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A ruthenium tetrazole complex-based high efficiency near

infrared light electrochemical cell

S1. Experimental Section
S1.1. General information

S1. 1.1 Materials and instruments. All reagents and solvents in the syntheses were of reagent
grade and used without further purification. (Caution! Sodium azide is potentially explosive
and should be handled with much care.) bpy, dmbpy and phen ligands was purchased from
Sigma-Aldrich and Merck.

Elemental analyses of carbon, hydrogen, and nitrogen were carried out with an Elementar
Vario CHN analyzer. IR spectroscopy studies were performed on a FT-IR spectrophotometer
in the 400- 4000 cm! region (w, weak; b, broad; m, medium; s, strong). 'H NMR spectra is
recorded on a Bruker 250 MHz spectrometer (s, singlet; d, doublet; t, triplet; m, multiplet; dd,
double doublet).  Analyses were performed. UV-vis absorption spectra in N,N
dimethylformamide (DMF) solution were recorded on a 160 Shimadzu UV-vis
spectrophotometer. Photoluminescence (PL) and Electroluminescence (EL) emissions spectra
were recorded with an ocean optic USB 2000 spectrophotometer. Electrochemical
measurements were employed in a SAMAS500 electro analyzer using 10~ molL! solution of
acetonitrile (ACN) at a various scan rate. The electrolytic cell consists of platinum disc as the
working electrode, a platinum wire as the counter electrode, and Ag/AgCl as the reference
electrode. The supporting electrolyte was 0.1 molL-! tetrabutylammonium perchlorate (TBAP)
in DMF and ACN solutions [1]. For measuring EQE of a light emitting device, it is placed
inside an integrating sphere and excited by constant current. Current or voltage is changed
stepwise and each time a complete emission spectrum is taken and displayed by the software.

S1. 1.2 Device fabrication and measurement: Indium tin oxide (ITO) coated glass with a
sheet resistance of 20 /square was used as the transparent anode. After being sufficiently
cleaned by soaking in ultrasonicated isopropanol, aceton and deionized water, it was dried in
the oven at 110°C for 2h. The devices were prepared by spin-coating a thin layer of each

complex (SA1 and SA2) on top of an ITO glass substrate from a 5% (w/v) acetonitrile solution



at RT. All solution and film preparation were performed under ambient conditions. The
thicknesses of the films were ~ 85 nm, measured with profilometry. After spincoating, the thin
films were annealed at 90 °C in inert atmosphere for 14h. A Ga: In (75.5:24.5 wt %, mp 15.7
°C) eutectic as cathode (ca. 3.5 mm diameter) was printed on the top of the active layer at
room temperature by using a special syringe and then connected via a thin copper wire inserted
into the Ga:In contact. Finally it was sealed with epoxy cement. All EL measurement were
carried out in air atmosphere. The current density, luminescence versus the voltage and
emission characteristics of LEC devices were measured using an AvaSpec-125
spectrophotometer, a SAMASO00 electroanalayzer system and a Photo Research PR-650

spectroradiometer.

S1.2. Synthesis and Characterization

5,6-epoxy-1,10-phenanthroline and 5-cyano-1,10-phenanthroline were synthesized according
to the literature procedure [2].

5-(2H-Tetrazol-5-yl)-1,10-phenanthroline (Tzphen). The Tzphen ligand was performed
according to the procedure reported by Zhang et al. from 5-cyano-1,10-phenathroline, [3]
sodium azide, and ammonium chloride in DMF except the mixture was acidified to pH=3.5.
Yield: 54%. FT-IR (cm™'): 3392 (m), 3069 (m), 1602 (s), 1545 (s), 1418 (w), 867 (m), 727 (w).
'"H NMR (250 MHz, DMSO): 6 9.3 (d, 1H), 9.2 (d, 1H), 8.8 (s, 1H), 8.6 (d, 1H), 8.65 (d, 1H),
7.9 (t, 1H), 7.8 (t, 1H). Anal. Calcd for C13H8N6: C, 56.72; H, 4.03; N, 30.53. Found: C,
56.92; H, 3.64; N, 30.76.

Synthesis of Complexes SA1-SA3.

The reactions were performed under N2 and in the absence of light. The ancillary ligands
includes2,2’-bypiridine (bpy), 4,4'-di-methyl-2,2'-bipyridine (dmbpy) and 1,10 phenanthroline
(phen) for complexes SA1, SA2 and SA3, respectively.

Complex SA1: First, bpy as ancillary ligand (0.0312g, 2 mmol) was dissolved in DMF (4 mL),
and then RuCl;-3H,0 (0.026g, Immol) was added. The mixture was stirred and refluxed for 5
h at 140 °C under N,. After cooling, the progress of complexation was monitored by UV-Vis.
Following, the ligand Tzphen (0.032 g ,1.2 mmol) was added to prepared mixture and stirred
for 5 h at 140 °C under N,. After cooling, NaClO,4 (3 mmol) as canter ion added to mixture and

stirred for 30 min. Finally, obtained red-brown solid was filtered, washed with water/ethanol



and dried (70 mg, 78% yield). 'H NMR (DMSO) &: 9.25 (d, 1H), 9.2 (d, 1H), 8.95 (s, 1H),
8.70-8.80 (d, 2H), 8.16 (d, 4H), 8.06 (d, 4H), 7.80—7.90 (m, 2H), 7.53 (m, 4H), 7.31 (m, 4H).
BCNMR: Bpy:158.5(2C), 158(2C) (C-quaternaries), 153 (2C), 152.4 (2C) (N-ortho CHs),
138.8 (2C), 137.9(2C) N-para (CHs), 128.2, 127.2, 126.1(2C) (N-meta CHs): phen Tz ligand ,
162.2 (Ct), 156.8(2C), 157.3(2C) (C-quaternaries ), 152.4 (2C) (N-ortho CHs), 135.4(2C) (N-
para CHs), 126.4, 125.7 (N-meta CHs). Anal. Calced for C33H24CI208RuN10 (860.59): C,
41.37; H, 2.94; N, 18.57%. Found: C, 41.44; H, 2.85; N, 18.49%. ESI-MS: m/z, 760. 128,
[M-H -2CIO4]".

Complex SA2: First, dmbpy was dissolved in DMF as ancillary ligands (0.0368 g, 2 mmol)
and Tzphen (0.0312 g, 1.2 mmol) added to RuCl3.3 H,O (0.026 g, Immol) and according to
the procedure of SA1, complex SA2 synthesized. (75 mg, 79% yield). 'H NMR (DMSO) &:
9.25 (d, 1H), 9.2 (d, 1H), 8.95 (s, 1H), 8.70-8.80 (d, 2H), 7.80—-7.90 (d, 4H), 7.6 (m, 4H), 7.41
(m, 2H), 7.2 (d, 2H), 2.90 (s, 12H).'*CNMR: Dimethyl Bpy:158.3(2C), 158.1(2C) (C-
quaternaries), 153.2 (2C), 152.6 (2C) (N-ortho CHs), 128.3, 127.3, 126.2(2C) (N-meta CHs),
22.2 (2C), 22.7(2C) (CH3): phen Tz ligand , 162.2 (Ct), 157.8(2C), 157.3(2C) (C-quaternaries
), 152.1 (2C) (N-ortho CHs), 135.4(2C) (N-para CHs), 126.4, 125.7 (N-meta CHs). Anal.
Calcd for C37H32CI1208RuN10 (916.697): C, 41.37; H, 2.94; N, 18.57%. Found: C, 41.44; H,
2.85; N, 18.49%. ESI-MS: m/z, 816.228, [M-H -2Cl104]".

Complex SA3: According to the procedure of SA1, complex SA3 synthesized. First, phen was
dissolved in DMF as ancillary ligands (0.0368 g, 2 mmol) and Tzphen (0.0312 g, 1.2 mmol)
added to RuCls.3 H,O (0.026 g, Immol). (65 mg, 67% yield).'"H NMR (DMSO) 6: 9.18 (d,
2H), 9.02 (d, 4H), 8.73 (d, 1H), 8.6 (s, 1H), 8.36 (d, 1H), 8.12 (d, 4H), 7.91 (d, 4H), 7.7 (m,
6H); BCNMR: Phen: 157.5 (2C), 156.5(2C), 155.2(2C), 154.5(2C) (C-quaternaries), 150.1
(20), 149.5, 148.7 (N-ortho CHs), 137.7 (2C), 137.1 (2C) (N-para CHs), 128.1 , 127.9,
126.4(2C) (N-meta CHs), phen Tz ligand , 162.2 (Ct), 157.2(2C), 156.8(2C) (C-quaternaries )
, 152 (2C) (N-ortho CHs), 135.4(2C) (N-para CHs), 126.4, 125.7 (N-meta CHs). Anal. Calcd
for C37H24CI1208RuN10 (908.633): C, 41.37; H, 2.94; N, 18.57%. Found: C, 41.44; H, 2.85;
N, 18.49%. ESI-MS: m/z, 808.161, [M-H -2Cl104]".

S2. 'THNMR and '3CNMR spectra:
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Figure S1. Aromatic region of 'TH NMR spectra (400MHz) of complex (SA1) in DMSO-dg at
RT.
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Figure S2. 13C NMR spectra (400MHz) of complex (SA1) in DMSO-dg at RT.




Figure S3. Aromatic region of '"H NMR spectra (400MHz) of complex (SA2) in DMSO-d; at
RT.
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Figure S4. 13C NMR spectra (400MHz) of complex (SA2) in DMSO-dg at RT.
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Figure S5. Aromatic region of 'H NMR spectra (400MHz) of complex (SA3) in DMSO-d; at
RT.
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Figure S6. 13C NMR spectra (400MHz) of complex (SA3) in DMSO-dg at RT.
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S3. DFT Calculations

The molecular and electronic structure calculations were performed with density functional
theory (DFT) using the Gaussian 09 (G09) software package, employing the B3LYP exchange-
correlation functional. The LANL2DZ and 6-31G* basis sets were used respectively for Ru
and the ligands, and the LANL2 pseudopotential was used for the core electrons of Ru. All
geometry optimizations were performed in either Cl1 or C2 symmetry with subsequent
frequency analysis to show that the structures are at the local minima on the potential energy
surface. The molecular orbitals were visualized using Gauss View 5.0.8.

Frontier molecular orbitals and the energy diagrams of SA1-SA3 are shown in below (Figure
S8). In each complex, HOMO, HOMO-1 and HOMO-2 are located mainly at the Ru(II) atom.
LUMO is delocalized mainly over the Tzphen and ancillary ligands. On the other hand,
LUMO+1 of SAI is delocalized mainly over the Tzphen and ancillary (bpy) ligands and
LUMO+1 of SA2 and SA3 were delocalized over the Tzphen ligand. For SA1 and SA2,
LUMO+2 were populated mainly at both the Tzphen and ancillary (bpy, dmbpy) ligands, and
LUMO+2 of SA3 is delocalized mainly over the phen ligand.

Time Dependent (TD) DFT calculations were performed on the optimized structures in order
to simulate absorption spectra, using the B3LYP exchange-correlation functional within the
Amsterdam Density Functional program package (ADF2014) [4-6]. We employed the spin-
orbit (SO) ZORA Hamiltonian, in order to consider spin orbit coupling (SOC) effects. The



relativistic TDDFT formalism as implemented in ADF for closed-shell molecules, including
SOC, is based on the ZORA two components Hamiltonian [7,8]. Relativistic spectra were
evaluated taking into account the SOC in a self-consistent perturbative way [9]. The 12 lowest
transitions were considered in each case. The absorption spectra were simulated by
interpolating the computed transitions by Gaussian functions with a broadening 6=0.075,

corresponding to an FWHM of 0.18 eV, thus matching the experimental one.

SAl SA2



Figure S7 Optimized molecular structures SA1, SA2 and SA3.
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Figure S8. Isosurfaces for the HOMO and LUMO of complexes obtained from DFT method

through LANL2DZ/ 6-31G* basis set.




Table S2. First two triplet states for complexes SA1, SA2 and SA3
calculated using the TDDFT approach.

Complex

SA1

SA2

SA3

Table S1. The energy levels complexes SA1, SA2 and SA3 calculated using LANL2DZ/6-
31G* basis set in the solution phase based on the optimized Sy geometries.

HOMO
(eV)

Complex
SAl -6.16
SA2 -6.04
SA3 -6.18

LUMO

(eV)
-2.63

-2.59
-2.62

Band Gap
3.53

3.45
3.56

State (E, /1)

T1(2.7314 eV, 440 nm)

T, (2.7478 eV, 451 nm)

T, (2.6495 eV, 468 nm)

T, (2.7402 eV, 452 nm)

T, (2.7565 eV, 450 nm)

T, (2.8205 eV, 440 nm)

Assignment
(HOMO=H, LUMO= L)

HSL (42%)
HL+2 (41%)

H>L+1 (13%)
H>L+2 (42%)
H->L (39%)

HSL+1 (48%)

H->L+1 (37%)
H->L+2 (50)

H->L (40%)
H->L+1 (43%)

H->L+2 (22%)

Character

dRu/T[(bpy)Z - n*szhen
dRu/T[(bpy)Z - T[*szhen/n*bpy

dRu/T[(bpy)Z 9 T[*szhen/n*(bpy)z
dRu/T[(bpy)Z 9 T[*szhen/n*bpy
dRu/T[(bpy)Z - n*szhen

dRu/T[(bpy)Z - T[*szhen/n*(dmbpy)z

dRu/T[(bpy)Z 9 T[*szhen/n*(dmbpy)Z
dRu/Tl:(bpy)Z 9 T[*szhen/n*(dmbpy)z

*
dRu/n(phen)Z ->n Tzphen

* *
dRu/n(phen)Z ->n (phen)z/n Tzphen

dRu/T[(phen)Z - n*(phen)z/n*szhen




UV-VIS Spectrum
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Figure S9. Simulated absorption spectrum of complex SA1 in dimethylformamide solvent.
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Figure S10. Simulated absorption spectrum of complex SA2 in dimethylformamide solvent.
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Figure S11. Simulated absorption spectrum of complex SA3 in dimethylformamide solvent.
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Figure S12. TDDFT calculated absorption spectra of SA1 with (red) and without (blue) spin-
orbit coupling. Notice the broadening and red-shift of the absorption spectrum in the presence

of spin-orbit coupling.
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Figure S13. The EQE value over current density of SA1 and SA2.
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Figure S14. Current over time for LEC devices of ITO/[Ru tetrazole | /Ga:In/epoxy at an
applied bias of 5 V.



Table S3. The molecular structures and EL properties of near infrared light electrochemical

cell based on ruthenium polypyridyl complexes
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