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ABSTRACT: Treatment of [IrCl3(tht)3], tht = tetrahydrothiophene, with two equiv. of phenyl diphenylphosphinite (pdpitH) gave 
[Ir(pdpitH)(pdpit)(tht)Cl2] (1), for which further reaction with 3-t-butyl-5-(2-pyridyl)-1,2,4-triazole (bptzH) and NaOAc using an one-pot 
reaction afforded [Ir(pdpit)2(bptz)] (2). In sharp contrast, the reaction of [IrCl3(tht)3], pdpitH, bptzH and in presence of a stronger base 
Na2CO3 afforded a phenyl phenylphosphonite (pppo)-containing Ir(III) complex [Ir(pdpit)(pppo)(bptz)] (3) that reveals a strong PO-H-N 
inter-ligand hydrogen bond (H-bond), as evidenced by the single crystal X-ray structural analysis. For confirmation, addition of 20 

diazomethane to a diethylether solution of 3 gave isolation of two methylated Ir(III) isomeric complexes, i.e. [Ir(pdpit)(pppoMe)(bptz)] 
(4) and [Ir(pdpit)(pppo)(bptzMe)] (5) possessing either PO-Me or N-Me bonding fragment, respectively. The absorption spectrum of 3 in 
CH2Cl2 resembles that of 4, implying the dominant PO-H character in solution. Despite the prevailing PO-H character in both solid 
crystal and solution, its corresponding emission resembles that of 5, leading us to propose a mechanism incorporating excited-state inter-
ligand proton transfer (ESILPT) from PO-H to N-H isomeric form via the pre-existing PO⋅⋅⋅H⋅⋅⋅N hydrogen bond. Thermodynamics of 25 

proton transfer tautomerism are discussed under the basis of absorption/emission spectroscopy in combination with computational 
approaches; additional support is given by the relationship between emission pattern versus the position of proton and methyl substituent. 
The results demonstrate for the first time a paradigm of excited-state proton transfer for the transition metal complexes in the triplet 
manifold. 
 30 

 

Introduction  

Proton transfer is considered to be one of the most 
fundamental processes involved in chemical and biochemical 
reactions. Among various proton transfer systems, those invoking 35 

excited state proton transfer (ESPT) have received much 
attention.1, 2 At the molecular level, ESPT involves transfer of 
protons from the donor (D) to either the solvent molecules or to 
the proton acceptor (A) in the electronically excited state, the 
perquisite of which requires unique arrangement/relay of the 40 

hydrogen bonds.3 The latter case involves proton transfer within 
the same molecule or self-dimer and D/A complex via hydrogen-
bond (H-bond) formation such that ESPT takes place between 
proton donating and accepting molecules along the H-bond.4-11 
This reaction pattern is commonly dubbed as excited-state 45 

intramolecular proton transfer (ESIPT), which occurs in an 
unimolecular basis with pre-existing intramolecular H-bonds 
between proton donor and acceptor.8 ESIPT has long been served 
as a model to mimic and gain insight into e.g., catalytic and 
biocatalytic reactions.12-17  50 

Of equal importance are their realization and perspective in 
emerging optoelectronic applications.4, 5, 7 To this contribution, 
our recent focus was on the relationship for the ESPT dynamics 
versus H-bond strength and geometry6, 11 as well as ESPT 
application toward white light generation.5 In yet another research 55 

direction focused on highly emissive transition metal complexes, 
we have accomplished studies on the assembly of various true-
blue and blue phosphors using a class of higher ππ* energy-gap 
pyridyl azolate chromophores, together with the cyclometalating 
phosphine ancillaries such as bi-dentate 60 

benzyldiphenylphosphine18 or tripodal coordinated phenyl 
diphenylphosphinite.19, 20 Representative molecular structures are 
depicted below, which exhibit bright phosphorescence in both 
solid and doped films at room temperature (RT), paving a new 
way for designing blue-emitting phosphors without the 65 

employment of 4,6-difluorphenylpyridinato chelate in FIrpic and 
analogues, as the ortho-fluorine substituent is known to be 
exceedingly labile at elevated temperature, especially during 
practical device operation,21 giving inferior lifespan for the as-
fabricated true-blue and blue OLEDs.22 70 
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Combining ample experiences in both fields, we have long 

been searching for ESIPT in the transition metal complex. This 
research underscores several important issues, namely: (i) The 
enhanced spin-orbit coupling may lead to the occurrence of 5 

ESIPT in both singlet and triplet manifolds; the latter is otherwise 
obscure in most organic ESIPT systems. (ii) Since the transition 
metal complex is composed of various ancillary chromophores, a 

case of ESIPT through inter-ligand H-bond would be 
unprecedented and hence of great fundamental interest. (iii) As 10 

for Ir(III) or Ru(II) complexes ubiquitously applied in the 
OLEDs, solar cells and photo-catalysis,23 the electronic transition 
normally involves a hybrid of ligand-centered ππ* and MLCT 
(metal to ligand charge transfer). The occurrence of ESIPT thus 
pumps the metal d-electron toward proton-transfer isomerization, 15 

which may drastically alter the excited-state properties, for 
example the photo-catalytic effect. 

Attaining ESIPT for the transition metal complexes requires 
a strategic design of the transition metal complex endowed with 
either intra-ligand or inter-ligand H-bonding formation. In this 20 

contribution, we reported on the stepwise steps transformation 
among Ir(III) complexes that are synthesized with employment of 
phenyl diphenylphosphinite (pdpitH) ancillary. In sharp contrast 
to the simple cyclometalation observed for analogous 
benzyldiphenylphosphine,24-28 the pdpitH molecule has displayed 25 

an additional reaction pattern upon switching the cyclometalation 
catalyst from NaOAc to the much basic Na2CO3, that is, the 
temporal formation of species equivalent to diphenyl 
phenylphosphonite (i.e. concomitant metathesis of aryl 
substituents), followed by cleavage of one phenyl-oxygen 30 

bonding, giving a coordinated phenyl phenylphosphonite (pppo) 
fragment. Moreover, this pppo ligand reveals an interligand H-
bonding to the adjacent nitrogen atom of the pyridyl triazolate 
chromophore. It is thus of great fundamental interest to gain in-
depth insight into how this interligand H-bonding would affect 35 

the corresponding chemical properties as well as the associated 
photophysical phenomena. As a result, we report for the first time 
the excited-state inter-ligand proton transfer within the 
framework of phosphorescent transition-metal complexes, adding 
a new dimension to the field of the excited-state proton transfer 40 

process1, 29, 30 that overwhelmingly takes place in the fluorescent 
organic molecules. Detail of our investigation is elaborated in the 
following sections. 

Experimental  

General procedures. 45 

All reactions were performed under argon atmosphere and 
solvents were distilled from appropriate drying agents prior to use. 
Commercially available reagents were used without further 
purification unless otherwise stated. All reactions were monitored 
using pre-coated TLC plates (0.20 mm with fluorescent indicator 50 

UV254). Mass spectra were obtained with a JEOL SX-102A 
instrument operating in electron impact (EI) or fast atom 
bombardment (FAB) mode. 1H and 31P NMR spectra were 
recorded on a Varian Mercury-400 or an INOVA-500 instrument. 
Elemental analysis was carried out with a Heraeus CHN-O Rapid 55 

Elemental Analyzer. The phosphorous donor ligands, phenyl 
diphenylphosphinite (pdpitH) and diphenyl phenylphosphonite 
(dppon) were synthesized according to the literature methods.31 
An ethereal solution of diazomethane was prepared from 
DiazaldTM and KOH in a mixture of carbitol, water and 60 

diethylether.32 Caution: diazomethane is extremely toxic and 
potentially explosive. Hazard is reduced by conducting reaction 
in glassware equipped with clear glass joints and always using the 
diluted diazomethane solution. 

Preparation of [Ir(pdpitH)(pdpit)(tht)Cl2] (1): A mixture of 65 

IrCl3(tht)3 (200 mg, 0.36 mmol) and phenyl diphenylphosphinite 
(pdpitH, 307 mg, 1.10 mmol) in decalin (12 mL) was heated to 
reflux for 24 hr. After cooling to RT, the solvent was removed 
under vacuum and the residue was washed with CH2Cl2 and ether 
to give white powder (228 mg, 0.25 mmol, 70.8%). Single 70 

crystals of 1 were obtained from a mixture of CH2Cl2 and 
methanol at RT. 

Spectral data of 1: MS (FAB, 193Ir): m/z 872 (M‒Cl)+; 1H 
NMR (500 MHz, CD2Cl2, 233 K): δ 8.21 (br, 2H), 7.66 (t, J = 9.0 
Hz, 2H), 7.58 ~ 7.51 (m, 3H), 7.51 ~ 7.43 (m, 2H), 7.39 ~ 7. 28 75 

(m 8H), 7.19 (d, J = 7.5 Hz, 1H), 7.15 (t, J = 7.5 Hz, 1H), 7.07 (t, 
J = 7.5 Hz, 1H), 6.89 (br, 2H), 6.80 (t, J = 7.5 Hz, 2H), 6.73 (t, J 
= 7.5 Hz, 1H), 6.67 (t, J = 7.5 Hz, 1H), 6.47 (br, 1H), 6.18 (d, J = 
7.5 Hz, 2H), 3.86 (m, 1H), 2.82 (m, 1H), 2.10 (m, 1H), 1.89 (m, 
1H), 1.79 (m,1H), 1.68 ~ 1.60 (m, 2H), 1.54 (m, 1H). 31P-{1H} 80 

NMR (202 MHz, CDCl3, 294 K): δ 91.16 (d, JPP = 23.2 Hz, 1P), 
70.55 (d, JPP = 23.2 Hz, 1P). Anal. Calcd. for C40H37Cl2IrO2P2S: 
C, 52.98; H, 4.11. Found: C, 52.44; H, 4.20. 

Selected crystal data of 1: C41H39Cl4IrO2P2S; M = 991.72; 
monoclinic; space group = P21/n; a = 9.0297(5) Å, b = 10.6379(6) 85 

Å, c = 40.142(2) Å, β = 92.521(2)°; V = 3852.2(4) Å3; Z = 4; 
ρcalcd = 1.710 Mg·m-3; F(000) = 1968; crystal size = 0.40 × 0.15 × 
0.10 mm3; λ(Mo-Kα) = 0.71073 Å; T = 150(2) K; µ = 3.917 mm-1; 
27821 reflections collected, 8768 independent reflections (Rint = 
0.0412), GOF = 1.134, final R1[I > 2σ(I)] = 0.0359 and wR2(all 90 

data) = 0.0732. 
Preparation of [Ir(pdpit)2(bptz)] (2): IrCl3(tht)3 (200 mg, 

0.36 mmol), pdpitH (210 mg, 0.78 mmol) were combined in 
decalin (12 mL) and the mixture was heated at 190°C for 3 hr. 
After cooling to RT, 3-t-butyl-5-(2-pyridyl)-1,2,4-triazole (bptzH, 95 

79 mg, 0.39 mmol) and sodium acetate (NaOAc, 291 mg, 3.56 
mmol) were added and the mixture was heated at 196°C for 
another 13 hr. Finally, the solvent was removed and the residue 
was purified by silica gel column chromatography using a 2:1 
mixture of ethyl acetate and hexane as the eluent. The pale green 100 

crystals of [Ir(pdpit)2(bptz)] were obtained by slow diffusion of 
hexane into a CH2Cl2 solution at RT (134 mg, 0.14 mmol, 39.8%). 

Chart 1. Blue-emitting Ir(III) complexes with 

Cyclometalating Phosphine Chelates 
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Single crystals of 2 were obtained from a mixture of CH2Cl2 and 
hexane at RT. 

Spectra data of 2: MS (FAB, 193Ir): m/z 948 (M+); 1H NMR 
(400 MHz, CDCl3, 298 K): 7.94 ~ 7.82 (m, 5H), 7.56 ~ 7.46 (m, 
2H), 7.42 (t, J = 7.2 Hz, 1H), 7.37 (t, J = 7.2 Hz, 1H), 7.32 ~ 7.21 5 

(m, 4H), 7.12 ~ 7. 06 (m, 2H), 6.97 (t, J = 7.6 Hz, 1H), 6.94 ~ 
6.76 (m, 6H), 6.72 (d, J = 7.6 Hz, 1H), 6.69 ~ 6.61 (m, 3H), 6.58 
(t, J = 7.2 Hz, 1H), 6.54 ~ 6.47 (m, 2H), 6.33 (t, J = 8.8 Hz, 2H), 
5.84 (t, J = 6.2 Hz, 1H), 1.42 (s, 9H). 31P-{1H} NMR (202 MHz, 
CDCl3, 298 K): δ 106.70 (d, JPP = 6.4 Hz 1P), 102.27 (d, JPP = 10 

6.4 Hz, 1P). Anal. calcd. for C47H41IrN4O2P2: N, 5.91; C, 59.55; 
H, 4.36. Found: N, 5.99; C, 58.95; H, 4.47.  

Selected crystal data of 2: C47H41IrN4O2P2; M = 947.98; 
orthorhombic; space group = Pbca; a = 14.7866(7) Å, b = 
17.6171(8) Å, c = 30.5710(15) Å, V = 7963.7(7) Å3; Z = 4; ρcalcd 15 

= 1.581 Mg·m-3; F(000) = 3792; crystal size = 0.50 × 0.43 × 0.28 
mm3; λ(Mo-Kα) = 0.71073 Å; T = 150(2) K; µ = 3.479 mm-1; 
42086 reflections collected, 9143 independent reflections (Rint = 
0.0426), GOF = 1.119, final R1[I > 2σ(I)] = 0.0267 and wR2(all 
data) = 0.0732. 20 

Preparation of [Ir(pdpit)(pppo)(bptz)] (3): IrCl3(tht)3 (202 mg, 
0.36 mmol), pdpitH (210 mg, 0.78 mmol) were combined in 
decalin (12 mL) and the mixture was heated at 190°C for 5 hr. 
After cooling to RT, bptzH (76 mg, 0.38 mmol) and Na2CO3 (188 
mg, 1.77 mmol) were added and the mixture was heated at 196°C 25 

for another 13 hr. Finally, the solvent was removed and the 
residue was purified by silica gel column chromatography using a 
1:1 mixture of ethyl acetate and hexane as the eluent. The green 
crystals of [Ir(pdpit)(pppo)(bptz)] (3) were obtained by slow 
diffusion of methanol into a CH2Cl2 solution at RT (150 mg, 30 

0.169 mmol, 47.0%). Single crystals of 3 were obtained from a 
mixture of CH2Cl2 and hexane at RT. 

Method 2: Complex 1 (178 mg, 0.20 mmol), diphenyl 
phenylphosphonite (dppon, 63 mg, 0.214 mmol), Na2CO3 (104 
mg, 0.98 mmol) and bptzH (43 mg, 0.21 mmol) were combined 35 

in decalin (8 mL) and the mixture was heated at 180°C for 12 
hour. After chromatographic separation and recrystallization, 
complex 3 was obtained in 17.8% yield (31 mg, 0.03 mmol). 

Spectra data of 3: MS (FAB, 193Ir): m/z 888 (M+1)+; 1H NMR 
(400 MHz, 1.35 × 10-4 M in CDCl3, 298 K): δ 12.42 (s, br, 1H), 40 

7.96 (d, J = 8.4 Hz, 1H), 7.71 (br, 1H), 7.63 (t, J = 7.8 Hz, 1H), 
7.44 ~ 7.35 (m, 3H), 7.34 ~ 7.27 (m, 2H), 7.15 (t, J = 7.6 Hz, 
1H), 7.05 ~ 6.88 (m, 5H), 6.86 ~ 6.77 (m, 5H), 6.69 ~ 6.52 (m, 
5H), 6.50 ~ 6.41 (m, 2H), 6.01 (t, J = 6.4 Hz, 1H), 4.61 (br, 1H, 
OH), 1.54 (s, 9H). 31P−{1H} NMR (202 MHz, CDCl3, 298 K): δ 45 

106.16 (d, JPP = 10.2 Hz, 1P), 94.11 (d, JPP = 10.2 Hz 1P). Anal. 
calcd. for C41H37IrN4O3P2: N, 6.31; C, 55.46; H, 4.20. Found: N, 
6.37; C, 54.99; H, 4.45. 

Selected crystal data of 3: C42.2H39.4Cl2.4IrN4O3P2; M = 990.31; 
monoclinic; space group = P21/n; a = 13.2294(6) Å, b = 50 

22.1241(10) Å, c = 14.3469(7) Å, β = 98.5169(10)°, V = 
4152.9(3) Å3; Z = 4; ρcalcd = 1.584 Mg·m−3; F(000) = 1971; 
crystal size = 0.25 × 0.20 × 0.10 mm3; λ(Mo-Kα) = 0.71073 Å; T 
= 150(2) K; µ = 3.529 mm-1; 31860 reflections collected, 9538 
independent reflections (Rint = 0.0472), GOF = 1.056, final R1[I > 55 

2σ(I)] = 0.0437 and wR2(all data) = 0.1079. 

Methylation of 3: The diazomethane etherate in excess was 
added to a solution of 3 (700 mg, 0.79 mmol) in ether (150 mL) 
at 0°C. After the completion of addition, the mixture was stirred 
for 4 hr at RT, the solvent was removed, and the residue was 60 

purified by silica gel column chromatography using a 1:2 mixture 

of ethyl acetate and hexane as the eluent, affording a light yellow 
and a pale green band in an approx. 2:1 ratio. The yellow crystals 
of [Ir(pdpit)(pppoMe)(bptz)] (4) (407 mg, 0.45 mmol, 57.2%) 
and pale green crystals of [Ir(pdpit)(pppo)(bptzMe)] (5) (204 mg, 65 

0.23 mmol, 28.7%) were next obtained by slow diffusion of 
hexane into an acetone solution of complex, and from the mixture 
of CH2Cl2 and hexane at RT, respectively. 

Spectra data of 4: MS (FAB, 193Ir): m/z 902 (M+); 1H NMR 
(400 MHz, CD2Cl2, 298 K): δ 8.21 ~ 8.13 (m, 2H), 7.69 (d, J = 70 

8.0 Hz, 1H), 7.63 ~ 7.49 (m, 5H), 7.17 ~ 7.09 (m, 2H), 7.04 (t, J 
= 7.2 Hz, 1H), 6.99 ~ 6.91 (m, 2H), 6.84 (td, J = 7.6, 2.4 Hz, 2H), 
6.81 ~ 6.71 (m, 4H), 6.71 ~ 6.62 (m, 2H), 6.56 (dd, J = 7.6, 1.6 
Hz, 1H), 6.37 ~ 6.29 (m, 2H), 6.27 ~ 6.19 (m, 2H), 6.00 (t, J = 
6.5 Hz, 1H), 4.01 (d, JPH = 12.0 Hz, 3H), 1.51 (s, 9H). 31P−{1H} 75 

NMR (202 MHz, CD2Cl2, 298 K): δ 117.55 (d, JPP = 12.3 Hz, 
1P), 108.21 (d, JPP = 12.3 Hz, 1P). Anal. calcd. for 
C42H39IrN4O3P2: N, 6.21; C, 55.93; H, 4.36. Found: N, 5.84; C, 
56.33; H, 5.05. 

Selected crystal data of 4: C48H53IrN4O3P2; M = 988.08; 80 

monoclinic; space group = P21/c; a = 15.0395(6) Å, b = 
20.7656(9) (4) Å, c = 14.4577(6) Å, β = 99.8210(9)°, V = 
4449.0(3) Å3; Z = 4; ρcalcd = 1.475 Mg·m−3; F(000) = 2000; 
crystal size = 0.50 × 0.25 × 0.20 mm3; λ(Mo-Kα) = 0.71073 Å; T 
= 150(2) K; µ = 3.118 mm−1; 32724 reflections collected, 10235 85 

independent reflections (Rint = 0.0404), GOF = 1.149, final R1[I > 
2σ(I)] =0.0345 and wR2(all data) = 0.0979. 

Spectra data of 5: MS (FAB, 193Ir): m/z 903 (M+1)+; 1H NMR 
(400 MHz, d6-acetone, 298 K): δ 8.14 ~ 8.02 (m, 2H), 7.95 ~ 7.82 
(m, 2H), 7.64 ~ 7.53 (m, 3H), 7.44 (br, 1H), 7.14 (t, J = 6.6 Hz, 90 

1H), 6.99 (t, J = 7.2 Hz, 1H), 6.95 ~ 6.84 (m, 5H), 6.78 (t, J = 7.2 
Hz, 1H), 6.66 ~ 6.53 (m, 6H), 6.52 ~ 6.41 (m, 4H), 5.90 (t, J = 
6.4 Hz, 1H), 5.09 (s, 3H), 1.56 (s, 9H). 31P−{1H} NMR (202 
MHz, d6-acetone, 298 K): δ 114.01 (d, JPP = 14.0 Hz, 1P), 64.34 
(d, JPP = 14.0 Hz, 1P). Anal. calcd. for C42H39IrN4O3P2: N, 6.21; 95 

C, 55.93; H, 4.36. Found: N, 6.37; C, 55.82; H, 4.47. 

Selected crystal data of 5: C43H41Cl2IrN4O3P2; M = 986.84; 
monoclinic; space group = P21/c; a = 11.6481(5) Å, b = 
21.5974(10) Å, c = 16.3516(7) Å, β = 101.4744(11)°, V = 4031.3 
Å3; Z = 4; ρcalcd = 1.626 Mg·m−3; F(000) = 1968; crystal size = 100 

0.25 × 0.13 × 0.10 mm3; λ(Mo-Kα) = 0.71073 Å; T = 150(2) K; µ 
= 3.569 mm−1; 30935 reflections collected, 9249 independent 
reflections (Rint = 0.0733), GOF = 1.012, final R1[I > 2σ(I)] = 
0.0399 and wR2(all data) = 0.0816. 

Preparation of 6: A 10 mL THF solution of 3 (71 mg, 0.08 105 

mmol) was transferred in a reaction flask containing NaH (3 mg, 
0.12 mmol). The mixture was stirred for 2 h at RT until the gas 
evolution ceased. The solution was filtered through a pad of 
Celite and the filtrate was concentrated to dryness, giving a pale 
green powder of Na[Ir(pdpit)(pppo)(bptz)] (6) (50 mg, 0.027 110 

mmol, 67%). Single crystals of 6 suitable for X-ray analysis were 
obtained from a mixture of CH2Cl2 and MeOH at RT. 

Spectra data of 6: 1H NMR (400 MHz, CD2Cl2, 298 K): δ 7.93 
(d, 1H, J = 8.0 Hz), 7.91 (d, 1H, J = 8.4 Hz), 7.66 (d, 1H, J = 7.8 
Hz), 7.54 ~ 7.48 (m, 5H), 7.05 (t, 3H, J = 6.5 Hz), 6.90 ~ 6.82 (m, 115 

2H), 6.79 ~ 6.70 (m, 6H), 6.62 (d, 1H, J = 7.8 Hz), 6.58 ~ 6.56 
(m, 3H), 6.31 (t, 4H, J = 7.8 Hz), 6.00 (t, 1H, J = 5.7 Hz), 3.30 (s, 
MeOH, 3H), 1.00 (s, 9H). 31P−{1H} NMR (202 MHz, CD2Cl2, 
298 K): δ 109.14 (d, JPP = 14.1 Hz, 1P), 84.14 (d, JPP = 13.0 Hz, 
1P). 120 

Selected crystal data of 6: C86H88Ir2N8Na2O10P4; M = 1947.90; 
triclinic; space group = P−1; a = 12.3478(10) Å, b = 12.8587(11) 
Å, c = 15.8042(13) Å, α = 96.292(2)°, β = 109.712(2)°, γ = 

Page 3 of 13 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 

4  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

114.102(2)°, V = 2065.1(3) Å3; Z = 1; ρcalcd = 1.566 Mg·m−3; 
F(000) = 976; crystal size = 0.25 × 0.16 × 0.13 mm3; λ(Mo-Kα) = 
0.71073 Å; T = 150(2) K; µ = 3.370 mm−1; 24667 reflections 
collected, 9422 independent reflections (Rint = 0.0505), GOF = 
1.010, final R1[I > 2σ(I)] = 0.0345 and wR2(all data) = 0.0699. 5 

Single Crystal X-Ray Diffraction Studies. Single crystal X-ray 
diffraction data were measured on a Bruker SMART Apex CCD 
diffractometer using Mo radiation (λ = 0.71073 Å). The data 
collection was executed using the SMART program. Cell 
refinement and data reduction were performed with the SAINT 10 

program. An empirical absorption was applied based on the 
symmetry-equivalent reflections and the SADABS program. The 
structures were solved using the SHELXS-97 program and refined 
using SHELXL-97 program by full-matrix least squares on F2 
values. The structural analysis and molecular graphics were 15 

obtained using SHELXTL program on PC computer.33 All 
hydrogen atoms attached to the carbon atoms were fixed at 
calculated positions and refined using a riding mode. The 
hydrogen atom H(2) of Pt(II) complex 3 was located in a 
difference Fourier map; its atomic coordinates were then refined 20 

and with the Uiso fixed to 1.5 Ueq of its parent O(2) atom. 
CCDC 1025244 - 1025249 contain the supplementary 
crystallographic data for this paper. These data can be obtained 
free of charge from the Cambridge Crystallographic Data Centre 
via www.ccdc.cam.ac.uk/data request/cif. 25 

Photophysical Measurement. 

Steady-state absorption and emission spectra were recorded 
with a Hitachi (U-3310) spectrophotometer and an Edinburgh 
(FS920) fluorimeter, respectively. Both wavelength-dependent 
excitation and emission response of the fluorimeter have been 30 

calibrated. The various solvents were of spectragrade quality 
(Merck Inc.) and were used as received. To determine the 
photoluminescence quantum yield in solution, samples were 
degassed by three freeze-pump-thaw cycles. Coumarin 480 in 
methanol with an emission yield of Φ ~ 0.87 was used as 35 

reference to determine quantum yields for the studied compounds 
in solution. Lifetime studies were performed by an Edinburgh FL 
900 time correlated single photon counting (TCSPC) system with 
a hydrogen-filled lamp as the excitation source. Data were 
analyzed using the nonlinear least squares procedure in 40 

combination with an iterative convolution method. Single-
exponential emission decay was obtained for all studied 
compounds. 

Nanosecond transient absorption was recorded with a laser 
photolysis system, in which the third harmonic (355 nm) of a 45 

Nd:YAG laser (Continuum Surelite) was used as the pump pulse. 
The Nd:YAG pump pulse was fired at a 1 Hz repetition rate and 
synchronized with a white light (xenon arc lamp) pulse acting as 
the probe beams. Two pulses were crossed at a 90o angle with an 
overlapping distance of 10 mm. The temporal resolution was 50 

limited by an excitation pulse duration of approximately 10 ns 

The femtosecond UV/vis transient absorption measurements 
were also performed according to the previous reports.34 Briefly, 
femtosecond Ti:sapphire amplifier was used as the light source. 
The output of the system consists of pulses of 800 nm, 1 W, 220 55 

fs (fwhm) at a repetition rate of 1 kHz. The laser amplifier output 
is first split half into two beams, in which the pump is converted 
to 400 nm by coupling it into a second-harmonic generator. The 
probe 800 nm is focused on a 1 mm thick sapphire plate to 
generate a white light continuum. The pump beam is then passed 60 

through an optical chopper and focused on a 1 mm optical path 
quartz disc-shape cell placed in a variable speed rotating holder. 
The white continuum after passing through the sample cell is 

coupled into a 100 µm optical fiber connected to a diode array. 
The time-resolved absorption spectra were acquired via an 65 

average of 300 excitation pulses at each pump-probe delay time.  

Computational methodology. 

Calculations on electronic singlet and triplet states of all titled 
complexes were carried out using the density functional theory 
(DFT) with B3LYP hybrid functional.35, 36 Restricted and 70 

unrestricted formalisms were adopted in the singlet and triplet 
geometry optimization, respectively. A “double-ζ” quality basis 
set consisting of Hay and Wadt's effective core potentials 
(LANL2DZ)37, 38 was employed for the Ir(III) metal atom, and a 
6-31G* basis set,39 for the rest of atoms. The relativistic effective 75 

core potential (ECP) replaced the inner core electrons of Ir(III) 
metal atom, leaving only the outer core valence electrons 
(5s25p65d6) to be concerned. Time-dependent DFT (TDDFT) 
calculations using the B3LYP functional were then performed 
based on the optimized structures at the ground state.40-44 80 

Considering the solvation effect, the calculations were then 
combined with a polarizable conductor continuum model CPCM 
(in dichloromethane) implemented in Gaussian 09.45 Typically, 
10 lower triplet and singlet roots of the non-hermitian eigenvalue 
equations were obtained to determine the vertical excitation 85 

energies. Oscillator strengths were then deduced from the dipole 
transition matrix elements (for singlet states only). All 
calculations were carried out using Gaussian 09.46 

Result and discussion 

Synthesis and characterization 90 

Treatment of Ir(III) source complex [Ir(tht)3Cl3] with two 
equivalent of phenyl diphenylphosphinite (pdpitH) in refluxing 
decalin for an extended period of time afforded the di-substitution 
product [Ir(pdpitH)(pdpit)(tht)Cl2] (1) in excellent yield, for 
which the spectroscopic and mass analysis showed retention of 95 

one tht ligand and attachment of two diphenylphosphinite units; 

Scheme 1. Synthetic protocols to the studied Ir(III) complexes; 

reagents and experimental conditions.a 

 
a
(i) decalin, reflux, 24 h, (ii) bptzH, NaOAc, decalin, 196°C, 13 

h, (iii) bptzH, Na2CO3, decalin, 196°C, 13 h. 
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the latter is also confirmed by the observation of two 31P NMR 
signals with equal intensity at δ 91.16 and 70.55. Subsequently, 
treatment of 1 with 3-t-butyl-5-(2-pyridyl)-1,2,4-triazole (bptzH) 
in presence of sodium acetate (NaOAc) as both the HCl 
scavenger and cyclometalation promoter, or using the in-situ 5 

synthesized 1 as the metal source, led to the isolation of a weakly 
emissive [Ir(pdpit)2(bptz)] (2) in moderate yield (Scheme 1). This 
synthetic pattern is analogous to that of the 

benzyldiphenylphosphine reaction reported in literature.47, 48 

On the contrary, upon employment of Na2CO3 as the basic 10 

catalyst for the in-situ coordination of pdpitH and bptzH on the 
Ir(III) metal atom of [Ir(tht)3Cl3], we could not isolate any 
notable quantity of 2. Instead, we obtained another Ir(III) 
complex [Ir(pdpit)(pppo)(bptz)] (3) in moderate yields, for which 
the bright luminescence in solid state can serve as a quick 15 

identification. Moreover, both mass spectrometry and 1H NMR 
spectrum of 3 showed one less phenyl group on the molecule 

versus that of the previously discussed complex 2. Single crystal 
X-ray diffraction analyses on all three Ir(III) complexes were next 
executed for revealing and confirming the true structural 20 

identities. 

The structural drawings of complexes 1, 2 and 3 are depicted in 
Figures 1, 2 and 3 in sequence. As shown in Figure 1, the two 
chlorides on 1 are residing at the cis-disposition, while the unique 
cyclometalated pdpit chelate is located trans to both chlorides, 25 

and the remaining axial sites are occupied by the monodentate 
pdpitH and tht ligand. The Ir-C distance is relatively shorter (ca. 
2.064(3) Å), which points to an enhanced covalent bonding 
character. The respective metallacycle is virtually coplanar, and 
with the phenyl substituents on the phosphorus atom residing at 30 

the opposite direction. Variation of the Ir-Cl and Ir-P distances is 
somehow relevant to the trans-effect discussed earlier. 
Remarkably, the Ir-P distances of 2.2179(10) and 2.2620(10) Å in 
1 (see Figure 1) are shorter than the respective Ir-P distances of 
2.2423(8) and 2.3136(7) Å in analogous complex 35 

[Ir(bdp)(bdpH)(tht)Cl2], for which the only diference is the 
phosphine, i.e. pdpitH versus benzyldiphenylphosphine (bdpH).48 
Since both complexes possess identical geometry, meaning that 
the shortening of this Ir-P distance in 1 is probably caused by the 
substitution of methylene in bdpH with an oxo linker in pdpitH, 40 

for which the electron withdrawing nature then increases the back 
π-bonding of the phosphorous donors in 1. Similarly, the core 

geometry of 2 shown in Figure 2 is also analogous to that of the 
reported Ir(III) complexes; namely: [Ir(bdp)2(phbtz)]25 and 
[Ir(dpna)2(iqbtz)],26 for which phbtzH, dpnaH and iqbtzH 45 

represent 5-(1-phenanthridinyl)-3-t-butyl-1,2,4-triazole, 1-
(diphenylphosphino)naphthalene and 5-(1-isoquinolyl)-3-t-butyl-
1,2,4-triazole, respectively. A fair comparison of the metric 
parameters among these structures cannot be convincingly made 
due to the structural complexity of the involved phosphine and 50 

azolate moieties. Nevertheless, their core geometries are 
identical, showing one simple criterion in that the all cis-
coordination mode is detected for the pairs of carbon, nitrogen 
and phosphorous donor atoms on the inner sphere. 

For complex 3, its structural drawing reveals several 55 

distinctive structural features. The first one lies in the formation 

 
Figure 1. Structural drawing of 1 with ellipsoids shown at 30% 
probability level; selected bond distances: Ir-P(1) = 2.2179(10), Ir-
P(2) = 2.2620(10), P(1)-O(1) = 1.625(3), P(2)-O(2) = 1.620(3), Ir-
S(1) = 2.4458(10), Ir-Cl(1) = 2.4513(10), Ir-Cl(2) =2.4436(10), 
and Ir-C(1) = 2.064(3) Å. 

 

Figure 2. Structural drawing of 2 with ellipsoids shown at 40% 
probability level; Ir-P(1) = 2.2356(8), Ir-P(2) = 2.2809(8), P(1)-
O(1) = 1.634(3), P(2)-O(2) = 1.624(3), Ir-N(1) = 2.144(2), Ir-
N(2) = 2.124(3), Ir-C(1) = 2.092(3), and Ir-C(19) = 2.061(3) Å. 

 
Figure 3. Structural drawing of 3 with ellipsoids shown at 30% 
probability level; Ir-P(1) = 2.201(1), Ir-P(2) = 2.281(1), Ir-N(1) = 
2.146(4), Ir-N(2) = 2.058(4), Ir-C(1) =2.094(5), Ir-C(13) = 
2.076(5), P(1)-O(1) = 1.620(4), P(1)-O(2) = 1.573(4), P(2)-O(3) = 
1.614(4), and H(2)…N(3) = 1.730 Å. 
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of a chelating pppo unit via the loss of a phenyl substituent, 
which is in agreement with the aforementioned 1H NMR data. 
Another important feature is the formation of strong H-bond to 
the coordinated triazolate with calcd. H(2)…N(3) distance of 
∼1.730 Å (Figure 3). In good agreement with this assignment, the 5 

1H NMR spectrum of a concentrated sample (1.35 × 10-4 M) in 
CDCl3 showed a relative sharp signal at δ 12.42 that can be 
assigned to this unique proton. However, upon dilution, this 
signal gradually shifted to the higher field region. At < 3.4 × 10-5 
M, this proton signal shifted to the region of aromatic proton 10 

signals and then masked. Such an observation could be attributed 
to the increase of water content in CDCl3 and/or greater degree of 
proton dissociation in the diluted solution. 

Coinciding with this H-bonding feature, the P(1)-O(2) distance 
of the unique PO-H (or P=O-H) fragment (1.573(4) Å) also 15 

reduces substantially versus that of other two P-O-Ph fragments 
(1.614(4) and 1.620(4) Å) within the molecules. Note that the 
P(1)-O(2) distance is longer than that of the P=O double bond in 
a typical triaryl phosphine oxide fragment (~1.49 Å),49, 50 
indicating the occurrence of PO partial multiple bonding, which 20 

fits well to the theoretical bonding model of phenylphosphonite 
unit. Other notable structural feature includes the shortening of Ir-
N(2) separation to the triazolate (2.058(4) Å) versus that of the Ir-
N(1) distance to the pyridine fragment (2.146(4) Å). Apparently, 
the intermolecular interaction in the crystal packing may also 25 

exert certain bond strengthening influence to the triazolate unit. 

After confirming the exact structure of 3, we then 

investigated the synthetic mechanism in an aim to gain in-depth 
insight into how this complex was formed in various reaction 
conditions. First, we conducted a control reaction using 1, bptzH 30 

and 5 equiv. of Na2CO3 as the basic promoter, which afforded no 
compound 3, but only 2 as the reaction product. This result rules 
out the possibility that the coordinated pdpitH or cyclometalated 
pdpit in 1 is the sole source to the coordinated pppo in the 
formation of 3. We then performed reaction using 1 and one 35 

equiv. of both diphenyl phenylphosphonite (dppon) and bptzH in 
the presence of excess Na2CO3, which then afforded a small 
amount of 3 (18%) versus that obtained from its original 
synthesis (40%, vide supra). This result then pinpoints to the 
possible formation of certain dppon in the original reaction. After 40 

then, it reacts with the metal reagent [IrCl3(tht)3] to afford a 

Scheme 3. Reactions associated with the Ir(III) complex 3; 
reagents and conditions.a 

 
a(i) CH2N2, ether, RT, 4 h, (ii) NaH, RT, 2 h, MeOH. Note: the 
Na+-solvates interaction of 6 was removed for clarity. 

 
Figure 4. Structural drawing of 4 with ellipsoids shown at 30% 
probability level; selected bond distances: Ir-C(1) = 2.066(4), Ir-
C(19) = 2.084(4), Ir-N(2) = 2.093(4), Ir-N(1) = 2.142(3), Ir-P(1) = 
2.2137(11), Ir-P(2) = 2.2836(10), P(1)-O(2) = 1.623(3), P(1)-O(3) 
= 1.585(3), P(2)-O(1) = 1.636(3), and O(3)-C(31) = 1.457(5) Å. 

 
Figure 5. Structural drawing of 5 with ellipsoids shown at 30% 
probability level; selected bond distances: Ir-C(1) = 2.084(4), Ir-
C(13) = 2.040(5), Ir-N(2) = 2.164(4), Ir-N(1) = 2.180(4), Ir-P(1) = 
2.2613(11), Ir-P(2) = 2.2896(12), P(1)-O(1) = 1.659(3), P(1)-O(2) 
= 1.492(3), P(2)-O(3) = 1.632(3), and N(3)-C(42) = 1.464(5) Å. 

Scheme 2. Hypothetical sequence for formation of pppo 

chelate.
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possible intermediate (A) (see: Scheme 2). Conversion from 
coordinated dppon in A to the observed pppo chelate in 3 
therefore may follow a hypothetical transformation sequence, 
which is somewhat relevant to the Arbuzov rearrangement known 
to the phosphorous chemistry.51, 52 The intermediate may involve 5 

coordinated P(O)Ph(OPh) fragment, for which the closely related 
phosphoryl P(O)Ph2 unit has been obtained from direct oxidation 
of coordinated PPh2H with hydrogen peroxide.53 Nevertheless, 
the overall transformation still remains elusive and pending 
further proof, as we neither found any precedence for the similar 10 

Arbuzov rearrangement in a transition-metal containing system, 
nor understood which of the reaction (i.e. Arbuzov reaction or 
cyclometalation) was taking place first. To our experiences, we 
are confident that the putative dppon must be in-situ generated 
during the treatment of pdpitH with the mixed reagents of 15 

[IrCl3(tht)3], bptzH and Na2CO3 at elevated temperature, because 
the employed pdpitH is free of phosphonite in all studies, as 
indicated by both 1H and 31P NMR studies.   

Moreover, we also attempted two additional reactions so that 
the chemical properties of 3 can be assured. The first one 20 

involved the reaction with diazomethane etherate at room 
temperature. As a result, we obtained two methylation products 
(4) and (5) in 57% and 29%, which respectively showed a 1H 

NMR signal at δ 4.01 (d, JPH = 12.0 Hz, 3H) and δ 5.09 (s, 3H). 
The integrated signal intensity confirmed their true identity as the 25 

methyl fragment caused by insertion of the diazomethane 
(Scheme 3). 

For further identification, we then executed the single crystal 
X-ray studies and the corresponding structural drawings are 
depicted in Figures 4 and 5. As can be seen, the introduced 30 

methyl group is either associated with the oxygen atom of pppo 
fragment in 4 or the uncoordinated nitrogen atom of bptz 
fragment in 5, respectively. This result unambiguously confirmed 
the diazomethane insertion at two difference sites. In comparison 
to the P-O distance of 3 (1.570(3) Å), the P(1)-O(3) bond in 4 35 

increases to 1.585(3) Å, while the P(1)-O(2) bond in 5 reduced 
significantly in length to 1.492(3) Å, making the latter as the 
shortest extreme for the P=O double bond observed in this class 
of complexes. The similarity in P-O distance between 3 and 4 
reaffirms that the P-O-H tautomer is dominated in the solid state 40 

for 3. Likewise, as elaborated in the following sections, this 
assignment also holds true in solution. Nevertheless, it is of great 
fundamental importance to examine if the proton transfer 
tautomerism takes place from P-O-H…N (in triazolate moiety) to 
P=O…H-N isomers in both ground and excited states (vide infra). 45 

In parallel to the diazomethane insertion, which is common 
to the organic compounds with acidic proton, we also observed a 
facile deprotonation of 3 upon treatment of NaH in THF at RT. 
Its progression can be easily monitored by the vigorous evolution 
of H2 gas. After filtered off the excess of NaH, crystallization 50 

from a mixture of CH2Cl2 and methanol afforded pale green 
crystalline solids of (6) in high yields. Its 1H and 31P NMR 
spectral patterns are similar to that of 3, showing the first 
indication for the deprotonation reaction. Moreover, the single 
crystal X-ray diffraction study showed that this complex exists as 55 

a dinuclear dimer that is linked by a four-coordinated sodium 
cation, each is linked to two methanol solvates related by 
crystallographical symmetry operation. The structural drawing of 
one monomeric structure is unveiled in Figure 6 for scrutiny. 
Except for the coordinative motifs around the sodium cation, the 60 

associated metric parameters showed no visible difference from 
those of parent complex 3, confirming their intimate connection 
between parent and deprotonated forms. 

Photophysical properties. 

The photophysical properties of these Ir(III) complexes can 65 

be systematically tuned according to the nature of chelate and the 
associated inter-ligand interaction. Figure 7 displays the 
absorption and emission spectra of all titled complexes 2 – 6 
recorded in degassed CH2Cl2 at RT, while pertinent numerical 
data are summarized in Table 1. In general, all complexes 2 – 6 70 

exhibit allowed absorption bands in the UV region of 275 ∼ 284 
nm, for which the ε values at the peak wavelength are measured 

 
Figure 6. Structural drawing of 6 with ellipsoids shown at 30% 
probability level; Ir-P(1) = 2.2419(9), Ir-P(2) = 2.2779(10), P(1)-
O(1) = 1.652(3), P(1)-O(2) = 1.517(2), P(2)-O(3) = 1.627(3), Ir-
N(1) = 2.156(3), Ir-N(2) = 2.124(3), Ir-C(12) = 2.079(4), Ir-C(24) 
= 2.058(3), Na-O(2) = 2.273(3), Na-O(2A) = 2.292(3), Na-O(4) = 
2.346(3), and Na-N(3) = 2.425(3) Å. 

Table 1. Selected photophysical properties of Ir(III) complexes in degassed CH2Cl2 solution at RT. 

 abs. λmax / nm (ε × 103 L mol-1 cm-1]) em  λmax (nm) Q.Y. τobs (µs) kr (s
−1) knr (s

−1) 

2 277 (15.7), 360 (3.3) 458, 478, 504 0.01 0.12 8.7 × 104 8.6 × 106 

3 276 (15.8), 350 (2.7) 515 0.27 2.32 1.2 × 105 3.1 × 105 

4 275 (15.5), 355 (3.6) 460, 475, 505 0.62 21.8 2.8 × 104 1.7 × 104 

5 284 (13.8), 348 (1.2) 520 0.11 0.42 2.5 × 105 2.5 × 106 

6 283 (16.6), 350 (2.6) 473 0.86 6.72 1.3 × 105 2.1 × 104 
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to be > 1.4 × 104 M–1cm–1 and should be characterized as a ππ* 
configuration associated with ligand-centered or inter-ligand type 
of transition. The longer wavelength absorption at 350 ∼ 360 nm, 
except for 5, as revealed by their relatively lower extinction 
coefficients (3 ∼ 5 × 103 M–1cm–1), is assigned to the tail of ππ* 5 

transition overlapping with the metal-to-ligand charge 
transfer (MLCT) band in the singlet manifold.54,55 Time-

dependent (TD) DFT calculations were performed to gain insight 
into the photophysical behavior of all of the titled complexes. 
Figure 8 depicts the unoccupied and occupied frontier orbitals of 10 

2 – 6 that are mainly involved in the lowest-lying transitions. 
Description and details of the energy gap of each transition of all 
complexes are given in Table 2. Careful frontier orbital analyses 
for 2 – 6 indicate that the lowest lying electronically excited state 
involves HOMO → LUMO transition, in which HOMO is mainly 15 

located at Ir(III) metal ion and the phenolic cyclometalate of the 
phenyl phenylphosphonite moiety. Additionally, HOMO 
contribution from the triazolate moiety is also found in 2 – 4 and 
6 but not in 5. The methylation at N(3) of triazolate for 5 (see 
Figure 5) results in the relocation of electron density so that the 20 

electronic configuration of the triazolate fragment is expected to 
be much different from that of 2 – 4 and 6. For example, from 
chemistry point of view, the Ir-N(2) linkage for 5 is considered to 
be a neutral dative bonding instead of an ionic bonding as 
observed for the rest of Ir(III) complexes. On the other hand, the 25 

calculation also clearly shows that LUMO for all titled complexes 
is mainly located at the entire pyridyl triazolate moieties.56 As a 
result, the electronic transition property for 5 is expected to be 
significantly different from that of 2 – 4 and 6. This prediction 
well matches the absorption spectra, for which the lowest lying 30 

absorption bands for 2 – 4 and 6 in CH2Cl2 resemble each other 
in terms of spectral profile and peak wavelength. In stark 
contrast, however, complex 5 reveals a much diffusive, red-
shifted absorption feature. Comparing isomers 4 and 5, 4 exhibits 
an S0 → S1 absorption peak at 355 nm, while 5 reveals a shoulder 35 

around 380 nm tailing down to ∼420 nm (see Figure 7 and Table 
2). This is also supported by the computation result, giving much 
different S0 → S1 transition at 365 nm and 420 nm for 4 and 5, 
respectively, which is well correlated with the absorption spectra. 
Also supportive is the calculated oscillator strength, for which the 40 

value of 0.0289 in 4 is much larger than that of 5 (0.0025), 
qualitatively predicting the same trend as the molar extinction 
coefficient being 3.6 × 103 M-1cm-1 and 1.2 × 103 M-1cm-1 for 4 
and 5, respectively. The discrepancy between the absorption and 
calculation in terms of intensity ratio for 4 versus 5 is mainly due 45 

to the negligence of the vibronic coupling, i.e., the Franck 
Condon factor in our computational approach. The results not 
only manifest the influence of methylated triazolate moiety to the 
frontier orbitals in 5 (vide supra) but also indicate that the 
TDDFT calculation is well justified for interpreting the 50 

photophysical properties of the titled Ir(III) complexes. It is 
noticeable that the complexes 2 and 4 display a slightly higher 
absorptivity for the S0 → S1 band versus that of complexes 3 and 
6; the latter reveal unique inter-ligand (either H+, i.e. H-bond, or 
Na+) cation-to-triazolate bonding interaction, resulting in the 55 

reduction of ππ* transition dipole moment.  
As for the emission spectra, the significant variation of 

intensity between aerated and degassed solution, i.e. the great 
influence of O2 quenching, together with the < 106 s-1 of the 
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Figure 7. Absorption and luminescence spectra of Ir(III) 
complexes in degassed CH2Cl2 at room temperature. 

Table 2. Calculated vertical excitation S1 energy and the involved frontier orbitals. 

Complex State (nm) f Assignments MLCT (%) 

2 S1 366.1 0.0267 HOMO → LUMO (98%) 26.49 

3 (w/ PO-H) S1 370.5 0.0251 HOMO → LUMO (98%) 22.08 

(w/ N-H) S1 410.4 0.0161 HOMO → LUMO (97%) 18.08 

4 S1 365.2 0.0289 HOMO → LUMO (98%) 26.14 

5 S1 420.4 0.0025 HOMO → LUMO (98%) 12.81 

6 S1 381.4 0.0083 HOMO → LUMO (98%) 18.59 

 
Figure 8. Frontier orbitals involved in the lowest-lying transition 
for complexes 2 – 6 in CH2Cl2. Note that the calculation for 3 is 
based on PO-H isomer in order to simulate the absorption 
properties. 
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radiative decay rate constant, for all titled complexes (see Table 
1) ensures that the emission originates from the triplet manifold, 
i.e. the phosphorescence. It is noteworthy that all these emission 
profiles and the associated relaxation dynamics in solution are 
independent of concentrations employed, eliminating the possible 5 

inter-molecular ππ stacking interaction of the titled complexes in 
both ground and excited states. Interestingly, despite that 3 has 
similar transition character and absorption spectral feature with 2, 
4 and 6, distinct emission spectrum for 3 is observed. Complexes 
2, 4 and 6 all exhibit similar phosphorescent spectra maximized 10 

around 473 ∼ 478 nm with notable vibronic progression. In sharp 
contrast, 3 reveals much red-shifted and structureless emission 
maximized at 515 nm. More importantly, 3 exhibits nearly 
identical phosphorescence spectrum with that of 5 in terms of 
peak profile and position (Figure 7). Unambiguously, complex 5 15 

possesses a methylated triazolate moiety. The result thus leads us 
to propose the possibility of excited-state inter-ligand proton 
transfer (ESILPT) from the PO-H to N-H isomer via the existing 
H-bond between O-H of phosphonite fragment and the non-
coordinative N(2) atom of the triazolate ligand (see Scheme 4). 20 

Moreover, the frontier orbital analysis provided certain clue for 
the tendency of ESILPT. Upon S0 → S1 excitation the electron 
density shifts from the phenyl cyclometalate of the phosphonite 
moiety (HOMO) to the pyridyl triazolate moiety (LUMO), shown 
in Figure 8. In other words, the PO-H proton becomes more 25 

acidic while the triazolate N(2) nitrogen tends to be more basic in 
the S1 state, providing the driving force for ESILPT. 

We then carefully examined the feasibility in view of 
thermodynamics for this proposed mechanism from the 
computational approach. We first calculated the relative energy 30 

difference between PO-H and N-H isomers in the ground state (in 

CH2Cl2). Upon full geometry optimization for both isomers, the 
result indicates that PO-H is more stable than N-H by 2.35 
kcal/mol (see experimental section). Note that this calculated 
result is independent of the selected solvents, being 2.40 and 2.33 35 

kcal/mol calculated in cyclohexane and acetonitrile, respectively.   
Therefore the PO-H isomer for 3 should be the predominant 
species in solution, while the population of N-H isomer is < 2% 
in the ground state. This prediction is consistent with the 
conclusion made from the absorption spectrum as well as the PO-40 

H structure verified by single crystal X-ray analysis (vide supra). 
Further calculation was then performed by vertically exciting 
both PO-H and N-H isomers, resulting in an S0 → S1 transition in 
terms of wavelength of 365 and 420 nm, respectively (see Table 
2). Subsequently, the geometry of the lowest lying excited state 45 

for PO-H and N-H isomers in both singlet and triple states was 
fully optimized. As a result, all corresponding relative energetics 

and energy gaps are indicated in Scheme 4. The result clearly 
shows that PO-H → N-H ESILPT is thermodynamically allowed 
by 3.3 and 3.6 kcal/mol, respectively, in singlet and triplet 50 

manifolds. We will discuss these two competitive pathways in the 
later section.  

 
Scheme 4. The proposed excited-state inter-ligand proton transfer 
(ESILPT) for 3 from the PO-H to the N-H tautomer (in CH2Cl2). 
The differences in energy between PO-H and N-H in ground and 
excited states are obtained from the computational approach (see 
Table 2 for detail). 

   
Figure 9. (a) Femtosecond transient absorption experiment of 
complex 3 in CH2Cl2. The insert showed the pump-probe delay 
time with λex = 400 nm. Note that the transient absorption at 
~800 nm region is filtered out due to the unavoidable leakage of 
800 nm laser used for the white-light generation. (b) The 
nanosecond transient absorption experiment of complex 3 in 
CH2Cl2. The insert showed the pump-probe delay time with λex 
= 355 nm and monitored at 820 nm. Both femtosecond and 
nanosecond transient absorption measurements are performed 
in the aerated CH2Cl2. 
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From the dynamics point of view, the rate of ESILPT should 
be fast due to the light weighted proton so that tunnelling may 
take place along the potential energy surface associated with H-
bond. Experimentally, we have made attempts to measure the rise 
time of the 515 nm phosphorescence by time correlated single 5 

photon counting (TCSPC) technique; the result monitored at 515 
nm shows a fast rise component, which is beyond the system 
response limit of 50 ps. We then further probed the relaxation 
dynamics by using femtosecond transient absorption technique. 
Upon 400 nm excitation (∼100 fs pulse duration, 1 kHz repetition 10 

rate), the result shows a transient absorption band maximized 
approximately at ~760-840 nm (Figure 9a). The actual position 
unfortunately is obscure due to the use of interference filter to 
eliminate the fundamental pulse (800 nm) for the white light 
generation. Despite the unsolved peak wavelength, the spectral 15 

feature of femtosecond transient absorption band resembles that 
acquired by nanosecond transient absorption maximized at ~805 
nm (see Figure 9b). 

The rise time of the transient absorption monitored at e.g., 
765 nm (see inset of Figure 9a) is fitted to be beyond the system 20 

response limit of 220 fs, while the population decay is 
exceedingly long, being virtually constant throughout the 
measurement period of 100 ps. As shown in inset of Figure 9, the 
population decay time of the transient absorption can be further 
fitted by the nanosecond transient absorption data, which is 25 

calculated to be 210 ns in CH2Cl2 (see inset of Figure 9b). This 
value is identical with the decay time of phosphorescence (~210 
ns) under the same experimental condition. The result 
unambiguously concludes that the ~720-840 nm transient 
absorption band originates from the T1 → Tn absorption, which is 30 

most probably associated with the proton transfer tautomer 
species  in the triplet manifold.  

Further pursuit regarding whether ESILPT takes place in the 
singlet or in the triplet manifold is also of great fundamental 
interest. Documented in numerous reports, ESIPT commonly 35 

takes place in the singlet manifold with ultrafast (<< 1 ps) 
reaction dynamics.1,2 In other words, ESIPT is normally 
associated with negligibly small barrier or even barrierless so that 
the reaction takes place either in a ballistic type or in a coherent 
motion association involving certain vibrational modes associated 40 

with H bond.1, 2 It is thus reasonable to expect that 3 undergoes 

ultrafast ESILPT in the singlet manifold, followed by the fast S1’ 
→ T1’ intersystem crossing in the N-H proton transfer isomer 
(see Scheme 4). Additionally, intramolecular proton transfer in 
the triplet manifold was rarely experimentally identified. The 45 

acidity of the proton donor in the triplet manifold is usually 
decreased,52 resulting in substantial barrier that prohibits ESIPT. 
Similar PO-H → N-H ESILPT occurs for 3 in solid state, as 
evidenced by the nearly identical emission spectrum between 3 
and 5, in terms of spectral profile and peak wavelength, as 50 

opposed to the drastic difference in spectrum between 3 and 4 
shown in Figure 10. The spectra of 3 in solid state and solution 
are very similar; the slight red shift in solution is probably due to 
the flexible solvent relaxation process. 

The rest complexes 2, 4 and 6 possess P-O-M bonding 55 

character (M could be phenyl, methyl or even Na+ in 6), such that 
the triazolate moiety remains intact without protonation (cf. 3, N-

H isomer) or alkylation (cf. 5, with N-Me). Therefore, their 
spectral feature is expected to be similar. For example, the 
spectral profile and the vibronic coupling pattern of complexes 2 60 

and 4 seem virtually identical to each other as well as to other 
Ir(III) complexes decorated with the 2-pyridyl triazolate 
chelate,23,26,57 reaffirming that the triazolate chelate plays key role 
in emission spectral characteristic.  

We then discuss the general trend of the decay dynamics and 65 

its correlation with emission quantum yield among the titled 
complexes. The P-Ir dative bonding in is able to further 
destabilize the metal-centered dd excited states, thereby 
suppressing nonradiative decay pathways, if the dd excited state 
is the major quenching process. Standing on this point, the 70 

electron-donating strength of phosphorous donors should be in 
the order of P(OPh)Ph(X) (3: X = -OH, 4: X = -OMe, 5: X = =O) 
> P(OPh)Ph2 (2). Therefore, the dd excited state should be least 
destabilized in 2. This is supported by the computational 
approach, in which the geometry optimization along the triplet 75 

potential energy surface (PES) is performed and the relatively 
energy gap between 3MLCT/ππ∗ and 3MC dd states for 
complexes 2 – 6 is calculated and shown in Figure 11. For 
complex 3, the N-H proton-transfer isomer is applied in this 
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Figure 10. Photoluminescence spectra of Ir(III) complexes 3 ∼ 5 
in solid powder (solid lines) and in degassed CH2Cl2 at RT 
(dashed lines). 
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Figure 11. Energy diagram of complexes 2 ∼ 6 depicted in terms 
of 3MC and 3MLCT/ππ* excited states, in which all states were 
obtained from unrestricted optimization, the 3MC dd excited state 
is also refined by the same method, but the initial structure is 
from a highly distorted molecular geometry. Note that for 
complex 3 the N-H isomer is applied in this approach to simulate 
the emission properties.  
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approach due to its contribution to the emission. The 3MC dd 
excited state possesses a repulsive PES, which in theory will 
touch the ground-state PES, resulting in the dominant 
radiationless deactivation process if it is lower in energy than that 
of the emissive 3MLCT/ππ* state. As expected, the 3MC dd state 5 

for 2 is substantially lower in energy than that of the proximal 
3MLCT/ππ* state (see Figure 11). The result rationalizes the 
lowest emission quantum yield (Φ = 0.01), shortest emission 
lifetime (τobs = 0.12 µs) and highest nonradiative decay rate 
constant knr of 8.6 × 106 s-1 for 2 in solution. The rest of Ir(III) 10 

complexes 3 – 6 show 3MLCT/ππ* to be the lowest emissive 
state and hence the high phosphorescence yield of > 0.1 (see 
Table 1).  

Conclusion  

We report the new insight into the chemistry of a series of 15 

Ir(III) complexes 1 – 6 bearing pyridyl triazolate and phenyl 
phenylphosphonite cyclometalate. The reaction reveals distinct 
reaction pathway as a function of catalyst basicity, cf. NaOAc 
and Na2CO3. Using 3 as a representative, its formation 
incorporates temporal formation of diphenyl phenylphosphonite, 20 

followed by elimination of a phenyl group to give phenyl 
phenylphosphonite and concomitant cyclometalation and bptz 
coordination. For 3, the existence of either PO-H or N-H bonding 
isomer or both is of fundamental interest and has been probed by 
comparative photophysical properties between 3 and its 25 

methylated PO-Me (4) and N-Me (5) derivatives. As a result, the 
PO-H isomer is concluded to be the dominant species in both 
solid crystal and solution. Remarkably, despite the existence of 
PO-H isomer, its N-Me (5)-like emission properties lead us to 
conclude the occurrence of ESIPT, resulting in an N-H isomer 30 

and showing relevant emission. The observation of H-bonding 
tautomerism, especially the proton transfer from inter-ligands in 
the framework of transition metal complex is apparently 
unprecedented, which adds a new chapter to those reported for 
the ESIPT process mostly taking place in the fluorescent organic 35 

molecules. The results should thus attract a broad spectrum of 
interest from both fundamental and application aspect in 
harnessing the luminescence and perhaps photo-catalytic 
properties via formation of H-bonding. 
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