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Synthesis
All reagents and solvents were purchased from commercial sources and used as is unless 
otherwise mentioned. 1H NMR spectra were recorded on a Bruker-400 spectrometer in 
CDCl3 with tetramethylsilane (TMS) as internal standard or in dimethyl sulfoxide-d6 
(DMSO-d6). High resolution mass (HRMS) analyses were performed on Waters Synapt 
G2-Si Mass Spectrometer. Elemental analyses were conducted by NuMega Resonance 
Laboratories, Inc. in San Diego, California. The corresponding ruthenium precursor cis-
(phen)2RuCl2

•2H2O1 and iridium precursor [Ir(phen)2OTf2]OTf2 were synthesized 
according to the literature methods. The ligand 3,8-difluorenyl-1,10-phenanthroline (phen-
2F8) was prepared by Suzuki coupling reaction between 3,8-dibromo-1,10-phenanthroline 
(phen-2Br) and 2-(9,9-di(2-ethylhexyl)-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane.3

Complex 1.  In a 100-mL round bottle flask, [Ir(phen)2OTf2]OTf (86 mg, 0.086 mmol) and 
phenanthroline (31 mg, 0.172 mmol) were added successively. Then 10 mL 1,2-
dichlorobenzene was added as solvent. The suspension was vacuumed and back-filled with 
argon then brought to reflux under argon for 12 hours. The mixture was cooled to room 
temperature to allow white solid to precipitate out of the yellow solution. The precipitate 
was filtered out and washed with chloroform and ether to afford the OTf salt of the target 
molecule as a white solid (65 mg, yield: 65%). The PF6 salt was obtained by adding NH4PF6 
to an acetone solution of the OTf salt of the product. Then the suspension was filtered, and 
the filtrate was collected. After removal of the solvent, the residue was the desired PF6 salt 
of the product. 1H NMR (400 MHz, DMSO-D6): δ 9.09 (dd, J = 8.4, 1.1 Hz, 6H), 8.55 (s, 
6H), 8.13 (dd, J = 5.4, 1.1 Hz, 6H), 7.95 (dd, J = 8.3, 5.4 Hz, 6H). ESI-HRMS calcd for 
[C36H24IrN6]3+: 244.3898; Found: 244.3893. Anal calcd (%) for C39H24IrN6S3O9F9•2H2O: 
C, 38.52; H, 2.32; N, 6.91. Found: C, 38.32; H, 2.57; N 7.08.

Complex 2.  The similar procedure to the preparation of 1 was followed. Compounds 
[Ir(phen)2OTf2]OTf (120 mg, 1.2 mmol) and phen-2F8 (140 mg, 1.48 mmol) were added 
in 15 mL o-dichlorobenzene and the mixture was heated to 200 oC for 20 hours under 
argon. After the reaction mixture was cooled to room temperature, 100 mg of NH4PF6 was 
added and the mixture was kept stirring for another 2 hours. The solvent was removed, and 
the crude product was purified by column chromatography (aluminum oxide gel) with 
CH2Cl2/MeOH = 20/1 (v/v) as the eluent to get the target complex as pale yellow solid (50 
mg, yield: 21%). 1H NMR (400 MHz, CDCl3): δ 8.72-8.85 (m, 6H), 8.07-8.37 (m, 12H), 
7.65-7.93 (m, 8H), 7.25-7.50 (m, 10H), 1.94-2.12 (m, 8H), 0.19-0.96 (m, 60H). ESI-HRMS 
calcd for [C94H104IrN6]3+: 503.2654; Found: 503.2653. Anal calcd (%) for 
C94H104IrN6P3F18•2H2O: C, 56.99; H, 5.50; N, 4.24. Found: C, 57.29; H, 5.88; N 4.27.

Complex 3.  In a 100-mL round bottle flask, cis-(phen)2RuCl2•2H2O (56.8 mg, 0.1 mmol), 
phenanthroline (18 mg, 0.1 mmol), and 20 mL ethanol were added. The reaction mixture 
was vacuumed and back-filled with argon for three times before it was brought to reflux 
for 24 hours. The red solution was cooled to room temperature and then 100 mg of NH4PF6 
was added. The mixture was further stirred at room temperature for 2 hours. Then the 
solvent was removed under reduced pressure and the residue was purified by column 
chromatography (silica gel) using CH2Cl2/MeOH = 40/1 (v/v) as the eluent to get the pure 
product as red solid (80 mg, yield: 80%). 1H NMR (400 MHz, DMSO-d6): δ 8.79 (d, J = 

http://www.sigmaaldrich.com/catalog/product/aldrich/547239
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8.0 Hz, 6H), 8.39 (s, 6H), 8.09 (d, J = 5.2 Hz, 6H), 7.76-7.80 (m, 6H). ESI-HRMS calcd 
for [C36H24RuN6]2+: 321.0558; Found: 321.0560. Anal calcd (%) for C36H24RuN6P2F12: C, 
46.41; H, 2.60; N, 9.02. Found: C, 46.14; H, 2.46; N 8.93.

Complex 4.  The similar procedure to the preparation of 3 was followed. In a 100-mL 
round bottle flask, cis-(phen)2RuCl2•2H2O (37 mg, 0.06 mmol), phen-2F8 (56 mg, 0.06 
mmol) , and 20 mL ethanol were added. The reaction mixture was vacuumed and back-
filled with argon for three times before it was brought to reflux for 24 hours. The red 
solution was cooled to room temperature and then 100 mg of NH4PF6 was added. The 
mixture was further stirred at room temperature for 2 hours, and then the solvent was 
removed under reduced pressure. The residue was purified by column chromatography 
(silica gel) using CH2Cl2/MeOH = 50/1 (v/v) as the eluent to get the desired complex as 
red solid (50 mg, yield: 50%). 1H NMR (400 MHz, CDCl3): δ 8.42-8.55 (m, 8H), 8.09-8.22 
(m, 6H), 7.89-7.92 (m, 4H), 7.54-7.81 (m, 6H), 7.27-7.47 (m, 12H), 1.91-2.09 (m, 8H), 
0.25-0.94 (m, 52H), -0.04 (m, 8H). ESI-HRMS calcd for [C94H104RuN6]2+: 709.3696; 
Found: 709.3705. Anal calcd (%) for C94H104RuN6P2F12•C6H14: C, 66.91; H, 6.63; N, 4.68. 
Found: C, 66.94; H, 6.42; N 4.94.

Photophysical Measurements
The spectroscopic grade solvents used for photophysical studies were purchased from 
VWR International and used without further purification. The ultraviolet-visible (UV-vis) 
absorption spectra were recorded on a Varian’s Cary® 50 Spectrophotometer. Steady-state 
emission spectra were measured on a Jobin-Yvon FluoroMax-4 
fluorometer/phosphorometer. The emission quantum yields were determined by relative 
actinometry method in degassed solvents, in which [Ru(bpy)3]Cl2 in degassed CH3CN 
(max = 436 nm, em = 0.097)4 was used as the reference for complexes 2-4, and a 1 N 
sulfuric acid solution of quinine bisulfate (λex = 347.5 nm, Φem = 0.546)5 was used as the 
reference for complex 1.

The nanosecond transient difference absorption (TA) spectra and decays were measured in 
degassed acetonitrile solutions on an Edinburgh LP920 laser flash photolysis spectrometer. 
The third harmonic output (355 nm) of a Nd:YAG laser (Quantel Brilliant, pulse width = 
4.1 ns, repetition rate = 1 Hz) was used as the excitation source. Each sample was purged 
with argon for 45 min prior to measurement. The triplet excited-state absorption 
coefficients (εT) at the TA band maxima were determined by the singlet depletion method,6 
and the triplet excited-state quantum yield (T) was calculated by the relative actinometry,7 
in which SiNc in benzene was used as the reference (ε590 = 70,000 M−1 cm−1, ΦT = 0.20).8

Computational Method
Geometry optimization of the complexes at their ground state, S0, was performed at the 
density functional theory (DFT) level using hybrid functional PBE1PBE.9 The triplet 
excited state geometry, T1, was optimized using unrestricted DFT10 within the same density 
functional as for the singlet structure calculations. All calculations were performed using 
mixed LANL2DZ basis set11 for Ir(III) and Ru(II) and 6-31G* basis set12-14 for the ligands. 
Employing an effective core potentials (ECPs) basis such as LANL2DZ for transition 
metals, while using all-electron basis sets for all other non-transition-metal atoms has 
become a common practice in computations of metal-organic complexes.15
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For absorption spectra calculations, we used linear response time-dependent DFT by 
iteratively solving the eigenvalue equation based on Davidson algorithm16-19 applying the 
same density functional and the basis set as for the ground state calculations. For all 
complexes, 40 optical transitions, S0→Sn, were included in the UV/Vis absorption spectra, 
plotted with inhomogeneous Gaussian line-broadening of 0.1 eV to reproduce the profile 
of the experimental spectra. The geometry optimization and optical absorption calculations 
were carried out in acetonitrile (CH3CN, ) solvent simulated by the conductor-like 𝜀𝑟= 37.5
polarizable continuum model (CPCM).20,21 All these calculations were performed using 
Gaussian 09 software package.22

The phosphorescence energy was calculated using a combined scalar relativistic ZORA 
and TDDFT approach21 within the same functional and basis sets used for absorption 
spectra calculations. The phosphorescence calculations were also carried out in acetonitrile 
solvent, but using COSMO continuum solvation23,24 model and NWChem software 
package.25 

Natural transition orbital (NTO) analysis26 was performed to obtain the orbitals of hole-
electron pairs that contribute to each S0→Sn optical transition, where a hole and an electron 
NTOs were obtained by the unitary transformation of transition density matrix of a given 
excited state. The lowest-energy triplet emitting state is obtained via the eigenvector 
analysis of the lowest excited state obtained from ZORA-TDDFT calculations and 
visualized by plotting the major contributing molecular orbitals. Chemcraft-1.7 software27 

was used for plotting the ground- and excited state charge densities using the isovalue of 
0.02 for better visualization.

The energies of the eg and t2g orbitals of the Ir(III) and Ru(II) complexes were obtained by 
performing population analysis implemented in Gaussian09 software package. This was 
done by including the keyword “Pop = Orbitals” in the input file of the simulation. The 
atomic contribution (s, p and d orbitals) to molecular orbitals was printed out at the end of 
the calculation, from which the highest occupied (t2g) and lowest unoccupied (eg) metal-
based states are found. The orbital splitting energy was calculated by the energy differences 
between the eg and t2g orbitals.
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Fig. S1  1H NMR and HRMS spectra for complex 1.
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Fig. S2  1H NMR and HRMS spectra for complex 2.
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Fig. S3  1H NMR and HRMS spectra for complex 3.
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Fig. S4  1H NMR and HRMS spectra for complex 4.
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Fig. S5  UV-vis absorption spectra for complexes 1-4 in acetonitrile at different 
concentrations at room temperature.
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Fig. S6  Solvent-dependency studies of UV-vis (left column) and emission spectra (right 
column) for 2 – 4 at room temperature (ex = 436 nm).
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wavelengths.



S12

400 500 600 700
0.0

0.2

0.4

0.6

0.8

1.0

No
rm

al
ize

d 
Em

is
si

on
 In

te
ns

ity

 ligand
 ligand with excess ZnCl2

Wavelength (nm)

(a)

300 350 400 450 500
0.0

0.2

0.4

0.6

0.8

1.0  phen
 phen + ZnCl2

No
rm

al
ize

d 
Em

is
si

on
 In

te
ns

ity

Wavelength (nm)

(b)

Fig. S8  Fluorescence spectra of the fluorenyl substituted phen ligand (a) and the phen 
ligand (b) in CH3CN in the absence and presence of excess amount of ZnCl2.



S13

 

250 300 350 400
0

1x104

2x104

3x104

4x104

5x104

11527
28

(
L.

m
ol

-1
.c

m
-1

)

Wavelength (nm)

 Cal.
 Exp.

1

0.0
0.2
0.4
0.6
0.8
1.0
1.2

O
sc

illa
tio

n 
st

re
ng

th

300 400 500 600
0.0

3.0x104

6.0x104

9.0x104

1.2x105

1

210

25

(
L.

m
ol

-1
.c

m
-1

)

Wavelength (nm)

 Cal.
 Exp.

2

0.0

0.5

1.0

1.5

O
sc

illa
tio

n 
st

re
ng

th

 

300 400 500 600
0

4x104

8x104

1x105

2x105

1213
72

77

(
L.

m
ol

-1
.c

m
-1

)

Wavelength (nm)

 Cal.
 Exp.

3

0.0

0.5

1.0

1.5

2.0

2.5

O
sc

illa
tio

n 
st

re
ng

th

300 400 500 600
0.0

3.0x104

6.0x104

9.0x104

1.2x105

1
2
4

7
45

(
L.

m
ol

-1
.c

m
-1

)

Wavelength (nm)

 Cal.
 Exp.

4

0.0

0.5

1.0

1.5

O
sc

illa
tio

n 
st

re
ng

th

Fig. S9  Comparison of the experimental and calculated UV-vis absorption spectra of 
complexes 1-4 in CH3CN.
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Table S1. Natural transition orbitals (NTOs) representing the lowest energy transitions for 

complexes 1-4 in CH3CN.

HOTO LUTO
1 S1

330 nm
f = 0.09
(H-L contribution (also major 
contribution): 30%) 76%

17%

76%

17%
S1
433 nm
f = 1.05
(H-L contribution: 100%)

2

S2
401 nm
f = 0.003
S1
521 nm
f = 0.0016
(H-L contribution: 100%)

3

S2
503 nm
f = 0.0001

S1
429 nm
f = 0.13
(H-2L contribution: 28%;

28% 28%

H-L contribution: 15%)

15% 15%
S2
419 nm
f = 0.0004

4

S4
407 nm
f = 0.23
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Table S2. Natural transition orbitals (NTOs) representing the main low-energy absorption 
and the main absorption bands for complexes 1-4 in CH3CN.

HOTO LUTO
S15
299 nm
f = 0.03

26%

23%

26%

23%

1

26%

23%

26%

23%
2 S10

419 nm
f = 0.16 77%

23%

77%

23%
3 S13

430 nm
f = 0.17

68%

27%

68%

27%
4 S7

393 nm
f = 0.61
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Table S3. Natural transition orbitals (NTOs) representing the high-energy absorption 
bands for complexes 1-4 in CH3CN.

  Hole Electron
S27
277 nm
f = 0.12

28%

27%

28%

27%

1

S28
275 nm
f = 0.18

24%

14%

24%

14%
2 S25

295 nm
f = 0.65 52%

35%

52%

35%

27%

26%

27%

26%

3 S72
263 nm
f = 0.43

12%

12%

12%

12%
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S77
257 nm
f = 0.78

27%

26%

27%

26%

34%

26%

34%

26%

4 S45
283 nm
f = 0.43

23% 23%
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Table S4. Molecular orbitals (MOs) corresponding to the phosphorescence emitting states 
of complexes 1-4 in CH3CN (Functional: PBE1PBE. Basis set: LANL2DZ/6-31G*)

Emission Energy Occupied MOs Unoccupied MOs

41%

24%

41%

24%

1 452 nm

16% 16%

2 562 nm

82%

12%

82%

12%

3 562 nm

83%

15%

83%

15%

4 630 nm

84%

10%

84%

10%
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Table S5. Molecular orbitals (MOs) corresponding to the phosphorescence emitting 
states of the fluorenyl substituted phen ligand and its ZnCl2 complex in CH3CN 
(Functional: PBE1PBE. Basis set: LANL2DZ/6-31G*)

Emission Energy Occupied MO Unoccupied MO

Ligand 701 nm

ZnCl2 Complex 
of Ligand

703 nm
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Fig. S10  Time-resolved TA spectra and the decay curves at the respective TA band 
maxima for 1 (a, c) and 3 (b, d) in acetonitrile at room temperature. λex = 355 nm, A355 = 
0.4 in a 1-cm cuvette.
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