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Ancillary ligand substitution proves to be an effective way to produce the blue shift of electroluminescence peak wavelength.  
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The synthesis; characterization and electrochemical, photoluminescence and electroluminescence properties of new ruthenium(II) 

polypyridyl complexes bearing dpq(COOH)2 ligand, [(phen/or bpy)nRu(L)3-n]²⁺ (n = 0,1,2), where bpy=2,2-bipyridine, phen=1,10-

phenanthroline and L=6,7-dicarboxylicdipyrido[2,2-d:2',3'f] quinoxaline(dpq(COOH)2), (coded as S101-105, respectively), is presented. 

The five complexes differ in the number and type of the ancillary groups, which are either bpy or phen. Cyclic voltammetry of S101-105 15 

exhibited a reversible one-electron oxidation wave and four one-electron reduction waves. The electroluminescence wavelengths of the 

complexes (S101-S105) were varied using different ancillary ligands from 485 to 572 nm, respectively. The role of ancillary ligands in 

the electroluminescence devices of Ru(dpq(COOH)2) complexes was investigated by comprehensive DFT and TD-DFT approaches 

which indicated that the lowest unoccupied molecular orbital (LUMO) of S101-105 is localized on the distal portion of the dpq(COOH)2 

ligand and the highest occupied molecular orbital (HOMO) in the donor region. The highest luminance of 1357 (cd m -2) and lowest turn 20 

on of 6.4 (V) were observed in light emitting diodes based on S101 containing 2 equivalents of bpy as ancillary ligands and 1 equivalent 

of dpq(COOH)2, which is comparable to the maximum electroluminescence properties for Ru polypyridyl emitters. These values 

represent a new class in the field of organic light emitting diodes using less expensive Ru(II) polypyridyl complexes. The number of 

carboxylic moiety substituent in these complexes played a significant role in lowering the tendency to aggregate and presenting a better 

electroluminescence efficiency than that of complexes derived from the phen ligand in a device. As an important result, the incorporation 25 

of bpy as ancillary ligand to [Ru(dpq(COOH)2] was found to be the most beneficial ancillary substitution in terms of decreasing the 

electroluminescence wavelength. These observations suggest that an ancillary ligand can be used to actively control the 

electroluminescence wavelength by means of tuning the energy level. 

 

1. Introduction: 30 

Ruthenium (II) polypyridyl complexes have received much 

interest because of their extensive applications in the field of 

photochemistry, photophysics, and biochemistry [1]. These 

investigations have mainly focused on the synthesis and 

construction of new ligands and their corresponding ruthenium 35 

polypyridyl complexes capable of performing useful energy 

conversion and light induced functions [2]. The strong 

absorbance caused by metal to ligand charge transfer (MLCT), 

their luminescent characteristics and their reversible redox states 

provide practicable means to explore their luminescence 40 

properties [3]. Furthermore, high-brightness and high-efficiency 

emissions with a low-driving voltage make them attractive as 

luminophores for chemi-and electroluminescent devices [4]. 

Moreover, the electroluminescence color tuning to achieve blue, 

green, and red is very vital because mixing these colors can 45 

produce white, which is crucial for full color display applications 

[5].The electroluminescence color of ruthenium(II) polypyridyl 

complexes can be controlled through four dimensions: first, the 

ancillary ligand of ruthenium(II) polypyridyl complexes plays a 

key role in the spectral properties and the tuning of 50 

electroluminescence color. For example, the insertion of 4′- 

carboxylic ethyl ester in 2,2′,6′,2′′, terpyridine in [Ru(tpy)(tpy-

COOEt)] /PF6
- [6] complex leads to an EL spectrum with maxima 

at 706 nm, whereas [Ru(tpy)2] 
2+ without any anchoring group 

shows an EL emission in 660 nm [7]. Secondly, adding groups to 55 

the periphery of the ruthenium polypyridyl complexes further 

expands the functionality of these complexes. For example, 

insertion of 4,4′-biphenyl (dp) segments in a 2,2′-bipyridyl(bpy) 

ligand in the complex Ru(dp-bpy)3
2+ enables the tuning of the EL 

wavelength from 608 to 635 nm [8], whereas insertion of 4,7-60 

dimethyl-1,10-phenanthroline group in the complex  

Ru(dmphen)3
2+ ⁄ C2O4

2- shifts the wavelength of EL spectrum to 

590 nm [9] (please see ESI, S1 for more samples). Thirdly, the 

approach can be performed by using the mixed ligand substitution 

in ruthenium polypyridyl complexes. For example the presence of 65 

both 2-(2-pyridyl)-1H-benzoimidazole (PBIm-H) and 2,3-bis(2-

pyridyl)benzoquinoxaline (pbq) in [(PBIm-H)2Ru(pbq)]2+ 

complex, shifts the EL spectra to near IR region (940 nm) [10]. 
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Finally, hetronuclear ruthenium polypyridyl complexes have been 

reported as a new emitter class in LED fields. For example, di-

nuclear complex of [Ru(PBIm-H)2 ]2(pbq)+2 indicated the maxima 

EL spectrum at 1040 nm [10]. The π-conjugated chelating ligands 

in the above examples are one key point to improve the 5 

luminescence properties of ruthenium polypyridyl complexes. In 

addition, π -electron conjugation over the aromatic parts allows a 

long-distance, yet sufficiently strong electronic interaction 

between those units [5b]. Dipyrido[3,2-f:2,3-h]-quinoxaline (dpq) 

as a derivative of 1,10-phenanthroline is an excellent chelating 10 

ligand and possesses an extensive p-conjugated system, so it is a 

good candidate for the construction of electroluminescent 

complexes . Also, among a great number of bridging ligands 

containing groups, dicnq derivates as rigid π-conjugated systems 

are ideal because they prevent bending along and/or rotation 15 

around the σ-skeleton of the molecule [11]. In recent years, many 

researchers have turned their attention to ruthenium complexes 

containing dpq, which is structurally related to but less 

conjugated than dppz [12]. Meanwhile, Ambroise et al. reported 

that [Ru(phen)(dicnq)2]
2+ and [Ru(phen)2(dicnq)]2+ {dicnq = 6,7-20 

dicyanodipyrido[2,2-d:2΄,3΄-f]quinoxaline} acted as DNA 

molecular light switches with emission intensity enhancement 

factors of 8 and 16, respectively [13]. Kelly and Kruger reported 

that the incorporation of an amide group to dpq caused a major 

effect on the excited-state properties of its Ru(II) complex of 25 

[Ru(phen)2dpqa] 2+ {dpqa = 2-pentylamidodipyrido-[3,2-f:2΄,3΄-

h]-quinoxaline}, which did not emit in water but exhibited strong 

luminescence in DNA environment, thus acting as a good DNA 

molecular light-switch [14]. However, the electroluminescence 

studies based on dpq have yet to be reported. With our ongoing 30 

interest in electroluminescent ruthenium(II) polypyridyl 

complexes as the emitter layer in OLED [15], we envisage that 

ruthenium(II) polypyridyl complexes containing a π-extended 

ligand have a high potential to serve as new electroluminescent 

emitters  for light emitting diodes. Previously, we have studied 35 

the LED properties of ruthenium(II) polypyridyl-based tetrazole 

derivates [16]. Based on these results, it is of interest to examine 

ligands that contain both π-extended aromatic rings and 

functional groups substituted on the two positions of dpq.  

In this work, we have synthesized a new interesting class of 40 

Ru(II) complex of {Ru[(dpq)(COOH)2)]x (L)3-x}
2+ (L=bpy, phen) 

with two carboxylic groups being grafted to the pyrazine ring of 

dpq. These new materials serve as suitable emitters for a range of 

distinctive green to blue emitters possessing wide structural 

features, giving EL devices with tunable color. 45 

 

2. Experimental: 
2.1 Materials and Methods 
All chemicals and solvents were purchased from Merck & Aldrich 

and used without further purification. IR spectra were recorded on a 50 

Perkin-Elmer 597 spectrometer. 1H-NMR spectra were recorded 

using a Bruker 250 MHz, spectrometer. Electrochemical studies (in 

MeCN) were performed with a µAutolab PGSTAT 101 

electrochemistry system. In cyclicvoltammetry (CV) the following 

parameters and relation were used: scan rate, 100 mV s-1; formal 55 

potential Eο′ = (Epa +/Epc) / 2 where Epa and Epc are anodic and 

cathodic peak potentials, respectively; ∆Ep is the peak-to-peak 

separation. All experiments were done under a dry N2 atmosphere at 

25 οC in a three-electrode configuration by using a Pt-disk working 

electrode and a Pt-wire auxiliary electrode. The potentials are 60 

referenced to a saturated Ag/AgCl reference electrode. The 

oxidation (Eox) and reduction (Ered) potentials were used to 

determine the HOMO and LUMO energy levels using the equations 

EHOMO =- (Eox + 4.8) eV and ELUMO = -(Ered + 4.8) eV which were 

calculated using the internal standard ferrocene value of -4.8 eV 65 

with respect to the vacuum [17]. The PL spectra of the ruthenium 

compounds and PVK: PBD were measured in acetonitrile solution. 

The PL spectra were recorded by ocean optic spectrometer 

USB2000 during 405 nm irradiation. The molecular and electronic 

structure calculations were performed with density functional theory 70 

(DFT) using the Gaussian 03(G03) software package. The B3LYP 

functional [18, 19] with the LANL2DZ basis set was carried out. All 

geometry optimizations were performed in either C1 or C2 

symmetry with subsequent frequency analysis to show that the 

structures are at the local minima on the potential energy surface. 75 

The electronic orbitals were visualized using Gauss View 3.0.  

 
2. 2 Preparation of EL devices and testing. The structure of the 

fabricated device is as follow:  

ITO/PEDOT:PSS(55nm)/PVK(60nm)/PBD(30nm)/Al(130nm) 80 

and, ITO/PEDOT:PSS(55nm)/ PVK(60nm)/PBD(30nm)/ 

Ru(dpq)(COOH)2 complex (40nm)/Al(200nm), That is shown in 

Figure 1.  

 
 85 

Figure 1. The layer arrangement of Ru(dpq(COOH)2)-based 

LED. 

 

PVK as hole-transporting and PBD as electron-transporting 

material were doped with ruthenium compounds. Glass 90 

substrates, coated with ITO (sheet resistance of 70 Ω/m^2), were 

used as the conducting anode. The ratio of ruthenium complexes 

for each type were 8 %Wt in PVK: PBD(100:40). PEDOT: 

PSS(poly(3,4-ethylenedi-oxythiophene):poly(styrenesulfonate) 

was used as a hole injection and transporting layer. All polymeric 95 

layers were successively deposited onto the ITO coated-glass by 

using spin-coating process from the solution. A metallic cathode 

of Al was deposited on the emissive layer at 8×10-5 mbar by 

thermal evaporation. The PEDOT: PSS was dissolved in DMF, 

spin coated on ITO and held in an oven at 120 ̊C for 2 hours after 100 

deposition. PVK, PBD and ruthenium complexes with ratio of 

100: 40: 8 were blended in DMF, and then spin coated and baked 

at 80 ̊C for 1 hour. The thickness of the polymeric thin film was 

determined by a Dektak 8000. The EL intensity and spectra were 

measured with an ocean optic USB2000, under ambient 105 

conditions. In addition, a Keithley 2400 source meter was used to 

measure the electrical characteristics of the devices. 

 2. 3 Synthesis of ligands and complexes 
1, 10-Phenanthroline-5, 6-dione (phendione)[20], [Ru(phen) Cl4]

-

,and [Ru(bpy)Cl4]
- [21],were synthesized by reported procedures. 110 

The syntheses of dicnq and its ruthenium (II) complexes are 

described below. 

 

 

 115 
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Scheme 1.Synthesis procedure of dicnq.  5 

 

Scheme 2.Schematic representation of different synthetic approaches to S101-5. 

 

2. 3. 1 6,7-Dicyanodipyrido[2,2-d:2',3'-f] quinoxaline (dicnq). 10 

The dicnq ligand was synthesized by following the reported 

procedures with some changes [13], phendione (210mg, 1mmol) 

and diaminomaleonitrile (162 mg, 1.5 mmol) were dissolved in 

ethanol, and the resulting solution was refluxed for 1h under a 

nitrogen atmosphere. The reaction mixture was cooled to room 15 

temperature, concentrated, and kept in an ice bath. Brownish-

yellow needles were formed, which were filtered, washed with 

cold ethanol, and dried in vacuum. Yield: 80%. m. p. >250 °C. 

Anal. Found: C, 67.98; H, 2.19; N, 29.37. Calcd. for C16H6N6: 

C, 68.08; H, 2.14; N, 29.57. FAB-MS: m/z 283 (M+).;1 H NMR 20 

(DMSO-d6, 400 MHz, TMS): 9.37 (m, 4H), 7.98 (q, 2H). 

2. 3. 2 {(bpy)₂Ru[(dpq(COOH)₂)]}(BF₄)2 (S101).A mixture of 

RuCl3 (0.1g, 1mmol) and 2,2-bipyridine (0.16g, 2.2mmol) was 

dissolved in 50 ml ethanol and stirred at reflux temperature for 2h 

under a nitrogen atmosphere. The red precipitate, [Ru(bpy)2Cl2], 25 

which formed was collected and washed with ethanol and ether. 

This product was dissolved in methanol (5ml) and added to a 

solution of dicnq (0.78mg, 1mmol) in hot acetonitrile (30ml), and 

the suspension was heated to reflux for 2 h. After cooling down 

to room temperature, the solution was concentrated with a rotary 30 

evaporator followed by the addition of an aqueous NaBF₄ 

saturated solution. The red precipitate was filtered and washed 

with cold water and ethanol. The filtrate was dissolved in 20 mL 

of warm 5M H2SO4, and the solution was deoxygenated before 

heating at 110-120 ◦C overnight. After cooling in an ice bath, the 35 

pH of this solution was increased to 4 by the addition of 5 M 

NaOH. An orange precipitate was formed upon addition of 

aqueous NaBF₄ and was filtered off and washed with cold water. 

This product was further purified by column chromatography 

using alumina as column support and acetonitrile/ methanol (2: 1, 40 

v/v) as the eluent. The major orange band was collected and 

corresponds to the desired complex. Yield: 52%.; m.p. >250 °C., 

Anal. Found: C, 47.110; H, 2.597; N, 1.20. Calcd. for  

 

RuC36H24N8O4:C, 47.102; H, 2.601; N, 1.212. ESI-MS:m/z 738. 45 

7, [M-2BF4], 
1H NMR(DMSO-d6, 400MHz): δ 9.23 (dd,  

1H), 8.90(dd, 1H), 8.53(dd, 4H), 8.08(dd, 6H), 7.83-7.97(m, 

4H),7.63(dd, 4H), 7.20-7.40(m, 4H). 

2. 3. 3{(bpy) Ru[(dpq(COOH)₂)]₂}(BF₄)2 (S102). This complex 

was prepared from [Ru(bpy)Cl₄]⁻(0.17mmol) and dicnq (0.2 50 

mmol) in a manner analogous to that employed for the synthesis 

of S101. The isolated solid was recrystallized from methanol-

diethyl ether, after which it was future purified on an alumina 

column, using acetonitrile/ methanol (2: 1, v/v) as the eluent. The 

major orange band was collected and corresponds to the desired 55 

complex. Yield 51%., .m.p. >250 °C. Yield: 52%. m. p. >250 

°C.Anal. Found: C, 47.179; H, 2.20; N, 13.180. Calcd for 

RuC36H24N8O4:C 47.187; H, 2.218; N, 13.189. ESI-MS:m/z 

897.8, [M-2BF4],  
1H NMR(DMSO-d6, 400MHz): δ 9.38(dd,2H), 

9.18(dd,2H), 8.55(dd,2H), 8.00-8.12(m,8H), 7.81(td,1H), 60 

7.74(dd,1H), 7.57(dd,1H), 7.29(m,2H). 

2. 3. 4 {(phen)2Ru[dpq(COOH)2]}(BF4)2(S103). A mixture of 

RuCl3 (0.1g, 1mmol) and 1,10-phen (0.18g, 2.1mmol) dissolved 

in 50 ml ethanol was stirred at reflux temperature for 2h under a 

nitrogen atmosphere. The red precipitate, [Ru(phen)2Cl2], which 65 

formed was collected and washed with ethanol and ether. This 

product was dissolved and placed in a 100 mL round-bottom 

flask containing 40 mL of a methanol-water (1:1, vol/vol) 

mixture, and the suspension was heated to reflux for 2 h under a 

nitrogen atmosphere. The resulting brownish-red solution was 70 

allowed to cool to room temperature. A saturated aqueous 

solution of NaBF₄ was added to this solution to precipitate the 

crude complex, which was filtered off. The solid was washed 

with CHCl3, recrystallized from acetone-ether, and vacuum-dried 

to obtain the pure product. Finally to achieve carboxylation, the 75 

mixture was dissolved in a H₂SO4 solution in a manner analogous 

to that employed for the synthesis of S101. 
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Scheme 3. Molecular structure of S101-105. 

 5 

The isolated solid was recrystallized from methanol-diethyl ether, 

after which it was further purified on an alumina column, using 

acetonitrile/ methanol (2: 1, v/v) as the eluent. The major orange 

band was collected and corresponds to the desired complex. Yield 

41%.; m.p. >250 °C.; Anal. Found: C, 50.320; H, 2.521; N, 10 

11.598. Calcd for RuC36H24N8O4: C 50.312; H, 2.532; N, 11.654. 

ESI-MS:m/z 781.7, [M-2BF4]. 
1H NMR(DMSO-d6, 400MHz): 

δ,9.01(dd, 4H), 8.63(s, 4H), 8.43(m, 2H), 8.21(dd, 4H), 8.11(m, 

2H), 7.79(m ,4H). 

2. 3. 5 {(phen) Ru[dpq(COOH)₂]₂}(BF₄)2 (S104). This complex 15 

(S104) was prepared, using the same procedure for complex S103 

except we used 1 equiv (phen) (0.15 g, 0.34 mmol) and 2 equiv 

dicnq(0.21g, 0.78 mmol). This product was further purified by 

column chromatography using alumina as the column support and 

acetonitrile/ methanol (2: 1, v/v) as the eluent. The major dark 20 

brown band was collected and corresponds to the desired 

complex. Yield: 52%.; m. p. >250 °C.; Anal. Found: C, 48.131; 

H, 2.151; N, 12.598. Calcd. for RuC36H24N8O4:C 48.125; H, 

2.144; N, 12.112. ESI-MS:m/z 922.8, [M-2BF4].;
1H 

NMR(DMSO-d6, 400MHz): δ, 10.12(dd, 4H), 9.57(dd,2H), 25 

9.12(s,2H), 8.89(m, 2H), 8.61(dd,4H), 8.23(dd, 4H), 8.11(m, 2H). 

2. 3. 6 {Ru[dpq(COOH)₂]₃}(BF₄)₂(S105).Hydrated ruthenium  

trichloride (1mmol, 0.15 g) and dicnq (0.6 g, 3.1 mmol) were 

refluxed in 40 mL of a methanol-water (1:1, vol/vol) mixture for  

 30 

 

4 h. The resulting solution was allowed to cool to the room 

temperature and filtered. A saturated aqueous solution of NaBF₄ 

was added to the red filtrate to affect precipitation of the crude 

product, which was filtered off, washed with CHCl3 and 35 

recrystallized from acetone-ether. Finally to achieve 

carboxylation the mixture was dissolved in H₂SO4 solution in a  

manner analogous to that employed for the synthesis of S103. 

The isolated solid was recrystallized from methanol-diethyl ether, 

after which it was further purified on an alumina column, using 40 

acetonitrile/ methanol (2: 1, v/v) as the eluent. Yield 41%.; m.p. 

>250 °C.; Yield: 41%. m. p. >250 °C. Anal. Found: C, 46.331; H, 

1.968; N, 13.610. Calcd for RuC36H24N8O4:C 46.345; H, 1.952; 

N, 13.654. ESI-MS:m/z 1061.1, [M-2BF4].;
1H NMR(DMSO-d6, 

400MHz): δ, 9.87(m, 2H), 9.23(dd, 2H), 8.38(m, 2H). 45 

 

3. Results and Discussion 
This part of the paper is divided into three sections. In section 

3.1, we present the characterization data and optical properties of 

Ru(dpq)(COOH)2 complexes. Section 3.2 examines the DFT and 50 

TD-DFT calculations of the optimized structure. These studies 

will be assisted to reveal the electronic structure and electronic 

transfer mechanism in the prepared LED devices. Finally, section 

3.3 examines the chemically modified compound, demonstrating 

that EL wavelength can be tuned through ancillary ligand 55 

substitution.  

3. 1 Spectral and electrochemical characterizations of 

complexes 
As the main strategy to design ruthenium polypyridyl 

electroluminescent, the structure of the ligands was selected by 60 

Page 5 of 13 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |5 

adopting [Ru(bpy)3](PF6)2 as a model compound and modifying it 

in two ways: first, with the addition of long aliphatic chains or 

bulky substituent, second, with the substitution of the heteroatom 

framework with the more conjugated phen ligand. Here, we 

selected the second way to design novel ruthenium polypyridyl 5 

emitter. Absorption spectra of dicnq ligand and their 

ruthenium(II) complexes are shown in Figure 2 and UV-Vis 

results are summarized in Table 1. The absorption spectrum of 

the dicnq ligand shows bands in the 220-400 nm regions with the 

most intense band being located at 265 nm. The intense peak at 10 

265 nm is related to 'phen' portion whereas the additional peaks 

of less intensity at higher wavelength (305, 347, and 365 nm) 

arise from the 'quinoxaline' portion of dpq [22]. In the UV-Vis 

spectra of the five complexes, the ultraviolet regions show intense 

bands arising from the intra ligand transitions (π-π*) due to the 15 

coordinated phen, bpy, and dicnq with metal [11]. This confirms 

that the UV spectra of the complexes reflect an essential 

absorption of the ligands. Broad absorption bands in the visible 

region 450-600 nm were assigned to MLCT transitions from 

Ru(4d) orbitals to ligand-centered π* orbitals. 20 

 

 
Figure 2. Absorption spectra of dicnq ligand and complexes 

(S101-105) and PL spectrum of PVK:PBD (λexc=405 nm) in 

acetonitrile solution 10-5 mol lit-1. The inset shows the overlap 25 

between absorption spectra of complexes and PL spectrum of 

PVK: PBD.  

 

It was also proposed that several transitions may be involved in 

the MLCT absorption bands of Ru(II) complexes, such as 30 

dp(Ru)/p*(bpy),dp(Ru)/p*(phen)dp(Ru)/p*[dpq(COOH)2] [23]. 

Our DFT/TDDFT calculations support this assignment which will 

be discussed in following paragraphs. 

The PL spectra of ruthenium(II)–polypyridyl complexes are 

largely attributed to the 3MLCT and 3π-π* states in the literature 35 

which are populated via an ultrafast ISC process from directly 

photoexcited 1MLCT states [24]. Generally, the transition arises 

from the promotion of an electron from a filled t2g-orbital on the 

metal to a vacant π*-orbital on the neutral, aromatic bpy/phen-

ligand. The ligand-centered 3(π-π*) transition typically involves 40 

the movement of electrons between filled and vacant π-orbitals 

on the bpy/phen-ligands [25]. In particular, there is a degree of 

mixing between these two emissive states in the ruthenium 

polypyridyl complexes. In all cases (S101-105), the luminescence 

emission clearly originates from 3MLCT states involving the 45 

polypyridyl ligands, as indicated by the position and shape of the 

emission band which are in the expected range for Ru–

polypyridyl complexes [26]. From Figure 3 and Table 1, the PL 

emission band shifts to higher wavelengths with λmax = 598, 611, 

620, 633 and 646 nm, in concert with the decreasing of HOMO-50 

LUMO band gap due to the substitution of ancillary ligands in 

complexes S101-105, respectively. The emission of S105 is red-

shifted in wavelength (λmax= 570 nm) to S101-104 indicative of 

effects of the electron-withdrawing groups dicnq compared to the 

un-substituted bpy or phen ligands. The emission quantum yield 55 

(Φ) was calculated for each compound according to the reference 

available in the literature [27]. As given in Table 1, the emission 

quantum yields of the Ru complexes were obtained between 

0.058 and 0.007. The obtained quantum yield of complexes are 

acceptable data among the reported quantum yields of Ru (dicnq) 60 

complexes for future PL and EL studies (more details are given in 

ESI S2) .  

 

Figure 3. PL spectra of Ru(dpq)(COOH)2 complexes (S101-105) 

and dicnq in acetonitrile solution 10-5mol lit-1 (λexc=405 nm). 65 

The obtained quantum yield of S101 is about 2 fold higher than 

that found for Ru(phen)3
2+  as a reference sample, which shows a 

fluorescence efficiency of 0.025 under the same experimental 

conditions. The quantum yield for the protonated complex S105 

with 6 carboxyl moieties (ϕ= 0.0066) is approximately half that 70 

of the corresponding S101 with 2 carboxylic acid moieties. The 

proton-induced quenching could be one of the accounts for the 

lower- quantum yield from the acidic forms of the complexes due 

to the deactivation of charge-transfer excited states [28]. This 

means that there is a limitation to incorporate of withdrawing 75 

ligands which can produce H-banding interactions. These 

different quantum yields indicate that the substitution profile of 

the ancillary ligand can impart significant influence on the 

photophysical properties of the [Ru(dpq)(COOH)2] complexes. 

The changes in the luminescence behavior of the complexes with 80 

the ancillary ligand substitution are quite interesting and 

somewhat difficult to unravel. To our knowledge, there has been 

no detailed discussion about the energy transfer mechanism for 

this initial step in excited-state evolution in this class of 

molecules. So, more photophysical studies are required to 85 

improve the understanding of the relationship between the 

population of 3MLCT of ligands and the radiative and non-

radiative process. These studies should involve femtosecond time 

resolved transient absorption spectroscopy. FT-IR spectra of 

dicnq and Ru(dpq)(COOH)2 complexes are shown in Figure 4.  90 

In the infrared spectra of the [Ru(dicnq)] complexes, the cyano 
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stretching frequency of dicnq was present at 2239 cm-1 and this 

band appeared at 2237 cm-1 in their precursor [Ru(dicnq)] 

complexes thus confirming that chelating of dicnq to ruthenium 

has not affected the quinone part of this ligand and the CN that 

the two cyano groups of this ligand are not involved in the metal-5 

ligand bonding [11,22]. As shown in Figure 4, the cyano 

stretching frequency at about 2230 cm-1 has been removed which 

indicates the conversion of dicnq moieties to dpq(COOH)2 

groupsin S101-105. 

 10 

Table 1.UV–vis absorption and emission properties of dicnq and 

Ru (dpq(COOH)2) complexes measured in acetonitrile. (λexc=405 

nm) 

 

CompoundAbsorbance Photoluminescence

 λmax , nm(logϵ) λmax , 

nm 

Φ 

dicnq 263(4.36), 301(4.12), 336(3.6), 

 354(3.5) 

513  

S101 278(4.76), 344(4.42), 366(4.3), 

492(4.22) 

598 0.058 

S102 298(4.78),346(4.42),371(4.36), 

511(4.92)                                                          

611 0.011 

S103 279(4.34),343(3.8),366(3.6),504(3.7)620 0.034 

S104 274(4.56),304(4.12),356(4),448(3.8)                                                                633 0.009 

S105 274(5.02),302(4.7),356(4.3), 

460(4.1)                                                              

646 0.007 

 15 

In the IR spectra of the five Ru complexes, the pure compounds 

with carboxylic acid groups displayed characteristic bands at ca. 

about 1700 cm−1, due to the conjugated C=O stretch in the 

carboxylic acid groups. The other prominent bands between 1600 

and 1300 cm -1 are due to the many (C=C) stretching modes of 20 

polypyridyl circles [29], while the larger broad stretching band 

centered at 3397 cm−1 is due to the adsorbed moisture of the dyes 

[30]. 

The redox behavior of the complexes was investigated in 

acetonitrile solution by cyclic voltammetry (CV), at room 25 

temperature. It is well established that the redox processes in 

Ru(II) –polypyridyl complexes are mainly localized either on the 

metal center (oxidations) or on the ligands (reductions) [31]. 

In the potential range -1.8 to +1.7 V vs. Ag/AgCl at a scan rate 

100 mV s-1 five redox couples are observed. The voltammograms 30 

display the Ru(III)/Ru(II) couple at positive potentials and the 

ligand reductions appear at negative potentials compared with 

Ag/AgCl. The oxidation couple at 1.32/1.4V is almost reversible 

in nature as is evident from the ipa/ipc= 0.95 and peak-to-peak 

separation, ∆Ep = 80 mV (Fig. 5A). The redox reaction is 35 

assigned to Eq. (1) 

 

[Ru(phen)2dpq(COOH)2]
3+ + e-→ [Ru(phen)2dpq(COOH)2]

2+ (1) 

 

The effect of scan rate on this electron transfer process is given in 40 

Figure 6. As this figure illustrates, there is a linear relationship 

between the peak current and the square root of the scan rate 

(ν1/2), in the 10 to 800 mV s-1 range (Figure 6A). This behavior is 

diagnostic of an electron transfer process controlled by diffusion. 

This finding shows the reversibility of this redox process. A 45 

reduction wave for complex dpq in S103 occurs at Eο′ = -0.8 V 

(reversible in nature with the ipa/ipc= 0.96 and peak-to-peak 

separation, ∆Ep = 60 mV) (Figure 5A) [32]. The successive 

reduction of phen occurs at -1.2, -1.39, -1.56 V which are quasi 

or irreversible in nature (Figure 5B) [32, 13]. The similar pattern 50 

is also observed for other complexes (ESI, S3). The  invariance  

of  the  positions  of  the  four  reductions  with  different 

ancillary ligands  in  this  system  supports  the  assertion that  the  

available  LUMO  is  dominantly of ligand  π* character. This is 

in agreement with the electrochemical behavior of homologue 55 

specie previously studied and the results of the quantum 

calculations [33]. 

 
Figure.4. FT-IR spectra of phendione, Dicnq and S101-105. 

 60 

 

 
Figure 5. Cyclic voltammograms of S103 in 0.1 M TBAP/MeCN 

solution at a Pt disk electrode (2 mm diameter), T = 25οC, scan 

rate 100 mVs-1: (A) Scan from -0.2 to -1.7 V; (B) scan from 0.2 65 

to 1.7 V. 
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Figure 6. Effect of scan rate on the voltammograms of S103. The 

scan rates were maintained in the range of 10 to 800 mVs. (A) 

Plots of peak currents (iP) vs. square root of scan rate (B). 

 5 

3.2 DFT and TD-DFT calculation 
To elucidate the electronic structure and gain further insight into 

the electrochemical and optical properties of S101-105, all 

ground-state geometry optimization calculations are performed. 

Time-dependent (TD- DFT ) calculations  were carried out on the 10 

optimized geometries. Table 2 gives the vertical excitation 

energies, corresponding excitation wavelengths and oscillator 

strengths, predominant orbitals involved in singlet-singlet 

transition obtained from TD-DFT calculations for S101-S105, 

while the selected MOs and the energy diagram are depicted in 15 

Figure 7, 8. HOMO-2 and HOMO-1 are completely localized on 

the Ru metal for all complexes, although some electron density of 

these MOs is also found on bpy ligand for S101 and S102 and 

phen ligand for S103 and S104. As shown in Figure 7, HOMO 

shows a total overlap between Ru metal and bpy ligands for S101 20 

and S102 and also shows overlap between Ru metal and phen for 

S103 and S104. The LUMO orbitals are also located on one or 

two dpq(COOH)2 moieties for S101-S104 ,while LUMO+1 and 

LUMO+2 orbitals show a total overlap between dpq(COOH)2 and 

bpy ligands for S101 and S102. Thus, the LUMO+2 and 25 

LUMO+1 are ligand-based, with comparable contributions from 

bpy, phen and dpq(COOH)2, while the LUMO is essentially 

dpq(COOH)2 based. The HOMOs orbital of S105 are delocalized 

on Ru metal and the proximal part of the dpq(COOH)2 ligands, 

while the electron density of the LUMOs are located on the distal 30 

portions of the dpq(COOH)2 ligands. As an important result, the 

introduction of carboxylic groups decreases the band gap of Ru 

complexes. Thus, the S105 with three dpq(COOH)2 ligands  

presents a HOMO–LUMO energy gap of 2.25 eV which is 

smaller than the band gap calculated for S101(2.51 eV), S102 35 

(2.45), S103 (2.37), S104 (2.30). Also, the presence of the 

electron-withdrawing carboxylic groups stabilizes the Ru d-

orbitals and leads to a change in the order of energies of the 

frontier occupied orbitals. Overall, the frontier orbitals of S105 

are shifted to lower energies relative to those of S101-S104 which 40 

will affect the EL properties. As expected, MLCT transitions are 

well described by the TD-DFT approach. All these transitions are 

dominated by MLCT bands, corresponding to a single excitation 

from d orbital of the Ru and π orbital of ligands to π* orbital of 

the ligands. In particular, the lowest band corresponds to a 45 

HOMO/LUMO excitation, whereas the higher involves a lower d 

orbital and a higher empty π * orbital. The latter is a compact π* 

orbital localized on rings of each bpy/ phen and dpq(COOH)2 

ligands. 

 50 

3.3 EL properties 
To study the electroluminescence (EL) properties of the 

ruthenium complexes, LED devices were fabricated using 

[Ru(dpq(COOH)2)] as the light emitting active layer. A blend of 

PVK and PBD which have balanced charge transporting ability 55 

were selected as the host [34]. The reason for choosing PVK: 

PBD blends, rather than PVK itself, is the better overlap of the 

PL of the blend with the absorption spectra of complexes (Figure 

2). A better match in the donor PL and acceptor absorption would 

result in a better energy transfer. After the control of reaction 60 

parameters, the efficient ratio of 100:40:8 for PVK: PBD: 

Ru(dpq)(COOH)2 was suggested, which reduces the risk of 

excimer formation and increases the stability of the device. 

 Figure 9 shows the EL corresponding results obtained for an ITO 

| PEDOT-PSS | [Ru(dpq(COOH)2)] complex /PVK:PBD| Al 65 

device poised at 16V. An emissive layer without the ruthenium 

complex was fabricated to record the PVK: PBD EL spectrum 

and to find a relation between EL spectra of ruthenium 

compounds and PVK: PBD EL in order to separate it from the 

emission of ruthenium complexes. The emitters, S101-105, 70 

exhibit the efficient emissions with maximum emission peaks of 

485, 494, 515, 533 and 572 nm, respectively, as shown in Figure 

9 and summarized in Table 3, which depend on the ancillary 

ligand substitution. As shown in Figure 9, the wavelength of EL 

increases when increasing the number of substituted 75 

dpq(COOH)2 ligands in S101-105 complexes. 
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 5 

Figure. 7.Schematic representation of the molecular orbitals of S101 to S105 obtained from DFT calculation 

 

Using both different ancillary ligands and withdraw groups gives 

rise to a gradual change in the LUMO–HOMO energy gap, thus 

allowing for the stepwise tuning of the band-gap from 2.51 for 10 

complex S101 to 2.25 eV for complex S105, as clearly shown in 

Figure 8. The increase in the energy gap of these ruthenium 

complexes should result in the blue shift of PL and EL emission. 

Also notable in these EL spectra is the observed blue shifted EL 

maxima bands compared to PL maxima bands. The EL emissions 15 

of all complexes have different maxima compared to their PL 

spectra which were blue-shifted by ca. 80-120 nm. Spectral shift, 

especially blue shift, in peak position of EL spectrum of OLED 

with respect to its PL counterpart has been observed. 

Unfortunately, the reason is not completely clear, but it seemed 20 

that this is related to the polarity and the conjugation of the whole 

molecules [35]. Another reason may be an interaction of the dye 

molecules with the embedding matrix. This leads to a shift of the 

emission wavelength of each dye molecule, depending on its 

environment [36]. In multilayer systems, the various shifts result 25 

in a spectrally broadened emission. The spectral shift could be 

attributed to electron-hole recombination from inter band states 

due to the formation of dye aggregates [37]. 

 

 30 

 

 

 

 

 35 

 

 

 

 

 40 

 

 

 

 
 45 

Figure 8. Diagram of the two highest occupied and two lowest 

unoccupied molecular orbital levels of novel Ru(dpq(COOH)2) 

complexes (S101-105). Inset: Optimized structures of synthesized 

novel ruthenium complexes 
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Table 2.Electronic properties of S101 to S105 calculated by TD-DFT. 

Emitter ∆E (eV)       exc (nm)           f Assignment (HOMO = H, LUMO = L, etc.) 

S101 0.49 462 0.027 H→L+2(38%) , dRu +ᴫdpq(COOH)₂→ ᴫ*
dpq(COOH)₂ 

 0.54 438 0.043 H→L+1(35%), dRu +ᴫdpq(COOH)₂→ ᴫ*
bpy 

S102 0.37 485 0.026 H→L+1(83%), dRu +ᴫbpy +ᴫdpq(COOH)₂→ ᴫ*
bpy 

 0.41 472 0.021 H→L+3(60%), dRu+ᴫbpy+ᴫdpq(COOH)₂→ ᴫ*
dpq(COOH)₂ 

S103 0.33 491 0.005 H→L+2(64%),  dRu+ᴫphen →ᴫ
*

phen 

 0.4 477 0.035 H→L(64%),  dRu+ᴫphen →ᴫ
*

dpq(COOH)₂ 

S104 0.34 498 0.028 H→L+1(87%) dRu+ᴫphen+ᴫdpq(COOH)₂→ ᴫ*
phen 

 0.41 482 0.02 H→L+4(60%) dRu+ᴫphen+ᴫdpq(COOH)₂→ ᴫ*
dpq(COOH)₂ 

S105 0.31 518 0.04 H→L(90%),  dRu+ᴫdpq(COOH)₂→ᴫ
*

dpq(COOH) ₂ 

 0.38 500 0.018 H→L+3(39%), dRu+ᴫdpq(COOH)₂→ ᴫ*
dpq(COOH) ₂ 

 

This is not the same emission peak as observed in the PL spectra 5 

of S101-105; it corresponds instead to the emission observed for 

the heterostructure alone, i.e., carriers recombine not in the 

emitter layer, but in the PVK-containing layer [38].  

 

 10 

 
Figure 9. EL spectra of PVK: PBD and ruthenium complexes 

(S101-105) and Ru(bpy)3
2+ in PVK: PBD blend. Upper: the 

Solution of S101 and S103. 

 15 

 

For all complexes (S101-105), the current density rose slowly 

while voltage increased to 8 V and rose quickly above 10 V. The  

device based on (S101) reveals better characteristics than other 

devices (S102-105). A maximum luminance of 1357 cd/m 2 and  20 

a maximum emission efficiency of 2.25 cd/A at 16 V for S101  

 

 

are highest among these devices. The maximum brightness 

obtained from S101 device is 2.5 folds higher than the best value 25 

that could be reached with S105. It is also worth mentioning that 

the EL efficiency decreased with the number of attached carboxyl 

groups. The higher efficiency EL observed for S101 doped 

devices are due to decreased H-aggregation than S105. The 

current density and luminous efficiency of S105 increases slower 30 

with the increase in applied voltage which may be attributed to 

aggregation of dyes due to H-bonding, increase its compatibility 

with the host and field-induced quenching effects [39]. A 

remarkable feature of LED based-S101 is its low turn-on and 

driving voltage, which is lower than 6.5 (V). This is among the 35 

lowest turn-on values observed in ruthenium polypyridyl single-

layer OLED [40].  

In particular, the luminous efficiency of complex S101 was better 

than that of [Ru(phen)3](PF6)2 as a reference sample under the 

same conditions. The improved turn on of S101 can be attributed 40 

to using the smaller counter ion of BF4
− instead of PF6

- [41]. 

 

 
Figure 10. Current density and luminance versus applied voltage 

for devices (S101-105). Inset: CIE coordinates of 45 

Ru(dpq)(COOH)2 emitters (S101-105). 

 

 

 

 50 
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Table 3.Device characteristics of Ru complexes (S101-105).

No. 
ELmax 

[nm] 

CIE 

[x, y] 

Emission colour 

(CIE 

chromaticity 

diagram) 

FWHM 

[nm] 

Maximum 
current 

density, 

at 16[V] 

Turn-on 

[V] 

Luminous 
efficiency 

[cd A-1 ] 

at [16] 

Luminance 

[cd m -2 ] 
at 16[V] 

S101 485 (0.324, 0.384) Bluish green 149.5 170.9 6.4 2.25 1357 

S102 494 (0.331, 0.391) Near white 143.7 138.9 7.2 1.38 1156 

S103 515 (0.380, 0.401) Yellow green 172.6 160.2 6.8 1.71 1233 

S104 533 (0.341, 0.439) Yellowish green 122.7 123.1 9.5 1.12 1040 

S105 572 (0.465, 0.401) Orange 219.8 118.3 7.5 0.83 850 

 

As shown in Figure 9, S101 with two bpy as ancillary ligand has 5 

the most blue-shift in EL wavelength. In result, the EL properties 

of the complexes relate to the structure of ligands. So, we can 

control the emission properties of OLED devices by adding 

different ancillary ligands. We attribute this interesting 

phenomenon to the Forster energy transfer since there is overlap 10 

between the absorption spectra of emitters (S101-105) and 

emission spectrum of PVK: PBD. Such overlap between the 

matrix emission and dopant absorption is necessary for efficient 

energy transfer (one should keep in mind, though, that the 

absorption of the ruthenium complex in solid solution might be 15 

different) [42]. 

 

 
Figure 11.Schematic showing the energy levels of device and the  

 20 

dynamic process of EL emission. Moreover, the arrangement of 

layers causing the Forster transfer of energy was resulted from 

the PVK: PBD host to S101-105 (Figure 9)[43]. It should be 

mentioned that the device structure has the potential for further 

optimization. For example, the use of LiF cathodes [44], and 25 

different charge transport components [45] that result in a 

reduction in operating voltage or increased efficiency are also 

applicable to this work. 

Finally, we expected that the various fundamental properties 

elaborated in this study would be beneficial to the future 30 

development of Ru polypyridyl emitting materials for use as 

luminescent OLEDs. 

 

4. Conclusion 
In conclusion, we have synthesized a novel family of ruthenium  35 

dpq(COOH)2 complexes and studied their electrochemical, 

spectroscopic and electroluminescent properties. The  

 

 

performance of their electroluminescent devices was dominated  40 

by ancillary ligand substitution effects. The electroluminescence 

emission colors ranging from orange to bluish green were 

obtained by tuning the ancillary ligand substitution. The two bpy 

ligands as ancillary ligands and one dpq(COOH)2 ligand, S101, 

were found to be the most beneficial modifications to the 45 

arrangement of ruthenium polypyridyl complexes in terms of 

minimizing H-aggregation and enhancing device characteristics. 

The luminance and luminous efficiency of newly prepared 

samples were better than that of known samples 

[Ru(phen)3](PF6)2. It is of interest to further study in detail the 50 

light-emitting mechanisms of the Ru(dpq(COOH)2) complexes 

and the charge transfer states. By using different ancillary ligands 

and substituted groups, it is possible to prepare metal-containing 

π-extended ligands with different emission colors and charge 

transport properties. The stability and efficiency of this type of 55 

ruthenium-based light emission diodes are under investigation in 

our group. 
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