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We report the synthesis and characterization of two iridium polypyridyl complexes,
[Ir(deeb),CL](PF¢) and [Ir(deeb),(dpp)](PF¢)s, where deeb = diethyl-2,2’-bipyridine-4,4'-dicar-
boxylate and dpp = 2,3-bis(2-pyridyl)pyrazine. From 'H NMR spectral data, the two deeb
ligands are attached to Ir cis to each other. Mass spectra contain fragmentation patterns of the
(M-PF¢)"™ and (M-3PF4)*" molecular ions for [Ir(deeb)>Cl](PF,) and [Ir(deeb)>(dpp)](PFe)s,
respectively. The electronic absorption spectrum of [Ir(deeb),CL](PFs) shows maxima at
308nm and 402nm, which are assigned as 'w— 7* and metal-to-ligand charge transfer
transitions, respectively. [Ir(deeb)>(dpp)](PFe); exhibits peaks due to 'w — m* transitions at
322 nm and 334 nm. [Ir(deeb),CL](PFg) has emission peaks at 538 nm in acetonitrile and 567 nm
in the solid state, with lifetimes of 1.71 pus and 0.35 ps, respectively. [Ir(deeb),CL,](PF¢) has an
unusually higher quantum yield than analogous compounds. [Ir(deeb),(dpp)](PF¢); has
emission peaks at 540nm in acetonitrile and 599 nm in the solid state with lifetimes of
1.23 ps and 0.14 ps, respectively. Cyclic voltammetry of [Ir(deeb),CL](PFy) yields two reversible
couples at —0.72 and —0.87 V versus Ag/AgCl, both corresponding to deeb ligand reductions,
and a quasi-reversible couple at —1.48 V corresponding to Ir**/* reduction. Electrochemical
reduction of [Ir(deeb)z(dopp)](PF6)3 yields couples at —0.38, —0.54, —0.71, and —1.33V,
assigned as deeb” ", deeb” ™, dpp”~, and Ir**/* reductions, respectively.

Keywords: deeb; Bipyridine; Photochemistry

1. Introduction

Transition metal complexes containing polypyridyl ligands such as 2,2’-bipyridine (bpy)
have been studied extensively due to their ability to absorb light and form excited states
that are applicable to photovoltaics and photocatalysis. Transition metal complexes
have several advantages in photochemical reactions [1, 2]. They have large molar
absorption coefficients and quantum yields throughout the UV and visible spectral
regions and their photophysical and chemical properties can be tuned by changing the
metal center or altering the ligands [3, 4].

Iridium complexes are excellent light absorbers and were reported as energy donors
to improve emissive materials, such as systems containing lanthanide ions [5-10].
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Eu’™ in ionic solids is used in fluorescent lighting, lasers, displays, and analytical assays.
Eu’" luminescence is usually excited by energy transfer from a sensitizer due to the
weak oscillator strength of 4f-4f transitions [11, 12]. One example uses iridium
fluorinated polypyridyl complexes connected to a Eu*" chelate via carboxylate groups
[9]. The iridium monometallic unit has 'z — 7* transitions in the UV region and emits
blue light with maxima at 460 and 490 nm. The terpyridine-capped europium unit has
strong red emission at 615 nm. Exciting the iridium complex at 400 nm produces white
light emission due to the combination of the blue and red emission from the iridium and
europium moieties, respectively. Similar systems that use phen (1,10-phenanthroline)
[6, 7], non-fluorinated ppy (2-phenylpyridine), and m-extended bridging ligands [5] on
the Ir unit have also been reported to undergo energy transfer to a europium chelate.

Metal complexes can be attached on the surface of lanthanide oxides via ligands with
carboxylate ester groups such as deeb (4,4-(COOCH,CHj3),-bpy), which is a similar
method used in dye-sensitized solar cells [13-19]. In deeb, the ester is known to be
hydrolyzed into its carboxylate form in solution and in the presence of surface hydroxyl
groups on the metal oxide nanoparticle [13—19]. Using deeb instead of its carboxylic
acid analog reduces complications in the synthesis, as pH will not affect isolating the
ligand and its complexes [19]. The ester group also serves as a spectroscopic probe to
determine the structure. In this work, iridium complexes containing deeb were prepared
to coat europium oxide nanoparticles for future studies of the photophysical processes
between iridium and europium. In spite of difficulties in synthesis [4], iridium complexes
are chosen due to their green emissive states whose energies lie above the Eu** °D,
state. Additionally, one of the internal ligand (IL) states of these complexes is also
slightly higher in energy compared to the Eu—O charge transfer band of europium
oxide. Due to the very close energies, it is likely that the iridium complexes transfer
energy to europium. [Ir(deeb),CL](PF¢) serves as a starting point for synthetic and
photophysical experiments. [Ir(deeb),(dpp)](PFe); was synthesized because the chloride
ligands in the first complex are expected to be labile enough to allow the iridium center
to coordinate with oxygen on the metal oxide surface. Replacing chlorides with dpp will
allow a more uniform mode of attachment of the complexes on the oxide surface as well
as a lower energy excited state that is closer to the Eu** °Dj state.

2. Experimental

2.1. Molecular synthesis

Iridium(III) chloride hydrate (Alfa Aesar, Premion 99.99%), 2,2'-bipyridine-4,4'-
dicarboxylic acid (Strem), potassium hexafluorophosphate (KPFg4, Fluka), spectral
grade acetonitrile (Burdick and Jackson), HPLC-grade solvents, dichloromethane
(Fisher), diethyl ether (Fisher), ethyl acetate (Fisher), methanol (Fisher), and ethanol
(AAPER) were used as received. The ligand deeb was prepared as reported
previously [20].

2.1.1. cis-Dichlorobis(diethyl-2,2'-bipyridine-4,4'-dicarboxylate)iridium(III) hexafluoro-
phosphate, [Ir(deeb),Cl,](PFs). The synthetic procedure for the iridium dichloride
complex was patterned after its rhodium analog [21]. It was prepared by reacting 0.64 g
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(1.8mmol) of IrCly x HO and 1.41g (4.7mmol) of deeb in 230mL of 2:1
ethanol: H,O, previously deoxygenated with argon for at least 15min. The mixture
was heated at reflux for 66h, filtered hot, and the ethanol was evaporated from the
filtrate. The filtrate was then diluted with 10 mL H,O and 30 mL of a saturated aqueous
KPFg solution was added dropwise. The resulting precipitate was filtered, washed with
cold water and diethyl ether, and dried in vacuum. The solid was then dissolved in small
amounts of acetone and flash precipitated in diethyl ether. It was purified by
recrystallizing twice in hot 4: 1 methanol: ethyl acetate to isolate a bright yellow solid.
Typical yield is ~33% (0.60 g, 0.59 mmol). '"H NMR (400 MHz, (CD5),CO): § (ppm)
10.08 (d, 2H, J=6Hz), 9.45 (s, 2H), 9.34 (s, 2H), 8.62 (d, 2H, /J=6Hz), 8.36 (d, 2 H,
J=6Hz), 790 (d, 2H, J=6Hz), 4.60 (q, 4H, J,=J,=J3=THz), 444 (q, 4H,
Ji=J,=J3=7Hz), 1.49 (t, 6H, J,=J,=7Hz), 1.35 (t, 6H, J,=J,=7Hz). ESI-MS
(m/z): 863 found and Calcd [M-PF¢]".

2.1.2. Bis(diethyl-2,2-bipyridine-4,4'-dicarboxylate)-2,3-bis(2-pyridyl)pyrazineiridium(III)
hexafluorophosphate, [Ir(deeb),(dpp)l(PF¢);. The complex was prepared by reacting
[Ir(deeb),CL,](PFy) (0.11 g, 0.1 mmol) with 20 times excess of both dpp (0.49 g, 2 mmol)
and TIPF¢ (0.76 g, 2mmol) in 5SmL CH;CN. The mixture was heated to reflux for 18 h
and cooled to room temperature. The mixture was filtered and the solvent from the
filtrate was removed by evaporation. Water, S0 mL, was added, after which 10 mL of
saturated aqueous KPF¢ was added dropwise. The off-white to light tan solids were
recovered by vacuum filtration and purified by elution through a Sephadex LH-20
(hydroxypropylated cross-linked dextran) column with 3:1 CH;CN : ethanol as mobile
phase. The first fraction was collected, the solvent evaporated, and the solids flash
precipitated in diethyl ether using minimal amounts of acetonitrile. Yield was ~20%
(0.29 g, 0.20 mmol). "H NMR (400 MHz, (CD;)>CO): § (ppm) 9.57 (s, 1 H), 9.54 (s, 3 H),
8.90 (d, 1H, J=3Hz), 8.79 (d, 1H, J=6Hz), 8.71 (d, 1H, J=4Hz), 8.61 (d, 1H,
J=6Hz), 8.55 (d, 1H, J=6Hz), 8.51 (d, 1H, /J=7Hz), 848 (d, 1 H, /J=6Hz), 8.43
(d, 1H, J=3Hz), 8.33 (d, 1 H, J=5Hz), 8.19 (m, 6H), 7.72 (m, 1H), 7.67 (d, 1H,
J=9Hz), 449 (m, 8H), 1.37 (m, 12H). ESI-MS (m/z): 342 found and Calcd
[M-3PF]*™.

2.2. Spectroscopy

"H NMR spectra were recorded at room temperature using a 400 MHz spectrometer
(Varian Inova). Sample solutions of the metal complexes were prepared by dissolving
~20 mg of solid in 0.5 mL of deuterated solvent that were sonicated and syringe-filtered
prior to analysis. Electro-spray ionization mass spectra were obtained using an LC-ESI-
TOF spectrometer (Agilent) at room temperature. Calculated mass spectra were
obtained from the Scientific Instrument Services website (Sisweb.com). Electronic
absorption spectra in solution were recorded at room temperature using a diode-array
spectrophotometer (Hewlett-Packard 8452 A) with a 2-nm resolution. All measure-
ments used Burdick and Jackson UV-grade acetonitrile as solvent in l-cm quartz
cuvettes.

Emission spectra were recorded from solid and solution samples at room temperature
using a spectrofluorometer (Photon Technologies International QM-40). The system
contains a high intensity continuous xenon excitation source and a red-sensitive
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photomultiplier tube operating in photon counting mode. Emission is collected in a 90°
geometry with 4-nm resolution. For solid measurements, samples were packed into a
3-mm diameter and 2-mm deep depression in a black fiberglass block. Measurements of
solutions were carried out in 1-cm path length cuvettes. Emission spectra were corrected
for PMT response and normalized.

Lifetimes were measured using a pulsed nitrogen laser at 337nm (Photon
Technologies International). The laser beam was focused at 90° and 45° angles to
solution and solid samples, respectively, using a 60-mm focal length lens. Sample
preparation is the same as used for emission measurements. Emission was collected
through a 75-mm lens, focused through a cut-off or bandpass filter onto a
photomultiplier tube (Photon Technologies International R928) and recorded by
averaging 300 or more laser pulses using a 300 MHz oscilloscope (LeCroy 9361). All
lifetime values were approximated by exponential curve fitting using Origin (OriginLab
Corp.) after subtracting a background signal due to laser scatter from the sample
holder.

2.3. Electrochemistry

Cyclic voltammograms were recorded using a potentiostat (Bioanalytical Systems) with
a platinum wire auxiliary electrode, a 1.9-mm diameter glassy carbon disc working
electrode and a Ag/AgCl reference electrode (0.29V vs. NHE) in one-compartment
cells. Metal complex solutions were prepared using 0.1 mol L™" tetrabutylammonium
hexafluorophosphate (TBAH) in UV-grade acetonitrile (Burdick and Jackson) as
supporting electrolyte.

3. Results and discussion

Figure 1 shows '"H NMR spectra for the newly prepared [Ir(deeb),CL](PFs). Chemical
shift assignments for solvent and residual water were based on published values [22].
The presence of methyl protons at 1.49ppm (t, 6H) and 1.35ppm (t, 6 H), and
methylene protons at 4.60 ppm (q, 4 H) and 4.44ppm (q, 4 H) in [Ir(deeb),Cl,](PFy)
indicate retention of the ester moieties of deeb upon formation of the complex. '"H-'H
COSY NMR spectrum of the complex at the aromatic region is shown in figure 1(c).
The chemical shift at 8.62 ppm is assigned to the proton in the 5 position of the
bipyridine unit because of its correlation with the most downfield proton in the 6
position. The peaks at 7.90 and 8.36 ppm are assigned to the 5 and 6’ protons because
of their correlation with each other as seen in the 'H-'"H COSY spectrum. These
assignments are made to correct previous assignments for the ruthenium and rhodium
analogs [21, 23]. The 1-D and 2-D spectra show multiplets and integration that are
consistent with those reported for [Ir(bpy),Cl,](PF¢) sans the 4 and 4’ protons [24]. The
ESI-MS spectrum in figure 2(a) is consistent with the (M-PF¢)™ ion (863, found
and Calcd).

The 'H NMR spectrum and assignments of [Ir(deeb),(dpp)](PFg);, which are
consistent with those of [Ru(deeb),(dpp)](PFg); [25], are also shown in figure 1. The
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Figure 1. (a) Structures and chemical shift assignments, (b) 1D '"H NMR spectra, and (c) 'H-'H COSY
NMR spectra of aromatic regions of [Ir(deeb),Cl,](PFs) and [Ir(deeb),(dpp)](PF¢); in (CD3),CO, where
deeb = diethyl-2,2-bipyridine-4,4 -dicarboxylate, dpp = 2,3-bis(2-pyridyl)pyrazine (* and ** indicate solvent
and water, respectively).

ESI-MS spectrum in figure 2(b) displays a fragmentation pattern for (M-3PFg)**
(342, found and Calcd).

The electronic absorption spectrum of [Ir(deeb),Cl,](PFy) (figure 3a) displays a deeb
transition at 308nm and a small peak at 402nm assigned to a 'MLCT,
Ir(dw) — deeb(x*), transition. Table 1 compares the spectral properties of
[Ir(deeb),Cl,](PF) with its bpy analog [26]. The absorption maxima are slightly red-
shifted due to electron-withdrawing effect of the ester group, which lowers the deeb 7*
orbital. Excited iridium complexes form metal-to-ligand charge transfer (MLCT) or IL
emissive excited states, depending on the electron density around the metal. If the
ligands are anionic, in the case of halide or cyclometallating ligands, the emissive state
tends to be an MLCT state because there is sufficient charge density on the metal;
otherwise, emission is due to an IL excited state [4, 27]. [Ir(bpy),Cl,](PF), for instance,
has an emissive "MLCT state at 510 nm [26]. Emission spectra of [Ir(deeb),Cl,](PF) in
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Figure 2. Experimental and theoretical mass spectral data for (a) [Ir(deeb),CL](PFs) and (b)
[Ir(deeb),(dpp)](PF¢)s, where deeb=diethyl-2,2'-bipyridine-4,4'-dicarboxylate, dpp = 2,3-bis(2-pyridyl)
pyrazine.
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Figure 3. Electronic absorption and normalized emission spectra at room temperature of

(a) [Ir(deeb),CL](PFs) and (b) [Ir(deeb),(dpp)](PFs); in CH3CN and as solid (deeb=diethyl-2,2-
bipyridine-4,4’-dicarboxylate, dpp = 2,3-bis(2-pyridyl)pyrazine).

figure 3(a) reveal a broad peak with a maximum at 538 nm and a tail that extends
beyond 700nm. The complex in powder form shows a similar spectrum that is
red-shifted with a peak at 567 nm. Other iridium complexes used for organic light-
emitting diodes (OLEDs) and light-emitting electrochemical cells (LECs) show similar
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Table 1. Electronic spectral data for [Ir(deeb),CL](PFs), [Ir(bpy),Cl,J* [26, 31, 32], and
[Ir(deeb),(dpp)](PF¢); at room temperature.

Absorption Emission
Jomax e (x1073
Complex (nm) Lmol’lcm’l) Amax (NM) T (us) @
[Ir(deeb),CL](PFg) 308 28 CH;CN 538 1.71+0.17 0.33
402 3.7 Solid 567 0.354+0.02 -
442 (sh) 2.2
[Ir(bpy)>Cla]™ 290 27 CH;CN 510 0.3444+0.010 0.0066
385 2.8 DMF 547 0.3354+0.015 0.0098
430 (sh) 1.1
[Ir(deeb),(dpp)](PF¢)s 322 34 CH;CN 540 1.23£0.03 0.013
334 32 Solid 599 0.144+0.02 -

shifts [28, 29]. As shown in figure 4(a), the room temperature excited-state lifetime of
[Ir(deeb),CL](PF¢) in acetonitrile is 1.71 £ 0.17 ps, which is longer compared to those of
similar compounds in DMF at room temperature: [Ir(bpy),Cl]", 0.333ps;
[Ir(phen),Cl,]*, 0.324 ps; and [Ir(5,6-Mephen),Cl,]", 0.840 us [30, 31]. A high quantum
yield of emission for [Ir(deeb),Cl,J(PF¢) (M =0.33) was also observed. For
[Ir(bpy)>Cl,]*, the quantum yield is 0.0066 in acetonitrile at room temperature [32].
Both a lower non-radiative rate and a higher radiative rate for [Ir(deeb),Cl,](PFy)
compared to the other compounds lead to a higher quantum yield. The lifetime for the
solid at room temperature displays a single exponential decay profile giving
=0.3540.02 us. Reduction in the lifetime in the solid state may be attributed to
concentration quenching or energy transfer to quenching defects.

Figure 3(b) shows the electronic absorption and emission spectra of
[Ir(deeb),(dpp)](PFs);. The absorption spectrum contains peaks in the UV region
that are similar to those in the spectrum of [Ir(bpy)s]*™ which were assigned as 'z — 7*
transitions from the ligands [33]. The emission spectrum at room temperature contains
a broad band centered at 540 nm, which is red shifted to 599 nm in the solid state.
Luminescence is assigned to relaxation of the *w— 7* excited state, as in [Ir(bpy)s]*"
[33]. The assignment of the emissive state of [Ir(deeb),(dpp)](PFs); was patterned after
[Ir(bpy)s]*" and other tris-chelated iridium compounds which were primarily 7 — 7*
with some *MLCT character according to the work of Demas et al. [33, 34] and those
included in the review of Flamigni et al. [4]. The electron-donating chlorides destabilize
the Ir orbitals providing for MLCT of the lowest lying state. The decay curve of
[Ir(deeb),(dpp)l(PF¢); is shown in figure 4(b) and the lifetime was found to be
1.234£0.03pus and 0.14+0.02pus in acetonitrile solution and in the solid state,
respectively, which is comparable to that of [Ir(bpy);]*™ (2.4 us in methanol [34]) at
room temperature.

Table 2 and figure 5 give electrochemical data for [Ir(deeb),CIl,](PF¢) with those for
analogous compounds [Ir(bpy),Cl,](PFy) and [Ir(dpp),Cl,](PFs) previously reported by
our group [26]. Two reversible reductive couples at —0.72'V and —0.87 V, assigned to
deeb reductions, followed by a two-electron, quasi-reversible iridium reduction at
—1.48 V were observed for [Ir(deeb),Cl,](PFy), consistent with previous reports on the
bpy and dpp analogs. The shoulder at —1.07 V may be attributed to reduction of a
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Figure 4. Lifetime decay curves and residual plots of (a) [Ir(deeb),CL](PF¢) and (b) [Ir(deeb),(dpp)](PFs); in
CH;CN and as solid at room temperature (deeb = diethyl-2,2'-bipyridine-4,4'-dicarboxylate, dpp = 2,3-bis(2-

pyridyl)pyrazine).

Table 2. Electrochemical data for [Ir(deeb),CL](PF¢), [Ir(bpy)>CL](PFs) [26], [Ir(dpp)-CL](PFs) [26], and
[Ir(deeb),(dpp)](PFe); using 0.1 mol L~' TBAH in CH;CN as supporting electrolyte at room temperature.

Complex ES V) ES (V) Ein (V) Assignment
[Ir(deeb),CL](PFg) —0.67 —0.78 —0.72 deeb?~
—0.87 —0.93 —0.87 deeb”
—1.48 I+
[Ir(bpy)>CL](PFs) —~1.10 —-1.25 —1.18 bpy®'~
—1.30 —1.47 —1.39 bpy?~
-2.12 I+
[Ir(dpp),ClL](PF,) —0.80 —0.86 —0.83 dpp”/~
—1.03 —1.09 —1.06 dpp”~
-1.79 I+
[Ir(deeb),(dpp)](PF)s —0.34 —0.42 —0.38 deeb”
—0.49 —0.58 —0.54 deeb”
—0.67 -0.76 —0.71 dpgp";’*
—1.33 I+
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Figure 5. Cyclic voltammograms of (a) [Ir(deeb),Cl,](PFs) and (b) [Ir(deeb)»(dpp)](PF); using 0.1 mol L™!
TBAH in CH3;CN as supporting electrolyte at room temperature (deeb=diethyl-2,2'-bipyridine-4,4’-
dicarboxylate, dpp = 2,3-bis(2-pyridyl)pyrazine).

[Ir(deeb),CI]* species, which could have formed from reducing the starting material and
could clearly be defined at lower scan rates [35].

Less negative reduction values for deeb compared to bpy and dpp as seen in the
electrochemical data for the dichloride complexes imply that deeb is easier to reduce
than the other two ligands. Hence, the first three reductions for [Ir(deeb),(dpp)](PFe)s
at —0.38V, —0.54V and —0.71V are assigned to be deeb®”~, deeb”” and dpp”~
reductions, respectively. Differences in the deeb reduction potentials for
[Ir(deeb),Cl,](PF4) and [Ir(deeb),(dpp)](PF¢); could be due to the differences in the
nature of their excited states which modulate their abilities for electron transfer. In
addition, the chlorides in [Ir(deeb),Cl,](PF¢) are strongly electron-donating, destabiliz-
ing the iridium orbitals making it easier to be reduced in [Ir(deeb),Cl,](PF¢). A shoulder
similar to that in [Ir(deeb),Cl,](PF4) occurs at —0.78 V, which could be attributed to
part of the deeb ligand detaching from the metal to form a [Ir(deeb),(dpp)]*™ species.
Another shoulder at —1.49V appears for [Ir(deeb),(dpp)](PFe)s, a reductive couple
similarly observed for trischelated iridium complexes like [Ir(bpy);]*™ and could be
assigned as reduction of a [Ir(deeb)z(dpp)]lf species [35].

4. Conclusion

[Ir(deeb),ClL](PFg) and [Ir(deeb)>(dpp)](PFs); were synthesized and characterized. 'H
NMR data were consistent with previously reported rhodium and ruthenium analogs
with assignments confirmed by 'H-'H COSY spectroscopy. Electronic absorption
spectra of both complexes show ligand '7 — 7* and '"MLCT transitions in the UV and
visible regions. Emission spectra of [Ir(deeb),Cl,](PF4) and [Ir(deeb),(dpp)](PF¢); in
solution and as solids show green emission from the *MLCT and *7 — 7* states,
respectively. [Ir(deeb),Cl,](PF¢) has a quantum yield that is unusually higher than those
of similar bipyridyl compounds. The microsecond lifetimes make them suitable as
energy transfer donors to suitable acceptors and as components for OLEDs and LECs.
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The ester linkages on deeb provide for covalent coupling to metal oxide surfaces to
investigate the properties of these systems on surfaces.
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