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Supplemenatry Information for

Efficient near infrared light emitting electrochemical cell (NIR-LEEC) based on new binuclear
ruthenium phenanthroimidazole exhibiting desired charge carrier dynamics

Babak Nemati Bideh,® Hashem Shahroosvand #*
aChemistry Department, University of Zanjan, Zanjan, Iran

S1: Methods and Materials.

All reagents and solvents were purchased from commercialsources and used without further purification.NMR
spectra were recorded on a Bruker 250 MHz spectrometer with CDCls, Ds-DMSOand tetramethylsilane
(TMS)as solvent and internal reference, respectivelyElemental analyses were performed onElementarVario
EL CHN elemental analyzer. IR spectra were recorded on a Perkin-Elmer 597 spectrometer.The
Electrochemical studies of ruthenium complexes (2x107*M) were performed under under a dry N, atmosphere
at 298 K by using SAMAS00 potentiostat electrochemical analyzerwith conventional threeelectrode cell, a Pt
disk as the working electrode, a Pt wire as the counter electrode, and Ag/AgCl as the reference electrode. The
CV measurements were performed at room temperature using 0.10 M tetrabutylammonium perchlorate
(TBAP) as the supporting electrolyte and degassed acetonitrile as the solvent. In CV the following parameters
and relation were used: scan rate, 30 mV s™!; formal potential E® = (Eya +/Epc)/2 where Epa and Ej are anodic
and cathodic peak potentials, respectively; AE, is the peak-to-peak separation. The oxidation (Eox) and
reduction (E:eq) potentials were used to calculate the HOMO/LUMO energy levels and energy gap (Egap) using
the equations Enomo=-(Eox(vs.Fo/Fc)+ 4.8 €V), Erumo = E womo + E 00 €V, Eoo was calculated from the
intersection of absorption and emission spectra in acetonitril solutin. AndEgsp= -Enomo — ELumo which is the
reduction potential offerrocene which was found to be 0.43 V [1].UV-visible absorption spectra wasrecorded
on an Ultrospec3100 pro spectrophotometer in acetonitrile solutions . Photoluminescence (PL) emission
spectra of ruthenium complexesin degassed solutionsat 298 K and neat films were made on glass substrates
were recorded wusing Varian-Cary Eclipse flourocence spectrophotometer and AvaSpec-125
spectrophotometer, respectively. Photoluminescence was recorded on a spectrofluorometer Fluorolog 322 by
exciting the samples at a fixed wavelength of 450 nm. For the time-resolved photoluminescence studies, the
spectrometer working in a time-correlated single-photon counting mode with <ns time resolution was used.
Picosecond pulsed diode laser head NanoLED-405LH (Horiba) emitting <200 ps duration pulses at 408 nm

with repetition rate of 1 MHz was used as an excitation source.
The PLQY (PL quantum yields) were calculated by comparison with [Ru(bpy);]*" in degassed CH3;CN

solution at room temperature as a standard (@5;4; = 0.095) [2] using to the well-known following equation:

Iunk/Aunk) (nunk)z
Astd/lstd Nstd

Dunk = Dsta- (
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In equation,®uk is PL quantum yield of ruthenium complexes, lunk and Isa are the integrated areas of the
corrected PL spectra of the ruthenium complexes and standard respectively, Aunk and Asi are the absorbances
of the ruthenium complexes and the standard at the excitation wavelength (Aexc= 460 nm), and Munk and Msta
are the indexes of refraction of the respective solvents (taken to be equal to the neat solvents in both cases).
Thin films of cationic ruthenium complexes for study of solid emission were obtained by drop cast from a
spectrophotometric grade acetonitrile solution on a glass support with a thickness of about 90 nm. After

evaporation of the solvent in air, the films were dried overnight under vacuum at room temperature.

S2: Synthesis and characterization: The compounds cis-[Ru(dmbpy).Cl>].2H>0, cis-[Ru(bpy).Cl>2].2H>0,
cis-[Ru(phen)>Cl>].2H>O, and 1,10-phenanthroline-5,6-dione (phendione) were synthesized according to

reference methods [3-6].

The general procedure of synthesis of ligand and complexes is shwon in figure S1. Morover, the '"HNMR and
BBCNMR of ligand of DiP-methane are shwon in Figures S2 and S3.

Synthesis of bis(4-(2-(p-tolyl)-1H-imidazo [4,5 f][1,10]phenanthrolin-1-yl)phenyl)methane (DiP-
methane): A mixture of 1,10-phenanthroline-5,6-dione (0.212 g, 1.0 mmol), 4-methylbenzaldehyde (0.120 g,
1.0 mmol), 4,4'-methylenedianiline (0.99 g, 0.50 mmol) and ammonium acetate (770 mg, 10 mmol, excess)
was refluxing in glacial acetic acid (15 mL) for 30 h under a inert atmosphere (N2). The reaction mixture was
cooled to room temperature, poured into deionized water (45 mL). The suspension mixture treated with a 25%
NHj3 solution until the pH=6.5 and extracted with 50 mL of chloroform and then removed the solvent by rotary
evaporation and the residue was washed with ethanol and acetone. The recrystallization from CH2Cl>—acetone
was repeated one more time to give the product as a grey solid. Yield: 58%. mp. 276°C, Anal. calcd. For
Cs3H36Ns (%): C, 81.10 ; H, 4.62; N, 14.28. Found (%): C, 89.93; H, 4.61; N, 14.29. IR (KBr): ¥ = 3074 (C-
H aromatic), 2973 (C-H aliphatic), 1619 (C=C), 1605 (C=N), 1371 cm™' .'HNMR (250 MHz, CDCls): 9.15-
9.21(m, 4H), 9.03(d, 2H),7.76 (dd, 2H), 7.45-7.61 (m, 12H), 7.21-7.26 (m, 4H), 7.09 (d, 4H), 4.40 (s, 2H),
2.27 (s, 6H). ®*CNMR (62 MHz, CDCl3): 155.21, 152.38, 149.02, 147.81, 144.87, 144.31, 142.49, 139.53,
136.63, 136.18, 130.93, 130.53, 129.15, 129.07, 127.76, 126.95, 126.74, 123.97, 123.55, 121.97, 119.77,
41.21,21.32.

General procedure for synthesis of [Ru2(N*N)4(DiP-methane)](ClO4)s: A mixture of cis-
[Ru(N"*N)>Cl2].2H20 (0.1 mmol) and DiP-methane (39.2 mg, 0.05 mmol) was degassed by N> and heated
under N> at 130 °C in ethylene glycol(5 ml) for 24.0 h to give a clear red solution. Upon cooling, the
solution was treated with aqueous solution of NaClOsuntil gave a orange precipitate and washed several
times with deionized water to remove traces rest of salts. The crude product was purified by column
chromatography on alumina with acetonitril-toluene (3/1, v/v) as an eluent. The mainly red band was collected.

The solvent was removed under reduced pressure and red solid were obtained.
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[Ruz2(bpy)4(DiP-methane)](Cl04)4 (B1). Yield: 73% (79 mg). IR (KBr): ¥ = 3082 (C-H aromatic), 2952 (C-
H aliphatic), 1623 (C=C), 1598 (C=N), 1527, 1081 (ClO4) cm™. 'THNMR (250 MHz, Ds-DMS0):9.18 (d,
2H),8.83 (m, 8H), 8.11-8.24 (m, 10H), 7.95 (d, 4H), 7.81 (d, 4H), 7.74 (m, 4H), 7.45-7.68 (m, 20H), 7.35 (m,
4H), 7.09(d, 4H), 4.39 (s, 2H), 2.09 (s, 6H)..*CNMR (62 MHz, CDCl5):157.09, 157.00, 156.99, 154.30,
151.83, 151.07, 150.14, 145.84, 145.69, 144.35, 140.21, 138.47, 138.31, 136.58, 135.32, 131.58, 131.04,
129.53, 129.45, 128.36, 128.21, 127.61, 127.37, 126.67, 126.00, 125.91, 124.90, 121.91, 21.18. Anal. calcd.
For C93HesClaN16016Ru2 (%): C, 55.583; H, 3.414; N, 11.157. Found (%): C, 55.577; H, 3.404; N, 11.160.
ESI-MS: m/z 1811.10, [M-2Cl104]*".

[Ruz(dmbpy)4(DiP-methane)](C104)4(B2). Yield: 63% (76 mg). IR (KBr): ¥ = 3088 (C-H aromatic), 2946
(C-H aliphatic), 1611 (C=C), 1601 (C=N), 1540, 1089 (C104) cm™’. 'HNMR (250 MHz, D¢-DMSO): 9.20 (d,
2H), 8.73 (m, 6H), 8.19 (m, 8H), 7.81 (d, 4H), 7.71 (d, 4H), 7.68 (m, 4H), 7.43-7.61 (m, 18H), 7.43 (d, 4H),
6.99(d, 4H), 4.43 (s, 2H), 2.20 (s, 6H).Anal. calcd. For C101HssClsN16O16Ru (%): C, 57.173; H, 3.992; N,
10.564. Found (%): C, 57.171; H, 3.989; N, 10.561. ESI-MS: m/z 1923.12, [M-2ClO4]*".

Device fabrication and measurement : Indium tin oxide (ITO) coated glass with a sheet resistance of 20
Q/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 (B1, B2) 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
(glass syringe with needle diameter about 1.5 mm) [7] 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 SAMAS00 electroanalayzer system and a Photo

Research PR-650 spectroradiometer.

Emission lifetime and corresponding intensities for B1 and B2 complex obtained using bi-exponential decay
modelare samurized in Table S1. The cyclic voltammetry of ligand in DMF solvent is shown figure S4. Top

view SEM images of surfaces of complexes B1 and B2 in fabricated LEC devices is shown in figure S5.
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Figure S1. Synthesis of phenanthroimidazole ligand (Dip-methane) and their derivative dinuclear

ruthenium(Il) complexes
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Table S1. Emission lifetime and corresponding intensities for Bl and B2 complex obtained using bi-
exponential decay model.
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Figure S5. Isosurfaces for the HOMO and LUMO of complexes obtained from DFT method
through 6-31G* basis set.

Table S2. The energy levels complexes B1 and B2 calculated using 6-31G™* basis set in the solution phase
based on the optimized SO geometries.

Complex HOMO (eV) LUMO(eV) Band Gap (eV)
Bl -7.12 -3.54 3.58
B2 -7.02 -3.53 3.49




Table S3. EL properties of near infrared light electrochemical cell based on mononuclear ruthenium

polypyridyl complexes
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Table S5. Comparison of lifetime of some polypyridyl Ruthenium complexes in solution and solid phase

Complexes sample T (ns) Ref.
B1 Coated on glass 290 This
(dry) work
B2 Coated on glass 374 This
(dry) (Amax=690) | work
_ Aceton_ltrlle 1100 (12)
'aY, solution
N—/Rﬁ\_ & water 358 (17)
NoN= Coated on glass 358 (17)
=/ % (dry)
3 1 Ne, 4%
Cg & n=1, 890 ns
NN~ ] Acetonitrile n=4, 840ns
A N e re solution n=6, 710ns | (1%
e ™ =0 n=8, 780 ns
n=14628
- —
/_\ \N / A . |
— \/ cetonitrile
%}j‘“\? 2PFs solution 450 (18)
Vi N\ N=
—/ NS
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SR & (19)
h Bew = s Ao
;1, %I*@ﬂ Coated on glass 900
o (dry)
oA~
R=H, 8ns
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(kmax:675,
713)
Cell live 175 (21)
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