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Introduction

Recently, organometallic complexes are used widely to syn-
thesize optoelectronic devices, such as organic solar cells 
and for OLEDs [1–5]. Transition metal-based organometal-
lic complexes are of interest due to their versatile nature 
like ease of tuning the photophysical, electrochemical and 
magnetic properties [6–8]. These properties strongly depend 
on the oxidation states of the transition metal used in the 
complex. Among the various transition metals, ruthenium 
has gained interest in the preparation of organometallic com-
plexes for OLED applications [9, 10]. Barthelmes et al. syn-
thesised ruthenium-based terpy metal complexes and stud-
ied their photophysical and electrochemical properties [11]. 
Other research groups studied these and the thermal prop-
erties of Ru(II)-based pyridine complexes [12–14]. Many 
studies have been conducted on the synthesis and charac-
terization of Ru(II)-based terpy complexes for luminescent 
applications [15, 16]. Kelch et al. studied the spectroscopic 
and electrochemical behaviour of rod-like ruthenium (II) 
coordination polymers [17] and observed deep orange emis-
sions, strongly dependent on the nature of π-conjugated 
bis-terpy ligands. The spectroscopic and electrochemical 
properties of self-assembled metallo-polymers containing 
electron-donating and electron-withdrawing Ru(III)-based 
bis-terpy derivatives are still not clear [18, 19].

The luminescence and redox properties of Ru(III) com-
plexes are of great interest among the researchers for their 
range of fundamental and practical applications [20, 21]. Ru 
(III)-based terpy complexes exhibit a strong orange emission 
with a suitable solvent. These emission bands could be due 
to the MLCT process of the complexes [22, 23]. The white 
light can be generated by mixing orange and blue emitters 
[24]. Heteroleptic ruthenium complexes have more advan-
tages as functions of different groups can be integrated into 
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one molecule. Such complexes usually consist of two ligands 
with easily substituting functional groups. It has been 
observed that the functional groups in the ligand introduce 
interesting photophysical and electrochemical properties 
to the complexes [25, 26]. Researchers found that fluorine 
substitutions into the ligand can lower the HOMO energy 
level [27].

Phosphorescence is frequently detected in Ru(III) com-
plexes at room temperature, which is attributed to the low-
lying MLCT excited states. It has both ligand-centered (LC) 
and MLCT charge transition process [28, 29]. Extensive 
work has been carried out on dinuclear Ru(II) homo- and 
hetero-metallic complexes. In these complexes, the two 
metal centers are connected by an organic wire type bridge. 
The Ru(II)-based terpy complexes exhibit phosphorescence 
behaviour in a few microseconds, whereas Ru(III)-based 
terpy complexes exhibit similar characteristics in about a 
few nanoseconds [30, 31]. Hence, the photophysical and 
electrochemical behaviour of Ru ion depend on the oxida-
tion states; it’s interesting to study the oxidation states of 
Ru ion-based organometallic complexes [32, 33]. A lack of 
interest in the photochemical behaviour of Ru(III) deriva-
tives arises from observations that although their lowest 
excited states are luminescent in glasses at low tempera-
tures, they are essentially non-emissive and short-lived in 
solution at ambient temperature. It is necessary to introduce 
cyclo-metallated ligands to complexes for luminescence in 
solution [34].

In this work, the synthesis of a series of three new orange-
fluorescent Ru(III)-based terpyridine complexes and their 
characteristics like photophysical, thermal and electrochemi-
cal for fluorescent OLED applications are discussed. The 
introduction of electron-donor substituents onto a terpy 
ligand results in fluorescent emission at room temperature in 
Ru(III) complexes. These are reflected in the electrochemical 
properties with the electron-releasing substituents stabilizing 
the Ru(III) state and lowering the potential of the Ru(II)/
Ru(III) couples.

Experimental

Syntheses of Ru(III) Complexes (RuL1‑L3)

The synthesis of terpyridine ligands, such as C1 and C2, was 
published elsewhere [35]. Ligand C3 was also synthesised 
using a procedure similar to that performed for ligands C1 
and C2. The following sections provide the details of prepa-
ration of metal complexes.

The complexes were prepared following a general syn-
thetic route. An ethanolic solution (15 ml) of RuCl3·3H2O 
(0.26 g, 1.0 mmol) was added dropwise to a dichlorometh-
ane solution (15 ml) of the terpyridine ligand (4-Mephtpy, 

0.32 g; 3,4,5-tmphtpy, 0.35 g; 1.0 mmol, 4-thptpy, 0.28 g; 
1.0 mmol) with stirring. The reaction mixture was refluxed 
for 6 h to obtain a crystalline solid of the precursor complex, 
which was filtered, washed with ice-cold ethanol followed by 
diethyl ether and finally dried in a vacuum. Scheme 1 shows 
synthetic route of (RuL1-L3) complexes.

[Ru(4‑Mephtpy)2]Cl3: [Ru(L1)]

Yield: 67%, Tm. 425 °C, Anal. Calcd for C44H34Cl3N6Ru: C, 
61.87; H, 4.01; N, 9.84. Found: C, 61.69; H, 4.07; N, 9.87. 
IR (KBr): ν = 3379 (w), 3308 (w), 3075 (w), 1586 (m), 1508 
(m), 1461 (m), 1397 (m), 1306 (m), 1124 (w), 984 (s), 833 
(m), 786 (m), 715 (s), 742 (w), 732 (s), 682 (m), 658 (m), 
620 (m) cm− 1. MS (ESI, m/z): 784.18 [M-3Cl]+.

[Ru(3,4,5‑tmphtpy)2]Cl3: [Ru(L2)]

Yield: 74%, Tm. 429 °C, Anal. Calcd for C48H42Cl3N6O6Ru: 
C, 57.29; H, 4.21; N, 8.35. Found: C, 57.31; H, 4.23; N, 
8.37. IR (KBr): ν = 3379 (w), 3307 (w), 1586 (m), 1508 (m), 
1397 (m), 1351 (m), 1308 (w), 1162 (s), 1124 (m), 884 (m), 
833 (s), 786 (w), 715 (s), 647 (m) cm− 1. MS (ESI, m/z): 
899.94 [M-3Cl]+

[Ru(4‑thptpy)2]Cl3: [Ru(L3)]

Yield: 68%, Tm. 471 °C, Anal. Calcd for C38H26Cl3N6SRu: 
C, 56.62; H, 3.25; N, 10.42; S, 3.98. Found: C, 56.69; H, 
3.28; N, 10.47; S, 3.97. IR (KBr): ν = 3467 (w), 3056 (w), 
3075 (w), 1595 (m), 1527 (m), 1414 (m), 1419 (m), 1359 
(m), 1237 (w), 838 (s), 780 (s), 716 (s), 626 (m), 658 (m) 
cm− 1. MS (ESI, m/z): 699.81 [M-3Cl]+.

Quantum Calculation of Ru(L1‑L3) Complexes

Geometric optimization and electronic structure of the 
Ru(L1-L3) complexes were achieved by DFT using a 
B3LYP/def2-TZvP basis set employing Gaussion-09 pro-
gram [36]. In addition, energy levels of the frontier molecu-
lar orbitals (i.e., HOMO, SOMO, SUMO, and LUMO) of 
three Ru(III) complexes were also obtained. The FMOs 
along with individual contributions of Ru(III) complexes 
were fully optimized as shown in Fig. 1. FMOs have two 
types of charge transitions in the complexes MLCT and 
ILCT. MLCT can be attributed to charge transition between 
SOMO and SUMO energy levels of Ru ion. In ILCT, the 
charge transition takes place between SOMO/HOMO and 
the higher energy orbitals. This is mainly attributed to π–π* 
and n–π* of terpyridine ligands [37, 38].

In all the complexes, the SOMO energy level is mostly 
localized on the 4′-aryl substituent ring, whereas the 
SUMO energy is localized between Ru ion and the terpy 
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ring. Therefore, the electronic emission processes of all 
complexes are mainly attributed to the Ru(III) ions, such 
as transition from SUMO to SOMO, that is, the radiative 

decay takes place from the doublet excitons. The orange 
emission of the complexes is confirmed by PL spectra; the 

Scheme 1   Synthetic route of 
Ru(III) terpyridine complexes 
(RuL1-L3)
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molecular orbitals of Ru(III) are more stable as they are 
located at lower energy levels.

Results and Discussion

UV–Vis Absorbance Spectra

The study of photophysical properties of Ru(III)-based 
terpy complex is of great interest to researchers because 
of their potential in optoelectronic applications. To inves-
tigate the influence of the electron-donating substituent 
on terpy of Ru(III) complex, its photophysical properties, 
such as UV–Vis absorption and PL spectra were evaluated. 
The UV–Vis absorption spectra of Ru(L1-L3) complexes 

Fig. 1   Optimized geometry and electronic distribution of the frontier orbitals for Ru(III) terpy complexes (RuL1-L3)

Fig. 2   UV–Vis absorbance spectra of Ru(L1-L3) complexes in 
DMSO
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in DMSO solution at room temperature are shown in 
Fig. 2. All complexes exhibit high intense absorption bands 
(250 − 350 nm) in UV region and less intense absorption 
bands in the visible region (495–505 nm).

The former are due to π–π* and n–π* of LC charge tran-
sition of terpyridine ligands and the latter to spin-allowed 
d–π* of MLCT transition process [39]. The shorter wave-
length bands of the spectra are attributed to transitions from 
SOMO/HOMO to higher energy orbitals. Two maximum 
absorption bands were observed for Ru(L1) and Ru(L2) 
complexes, while one was observed for Ru(L3) complex 
in the UV region of electromagnetic radiation. The maxi-
mum absorption peaks were observed at 275 and 308 nm for 
Ru(L1), 280 and 310 nm for Ru(L2) and 290 nm for Ru(L3) 
complexes (Table 1). The bathochromic shifts of the maxi-
mum absorbance of 5 and 10 nm are seen for Ru(L2) and 
Ru(L3) complexes, respectively. The absence of second peak 
as expected around 310 nm in Ru(L3) complex could be due 
to the forbidden energy transition between Ru(III) and L3 
ligand. In the absorption spectra, some bands are centered 
at approximately 495, 500 and 505 nm for Ru(L1), Ru(L2) 
and Ru(L3) complexes corresponding to the energy gap of 
2.50, 2.48 and 2.46 eV, respectively, which are assigned to 
the electronic transition from SOMO to SUMO. The less 
intense and narrow absorption bands about 500 nm caused 
orange emission of these complexes. These bands could be 
due to d-d transition, which has been observed for similar 
ruthenium (IV) complexes [31, 40, 41]. These charge transi-
tion bands also depict the 5 and 10 nm bathochromic shift 
for Ru(L2) and Ru(L3) complexes, respectively. Hence, the 
electron-donating substituents of 3,4,5-trimethoxyphenyl 
and 4-thiophenyl group on terpy would have caused the red 
shift of Ru(L2) and Ru(L3) complexes compared to Ru(L1) 
complex. No significant bands were observed for the metal-
centered (MC) charge transition of all Ru(III) complexes.

Photoluminescence Spectra

The PL spectra were recorded on excitation at 310 nm for 
Ru(L1) and Ru(L2) complexes, while 290 nm for Ru(L3) 
complex corresponds to the maximum absorption wave-
length of the complexes. The PL spectra of Ru(L1-L3) com-
plexes are shown in Fig. 3. A summary of photophysical data 
of three complexes is presented in Table 1. The PL spectra 

show that the maximum emission bands are in the visible 
region of the electromagnetic spectrum. The dilute solution 
of Ru(III) complexes in DMSO shows a strong orange emis-
sion in the wavelength range starting from 591 to 620 nm. 
These emission bands could be due to the MLCT process of 
the complexes as confirmed by UV–Vis absorption spectra 
[42]. The absorption maximum of the spin-allowed MLCT 
band in the visible region for Os(terpy)2+ lies at the same 
wavelength as that of Ru(terpy) [41, 43].

Further, the emission maximum band in the visible region 
for Ru(L2) complex lies at the same wavelength as that of 
Ru(L3) complex, but the emission maximum was observed 
at 591 nm. This could be due to the more covalent charac-
teristic nature of the MLCT transition in the Ru(III) com-
plexes [44]. Since Ru(L2) and Ru(L3) complexes have the 
same emission maximum bands it is believed that the same 
MLCT contributed for these two complexes too. The maxi-
mum emission band was observed at 620 nm for Ru(L1) 
complex, and the shoulder peak was at 620 nm for Ru(L2) 
complex. All these transitions take place in the lower energy 
transition from MLCT to the ground state [45]. In addition, 
the Ru(L2) complex has the broadened emission spectrum 
compared to Ru(L1) and Ru(L3) complexes in the visible 
region. This broad emission of the Ru(L2) complex could 
be due to the more electron-donating nature of the 3,4,5-tri-
methoxyphenyl substituent (to terpy ligand on Ru(III)). The 
luminescence band of the Ru(L2) and Ru(L3) complexes 

Table 1   Synthetic route of 
Ru(III) terpyridine complexes 
(RuL1-L3)

Complexes Absorption (λmax) Emission (λmax) Optical band 
gap (eV)

Fluorescence 
Lifetime (ns)

Melting 
point 
(°C)LC MLCT

Ru(L1) 275, 308 459 620 2.50 0.27 425
Ru(L2) 280, 310 500 591 2.48 0.46 429
Ru(L3) 290 505 591 2.46 0.52 471

Fig. 3   PL spectra of Ru(L1-L3) complexes recorded at excitation 
wavelength of 310  nm for Ru(L1) and Ru(L2) complexes, whereas 
290 nm for Ru(L3) complex in DMSO
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was considerably shifted to the blue by 29 nm compared to 
Ru(L1) complex. Further, less-intense emission bands were 
observed at 367, 406 and 500 nm for Ru(L1), Ru(L2) and 
Ru(L3) complexes, respectively, probably due to charge tran-
sition between LC transitions of terpy ligands. The red shifts 
are consistent with the LC charge transition of the UV–Vis 
absorption maximum. The bands centering at approximately 
591 and 620 nm demonstrate that the emissions originated 
from the transition of SUMO to SOMO, that is, the radiative 
decay from the doublet excitons.

Cyclic Voltammetry

The redox properties of the Ru(L1-L3) complexes were stud-
ied by measurement with CV in a three-electrode cell sys-
tem. Tetrabutylammonium perchlorate (TBAP) (0.1 M) was 
dissolved in acetonitrile (ACN) and used as an electrolyte 
solution with ferrocene (Fc) as an internal standard. Figure 4 
shows the cyclic voltammogram of the Ru(L1) complex in 
the potential range between − 1.4 and + 2.0 V at a scan rate 
of 100 mV s− 1. The electrochemical properties of the Ru(III) 
complexes are mainly dependent on the influence of Ru(III) 
ions and not of terpy ligands [46]. Hence, the Ru(L1) com-
plex was considered to discuss the electrochemical prop-
erties of the Ru(III) complex. All three Ru(III) complexes 
show a similar redox behaviour. The three redox couples 
have been observed in the potential range of 1.1 to − 0.4 V 
for the Ru(L1) complex. The electrochemical data for the 
three Ru(III) complexes is listed in Table 1. Further, it has 
been noticed that the all complexes show a good reversible 
redox process.

The cathodic peak CIII→II at a potential of 0.35 V and the 
anodic peak AII→III at a potential of 0.55 V correspond to 
the reduction of Ru(III) to Ru(II) and the oxidation of Ru(II) 
to Ru(III), respectively [47]. Moreover, the second redox 

couple is associated with successive reduction of Ru(II) to 
Ru(I) (peaks CII→I at the potential of − 0.40) and correspond 
with the oxidation of Ru(I) to Ru(II) (peaks AI→II at the 
potential of − 0.22 V), respectively. The additional anodic 
peak at AIII→IV observed at a potential of 1.08 V could be 
attributed to the oxidation of Ru(III) to Ru(IV). This peak is 
associated with a cathodic peak potential of 0.75 V, which 
can be due to the reduction of Ru(IV) to Ru(III) [48].

Thermal Properties

The thermal properties of the three Ru(L1-L3) complexes 
are characterised by TGA and DSC analysis. The Td, Tg and 
Tm of these complexes were systematically studied. Figure 5 
shows the DSC curves of the Ru(L1-L3) complexes under 
nitrogen atmosphere, while the samples were heated up from 
room temperature to slightly above their melting temperature 
at a scanning rate of 10 °C min− 1.

It is observed that all the Ru(III) complexes have an 
endothermic peak, which shows the melting point of the 
complexes. The observed melting temperatures were 425, 
429 and 471 °C for Ru(L1), Ru(L2) and Ru(L3) complexes, 
respectively. The melting point of the Ru(L1) and Ru(L3) 
complexes shows sharp endothermic peaks, whereas it is a 
broad endothermic peak for the Ru(L2) complex. Among the 
three Ru(III) complexes, Ru(L3) has a higher Tm than the 
other two Ru(III) complexes, and hence, Ru(L3) complex 
is thermally more stable [49]. The DSC thermograms of 
Ru(III) complexes show no signature of Tg and crystalline 

Fig. 4   Cyclic voltammogram of Ru(L1) complex in acetonitrile (vs.
SCE). The process at about 0.25  V is due to ferrocene, added as a 
reference Fig. 5   DSC plots of the Ru(L1-L3) complexes
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temperature (Tc). However, the thermogram of the Ru(III) 
complexes shows a small inflection (exothermic peak) at a 
low temperature, which could be due to the elimination of 
volatile substrate. In conclusion, all the three complexes are 
thermally very stable as well as crystalline. The observed 
degradation temperatures are 202, 310 and 210  °C for 
Ru(L1), Ru(L2) and Ru(L3) complexes, respectively (see 
Fig. 6). Ru(L2) complex shows higher degradation tempera-
ture and thermal stability than the other two Ru(III) com-
plexes [50]. It is observed that no significant weight loss 
takes place at low temperatures. Hence, these complexes 
exhibit a good thermal stability with Td (thermal-decompo-
sition temperature at a wt.% of 95) in the range 250–313 °C. 
The observed weight losses of 5% were 250, 313 and 297 °C 
for the Ru(L1), Ru(L2) and Ru(L3) complexes, respectively.

The maximum rate of weight loss Td (thermal-decompo-
sition temperature at a wt% of 39%) takes place at 590 °C for 
Ru(L2) complex. Moreover, around 70 wt% of the residue 
composed of ruthenium ash and remained above 590 °C for 
the Ru(L1) and Ru(L3) complexes. Compared to the free 
ligand, the metal complexes revealed a significant increase in 
thermal stability, as can be seen from the temperature onset 
of a 5% weight loss [51]. Hence, Ru(III) complexes are more 
stable on exposure to air and showed high thermal stability 
in nitrogen atmosphere.

Fluorescence Lifetime Measurements

The lifetime of luminescence is an important parameter 
as the luminescence property of a material depends on it. 

Figure 7 shows the fitted decay curve of Ru(L1-L3) com-
plexes in DMSO obtained by using the TCSPC method 
under laser excitation at 310 nm with a 96.8 ps pulse width. 
The luminescence decay spectra of the three complexes were 
fitted by a single exponential decay function. The observed 
lifetimes are 0.27, 0.46 and 0.52 ns for Ru(L1), Ru(L2) and 
Ru(L3), respectively. Hence, the measured lifetime of the 
Ru(L3) complex is significantly longer than the other two 
Ru(III) complexes.

Fig. 6   TGA thermogram of Ru(L1-L3) complexes

Fig. 7   Fluorescence decay spectra of Ru(L1) a, Ru(L2) b and Ru (L3) 
c complexes at the excitation wavelength of 310 nm with one-expo-
nential fit residuals, χ2 = 1.002
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It has been reported that the longer conjugation length in 
the ligand leads to longer lifetime [52]. The short-lived fluo-
rescence of Ru(L1) might be assigned to the strong intramo-
lecular coupling interaction of trimethoxy flurophores which 
lead to the fast charge transfer process. The lifetime on the 
nanosecond time scale indicates that the three Ru(III) com-
plexes have the fluorescent character of the luminescence.

Scanning Electron Microscope

The surface morphology of the synthesised Ru(L1-L3) com-
plexes was analysed by SEM as depicted in Fig. 8. Figure 8a 
shows an SEM micrograph of the Ru(L1) complex, where 
cauliflower-like structural particles have been observed. The 
size of the particles ranges from 5 to 10 μm and the inset 
shows a clear cauliflower-like structural particle of Ru(L1). 
Figure 8b depicts the cauliflower-like structure along with 
one-dimensional nano rod of the Ru(L2) complex with the 
diameter ranging from 7 to 12 μm and the length being about 
a few micrometers. Moreover, the SEM image of the Ru(L3) 
complex, as shown in Fig. 8c shows one-dimensional micro-
rod structures with diameters of around 3 μm and about 
7 μm length. The SEM images of the complexes reveal that 
the Ru(L2) complex has more surface area and a greater 
surface-to-volume ratio which could enhance the lumines-
cence properties [53].

Conclusion

In conclusion, three novel Ru(III) complexes were synthe-
sised and their photophysical, electrochemical and thermal 
properties were studied by varying the electron-donating 
substituents at the 4′-position of the 2,2′:6′,2″-terpyridine 
ring. Spectral analysis showed that electroluminescence 
of the OLED originated from electron transition between 
SUMO and SOMO. These complexes exhibit high ther-
mal stability without any significant weight loss below 
250 °C. All the complexes show good PL emissions in 
a DMSO solution with a broad emission spectrum ca. 
591–620 nm. The Ru(L2) complex exhibits a broad orange 
emission compared to Ru(L1) and Ru(L3) complexes. 
The measurements of the excited state lifetime confirm 
that the potential charge transfer to the π–π* state of the 
MLCT state in the complexes is efficient. The bands cen-
tered on 591 and 620 nm demonstrate that these emissions 
originated from the transition of SUMO to SOMO, that 
is, from radiative decay from the doublet exciton. These 
observations imply that by simply changing the terminal 
the substituent can lead to various optical properties, such 
as deep orange emission for the three Ru(L1-L3) complex. 
Although the devices using these complexes have not been 
demonstrated in this work and are beyond the scope of the 

current discussion, it is believed that the OLEDs based on 
them would exhibit a promising performance according to 
the current results and have potential electron-transporting 
properties from terpyridine derivatives.
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Fig. 8   SEM images of a Ru(L1), b Ru(L2) and c Ru(L3) complexes
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