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A B S T R A C T   

Inspired by the primary events that take place in Photosystem II (PSII), we designed and synthesized a hetero-
leptic Ir(III) complex featuring an attached naphthoquinone (NQ) as an electron transfer (ET) auxiliary remi-
niscent of the plastoquinone electron acceptor in PSII. In this design, NQ is covalently attached to the 2,2′- 
bipyridyl (bpy) ligand of [Ir(dF(CF3)ppy)2(bpy)][PF6], (dF(CF3)ppy = 2-(2,4-difluorophenyl)-5-(trifluoromethyl) 
pyridine). Following excitation of the photocatalyst ([Ir(dF(CF3)ppy)2(bpy-NQ)][PF6]), reduced NQ (NQ•‒) was 
observed in transient absorption spectroscopy. This novel catalyst has potential applications in oxidative and 
reductive photocatalytic processes.   

1. Introduction 

Electron transfer (ET) reactions are ubiquitous processes in nature 
and technology. The importance and intricacy of ET reactions in nature 
have inspired their investigation in simplified model systems [1,2]. Such 
model systems continue to be important in the development of artificial 
photosynthetic systems containing electron donor-acceptor moieties as 
well as light-harvesting antennas and photoprotective features to 
explore in detail the combination of factors that nature uses to harvest 
and store solar energy. In this context, one of the widely explored ap-
proaches is the use of covalently linked chromophore-electron donor--
acceptor systems [1–8]. Also, a large variety of chromophore-electron 
acceptor complexes based on transition-metal and non-innocent quino-
ne-related ligands have been reported. O-quinones and their reduced 
forms can chelate metals through the adjacent oxygen atoms behaving 
as bidentate catechol ligands. Such systems are the focus of research due 
to their interesting redox, photophysical, and photochemical properties 
[9–26]. 

Another method of mimicking nature’s elementary ET processes is by 
coordinating a quinone to an (N^N) bidentate ligand (e.g. bipyridine, 
bpy) in a metal complex. A series of ruthenium(II) polypyridyl com-
plexes having a covalently attached benzoquinone (BQ) [27], anthra-
quinone (AQ) [28–32], or a fused quinone-type system[33,34] have 
been prepared and characterized. In these dyads, the photoinduced ET 
mechanism was investigated and initial assessment of driving-force, 

solvent polarity, and influence of hydrogen bonding on the overall 
photoinduced ET process was evaluated [27–34]. 

Heteroleptic [Ir(C^N)2(N^N)]+ complexes, where C^N is a cyclo-
metalating 2-phenylpyridyl (ppy) ligand and N^N is a 1,2-diimine 
ancillary ligand (e.g. bpy), are well-known constructs (example in 
Chart 1, compound 1) due to their modular synthesis, enhanced pho-
tostability, and long-lived triplet excited states [35–38]. The cyclo-
metallated ligands generate a large ligand-field splitting, resulting in 
significant variability in the emission of reported Ir(III) complexes [39]. 
Moreover, the photophysical properties of the heteroleptic iridium 
complexes can be synthetically engineered. Tuning the HOMO and 
LUMO energies and consequently modifying the gap between them is 
possible through incorporation of substitutions on the cyclometalating 
and/or ancillary ligands [38,40,41]. 

Additionally, a triad comprised of a triarylamine electron donor, Ir 
(III) photosensitizer and AQ electron acceptor has been studied [31,42]. 
A charge-separated state with a lifetime in the microsecond regime was 
observed [31]. Excited state lifetimes of Ru(II)-AQ dyads, as measured 
by time-resolved luminescence experiments, were in the same range 
[30]. 

In this report, we describe the design, synthesis, electrochemical, and 
preliminary photophysical observations of a novel heteroleptic Ir(III) 
complex having a naphthoquinone (NQ) covalently attached to the 
ancillary bpy ligand. This dyad, [Ir(dF(CF3)ppy)2(bpy-NQ)][PF6] (2) is 
shown in Chart 1, together with a reference Ir(III) complex lacking the 
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NQ moiety, [Ir(dF(CF3)ppy)2(bpy)][PF6] (1). Reports regarding poly-
pyridyl iridium photocatalysts having attached quinone moieties are 
limited with little electrochemical and photophysical characterization 
[43]. Upon excitation of the Ir(III) complex 2 ET generates a long-lived 
state with the negative charge on the NQ moiety (NQ•–). Preliminary 
results of time resolved emission and absorption spectroscopies indicate 
that this long-lived state is probably formed in a bimolecular process. 
This photocatalyst would feature the reducing and oxidizing centers on 
different catalytic molecules and could be further developed for use in 
photocatalytic redox processes. 

2. Results and discussion 

2.1. Synthesis of complex 2 

The synthesis of dyad 2 is shown in Scheme 1, divided into the 
construction of the substituted bpy ligand (Scheme 1-A), followed by 
complexation with the iridium precursor and final oxidation to obtain 2 
(Scheme 1-B). Starting with methyl 5,8-dimethoxy-2-naphthoate (A) 
under basic conditions, the corresponding methyl ester hydrolysis was 
achieved. Naphthoic acid B was isolated in excellent yield (90%). 
Employing a direct amidation reaction (EDCI and DMAP in CH2Cl2) 
[44], bipyridine amide D was obtained in good yield (76%) by the re-
action of acid B and commercially available bipyridine amine C 
(Scheme 1-A). 

Amide D was used as a ligand in the complexation with Ir(III) pre-
cursor E under previously reported conditions[45,46] to obtain com-
pound F, still with the protected naphthoquinone as a 
dimethoxynaphthalene. Final oxidation of F yields the desired target 
molecule 2 employing CAN (ceric ammonium nitrate) [47]. Ir(III) 
photocatalyst 2 was isolated with 58% yield for the final two steps 
(complexation and oxidation, Scheme 1-B). Other synthetic alternatives 
were explored with the prior oxidation of bipyridine derivative D 

followed by a complexation process, but poor yields and purification 
issues were observed. The complete synthetic procedure and NMR 
characterization of all intermediates (B, D, and F) and final complex 2 
are provided in the Supporting Information (SI), Sections 1-2. 

2.2. Electrochemical characterization 

To evaluate the feasibility of the photoinduced ET processes, an ac-
curate assignment of the electrochemical behavior of photocatalyst 2 is 
needed. Cyclic voltammetry (CV) is a useful technique to measure the 
redox potentials of different redox-active moieties within the photo-
catalyst. The CV of 2 has been performed in degassed acetonitrile 
(CH3CN) solution using tetrabutylammonium hexafluorophosphate 
(TBAPF6, 0.1 M) as supporting electrolyte. Midpoint potentials (E1/2) for 
all the compounds studied were determined as the average of anodic and 
cathodic peak potentials (E1/2 = (Epa + Epc) / 2) and are summarized in 
Table 1. The corresponding assignments are based on comparison with 
data obtained for reference compounds 1[48] (the photocatalyst 
without the appended NQ) and NQ under the same conditions. 

The electrochemical study of 2 is shown in Fig. 1, highlighting the 
window between − 1.5 V to +2.0 V vs Fc+/0 in panel A and the larger 
reduction window (E > − 2.3 V vs Fc+/0) in panel B. Additionally, the 
complete CV is shown in Fig. S11 combined with the CV of model NQ. 
The CV of 2 (Fig. 1-A, Table 1), shows the one-electron oxidation of the 
metal center (IrIV/IrIII redox couple) at 1.34 V vs Fc+/0 (ΔEp = 90 mV). In 
the case of the photocatalyst reference 1, lacking the NQ moiety, this 
oxidation is observed at 1.35 V vs Fc+/0 (ΔEp = 80 mV, Fig. S11) [41]. 
These results suggest that modification of the bpy ligand with the 
attached NQ does not affect the IrIV/IrIII redox couple. 

In contrast to the anodic region, the cathodic portion of the CV is 
more complex because several reductions occur (Fig. 1-B). The intricacy 
of the reduction behavior results from the multiple reduction processes 
involving the NQ, the bpy, and the ppy. Many examples of ruthenium 

Chart 1. Molecular structures of [Ir(dF(CF3)ppy)2(bpy)][PF6] (1, reference compound) and [Ir(dF(CF3)ppy)2(bpy-NQ)][PF6] (2, target molecule).  

Scheme 1. General synthetic scheme for preparation of [Ir(dF(CF3)ppy)2(bpy-NQ)][PF6] (2). A) Synthesis of bpy ligand D. B) Complexation and oxidation to achieve 
compound 2. 
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complexes bearing AQ moieties show similar complexity in their 
reduction profiles [28,30]. However, it is possible to assign the redox 
wave occurring at − 1.07 V vs Fc+/0 (ΔEp = 70 mV) in 2 to the NQ/NQ•‒ 

redox couple (Fig 1. and Table 1). Additionally, more negative processes 
could be tentatively assigned to the reduction of the bpy ligand (bpy0/–, 
cathodic peak at ~ − 1.59 V vs Fc+/0), the second reduction process of 
the NQ (NQ•‒/NQ2− , redox wave at − 1.71 V vs Fc+/0 (ΔEp = 100 mV)) 
and the ppy moiety (dF(CF3)ppy− /2− , reduction wave at − 1.93 V vs 
Fc+/0 (ΔEp = 70 mV), Fig. S11). This proposed assignment is based on 
both models, compound 1 and NQ (Table 1), and on previously reported 
data [48–50]. 

2.3. Steady state absorption and emission 

Steady state absorption and emission data for both photocatalysts 1 
and 2 are shown in Fig. 2 and summarized in Table 2. Both complexes 
demonstrate similar steady-state absorption and emission features 
except for notable emission quenching in 2. Photocatalysts 1 and 2 
demonstrate π→π* transitions in the UV, with maxima at 265 and 275 
nm, respectively. Both photocatalysts have lowest energy transitions 
centered around 400 nm assigned to an Ir(d)→ppy(π*) metal-to-ligand 
charge transfer (1MLCTppy) transition that is sometimes called a ligand 
centered (LC) ppy π→π* transition because there is significant molecular 
orbital mixing between the metal and ppy ligand in the HOMO [35]. 
Rapid intersystem crossing produces the corresponding triplet 
(3MLCTppy) excited state. 

Depending on ligand environment, similar heteroleptic Ir(III) com-
plexes emit either from the 3MLCTppy state or undergo a ppy(π*)→bpy 
(π*) ligand-to-ligand charge transfer (LLCT) to generate an emissive 

3MLCTbpy state [41]. Photocatalyst 1 emits from the 3MLCTppy state 
[48]. Emission quantum yields of photocatalysts 1 and 2 upon λirr = 400 
nm in CH3CN were determined relative to Ir(ppy)3 (Φ = 0.97 in MeTHF) 
[48]. The similarity in emission spectra between 1 and 2 suggests both 
photocatalysts emit from the same 3MLCTppy state. The decrease in the 
emission quantum yield from Φ = 0.87 for 1 to Φ = 0.20 for 2 indicates 
significant quenching by the bpy ligand bearing the quinone substituent, 

Table 1 
Electrochemical data for complex 2 and model compounds (1 and NQ).  

Compounds E1/2
a/V (ΔEp

b/mV) 
IrIII/IV NQ/NQ•‒‒ NQ•‒‒/NQ2¡ bpy0/– dF(CF3)ppy¡/2¡

Complex 2 1.34 (90) − 1.07 (70) − 1.71 (100) ~ − 1.59d − 1.93 (70) 
Complex 1c 1.35 (80)   − 1.64 (60) − 2.04d 

NQ  − 1.07 (70) − 1.71 (100)    

a Half-waves potential in degassed CH3CN, 0.1 M TBAPF6 vs Fc+/Fc. 
b ΔEp measured at ν = 100 mV s− 1. 
c Data extracted from Ref [48]. 
d Irreversible cathodic peak. 

Fig. 1. A) Cyclic voltammogram of 2 recorded at potentials greater than the switching potential − 1.37 V vs Fc+/0. B) Cyclic voltammogram of 2 in the cathodic 
region recorded at potentials greater than the switching potential − 1.37 V vs Fc+/0 (dashed blue line) and greater than − 2.07 V vs Fc+/0 (solid blue line). Exper-
imental conditions: 1 mM of the photocatalyst 2, 0.1 M TBAPF6 supporting electrolyte in degassed CH3CN. WE: glassy carbon. Pseudo RE: Ag wire (ferrocene as 
internal reference). CE: Pt wire. Scan rate, 100 mV s− 1. 

Fig. 2. Electronic absorption (abs) and emission (em) of complexes 1 and 2 in 
CH3CN, λirr = 400 nm. 
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indicating an additional relaxation pathway from the 3MLCTppy excited 
state is available for 2. As discussed below, the additional pathway is 
assigned to ppy(π*)→bpy(π*) LLCT followed by complex, and at this 
preliminary stage unassigned to electron transfer processes, to form a 
long lived NQ•‒. The formation of a long lived species from a biomol-
ecular process implies there must be the concomitant formation of a 
complex with Ir(IV). Unfortunately, this species is not detected because 
there is no definitive spectroscopic signature in the transient absorption 
spectrum for the conversion of Ir(III) to Ir(IV). 

2.4. Density functional theory calculations 

The electronic structure of photocatalyst 2 was investigated with 
qualitative density functional theory (DFT) calculations using the 
Gaussian 16 software package [48]. Calculations were performed using 
the wB97XD functional with a 6–311G+(d,p)/LanL2DZ (Ir) split basis 
set in a polarizable continuum solvent model (PCM, CH3CN). Func-
tionals containing dispersion and long-range corrections, like wB97XD, 
are better suited to handle the modeling of charge-transfer processes[51, 
52] and the chosen basis sets have been employed in computational 
studies of other iridium complexes [41,48]. 

In line with other heteroleptic [Ir(C^N)2(N^N)]+ complexes, these 
calculations showed the HOMO predominantly composed of the Ir(III) 
d orbitals and π orbitals on the cyclometalated ligand (Fig. S12). In 
contrast, the LUMO is calculated to be largely π* orbitals on the 
appended quinone moiety (Fig. S13). The position of the LUMO is 
consistent with the quinone being easier to reduce than the bipyridine 
(see Electrochemical Characterization, Section 2.2). Charge separation 
in the triplet excited state of the complex would produce an intra-
molecular 3CSS with an oxidized metal center and reduced quinone. The 
generated spin density plot of the optimized geometry of the triplet state 
of 2 illustrates this charge separation, with spin density localized on 
both the Ir center and cyclometalated ligand, as well as on the quinone 
(Fig. S14). 

2.5. Visible transient absorption measurements 

In preliminary experiments, the photophysics of photocatalyst 2 
were explored with visible transient absorption spectroscopy. All tran-
sient absorption experiments were performed in deoxygenated ~0.2 
mM solution in CH3CN with excitation centered at λirr = 400 nm. 

Excitation of 2 produces an excited state species with absorption at 
485 nm similar to the excited state absorption reported for 1 [53]. After 
~1 microsecond the excited state absorption spectrum is clearly 
discernable from spectra at earlier times (Fig. S15) and persists essen-
tially unchanged, except for a decay in intensity, for hundreds of mi-
croseconds (Fig. 3-A). This long-lived feature strongly resembles the 
spectroelectrochemical reduction of the NQ ligand (Fig. 3-B). In 
contrast, the longest-lived transient species in 1 is the 3MLCTppy state 
with a lifetime of 2.8 μs [48,53,54]. 

Due to its exceptionally long lifetime, unprecedented for an intra-
molecular charge-separated state [2,55], the spectrum observed at long 
times is tentatively assigned to a bimolecular charge-separated species 
arising from electron transfer from the 3MLCTbpy state or from the 
intramolecular charge separated state (Ir(IV)bpyNQ•–) to a neighboring 
ground state molecule of 2 in a diffusion-control process. The bimolec-
ular process involved in the decay requires the resulting ions bearing the 
Ir(IV) metal and NQ•− moiety diffuse through solution before charge 
recombination, extending the time for the NQ•− species to hundreds of 
microseconds. Additional transient absorption experiments including 
solvent, concentration- and laser-power dependence studies are needed 
to further characterize charge separation and recombination [56,57]. 

3. Conclusions 

A bioinspired, heteroleptic Ir(III) complex with an attached NQ has 
been synthesized, electrochemically characterized and the formation of 
a long-lived charge separated species observed. The synthesis of [Ir(dF 
(CF3)ppy)2(bpy-NQ)][PF6] (2) involves the construction of the 
substituted bpy with the protected NQ, followed by complexation and 
oxidation to achieve the target complex in good overall yield. Electro-
chemical characterization of 2 showed that the covalently attached NQ 
does not affect the IrIV/IrIII redox couple, and the complex reduction 
profile can be understood based on the redox properties of known model 
compounds. 

The emission quantum yield of 2 is quenched compared to the 
reference complex without the attached NQ. Transient absorption 

Table 2 
Summary of emission properties of 1 and 2 in CH3CN upon λirr = 400 nm.  

Complex λem / nm Φ 

1 480, 505 0.87 
2 480, 505 0.20  

Fig. 3. (A) Transient absorption spectra of 2 in CH3CN upon λirr = 400 nm. Spectrum at 100 microseconds from 2D graph (Fig. S15). (B) Visible spectroele-
trochemistry spectrum of 2 in 0.1 M TBAPF6 /CH3CN upon − 0.6 V vs Ag+/Ag (~1 V vs Fc+/Fc) applied potential. 
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measurements indicate that excitation of 2 results in the formation of a 
charge-separated state where the negative charge is localized on an NQ 
moiety. The long-lived, charge-separated state is most likely produced 
bimolecularly, involving an initially formed intramolecular 3MLCTbpy 
state or from the intramolecular chargeseparated state (Ir(IV)bpyNQ•–) 
and a ground state complex. The possibility that those states are 
involved in a bimolecular process at the low concentrations of the 
catalyst on the microsecond time scale is a good predictor for the 
involvement of catalyst 2 in initiating redox processes, which require a 
collision complex formed by a “photo activated” catalyst molecule and a 
substrate molecule at much higher concentration. Synthetically useful 
photocatalytic reactions such as olefin hydroamination [58], alkene 
carboamination [59], ketyl-olefin cyclization [60], among others [61]. 
can be imagined. Furthermore, 2 opens the door to the synthesis of 
substituted quinones having hydrogen-bonded proton donors, a feature 
that would promote proton-coupled electron transfer (PCET) processes. 
In a recent study, such a strategy has proven effective in improving the 
quantum yield of a photoreductive process [48]. 
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