. Found: C, 51.21;
H, 3.03; N, 3.26.

Selected crystal data of 7: C3sH,4AuF¢N,P, M = 814.50, triclinic, space
group P1, T=150(2) K, a=10.3486(5), b =11.5288(5), c = 13.3286(6) A,
o.=83.087(1), 8=85.517 (1°,y = 76.607(1)°, V=1533.61(12) A>, Z =2,
Peatea = 1.764 mg/m?, F(000) = 792, A(Mo Ka) = 0.7107 A, u =
4.913 mm™ ', crystal size = 040 x 0.32 X 025 mm?, 7022 independent
reflections collected with (Ry,, = 0.0282), GOF = 1.025, final R,[I > 20-
(D] = 00220, wRy(all data) = 0.0494, and D-map, max./min. =
1.202/-0.680 e/A’.

Spectral data for 8: MS (FAB, '*°Au): m/z 789 [M" + 1]. "H NMR
(500 MHz, CD,Cl,, 298 K): 0 8.18 (d, Jizy; = 8.0 Hz, 1H), 7.92 (d, Jyy =
8.0 Hz, 1H), 7.78 (d, Juu = 8.0 Hz, 1H), 7.54—7.47 (m, 10H), 7.43—7.34
(m, 6H), 7.32 (d, Juas = 8.0 Hz, 1H), 7.12 (¢, Jiu = 8.0 Hz, 1H), 6.96 (s,
1H). *'P NMR (202 MHz, CD,Cl,, 298 K): & 32.4 (s, 1P). "’F NMR (470
MHz, CD,Cl,, 298 K): 0 —53.7 (s, 3F), —59.5 (s, 3F). Anal. Calcd for
Ca3HapAuFgN,P: C, 50.27; H, 2.81; N, 3.55. Found: C, 50.09; H, 3.20;
N, 3.78.

Selected crystal data of 8: C33H,,AuF¢N,P, M = 788.46, monoclinic,
space group C2/c, T = 150(2) K, a = 13.9852(4), b = 10.6777(4),
¢ = 38.8186(14) A, B = 97.0350(10)°, V = 5753.1(3) A%, Z = 8,
Peated = 1.821 mg/m?>, F(000) = 3056, A(Mo Ka) = 0.7107 A, u = 5.236
mm ™, crystal size = 0.40 X 0.36 x 0.22 mm’, 6565 independent
reflections collected with (R,,, = 0.0284), GOF = 1.120, final
Ry[I > 20(I)] = 0.0253, wR,(all data) = 0.0517, and D-map, max./
min. = 0.999/—1.311 e/A>.

Photophysical Measurements. Steady-state absorption and
emission spectra in both solution and solid were recorded with a Hitachi
(U-3310) spectrophotometer and an Edinburgh (FS920) fluorimeter,
respectively. Phosphorescence lifetime measurements were performed
with an Edinburgh FL 900 photon-counting system. Further details,
including the procedures for calculating emission quantum yields, were
elaborated in a previous report."> As for quantum yield measurements in
the solid state, an integrating sphere (Labsphere) was applied, in which the
solid sample film was prepared via a vapor deposition method and was
excited by a series of Ar" laser lines, depending on the sample absorption
region. The resulting luminescence was acquired with an intensified
charge-coupled device for subsequent quantum yield analyses.'®

The <300 ps lifetime of the fluorescence bands in dual-emitting
complexes was measured with an Edinburgh OB 900-L time-correlated
single photon counting system.'” The excitation pulses were derived
from the third or fourth harmonics of the signal output from a traveling-
wave optical parametric amplifier of the white-light continuum
(TOPAS-C, Spectra Physics) system, seeded by an 1 kHz Ti:sapphire
amplifier (Spitfire Pro, Spectra Physics).'® After convolution, a system
response time of ~50 ps can be confidently achieved. For measuring the
relaxation dynamics of <50 ps, we then switched to the femtosecond
transient absorption system. Details of UV/vis/NIR transient absorp-
tion measurements have been elaborated in our previous report.'’
Briefly, a similar femtosecond Ti:sapphire amplifier was used as the
light source (800 nm), which is split (50%) into two beams; one beam is
then converted to the designated excitation wavelength, i.e. 400 nm (the
pump beam), by coupling it into a second-harmonic generator. The
other 800 nm probe beam is then focused on a 1 mm thick sapphire plate
to generate a white light continuum (450—1000 nm), which after
passing through the sample cell, is coupled into a 100 #m optical fiber
connected to a diode array. The effective time resolution of the ultrafast
spectrometer is determined to be about 250 fs.
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Scheme 1. Structures of Group 11 Transition Metal Complexes: Cu(I) Complexes 1—3, Ag(I) Complexes 4 and S, and Au(I)

Complexes 6—8
Cu(l)

Au(l)

R=H, (1); R=Ph, (2)

Ph Ph
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/
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Computational Methodology. Calculations on electronic sing-
let states of all titled complexes were carried out using the density
functional theory (DFT) with B3LYP hybrid functional.*® A “double-§”
quality basis set consisting of Hay and Wadt’s effective core potentials
(LANL2DZ)*" was employed for the Cu(I), Ag(I), and Au(I) metal
ions, and a 6-31G* basis set®* for the rest of the atoms. The relativistic
effective core potential (ECP) replaced the inner core electrons of all
metal atoms, leaving only the outer core valence electrons (ns’np®nd"’,
n=3,4,and § for Cu(I), Ag(I), and Au(I), respectively) with which to be
concerned. Time-dependent DFT (TDDFT) calculations using the
B3LYP functional were then performed on the basis of the optimized
structures at ground states.” Typically, 10 lower triplet and singlet roots
of the nonhermitian eigenvalue equations were obtained to determine
the vertical excitation energies. Oscillator strengths were then deduced
from the dipole transition matrix elements (for singlet states only). All
calculations were carried out using Gaussian 03.>*

Electrochemical Measurement. Cyclic voltammetry (CV) mea-
surements were performed using a BAS 100 B/W electrochemical
analyzer. The potentials were recorded using Pt reference electrodes, in
anhydrous CH,Cl, with 0.1 M TBAPFj as the supporting electrolyte, and
at the typical scan rate of 100 mV s~ '. All data were reported versus NHE
and calibrated with ferrocene as the internal standard (0.53 V).

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization. Cu(I) metal complexes
1—3 were obtained in good yield by mixing an equimolar amount
of bis[2-(diphenylphosphino)phenyl] ether (POP) and [Cu-
(CH;CN),]BE,, followed by addition of 1 equiv of appropriate
pyrrole precursors N"NH dissolved in THF solution, where
N"NH = fpyroH, fphroH, and figroH, for 1, 2, and 3, respec-
tively. On the one hand, these functionalized pyrrole chelates
designed according to the supposition that the 2-trifluoromethyl
group could increase the steric hindrance around the Cu(I) core
and hence inhibit the formation of the flattened conformation at
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the anticipated MLCT excited state.”® On the other hand, the
selection of POP chelate was also based on its greater rigidity and
ability to prevent the solvent attack at the central Cu(I) metal ion
by exerting excesswe steric protection relative to two monodentate
phosphines.”® These measures are expected to enhance the
chemical stability under normal laboratory conditions as well
as the emission efficiency (vide infra). Without the ancillary POP
chelate, ready aggregation of the copper—pyrrolide fragment
occurred, affording a racemic mixture of zw1tter1on1c trimer, such
as complexes with formula [Cu(fpyro)]s.>

The molecular drawings of Cu(I) metal complexes 1—3 are
depicted in Scheme 1. Their formulas were first established by
mass analysis. Then their s}3:)ectroscopic characteristics were further
confirmed by 'H, '°F, and *'P NMR, and the purity was verified by
subsequent microanalysis. In all cases, the *'P—{'H} NMR
spectra exhibit a broad peak at around 6 = —12, which is
independent of the measurement temperature. Apparently, the
broademng of the 31P NMR spectrum is caused by the quadruple
nuclei ®*Cu and **Cu; both possess a magnetic spin quantum
number I = 3/, and have natural abundances of 69% and 31%,
respectively.

Crystals of 1 and 2 suitable for X-ray analysis were obtained by
slow recrystallization from a CH,Cl,/hexane mixture at room
temperature. Their ORTEP diagrams are shown in Figure 1,
respectively, together with the selected bond lengths and angles.
In these two compounds, each of the copper atoms is located in
an N,P, distorted tetrahedral environment, in which both the
POP and the fphro (or fpyro) moieties are adopting a normal
coordination mode. In complex 1, the Cu—P distances are nearly
equal, ie. Cu—P(1) = 2.2563(9) and Cu—P(2) = 2.2344(9) A,
and it possesses a much widened P—Cu—P bite angle of ~111°,
which is expected for the tetrahedral geometry. Moreover, the
molecule possesses two distinctive Cu—N distances, with the
Cu—N(pyrrolide) distance of 2.019(3) A being comparatively
shorter than the Cu—N(pyridine) distance of 2.102(3) A, the
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Figure 1. ORTEP diagram of Cu(I) complexes with ellipsoids shown at
the 30% probability level. (a) ORTEP diagram of 1 and metric data:
Cu—P(1) = 2.2563(9), Cu—P(2) = 2.2344(9), Cu—N(1) = 2.102(3),
Cu—N(2) = 2019(3) A; N(2)—Cu—N(1) = 80.04(11) and P-
(2)—Cu—P(1) = 111.95(3)°. (b) ORTEP diagram of 2 and metric data:
Cu—P(1) =2.2500(6), Cu—P(2) = 2.3325(6), Cu—N(1) = 2.0278(17),
and Cu—N(2) = 2.2653(17) A; N(1)—Cu—N(2) = 77.44(7) and
P(1)—Cu—P(2) = 111.07(2)°.

result of which reflects the anionic nature of the pyrrolide versus
the neutral pyridyl group. In sharp contrast, due to the presence
of an ortho-substituted phenyl group on the pyridyl fragment of
complex 2, the unfavorable steric repulsion, as demonstrated by
the twisted arrangement of the phenyl substituent (see Figure 1b),
pushes the adjacent PPh, fragment away from the coordinated
pyridyl group. The weakening of bonding is clearly shown by the
further elongation of the Cu—P(2) and Cu—N(2) distances (c.f.
complex 1) to 2.3325(6) A and 2.2653(17) A, respectively,
whereas the other Cu—P(1) and Cu—N(pyrrolide) distances are
still within the normal range, i.e. 2.2500(6) A and 2.0278(17) A,
respectively. Notably, the gross conformation of the POP moieties
remains unchanged and the respective metric parameters are
compatible to those reported in the literature.*®

In yet another approach, the synthesis of the isoelectronic,
second-row Ag(I) analogues was then executed using Ag,O
instead of [Cu(CH;CN),]BF, in the presence of both POP
and respective pyrrolide chelates at RT, giving isolation of two
air-stable complexes, Ag(POP)(fpyro) (4) and Ag(POP)(figro)
(5), as depicted in Scheme 1. The key spectral features of 4 and S,
again, involve the *'P NMR splitting pattern of two well resolved

Figure 2. ORTEP diagram of Ag(I) complex 4 with ellipsoids shown at
the 30% probability level. Selected bond distances: Ag—P(1) = 2.431(1),
Ag—P(2) =2.473(1), Ag—N(1) =2.406(4),and Ag—N(2) =2.265(4) A.
Bond angles: N(1)—Ag—N(2) = 70.79(14) and P(1)—Ag—P(2) =
108.03(4)°.

doublets of nearly equal intensity, a consequence of the direct
coupling to both 107Ag and 109Ag nuclei with I = '/,, owing to
their natural abundance of 51% and 49%, respectively. This
spectral feature also provides the initial spectral confirmation to
the formation of Ag(I) metal complexes.

The structure of 4 was then established by X-ray diffraction
analysis. As revealed in Figure 2, complex 4 is essentially isostruc-
tural to the Cu(I) metal complex 1, except that all silver—ligand
bond distances increase according to the increase of the ionic
radius of Ag(I) ion: Ag—P(1) = 2.431(1), Ag—P(2) = 2.473(1),
Ag—N(1) = 2.406(4), and Ag—N(2) = 2.265(4) A. Moreover,
the Ag(I) analogue of Cu(POP)(fphro) (2) could not be
isolated, despite numerous attempts to optimize the conditions.
This suggests that the instability very likely originates from the
internal steric interaction between the ortho-phenyl substituent
and its adjacent ancillary POP, which then weakens the coordi-
native bonding of the anticipated Ag(I) metal complex.

The effectiveness of our endeavors in obtaining all the required
d"*-metal complexes is further exemplified by the successful
preparation of third-row Au(I) metal complexes involving all three
pyrrolide chelates, forming Au(PPh;)(fpyro) (6), Au(PPhs)-
(fphro) (7), and Au(PPh;)(figro) (8) depicted in Scheme 1. They
were best prepared by first deprotonation of respective pyrrole
chelates with NaH in THEF, followed by filtration and transferring
this solution to a suspension of gold reagent CIAuPPh; in THF and
stirring at RT for an extended period of time (see the Experimental
Section for details).

The crystal structures of Au(I) complexes 6—8 are then
determined, for which the ORTEP diagram and crucial metric
parameters are showed in Figure 3 with the metric data enclosed to
aid the discussion on the variation of metal—ligand distances and
coordination modes. It is notable that all complexes show
monomeric structures with no obvious intermolecular Au- - - Au
contacts. In addition, the P—Au—N(pyrrolide) bond angle is
found to be essentially linear (163.4—174.1°), which reflects the
retention of the typical 2-coordinate metal—ligand arrangement
of Au(T) complexes.”® Meanwhile, the Au—N(pyridyl) distances
(2.631—3.004 A) are elongated versus Au—N(pyrrolide) dis-
tances (2.061—2.086 A). This variation of Au—N distances again
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Figure 3. ORTEP diagram of Au(I) complexes with ellipsoids shown at
the 30% probability level: (a) ORTEP diagram of 6 and metric data:
Au—P(1) =2.2160(9), Au—N(1) =2.631(3), and Au—N(2) = 2.082(3)
A; N(1)-Au—N(2) = 69.28(11), P(1)—Au—N(1) = 123.61(7),
P(1)—Au—N(2) = 166.91(9)°. (b) ORTEP diagram of 7 and metric
data: Au—P(1) = 22345(7), Au—N(1) = 2.061(2), Au---N(2) =
3.004(2) A; P(1)—Au—N(1) = 174.05(6)°. (c) ORTEP diagram of 8
and metric data: Au—P(1) =2.2207(7), Au—N(1) = 2.681(2), Au—N(2)
= 2086(2) A; N(1)—Au—N(2) = 69.25(8), P(1)—Au—N(1) =
127.36(6), P(1)—Au—N(2) = 163.38(7)°.

is consistent with the stronger nucleophilicity of the pyrrolide
fragment. Furthermore, complex 7 possesses the longest Au—
N(pyridyl) distance of 3.004 A, which is in good agreement with
the enhanced intramolecular steric constraint exerted by the
ortho-phenyl substituent.

3.2. Metal—Ligand—Photophysics Relationship. The room
temperature absorption and emission spectra of Cu(I) comple-
xes 1—3 are shown in Figure 4. Pertinent photophysical data are
listed in Table 1. In CH,Cl,, complexes 1 and 2 exhibit multiple
absorption peaks in the 200—370 nm region (¢ > 10*M ™' em ™ ')
that can be attributed to the 7t77* absorption of both N*N and

— 1
——2
—— 3

A
s 17K |
I

?
.l

Extinction Coefficient, ¢ (M'cm™)

Wavelength (nm)

Figure 4. Absorption and normalized emission spectra of Cu(I) com-
plexes 1, 2, and 3 recorded in CH,Cl, solution at RT and the emission of
1 in a CH,Cl, matrix at 77 K.

POP ligands. As for complex 3, the absorption band at 350—
400 nm is assigned to the 7™ transition of the figro chelate,
which is red-shifted with respect to 1 and 2, due to the elongation
of 7r-conjugation provided by the quinolinyl fragment. On the
other hand, the addition of a phenyl group at the pyridyl site in 2
does not alter the spectral position with respect to that of 1,
indicating that the phenyl ring is not in conjugation with the
fpyro moiety, as can be seen from Figure 1. According to the
computational results (vide infra), the lowest lying transition for
1—3 should contain substantial MLCT (metal-to-ligand charge-
transfer) character (Table 2 and Figure S for selected frontier
orbitals of complex 3). However, the MLCT band is obscure in
the absorption spectra, possibly owing to its small transition
probability, i.e. the rather low absorptivity. For instance, in
complex 3, the higher lying transition, e.g. S,, is essentially
localized on the figro ligand (7z77*), with oscillator strength f =
0.1628, while the involvement of the Cu(I) metal d-orbital is
clearly visualized in S,, with relatively much lower transition
probability (f = 0.0363) and a small difference in energy versus
that of the higher lying S, state.

In degassed CH,Cl, solution at RT, Cu(I) complexes 1—3 all
show a single emission band, maximized at 559, 551, and 603 nm
(Figure 4) with good quantum yields of 0.34, 0.28, and 0.12,
respectively. The emission intensity is drastically quenched by the
presence of oxygen in aerated solution. This, together with the
calculated radiative decay rate constant of ~10% s™' (see
Table 1), points out unambiguously that the emission is phos-
phorescence in origin.

To gain more insight into the emission properties, lumines-
cence spectra of 1—3 were also acquired in the 77 K CH,Cl, solid
matrix. The resulting emission for complex 1 is shown in Figure 4,
while those for 2 and 3 are depicted in Figure S1 of the Supporting
Information. For all 1—3, the emission is substantially blue-
shifted in the 77 K matrix relative to that recorded at 298 K. Note
that the phosphorescence origin of these emission bands remains
ascertained due to their >80 us (instrumental range limited)
lifetime. Bearing in mind that the MLCT transition of d'° Cu(T)
complexes 1—3 essentially removes a d electron from Cu(I), thus
forming a d’ Cu(I1) metal center, the results can be rationalized
by the fact that the original geometry of the tetrahedron-like d*°
Cu(I) complexes is prone to distortion toward the square-planar-
like coordination required by the oxidized d” Cu(II) metal center
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Table 1. Photophysical and Electrochemical Data of Group 11 Complexes 1—8 Recorded in CH,Cl, at Room Temperature

Jabs (nm) (£ X 10> M ' cm™?) Aem (nm)*® em QY.%? Tobs (Us)” kP (s E*™ (AE)° Byt

1 228 (47), 289 (23), 325 (20) 559; (481) 0.34; (0.35) 23.9 14 x 10* 0.43 (81) 0.53

2 228 (57), 296 (24), 357 (10) 551; (490) 0.28; (0.05) 24.8 1.1 x 10* 0.54(67) 0.56

3 228 (89), 289 (48), 375 (26) 603; (553) 0.12; (0.51) 37 32 % 10° 0.53(76) 0.61

4 228 (39), 282 (24), 326 (12) 403 [fl], 460, 477, 507; 0.0075 [f],0.0095; (0.14)" 176 ps [fl], 138 6.88 x 10" 0.74 (irr) 0.65
(394 [f1], 446, 476)

5 228 (68), 284 (38), 369 (18) 449 [fl], 510, 546, 588; 0.014 [fl],0.021; (0.09)" 75 ps [l], 157 134 x 10> 0.76 (irr) 0.62
(429 [f1], 495, 532, 573)

6 228 (49), 308 (14) 491; (484) 0.037; (0.40) 124 298 x 10° 104 (irr) 0.79

7 227 (42), 241 (41), 307 (11) 463, 490; (449, 475) 0.01; (0.01) 17.4 575 x 10> 1.07 (irr) 0.84

8 228 (59), 275 (26), 349 (14) 513, 542, 585; (503, 536)  0.12;(0.04) 79.7 146 x 10> 1.07 (irr) 0.82

“ Data recorded in solid state are given in parentheses. Information regarding the fluorescence band is marked with [fl]. ® The emission quantum yield in
solid state is the sum of both fluorescence and phosphorescence bands. “ E° represents oxidation potential in V measured in CH,Cl,, using 0.1 M

(nBu),NPF; as electrolyte and calibrated with ferrocene, and AE = |E,,,

— E, | in mV or irreversible peak while marked with “(irr)”. “The computed

energy level of the HOMO in terms of the normal hydrogen electrode (NHE).

in the emissive state, after MLCT excitation.® As a result,
structural relaxation should take place in the low viscosity solution
at 298 K, rendering a bathochromic shift to the emission. On the
other hand, such structural distortion is hindered in the 77 K rigid
medium so that the phosphorescence emitting states of 1—3 retain
their ground-state geometries. Similar retardation of structural
relaxation is also observed in solid state at 298 K, as evidenced by
the >50 nm blue-shift of the phosphorescence peak wavelength
relative to that measured in CH,Cl, solution at 298 K (see
Table 1 and Figure S2). Thus, the rigidochromism, which has
been documented for other transition metal complexes,®”*°
seems to be operative for this class of Cu(I) complexes 1—3.

Supplementary support of the above viewpoint is given by the
computational approach. Based on the optimized ground-state
tetrahedral geometry, the energy of the lowest lying triplet state is
substantially deviated from the phosphorescence peak energy
acquired in CH,Cl, at 298 K. For examPIe, the T, energy of
complex 1 is calculated to be 22,676 cm™ " (441 nm in terms of
wavelength; see Table 2), which is much higher than the phos-
phorescence peak energy of 17889 cm ™' (559 nm). Similar
deviation is resolved for 2 and 3. However, as shown in Tables 1
and 2, and Figures 4 and S1, the calculated T, energies of 441,
435, and 517 nm for 1, 2, and 3 are nearly identical with the first
vibronic peaks of 446, 453, and 510 nm resolved in the 77 K
CH, Cl, matrix, further supporting the proposed rigidochromism
for the titled Cu(I) complexes.

More intriguingly, despite the fact that the S; state has a
substantial MLCT (>20%) contribution, revealed by the frontier
orbital analyses (see Table 2 and Figure S), the T state for 1—3
has 7t7t* configuration in nature. Spectroscopically, the domination
of 7tor* character of the T state is affirmed by the well-resolved
vibronic progressions in the 77 K rigid medium. Furthermore,
upon careful inspection of the lower-lying electronic excited
states for 1—3, it is found that there exists a specific excited state
S,, (m = 2) mainly possessing intraligand 7z77* charge transfer
(ILCT) character, which is similar to T, (see Table 2).

The above results are of greater value in fundamental photo-
physics and can be rationalized on the following basis. First of all,
due to the good <st|7*> overlap integral and thus greater electron
exchange energy,31 the difference in electron repulsion and, hence,
the energy splitting between '7r* and *77r* should be greater
than that between 'MLCT and *MLCT. Second, it has been well
established that states incorporating significant MLCT character,
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because of direct involvement of the metal d_; orbital, should invoke
significant spin—orbit coupling matrix."*** Moreover, mixing of
MLCT and 7z77* in both singlet (S) and triplet (T) states leads to
an S — T intersystem crossing (ISC) process incorporating the
(ldﬂﬂ*|Hso|3mT*) or d* |HSO|1.7I.7I*> term. The combination
of these two factors induces changes of orbital angular momen-
tum, i.e., d,; — 7T or vice versa, which may effectively couple with
the flip of electron spin. As a result, the transition has a
significantly large first-order spin—orbit coupling term, which
enhances the corresponding singlet—triplet mixing as well as the
rate of intersystem crossing.”> Conversely, for both S and T states
possessing pure 7777 (either intraligand (ILCT) or ligand-to-ligand
(LLCT) character), the core metal can be empirically treated as an
element that virtually executes a small “external” heavy atom effect
as opposed to the “internal” heavy atom effect where a metal d,,
orbital is directly involved in MLCT. Together with the lack of
changes in orbital angular moment for S(t*)—T(77*) con-
version, the S(7z7t*) — T (7t77*) mixing is small, and hence, a large
energy gap between S(7z77*) and T (7z7r*) states (cf. S(MLCT/
qtr*) and T(MLCT /7)) is expected.

Stemming from the above empirical approaches, for Cu(I)
complexes 1—3, due to the substantial MLCT contribution
(>20%) in S, and, hence, a large spin—orbit coupling matrix, the
energy gap between S; and its corresponding triplet state is
expected to be much reduced. Conversely, an S, (7777%) state
with negligible MLCT percentage is anticipated to have a larger
energy gap with its corresponding triplet state. Thus, despite that
the S, (MLCT/7s*) state is ascribed to the lowest excited singlet
state for all Cu(I) complexes, its correlated triplet state may not
necessarily be the lowest lying triplet state, i.e. T;. In a more
general term, it could be ascribed as the T, state (n = 2) shown in
Scheme 2. For 1 and 3, as shown by the calculated data, the T state
possesses an essentially pure 777T* configuration, while the T, state
is comprised of appreciable MLCT character (see Table 2).
We thus conclude that the lowest lying T, and second lowest
(T,) triplet states correlate with S,, (777*) and S; (MLCT /mzr*),
respectively. This viewpoint is reaffirmed by a good correlation
of the frontier orbitals involved for S; and T,, being mainly
contributed by HOMO-1 — LUMO with substantial MLCT%, as
well as for S,,, (e.g, m = 2 for 3; see Table 2) and T}, being mainly
associated with the HOMO — LUMO 77t* transition. As for 2, this
higher lying T, is assigned to be T according to the correlation
shown in Table 2. This assignment is reasonable, since certain
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Table 2. Calculated Energy Levels, Oscillator Strengths (f), and Orbital Transition Analyses for Selected Lower-Lying Transitions

of Cu(I) Complexes 1—3

states ;Lcal f

1 S, 362.6 0.0021
S 362.6 0.0021
S, 359.8 0.0042
S, 359.8 0.0042
S, 347.5 0.0091
S; 347.5 0.0091
S; 347.5 0.0091
S, 345 0.0812
Sy 345 0.0812
T, 441.4 (446)° 0
T, 441.4 (446)° 0
T, 364.5 0
T, 364.5 0
T, 364.5 0

2 S 356.1 0.006
S 356.1 0.006
S, 356.1 0.006
S, 3532 0.0774
S, 353.2 0.0774
T, 434.5 (453)%} 0
T, 434.5 (453)"} 0
T, 434.5 (453)"} 0
T, 391.7 0
T, 391.7 0
T, 391.7 0
T, 365.6 0
T, 365.6 0
T, 365.6 0

3 S 399.9 0.0363
S, 388.7 0.1628
S, 388.7 0.1628
T, 510.3 (517)" 0
T, 510.3 (517)° 0
T, 430.9 0
T, 430.9 0

assignments MLCT (%)

HOMO-1 — LUMO (60%) 22.73
HOMO — LUMO (31%) 22.73
HOMO — LUMO (59%) 10.88
HOMO-1 — LUMO (29%) 10.88
HOMO-1 — LUMO+1 (44%) 14.92
HOMO — LUMO+1 (32%) 14.92
HOMO — LUMO (5%) 14.92
HOMO — LUMO+1 (85%) 0

HOMO — LUMO (16%) 0

HOMO — LUMO+1 (95%) 0

HOMO — LUMO (10%) 0

HOMO-1 — LUMO (26%) 14.33
HOMO — LUMO+6 (24%) 14.33
HOMO-1 — LUMO+1 (13%) 14.33
HOMO-1 — LUMO (74%) 3112
HOMO — LUMO (11%) 31.12
HOMO-1 — LUMO+1 (7%) 3112

HOMO — LUMO+1 (75%) 0

HOMO — LUMO (9%) 0
HOMO — LUMO+1 (54%) 0
HOMO — LUMO+3 (35%) 0
HOMO — LUMO+4 (12%) 0
HOMO — LUMO+1 (41%) 0
HOMO — LUMO+4 (21%) 0
HOMO — LUMO+3 (16%) 0
HOMO-1 — LUMO (76%) 33.41
HOMO-1 — LUMO+3 (6%) 33.41
HOMO-1 — LUMO+4 (5%) 3341
HOMO-1 — LUMO (91%) 36.41
HOMO — LUMO (91%) 1.41
HOMO-1 — LUMO (5%) 1.41
HOMO — LUMO (86%) 0
HOMO-6 — LUMO (5%) 0
HOMO-1 — LUMO (67%) 26.96
HOMO-6 — LUMO (17%) 26.96

“Values in parentheses denote the first vibronic peaks of the emission spectra measured under 77 K. * Value obtained from the halfway point of the slope

at the shorter wavelength side.

Scheme 2. Inverted Order of the Lower Lying Singlet-to-
Triplet Levels for Cu(I) Complexes 1—3*
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higher lying S,,,(777*) states may correlate with T, (7t77*) due to
the presumably large energy gap. Likewise, there is no reason to
have T (7t7r*) exactly correlated with S,. For example, as shown
in Table 2, good correlation is found between Sy(7t*) and
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T, (7w7w*) for 1. It is thus evident that for Cu(I) complexes 1—3,
relative to the singlet manifold, the sequence of triplet states has
been reversed in the order of energetics shown in Scheme 2. More
specifically, according to the data listed in Table 2, the lowest lying
Si(MLCT/mm*) versus its correlated T,(MLCT/mm*) state is
delineated to be S;—T,, S;—T5, and S, —T, for Cu(I) complexes
1,2, and 3, and their energy gap is calculated to be 0.42, 1.98, and
4.9 kcal/mol, respectively. These values are substantially smaller
than the energy gap between S,,,(7t77*) and T, (7t7*) for the same
series of complexes 1, 2, and 3, which is calculated to be 18.1
(S4—T)),153(S,—T)), and 17.4 kcal/mol (S,—T)), respectively.
Although the current theoretical level and basis sets applied in this
study are still subject to uncertainty and, thus, should be treated
as a semiquantitative approach, the resulting trend and relation-
ship firmly support the mechanism of large S—T (MLCT /7r*)
versus small S—T (777*) mixing proposed above.
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Figure 5. Selected frontier orbitals involved in the lower-lying electronic transitions of group 11 metal complexes 3, 5, and 8.

As the central atom goes down the d'® group 11 family from
Cu(I) to Ag(I), due to the increase in nuclei charge and, hence,
stronger net attracting force, the d orbital should be further lowered
in energy, which, in turn, results in an increase of the metal
oxidation potential (see section 3.3). As a result, for the lowest
lying excited state in both singlet and triplet manifolds, null MLCT
contribution is found for Ag(I) complexes 4 and 5 (see Table 3 and
Figure S for the selected frontier orbitals for 5), which are iso-
structural to the Cu(I) complexes 1 and 3, respectively. For S, the
first singlet excited state carrying considerable MLCT is S3 (16%,
not shown here), and it is as high as S¢ for complex 4 (14%, not
shown). Thus, in brief, for the titled Ag(I) complexes, both S; and
T, are dominated by the ligand-centered 7ts7* transition.

As mentioned above, the rate of ISC is strongly influenced by
the types of transition involved. More specifically, the corre-
sponding ISC rate constant, ki, is expressed as

o <an Hsolwsl >2

(AEs, _1,)*

kisc ( 1 )

where H,, is the Hamiltonian for spin—orbit coupling and
AEg 1 is the energy difference between S; and its correlated
T, states. Though pending quantitative assessment, due to the
direct involvement of the metal d, orbital, the spin—orbit
coupling matrix of [(T,(MLCT/mm*)|H;o|S:(MLCT /7tr*))|
for Cu(I) complexes 1—3 may be greater than that of
[{T1(7r*) |Hyo|S1(7w7*))| for Ag(I) complexes 4 and S. In other
words, since the metal d,; orbitals are not involved in the lowest
lying transitions in both singlet and triplet manifolds, the Ag(I)
metal center in complexes 4 and S simply acts as an external
heavy atom, which does not bolster the spin—orbit coupling as
effectively as the Cu(I) metal core, defined in this study as an
internal heavy atom due to the extensive incorporation of MLCT.

Experimentally, the above viewpoint is fully justified by the
steady-state luminescent spectra and relevant photophysical prop-
erties. As shown in Figure 6 and Table 1, the Ag(I) complexes 4
and § clearly exhibit dual emission, consisting of a fluorescence
[Amax: 403 nm (4) and 449 nm (5)] and a phosphorescence band
[Amax: 477 nm (4) and 546 nm (5)], supporting the slow rate of
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Table 3. Calculated Energy Levels, Oscillator Strengths (f), and Orbital Transition Analyses for Selected Lower-Lying Transitions

of Ag(I) and Au(I) Complexes 4—8

states Acd® f
4 S 364.6 0.0001
S, 340.1 0.0008
S, 340.1 0.0008
T, 430.0 0
T, 430.0 0
T, 365.3 0
T, 365.3 0
5 S, 385.0 0.1725
S, 353.0 0.0026
T 499.9 (492) 0
T 499.9 (492) 0
T, 4142 0
T, 4142 0
T, 414.2 0
6 S, 345.5 0.0093
S, 343.6 0.0057
T, 426.7 0
T, 426.7 0
T, 426.7 0
T, 426.7 0
T, 346.2 0
T, 346.2 0
T, 346.2 0
7 S, 350.0 0.00.
T, 409.8 0
T, 409.8 0
T, 409.8 0
T, 409.8 0
8 S, 360.4 0.1917
T, 482.7 (493) 0
T, 482.7 (493) 0
T, 482.7 (493) 0

assignment MLCT (%)
HOMO — LUMO (+100%) 0.00
HOMO — LUMO+1 (70%) 0.00
HOMO — LUMO+2 (27%) 0.00
HOMO — LUMO+4 (+91%) 0.00
HOMO — LUMO+9 (+10%) 0.00
HOMO — LUMO (90%) 0.00
HOMO — LUMO+9 (7%) 0.00
HOMO — LUMO (96%) 0.00
HOMO — LUMO+1 (99%) 0.00
HOMO — LUMO (83%) 0.00
HOMO-3 — LUMO (6%) 0.00
HOMO-3 — LUMO (51%) 2.56
HOMO-2 — LUMO (14%) 2.56
HOMO — LUMO (11%) 2.56
HOMO — LUMO (97%) 0.00
HOMO — LUMO+1 (97%) 0.00
HOMO — LUMO+3 (80%) 0.00
HOMO — LUMO (9%) 0.00
HOMO — LUMO+7 (8%) 0.00
HOMO — LUMO+1 (7%) 0.00
HOMO — LUMO+1 (49%) 0.00
HOMO — LUMO (35%) 0.00
HOMO — LUMO+7 (13%) 0.00
HOMO — LUMO (100%) 0.00
HOMO — LUMO+S (61%) 0.00
HOMO — LUMO+6 (19%) 0.00
HOMO — LUMO+3 (12%) 0.00
HOMO — LUMO+1 (5%) 0.00
HOMO — LUMO (87%) 0.00
HOMO — LUMO (80%) 0.00
HOMO-2 — LUMO (11%) 0.00
HOMO-1 — LUMO (7%) 0.00

“Values in parentheses denote the first vibronic peaks of the phosphorescence bands measured under 77 K.

S;—T, intersystem crossing. Dynamically, as listed in Table 1,
the observed fluorescence decay time (7,p,) was resolved to be
176 and 75 ps for complexes 4 and §, respectively. By knowing
the fluorescence yield (Dg see Table 1), the S; — S, fluorescence
radiative decay time 7, (7, = Tops/ Dy) is deduced to be 23.4 and
5.35 ns for 4 and §, respectively. Assuming that radiationless
deactivation pathways other than ISC are minor, the (176 ps) "
(4) and (75 ps)f1 (8) for the fluorescence decay could thus be
considered as the rate constant of the S;—T} intersystem crossing
process, which is apparently much smaller than that (>10"*s ")
reported for, e.g, typical Ir(IIl) complexes.'***

As for Cu(I) complexes 1—3, supported by the sole phos-
phorescence observed in steady-state (see Figure 4), ki is
expected to be faster than that of Ag(I) complexes 4 and S.
Unfortunately, the intersystem crossing rate cannot be resolved
from the fluorescence decay (or rise of the phosphorescence)
due to the response limit of ~50 ps (see Experimental Section)
for the current time-correlated single photon counting setup.
Hence, further resolution of ki is provided by the femto-
second transient absorption measurement. The lack of suitable
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excitation wavelength prohibits transient absorption measure-
ments for Cu(I) complexes 1 and 2. Alternatively, the transient
absorption experiment was carried out using 3. By monitoring the
triplet—triplet absorption at 590 nm, as shown in Figure 7, a
single exponential rise component of 1.1 ps is resolved. Taking
the fast growth of triplet—triplet absorption to be mainly
associated with S, —T,, intersystem crossing, the ki, of (1.1 ps)71
for 3 is larger than its Ag(I) counterpart S by more than S0-fold.
It is also noteworthy that the fast S; — T intersystem crossing
process of ~10 ps has recently been reported for other Cu(I)
complexes.35 Thus, despite the fact that the Cu(I) core (Z = 29)
is less of a heavy atom than the Ag(I) counterpart (Z = 47), the
significantly larger ki, for Cu(I) complexes 1—3 (c.f. Ag(I)
analogues 4 and §) can be rationalized by fast S, (MLCT /77r*)
— T,(MLCT/zm*) ISC for 1—3 versus slow S,(z*) —
T,(7t7r*) for 4 and 5.

Going further down the periodic table while replacing the
central metal atom with the heaviest core, Au(I) complexes 6—8
exhibit absorption spectra resembling those of their Ag(I)
counterparts 4 and § (see Figure 8 and Table 1, and also Figure 5
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Figure 6. Absorption and normalized emission spectra of Ag(I) com-
plexes 4 and S recorded in CH,Cl, solution at RT and the emission of §
at 77 K.
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Figure 8. Absorption and normalized emission spectra of Au(I) com-

plexes 6,7, and 8 recorded in CH,Cl, solution at RT and the emission of
8at77 K
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Figure 7. Rise dynamics of triplet—triplet absorption of 3 monitored at
590 nm in CH,Cl,. A single exponential rise time is fitted to be 1.1 ps.
Inset: The selected transient absorption spectra at various delay times,
with excitation wavelength 4., = 400 nm.

for the selected frontier orbitals of 8). It has been reported that
the metal d orbital of the Au(I) core is even lower in energy
compared to those of the Cu(I) and Ag(I) complexes,36 so that
the lowest lying state should be dominated by the ligand-
centered sT7T* transition in both singlet and triplet manifolds.
This viewpoint is also firmly supported by the computational
results listed in Table 3, concluding null MLCT contribution for
both S; and T states. In sharp contrast to the dual emission
(fluorescence/phosphorescence) resolved in 4 and S, however,
the emission spectrum of Au(I) complexes 6—8 consists solely of
phosphorescence (see Figure 8). In fact, for 6—8, the large
energy separation between S, (7277%) and T, (7z77*) states can be
perceived via the large Stokes-shift for the phosphorescence
emission, defined as the difference in peak wavelength between
(the lowest lying) absorption and emission. The large S;—T),
(7tr*) energy gap is also evidenced by the calculated values 15.5,
12.3, and 20 kcal/mol for complexes 6, 7, and 8, respectively,
according to Table 3.

Scheme 3. Correlation between the Lower Lying Singlet and
Triplet Levels for Ag(I) and Au(I) Complexes 4—8°

Sim (MLCT/nr*) LT
n fizd

Sy (m*) — ——,

[S— A

“m and n are integer numbers (=2).

On the basis of the above discussion, the correlation between
the lower lying single and triplet levels for Ag(I) and Au(I)
complexes 4—8 can be depicted in Scheme 3. Upon excitation,
the S, state of the Ag(I) and Au(I) complexes, which possesses
essentially only the ligand-centered m* character, in theory,
should not alter the optimized geometry for the d'® configura-
tion. Therefore, unlike the cases of Cu(I) complexes 1—3,
structural deformation is not expected to take place for 4—8 in
the excited state. Experimentally, this viewpoint is firmly sup-
ported by the emission spectra acquired in the 77 K rigid
medium. As shown in Figures 6 and 8, the emission spectra of
Ag(I) complex S and Au(I) complex 8, for example, show similar
peak wavelengths and spectral profiles for their phosphorescence
bands between 298 and 77 K in CH,Cl,, as opposed to the
substantial spectral difference observed for the Cu(I) complexes
1-3 (vide supra).

Evidently, without MLCT involvement in the lower lying
excited states, the Au(I) core also acts as an external heavy atom.
Approximating the metal ion as hydrogen-like, a simplified ap-
proach predicts that the rate constant of ISC is proportional
to Z®, where Z stands for the atomic number.>” With the highest
atomic number among group 11 elements, the Au(I) core
(Z =79) is expected to induce a stronger external heavy atom
effect than that of the Ag(I) core (Z = 47), facilitating the
intersystem crossing for complexes 6—8 (c.f. Ag(I) complexes 4
and $). An attempt to resolve k. for 6—8 via monitoring the
lifetime for the fluorescence band (which is not observable
in steady state) or the rise time of the phosphorescence by a
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time-correlated single photon counting experunent was not suc-
cessful due to the much larger ki, i.e. >(50 ps) . We also made
efforts in an attempt to resolve k. via femtosecond transient
absorption for complex 8 in CH,Cl, (Ao: 266 nm). Unfortu-
nately, complex 8 was subject to photodecomposition under
such high energy excitation. Nevertheless, the instrumental
response-limited time constant (>(50 ps) ') of k. for 6—8
attests to accelerated intersystem crossing relative to that of
Ag(I) complexes 4 and S.

As to harvest the T; — S, phosphorescence via its radiative
transition, the rate constant k¥ can be expressed as follows:

<¢51|H50|wT1>2ﬂ§1
(AES1 -T )2

kP o< <ws0 |Her|wT1>2 ~ V

)

310633

_ 16T 10°4°E}, @)

3h€0
where H,, denotes the electric dipole operator created by the
electric magnetic field, us is the So — §; transmon dipole
moment, E., represents the T;—Spenergygapincm™ !andn, h,
and &, are the refractive index, Planck’s constant, and the
permittivity in vacuum, respectively.ma’38

As evidenced by the similar absorption extinction coefficients
(see Figures 4, 6, and 8 and Tables 1), for simplicity, the So — S,
transition dipole moment ug is assumed to be the same for all
complexes 1—8. Together with the approximation that E,,,, is the
same for all of them, the simplification makes it feasible to
correlate (1/)51|Hso|1/)Tl)2/(AESl,T1)2 with the phosphores-
cence radiative decay rate constant (k,). As derived above,
<1/)51|Hso|1/JTl>2/(AE51,TI)2 increases in the order of Cu(I)
complexes (1 — 3) > Au(I) complexes (6—8) > Ag(I) complexes
(4 and ), which correlates well with the trend of k°: 10% s™*
(1-3) >3 x 10> ~10*s ' (6—8) > ~10>s ' (4 and 5) (see
Tables 1). For both the Ag(I) and Au(I) analogues, negligible
MLCT contribution in the emitting T state and, hence, reduc-
tion of the T;—S; coupling matrix is manifested by the rather
small T, — S, radiative (3phosphorescence) decay rate constants
(k), on the order of <10° s~ . While apparently attributed to the
involvement of MLCT, the kP value of 10* s' for the Cu(I)
complexes is still less than that of typical Ir(Ill) complexes
(10°—10°s™ 1) by more than 1 order of magnitude. 1939 This is
mainly due to the much lighter Cu(I) core (Z =29) compared with
Z =77 for the Ir(IIl) core, resulting in a significant decrease of the
H,, term (see eq 2).

3.3. Electrochemistry. The electrochemical behavior of these
group 11 metal complexes was investigated by cyclic voltamme-
try using ferrocene as the internal standard. The respective redox
data are also listed in Table 1. During the anodic scan in CH,Cl,,
the Cu(I) metal complexes 1, 2, and 3 exhibited reversible peak
potential at 0.43, 0.54, and 0.53 'V, respectively. It is noted that
complex 1, with the smallest degree of sr-conjugation at the
pyrrolide chelate, shows the lowest potential. This contradictory
observation indicates that the oxidation is a localized metal-
centered process. In addition, the pyrrolide chelate of 2 and 3
may exert greater steric hindrance on the formation of the square-
planar geometry required by the oxidized d” Cu(II) metal center.
Consequently, their oxidation potentials are expected to be more
positive than that of the parent Cu(I) complex 1; in other words,
1 should give the highest propensity and least amount of barrier
in forming the flattened geometry.

Moreover, the oxidation potentials of both Ag(I) and Au(I)
complexes were also moved to the more positive region and
became irreversible. Such irreversible oxidation versus the re-
versible nature for Cu(I) complexes (1—3) indirectly reaffirms
the dominant metal participation for Cu(I) complexes as op-
posed to the pure ligand-centered nature for the Ag(I) and Au(I)
counterparts (4—8), regarding the highest occupied molecular
orbitals. This viewpoint is supported by the 0.74 and 0.76 V
measured for 4 and § in the Ag(I) series and the 1.04, 1.07, and
1.07 V for 6,7, and 8, respectively, in the Au(I) series. Overall, the
oxidation potentials follow the order 6—8 > 4—5 > 1—3. We also
calculated both HOMO and LUMO energies of the titled
complexes using the DFT method. As shown in Table 1, the
trend of the HOMO energy is also consistent with the above
electrochemical measurement (also see Table S1 for the LUMO).
Since the metal d orbital should be even lower in energy than the
ligand 77 orbitals for the titled Ag(I) and Au(I) series, the results
are consistent with the periodic properties of group 11 metal
triads, for which the oxidation potential is in the order Au(I) >
Ag(I) > Cu(I). On the other hand, the observed discrepancy
between Ag(I) and Au(I) complexes may be alternatively
attributed to the difference in coordination environment (four-
versus three-coordination).

3.4. OLED Device Fabrication. Following the aforementioned
photophysical results and discussion, once the nonradiative decay
rate is of a similar magnitude, harvesting phosphorescence de-
pends strongly on the radiative decay rate constant. This seems
to be the case for the titled complexes. In degassed CH,Cl,
solution, Cu(I) complexes exhibit decent to intense (‘I)P =0.34)
emission, while Au(I) and Ag(I) complexes render weaker and
the weakest emission yield, respectively, for which the result
correlates well with respect to the order of the radiative decay
rate constants (vide supra, see Table 1). Apparently, parts of the
nonradiative deactivation pathways are caused by the large
amplitude vibration motions that occur in solution, which are
expected to reduce or even diminish in solid state, as evidenced
by the intense emission for, e.g.,, Ag(I) complex 4 (@, = 0.14)
and Au(I) complex 6 (P, = 0.4) recorded as solid powder. Note
that similar dual emissions (fluorescence and phosphorescence)
are resolved for the Ag(I) complexes 4 and $ in solid state, as
shown in Figure S3. Nonetheless, for practical concerns such as
cost and natural abundance, application to OLEDs is only
focused on Cu(I) based phosphors, among which complex 1 is
paid special attention due to its high emission quantum yield in
both solution and solid state (see Table 1).

In this approach, 1,3-bis(carbazol-9-yl)benzene (mCP) host
material and a series of electron transport materials were utilized
for fabrication of OLEDs as well as to investigate the carrier balance
during device operation. All studied devices consisted of a simpli-
fied three-layer architecture of ITO/TAPC (40 nm)/mCP doped
with 8 wt % of 1 (30 nm)/electron-transport layer (ETL)
(40 nm)/LiF (0.8 nm)/Al (150 nm), for which the graphical
configurations and structural drawings of organic materials are
depicted in Figure 9. Host material mCP was selected in these
studies because it is well-known to allow efficient host-to-guest
energy transfer and effective exciton confinement in the emitting
layer.* After optimization, satisfactory performance was obtained
using 1,3,5-tri[ (3-pyridyl) phen-3-yl|benzene (TmPyPB) and tris-
(2,4,6-trimethyl-3-(pyridin-3-yl)phenyl)borane (3TPyMB) as the
electron transport/hole blocking layer for devices A and B, res-
pectlvely Device A showed the largest peak brightness of 4988
cd/m”at 12.8 V, while peak efficiencies of 2.2%, 6.3 cd/A, 3.7 Im/
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Figure 9. Schematic device structures, and the structural drawing and
energy levels of the materials employed for OLED fabrication.

W, and 5.3%, 15.4 cd/A, 11.7 Im/W were realized with devices A
and B, respectively. The electroluminescence (EL) characteristics
and the numeric data are shown in Figure 10 and Table 4. Other
tested devices using lower-gap ETLs showed much inferior
efficiencies, which are not shown here to save space.

It is noteworthy that both TmPyPB and 3TPyMB possess
much larger triplet-energy gap and ionization potential, such that
excessive holes are expected to accumulate at the emitting layer
(EML)/ETL interface.*' The accumulation of carriers at the
heterojunction causes the build-up of a localized electrical field,
which not only alters the carrier transportation but also results in
severe exciton quenching.*> This phenomenon is also related to
the difference in the electron transport ability. The electron
transport of TmPyPB (~10"> cm?®/(V s)) is faster than that
(~10"°em?/(V's)) of 3TPyMB by 2 orders of magnitude.41 The
better electron transport capability in TmPyPB might reduce the
carrier accumulation at the interface and diminish the localized
electrical field. As a consequence, device A exhibited a substan-
tially higher peak luminance of ~5000 cd/m? In stark contrast,
the peak luminance of device B was merely ~560 cd/m”, thus

_
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Figure 10. (a) EL spectra, (b) current density—voltage—luminance
(I-V—L) characteristics, and (c) external quantum efficiency/luminance
efficiency vs luminance for the OLED devices A, B, and C fabricated using
Cu(I) metal complex 1 as dopant.

confirming the aforementioned quenching effect at higher cur-
rent densities. In yet another approach, it seems reasonable that
one can further reduce the exciton quenching while preserving
the carrier balance simultaneously by inserting a thin 3TPyMB
layer between the emitting layer and the TmPyPB layer. This
thinking led us to fabricate the third OLED, namely device C,
which incorporates a double ETL architecture: ITO/TAPC
(40 nm)/mCP doped with 8 wt % of 1 (30 nm)/3TPyMB
(3nm)/TmPyPB (37 nm)/LiF (0.8 nm)/Al (150 nm). The total
thickness of the ETL was then fixed at 40 nm to make a fair
comparison, while 3 nm of 3TPyMB gave the optimal experi-
mental outcome.

As expected, the I—V—L characteristics of device C were
similar to those of device B (Figure 10 and Table 4), and the EL
efficiencies were higher than those of device B, indicating that the
addition of a thin 3TPyMB layer had indeed retarded the electron
transport. Although the improvement in peak luminance was only
moderate in device C, other device efficiency data have shown
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Table 4. EL Characteristics of OLEDs with Different ETLs

Next (%) n (cd/A) 7, (Im/W) Vo (V) max. B (cd/m?) (V) CIE coordinates’
a b a b a b c
device A (TmPyPB) 22 22 6.3 6.1 37 33 4.5 4988 (12.8V) (0.339,0.500)
device B (3TPyMB) 53 19 154 55 117 2.6 4.1 558 (15.0V) (0.312,0.515)
device C (3TPyMB/TmPyPB) 66 3.8 20.0 113 149 5.7 42 598 (12.6V) (0.308,0.522)
device D (nondoped) 7.8 0.5 232 14 134 0.3 52 415(20.0V) (0.322,0.518)

4 Maximum efficiencies. © Efficiency data recorded at 10% ¢cd/m>. ¢ Turn-on voltage measured at 1 cd/ m>,

significant improvement. Overall, device C exhibited peak EL
efficiencies of 6.6%, 20.0 cd/A, and 14.9 Im/W for the forward
directions. At the practical brightness of 100 cd/ m?, the forward
efficiency remained high at around 3.8%, 11.3 cd/A, and 5.7
Im/W. With these encouraging results, these newly developed Cu(I)
metal complexes show promising potential in the field of OLEDs.

Nevertheless, according to the energy levels shown in Figure 9c,
the HOMO of mCP and the LUMO of 3TPyMB appear
well suited to generate exciplex-type emission near 2.6 eV
(~ 480 nm).* Electroluminescence from such an interfacial
exciplex would overlap with the emission of Cu(I) complex 1
and contribute to the higher efficiency observed. Accordingly, the
nondoped device was fabricated to further identify the origin of
emission in device C. Thus, a new architecture D was fabricated,
which consisted of ITO/TAPC (40 nm)/1 (30 nm)/3TPyMB
(3 nm)/TmPyPB (37 nm)/LiF (0.8 nm)/Al (150 nm). The
relevant graphical device diagram and associated efficiency
data are shown in Figure S5 of the Supporting Information. As
shown in Table 4, the listed data of D were essentially identical
to that of all other devices, eliminating the possible formation
of exciplex. Moreover, although the peak efficiencies of device
D were slightly higher than that of C, the efficiencies drop-
ped notably at higher brightness and the turn-on voltage of
D increased to 5.2 V. Such a feature unambiguously con-
firmed the necessity of the host—guest system used in the
present study.

4. CONCLUSION

In conclusion, we have designed and synthesized a series of
emissive, group 11 d'° transition metal complexes bearing various
tailor-made 2-pyridyl pyrrolide chromophores. The compilation of
Cu(I), Ag(I), and Au(I) analogues renders systematic discussion
on the core-metal dependent variation of the structures feasible.
Also, for the first time, the group 11 d'® metal core versus its
associated photophysical properties is investigated in a compre-
hensive manner. We have proved unambiguously that, for the
titled metal complexes, direct involvement of the d orbital in the
lowest lying electronic transition plays a major role in inducing
spin—orbit coupling compared to the cases of complexes without
metal d orbital involvement in the same transition. The former
and latter are dubbed respectively as the internal and external
heavy atom effect in this study. As a result, despite the larger
atomic numbers for the Ag(I) and Au(I) metal cores, the rate
constants of S;—T, intersystem crossing and T;—S, radiative
decay of the associated complexes, due to the dominant sz7r*
character, are significantly smaller than those of the Cu(I)
complexes having appreciable MLCT contribution. Once acting
as external heavy atom, our experimental data indicate that the
intersystem crossing (ISC) and radiative decay rate constants of
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group 11 metal complexes increase upon increasing the atomic
number down the group. While pending quantitative proof of
concept, a similar mechanism is believed to be operative on other
transition metal families. Finally, from the application point of
view, the low-cost Cu(I) metal element is highly desired for use
as lighting materials. As such, complex 1 has been successfully
applied as a dopant to fabricate high efficiency OLEDs. In the
preliminary approach, the as-prepared device is capable of exhibit-
ing peak EL efficiencies of 6.6%, 20.0 cd/A, and 14.9 Im/W for
the forward directions. The combination of fundamental synthetic
strategy and encouraging results in potential OLEDs applications
should make these group 11 d*° metal complexes highly attrac-
tive to a broad spectrum of research fields.
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