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Abstract Photophysical and electrochemical studies of cyclo-
metalated cationic heteroleptic iridium(III) complex salts have
been carried out. For these complex salts the intense absorption
bands appeared around 263 nm and are assigned to spin-
allowedπ-π* transitions of phenanthroline ligands.Moderately
intense and weak absorption bands observed around 341 and
440 nm, respectively. These bands are assigned to spin-allowed
metal to ligand charge transfer 1MLCTand 3MLCT transitions,
respectively. The influence of anions and proton on the
photophysical and electrochemical studies were also carried
out. The emission wavelength was red shifted and emission
color changed from yellow to red by the addition of CF3CO2H.
The solution color changed from green to brown and the
emission was quenched by the addition anions such as of F−,
CH3COO

− and H2PO4
−.

Keywords Iridium complex salt . Green emitter .

Photoluminescence

Introduction

Phosphorescent transition-metal complexes have drawn great
attention in research and industry because of their excellent
performance when used as colorful emitters in organic light
emitting diodes (OLEDs). Among them, cyclometalated
iridium(III) complexes are regarded as the most successful
phosphorescent material [1, 2] owing to their high photo-
luminescence efficiency, relatively short lifetime and flexible

color tunability [3–8]. Many phosphorescent heavy-metal com-
plexes, such as platinum(II), rhenium(I) and ruthenium(II)
complexes, have been explored as chemosensors for anions
[9], oxygen concentration [10] and metal ions [11]. However,
as the best phosphorescent dyes [12, 13], the application of
iridium(III) complexes in chemosensors were mainly limited to
recognizing oxygen [14, 15] and the Hg2+ cation [16]. Anion
recognition and sensing have been of most interest in recent
years because of their important role in biological processes and
environmental assays [17–19]. Various types of pure organic
dyes have been used as receptors for anionic species [17–27].
Although iridium(III) complex salts has been reported to rec-
ognize a few anions and protons [28–30], introduction of
electron withdrawing substituent tunes the emission and ab-
sorption. Sensitivity to proton and anion might be expected for
iridium(III) complexes incorporating an imidazo[4,5-f][1, 10]-
phenanthroline unit. Herein, four cationic iridium(III) complex
salts [Ir(ppy)2(N^N)]

+PF6
− based on different phenanthroline

derivatives (N^N ligands) with highly electron withdrawing
fluoro- and trifluoromethyl- substituents at desired positions
were synthesized and tuning of their photophysical and elec-
trochemical properties by anions and proton was investigated.

Experimental

The ultraviolet–visible (UV–vis) spectra of the phosphores-
cent iridium complex salts were measured in an UV–vis spec-
trophotometer (Perkin Elmer Lambda 35) and corrected for
background absorption due to solvent. Photoluminescence
(PL) spectra were recorded on a (Perkin Elmer LS55) fluores-
cence spectrometer. NMR spectra were recorded on Bruker
400 MHz NMR spectrometer. The mass spectra of the sam-
ples were obtained using a Agilent LCMS VL SD in electron
ionization mode. Cyclic voltammetry (CV) analysis were
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performed by using CHI 630A potentiostat electrochemical
analyzer. Measurements of oxidation and reduction were un-
dertaken using 0.1 M tetra(n-butyl)ammonium- hexafluo-
rophosphate as the supporting electrolyte, at scan rate of
0.1 V S−1. The potentials were measured against an Ag/Ag+

(0.01 M AgNO3) reference electrode using ferrocene/
ferrocenium (CP2Fe/CP2Fe

+) as the internal standard. The
onset potentials were determined from the intersection of
two tangents drawn at the rising current and background
current of the cyclic voltammogram. Fluorescence lifetime
measurements were carried out with a nanosecond time cor-
related single photon counting (TCSPC) spectrometer Horiba
Fluorocube-01-NL lifetime system with NanoLED (pulsed
diode exCitation source) as the excitation source and TBX-
PS as detector. The slit width was 8 nm and the excitation
wavelength was 282 nm. The time correlated single photon
counting (TCSPC) results fit to single exponentials decay,
DAS6 software was used for the fit and the χ2 values are less
than 1.2 and not less than 1. The lifetime measurements of all
iridium(III) complex salts were made and the signal was
measured at the emission wavelength of individual com-
pound. The absolute PL quantum yields were measured by
comparing fluorescence intensities (integrated areas) of a
standard sample (Coumarin 46) and the unknown sample

using the formula Φunk ¼ Φstd
Iunk
Istd

� �
Astd
Aunk

� �
ηunk
ηstd

� �2
where,

Фunk is the fluorescence quantum yield of the sample, Фstd is
the fluorescence quantum yield of the standard; Iunk and I std

are the integrated emission intensities of the sample and the
standard, respectively. Aunk, and A std are the absorbance of the
sample and the standard at the excitation wavelength, respec-
tively. ηunk and η std are the indexes of refraction of the sample
and standard solutions.

Synthesis of Phenanthroline Derivatives

The phenanthroline derivatives were synthesized according to
our previous report [31].
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Chart 1 Chemical structures of
complex salts 1–5

Fig. 1 Absorption spectra of the iridium complex salts 1–5(10−4 M) in
CH2Cl2

446 J Fluoresc (2014) 24:445–453



Synthesis of Iridium(III)Complex Salts

The cyclometalated iridium(III) chlorobridged dimer
[Ir(ppy)2Cl]2 was prepared according to literature methods
[32]. A solution of [Ir(ppy)2Cl]2 (0.079 mmol) and 2-(4-
fluorophenyl)-1-phenyl-1H-imidazo[4,5-f][1, 10]phenan-
throline [FPIP] (0.172 mmol) in dichloromethane -ethanol
(30 mL, 2:1 v/v) have been refluxed for 6 h. To the yellow
solution, 12-fold excess of potassium hexafluorophosphate has
been added. The colloidal solution was stirred for 4 h and
filtered to remove insoluble inorganic salts. The yellow solid
was washed with dichloromethane-acetone.

Complex Salt 1: Ir[(fppi) (ppy)2]

Yield: 65%.Anal. Calcd. for C41H27F7IrN6P: C, 52.78; H, 3.40;
N, 8.21. Found: C, 83.61; H, 4.32; N, 7.30. 1HNMR (400MHz,
d6-DMSO): δ 9.08 (d, 2H, J=8.8), 8.19 (t, 4H, J=7.6), 8.11 (d,
2H, J=5.2), 8.01–8.06 (m, 2H), 7.89 (d, 2H, J=8.4), 7.74 (t,
2H, J=7.6), 7.58 (t, 2H, J=7.2), 7.52 (t, 1H, J=7.8), 7.47 (d,
2H, J=6.4), 7.02 (d, 2H, J =6.8), 6.88–6.96 (m, 3H), 6.24 (d,
2H, J =7.6). 13C NMR (100 MHz, d6-DMSO): δ 113.25,
115.76, 118.61, 120.98, 122.55, 123.14, 123.45, 124.17,
125.22, 125.77, 126.38, 126.70, 126.88, 127.23, 127.48,
127.90, 128.36, 129.31, 130.04, 130.49, 131.35, 131.73,
135.50, 136.81, 147.97, 160.54, 162.08. MS: m/z. 815.13
[M-PF6].

Complex Salt 2: Ir[(dfppi) (ppy)2]

Yield: 65%.Anal. Calcd. for C41H26F8IrN6P: C, 53.24; H, 2.61;
N, 7.01. Found: C, 53.55; H, 2.82; N, 7.15. 1HNMR (400MHz,

d6-DMSO): δ 9.12 (d, 2H, J =8.0), 8.23 (t, 3H, J=7.6), 8.18 (d,
2H, J =5.2), 8.05–8.11 (m, 1H), 7.82 (d, 2H, J=8.0), 7.69 (t,
2H, J=6.4), 7.54 (t, 2H, J=7.2), 7.41 (t, 1H, J=7.6), 7.02 (d,
2H, J=7.2), 6.82–6.91 (m, 2H), 6.20 (d, 2H, J=7.2). 13C NMR
(100 MHz, d6-DMSO): δ 115.34, 115.46, 119.31, 121.58,
122.65, 123.24, 123.48, 124.26, 125.14, 125.68, 126.42,
126.69, 126.91, 127.33, 127.58, 127.70, 128.44, 129.25,
130.14, 130.56, 131.29, 131.89, 136.58, 137.85, 149.48,
161.11, 163.28. MS: m/z. 833.56 [M-PF6].

Complex Salt 3: Ir[(tfppi) (ppy)2]

Yield: 60%.Anal. Calcd. for C41H25F9IrN6P: C, 50.76; H, 4.20;
N, 8.13. Found: C, 50.91; H, 4.41; N, 8.30. 1HNMR (400MHz,
d6-DMSO): δ 9.02 (d, 2H, J =8.4), 8.22 (t, 2H, J=7.2), 8.12 (d,
2H, J=6.0), 8.00–8.04 (m, 2H), 7.74 (d, 2H, J=8.2), 7.65 (t,
2H, J=7.8), 7.52 (t, 2H, J=7.6), 7.43 (d, 2H, J=7.2), 6.95 (d,
2H, J=6.4), 6.84–6.93 (m, 2H), 6.31 (d, 2H, J=7.2). 13C NMR
(100 MHz, d6-DMSO): δ 114.97, 115.44, 117.21, 120.23,
121.05, 123.08, 123.51, 124.34, 125.09, 125.57, 126.24,
126.53, 126.98, 127.25, 127.54, 127.87, 128.39, 129.04,
130.28, 130.85, 131.33, 131.76, 136.62, 137.54, 149.55,
162.58, 163.89. MS: m/z. 851.52 [M-PF6].

Complex Salt 4: Ir[(tfmppi) (ppy)2]

Yield: 62 %. Anal. Calcd. for C42H27F9IrN6P: C, 51.98; H,
4.16; N, 8.31. Found: C, 52.11; H, 4.37; N, 8.47. 1H NMR
(400 MHz, d6-DMSO): δ 9.12 (d, 2H, J =8.2), 8.15 (d, 2H,
J =6.0), 7.98–8.03 (m, 2H), 7.83 (d, 2H, J =8.0), 7.71 (t, 1H,
J =7.8), 7.51 (t, 2H, J =8.2), 7.46 (t, 1H, J =7.2), 7.31 (d, 2H,
J =6.0), 7.05 (d, 2H, J =6.4), 6.75–6.86 (m, 4H), 6.13 (d, 2H,

Table 1 Absorption (λabs, nm),
fluorescence quantum yield (Ф),
lifetime (τ, μs), radiative rate
constant (kr, s

−1), nonradiative
rate constant (knr, s

−1) and elec-
trochemical behavior of 1–5

Complex salts λabs Φ τ kr knr Eox/V E re/V

1 263, 342, 460, 482 0.25 0.82 0.30 0.92 1.05 −1.97
2 264, 341, 456, 478 0.24 0.71 0.34 1.06 1.08 −2.02
3 265, 342, 464, 483 0.28 0.69 0.41 1.03 1.10 −2.04
4 267, 342, 449, 485 0.28 0.70 0.37 1.05 1.09 −2.03
5 266, 341, 451, 480 0.26 0.73 0.36 1.01 1.07 −1.99

Fig. 2 Spin-orbit coupling of
heavy-metal facilitated triplet
emission
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J =7.2). 13C NMR (100 MHz, d6-DMSO): δ 114.65, 115.35
117.24, 120.67, 121.48, 122.14, 123.37, 124.85, 125.27,
125.59, 126.35, 126.71, 126.94, 127.23, 127.73, 127.89,
128.36, 129.68, 130.23, 130.65, 131.43, 131.97, 135.28,
136.75, 147.44, 160.17, 162.50. MS: m/z. 865.58 [M-PF6].

Complex Salt 5: Ir[(ppi) (ppy)2]

Yield: 62%.Anal. Calcd. for C47H32F7IrN6P: C, 50.45; H, 3.56;
N, 7.65. Found: C, 50.31; H, 3.47; N, 7.57. 1HNMR (400MHz,
d6-DMSO): δ 8.87 (d, 2H, J=7.8), 8.14 (d, 2H, J=6.0), 8.04–
8.09 (m, 4H), 7.79 (d, 2H, J=8.2), 7.67 (t, 2H, J=8.2), 7.49 (t,
3H, J=6.2), 7.33 (t, 1H, J=7.8), 7.29 (d, 2H, J=7.4), 7.07 (d,
2H, J=6.8), 6.75–6.83 (m, 3H), 6.34 (d, 2H, J=6.8). 13C NMR
(100 MHz, d6-DMSO): δ 113.23, 115.64 116.84, 119.61,
121.25, 122.54, 123.41, 124.69, 125.01, 125.64, 126.44,
126.88, 126.97, 127.14, 127.58, 127.91, 128.29, 129.71,
130.24, 130.59, 131.36, 131.89, 135.32, 136.69, 147.28,
161.24, 161.47. MS: m/z. 892.62 [M-PF6] Chart 1.

Results and Discussion

Absorption and Photoluminescence (PL) Spectra

The absorption spectrum of the complex salts 1–5 in dichlo-
romethane at room temperature shown in Fig. 1. The absorp-
tion bands of iridium(III) complex salts show three kinds of
bands (Table 1). The intense band observed around 263 nm
can be assigned to the allowed ligand centered (π-π*)

transitions [33] and somewhat weaker bands also observed
in the lower part of energy. The band position, size and
extinction coefficient of the bands observed in the range
341–485 nm suggest that these areMLCT transitions (1MLCT
and 3MLCT) [34, 35]. Similar to our earlier reports [36–38],
weak bands located at longer wavelength have been assigned

Fig. 3 Photoluminescent spectra of the iridium complex salt 1(10−5 M)
in CH2Cl2, CH3CN and solid film

Table 2 Photoluminescent data (λemi, nm) of 1–5

(λemi, nm) 1 2 3 4 5

CH2Cl2 564 578 582 580 566

CH3CN 572 589 598 594 578

Solid film 565 577 584 581 568
Fig. 4 Cyclic voltammogram of complex salts 1–5
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to the 1MLCT← S0 and
3MLCT← S0 transitions of cationic

iridium complexes. The intensity of the 3MLCT← S0 transi-
tion is close to that of 1MLCT← S0 transition, suggesting that
3MLCT← S0 transition is strongly allowed by S-T mixing of
spin-orbit coupling [39]. Absorption around 460 nm for com-
plex salts corresponds to the transition of the 1MLCT state as
evident from its extinction coefficient of the order 103. The
absorption like long tail toward lower energy and higher
wavelength around 478 nm is assigned to 3MLCT transition
and gains intensity by mixing with the higher lying 1MLCT

transition through the spin-orbit coupling of iridium(III) com-
plex salts shown in Fig. 2 [40]. Both singlet MLCT (1MLCT)
and triplet MLCT (3MLCT) bands are typically observed for
these cationic complexes in all solvents. In order for these
iridium(III) complexes to be useful as phosphors strong spin-
orbit coupling must be present to efficiently mix the singlet
and triplet excited states.

The room-temperature photoluminescence spectra of all
complex salts in CH2Cl2 solution are shown in Fig. 3 and
corresponding photoluminescence data of all complex salts
are summarized in Table 2. All complex salts emit intense
luminescence with emission wavelengths in the range 564–
582 nm in CH2Cl2 solution. The observed emission lifetimes
in the microsecond time scales indicate the phosphorescent
nature of the emissions. In addition, photoluminescence spectra
of these complex salts in solid film were also measured and are
similar to those in CH2Cl2 solution. The emission maxima for
all complex salts occur at higher energy in less polar CH2Cl2
than those in more polar CH3CN, which is very common for
cyclometalated iridium(III) diimine MLCT emitters [16].

Fig. 5 Cyclic voltammogram of 1 before and after addition of F− and
CF3COOH

Fig. 6 Color and emission color variations observed in acetonitrile solu-
tions of 1 (5×10−4 M) in the presence of 2 equiv of F− and CF3COOH

Table 3 Binding constants (K) of complex salts 1–4

Anions 1 2 3 4

F− 6.98×104 8.62×104 9.98×104 8.85×104

CH3COO
− 2.63×104 2.03×104 3.61×104 2.45×104

H2PO4
− 4.92×103 3.82×103 4.01×103 3.98×103
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Mixing of Excited States (LC and MLCT)

In the present study the lowest excited state was assigned to
3MLCT. Short lifetime, broad luminescence spectra and ab-
sorption peaks of those complexes show clearly that the
lowest triplet states of those complexes are predominantly
3MLCT. For more detail, we should consider degree of mixing
to understand the photochemical differences of those com-
plexes according to Eq. 1,

ΦT ¼ aΦT π−π�ð Þ þ bΦT MLCTð Þ ð1Þ

where ‘a ’ and ‘b ’ are the normalized co-efficient, ΦT (π- π*)
and ΦT (MLCT) are the wave function of 3(π- π*) and
3(MLCT) excited states, respectively. For these iridium com-
plexes, the wave function of the triplet state (ΦT) responsible
for the phosphorescence and equation (1) implies that the
excited triplet state of these iridium complexes are mixture

of ΦT (π- π*) and ΦT (MLCT) [41]. The triplet state is
attributed to dominantly 3π- π* excited state when a > b and
dominantly 3MLCT excited state when b > a [42, 43].

The fluorescence spectra (Fig. 3) of these complex salts 1–
5 obtained at 298 K show significant broad shape. According
to our previous studies [35–38], phosphorescence spectra
from the ligand centered 3π-π* state display vibronic progres-
sions, while those from the 3MLCT state [44, 45] are broad in
shape. Iridium complex salts 2 , 3 and 4 have excited state
with large contribution of 3MLCTwhereas 1 has excited state
with large contribution of 3π- π* [46, 47]. These complex salts
are having appreciable quantum yield (Φ). By usingΦ and life
time, the kr and knr values are calculated which are displayed
in Table 1.

Electrochemical Properties

The electrochemical properties of the complex salts were
studied by cyclic voltammetry (Fig. 4a&b) and the data are
listed in Table 1. An irreversible oxidation wave was observed
at similar potentials between 1.05 and 1.10 V for all complex
salts. It is assumed that pure metal-centered oxidation is
reversible and irreversibility increases as the contribution to
the HOMO of the cyclometalating phenyl group increases
[48]. Therefore, the irreversible oxidation process is assigned
to orbits receiving a strong contribution from the iridium
center and Ir-C- σ -bond orbits at the same time. All complex
salts exhibit a similar irreversible reduction wave at approxi-
mately −2.00 V. This reduction wave of 1–5 can be assigned
to the reduction of the phenanthroline ligands.

Effect Anions on Tuning Photophysical and Electrochemical
Properties

The complexation abilities of 1–4 with anions were investigat-
ed by UV–vis absorption titration experiments (Fig. 5a&b). By

Fig. 7 Changes in the UV–vis absorption spectra of 1–5(10−4 M) in
CH3CN solution with various amounts of F− (a to g=0.00 equiv to 2.00
equiv)

Fig. 8 Absorption and photoluminescence spectra of 1 in CH3CN solution before and after addition of CF3COOH
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the addition of F−, the absorption bands of 1 at 263 nm grad-
ually decrease and three new bands appeared at 308, 442, and
478 nm with three distinct isobestic points at 286, 370 and
425 nm. This result indicates strong ground state interactions
between 1 and the fluoride anion, and a dramatic color change
from green to brown observed (Fig. 6). Similar results were
observed for complex salts 2 , 3 and 4 upon addition of the
fluoride anion (Fig. 5). The emission spectra titrations of 1–4
with anions were also measured and the emission of the four
complex salts is quenched upon addition of F−. Moreover,
similar changes in absorption and emission spectra of complex
salts were also observed when other anions CH3COO

− and
H2PO4

− were added. The quenching implied strong interaction
between the complex salts and these anions. The binding
constant values (K) for complex salts calculated from fluores-
cence data are displayed in Table 3. The binding constant
values (K) of 1 for F−, CH3COO

−, and H2PO4
− were 6.98×

104, 2.63×104, and 4.92×103 M−1, respectively (Table 3).
Complex salt 1 can be used as a selective chemosensor for
fluoride anion. For comparison purpose the effect of anion with
complex salt 5 was also carried out. No obvious change in UV–
vis absorption and emission spectra was observed for 5 upon
addition of F−. Therefore it was concluded that the interaction
of NH of phenanthroline ligands (1–4) with anion is responsi-
ble for the significant optical variations. In addition, the intra-
molecular N-H-F-P hydrogen bonds existing in these complex
salts can also enhance the acidity of N-H, increasing the depro-
tonation trend [49–54]. The influence of fluoride anions on the
electrochemical properties of 1–4 was also analysed. After the
addition of fluoride anions, no evident change was observed for
the reduction wave (Fig. 7) indicating that the interaction of
anions with imidazole N-H does not change the LUMO energy
level. However, the addition of fluoride anion causes obvious
variation of the oxidation wave. Upon addition of fluoride
anions, the oxidation potential attributed to the iridium center
and Ir-C− σ-bond orbits was shifted positively and a new
irreversible oxidation wave appeared at more negative poten-
tial. The irreversible oxidation wave at 0.59 V is assigned to the
oxidation of the imidazolyl group after deprotonation. The
mechanism of fluorescence quenching in the presence of F−,
CH3COO

−, and H2PO4
− is somewhat ambiguous. The depro-

tonation process results in a greater degree of distortion be-
tween its excited and ground state surfaces and increases the
probability of radiationless transitions. In addition, there is also
a probability of a photoinduced electron transfer (PET) process
from the lone pair on the imidazolyl group after deprotonation,
which quenches the emission of complex salts.

Effect of Proton on Tuning Photophysical
and Electrochemical Properties

Significant changes in UV–vis absorption and emission spec-
tra were observed when CF3COOH was added into the

CH3CN solutions of 1–4 . Figure 8 gives the variation of
photophysical properties of 1 upon addition of CF3COOH.
The emission wavelength of 1 was red-shifted and the emis-
sion color changed from green to red (Fig. 6). Similar results
were observed for complex salts 2–4 upon addition of
CF3COOH. Protonation increasing the overall degree of de-
localization of the imidazolyl and phenyl units and hence
causing a large stabilization which is responsible for the
obvious red shift of emission wavelength. In addition, the
electrochemical properties of 1–4 were also investigated upon
addition of CF3COOH. The reduction waves of 1–4 assigned
to the reduction of the N^N ligands were markedly shifted
positively. So, protonation of the N^N ligand can reduce the
energy levels of the LUMO more significantly and decrease
the energy of the triplet excited state.

Conclusions

In conclusion, we have synthesized a series of new cationic
iridium(III) complex salts containing different imidazo[4,5-
f ]-[1, 10]phenanthroline derivatives. The influence of anions
and proton on the photophysical and electrochemical proper-
ties were studied in detail. After the addition of CF3COOH,
the emission wavelength of the complex salts were signifi-
cantly red-shifted and the emission colors changed from green
to red. The emission of the complex salts was quenched
completely and the solution colors of changed from green to
brown by the addition of anions F−, CH3COO

− and H2PO4
−.

The calculated binding constant values confirmed that all the
newly synthesized complex salts are ideal phosphorescent
chemosensor for F−. This anion-sensing results gives a new
route in designing a series of new phosphorescent probes
based on iridium(III) complexes by simply modifying the
structures of the ligands and also help in the exploration for
new applications of iridium(III) complexes as chemosensors.
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