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A redox active 2-aza-anthraquinone unit was conjugated with
1,10-phenanthroline chelating units to give a dimetallic Ir(m)
complex. The complex shows ‘switch on’ luminescence upon
reduction of the azaanthraquinone bridge in turn revealing a
highly visual colourimetric response.

The redox behaviour of anthraquinones (Scheme 1) attracts
significant attention from researchers working in diverse
fields. For example, anthraquinones have been investigated in
the development of electrochemical sensors for DNA' and
c-reactive protein,” in ionic liquid based electrochemical
sensors for H,0,,* in thin film electrodes for reversible CO,
capture,” and more recently in battery research,” including
aqueous flow batteries.® The electronic properties of substi-
tuted anthraquinones also have a rich history in optical appli-
cations (anthraquinones were historically used as dyes and col-
ourants in the textile industry’), including as components of
colourimetric sensors® for a variety of analytes;’ a number of
studies detail metal ion coordination in anthraquinone
species."’

Anthraquinones with amine substituents can display intra-
molecular charge transfer (ICT) absorption properties through-
out the visible region (the position and number of amine substi-
tuents can tune the ICT band).'® These optical properties are
particularly attractive for colourimetric sensing applications.

Our ongoing interest in anthraquinone species relates to
the subtle interplay between redox and optical properties, and
the opportunities afforded by anthraquinones in the develop-
ment of functional molecules. Specifically, we wanted to inves-
tigate the chemistry of 2-aza-anthraquinones (Scheme 1) in the
development of colourimetric, redox-responsive compounds.
Herein we report the design of a dimetallic Ir(u) complex that
is bridged by a redox-active 2-aza-anthraquinone core. The
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2-aza-anthraquinone bridged dimetallic assembly
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resultant species demonstrate a redox-responsive, colouri-
metric and switch on luminescence behaviour in the visible
region (Scheme 2). It is noteworthy that redox responsive
probes are important in biological disciplines'! where a fluctu-
ating cell redox environment can help regulate cell cycle
functions.

The context for the current work is provided by previous
studies on Ru(u) polypyridine complexes functionalised with
quinone™ or anthraquinone'* moieties. These studies were
motivated by interest in photoinduced electron transfer (PeT)
processes and resultant charge separated states: PeT from the
triplet metal-to-ligand charge transfer (*MLCT) excited state of
the Ru(u) unit to the accepting (anthra)quinone moiety can be
energetically favourable. The extent of *MLCT quenching has
been shown to be dependent upon the specific molecular
structure of the assembly. Further, an ability to modulate the
PeT quenching process, as demonstrated in a related Ru(u)
complex, is a route to a tangible biological application
focussed upon the study of hypoxia.

Scheme 1 Molecular structures of anthraquinone and the 2-aza-
anthraquinone.
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Scheme 2 Cartoon representation of the redox response of the 2-aza-
anthraquinone bridged dimetallic complex.
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The target of the current work was to develop a molecule
capable of a dual response to redox conditions, combining col-
ourimetric and luminescent outputs.

Firstly, a new bridging ligand was synthesised (see SI for
details) by heating two equivalents of 5-amino-1,10-phenan-
throline with 5,8-difluoro-2-aza-anthraquinone in dry THF in
the presence of excess NaH (Scheme 3). Over the course of
three days a blue-coloured precipitate slowly formed and fol-
lowing filtration and chromatographic purification, a dark tur-
quoise air stable powder, L1, was obtained in modest yield.

As the 2-aza-anthraquinone and 1,10-phenanthroline
(phen) components are unsymmetrical, '"H NMR spectroscopy
was especially helpful to confirm the formation of the ligand. The
furthest downfield signal was assigned to the NH resonances,
which appeared as a coincident peak ca. 12.75 ppm (Fig. S1). A
singlet resonance ca. 9.8 ppm was assigned to the 1-position
of the 2-aza-anthraquinone. HRMS identified the [M + H]" and
[M + 2HJ" ions at m/z = 596.1833 and 298.5957, respectively,
while IR spectroscopy revealed the C=O stretches at 1562 and
1589 cm™" (typical of diamino substituted anthraquinones'® and
shifted from 5,8-difluoro-2-aza-anthraquinone at 1676 cm™') as
well as a broad N-H stretch at 3381 cm ™" (Fig. S2).

The solid-state structure of L1 was categorically elucidated
from single crystal X-ray diffraction (using dark blue, block-
shaped crystals obtained from the diffusion of 'Pr,O into a
CHCIl; concentrate of L1). The data (Fig. 1) confirmed the
expected structure and showed a torsional twist about the
amine linkers that positions the 1,10-phenanthroline units out
of the plane defined by the 2-aza-anthraquinone. Two intra-
molecular hydrogen bonding interactions are evident between
the NH and C=0 groups within each independent molecule.
Data collection parameters are shown in Table S1, SI.

Complexation of L1 investigated using [Ir
(ppy)2(MeCN),]PF, *7 (where ppy = 2-phenylpyridine) to give
the homo bimetallic complex Ir2-L1 (Scheme 3). The 'H NMR
spectrum initially obtained at 293 K showed no evidence for
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Scheme 3 Synthetic route to the 5,8-diamino-2-aza-anthraquinone
bridged ligand, L1 and the corresponding complex Ir2-L1.
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Fig. 1 X-ray crystal structure of L1 (hydrogen atoms, and solvent of
crystallisation removed; ellipsoids presented at 50% probability) showing
the two independent molecules of the asymmetric unit.

free ligand, but was difficult to interpret due to the broadness
of the resonances. A subsequent spectrum obtained at 353 K
(in d6-DMSO) was more defined and well resolved (Fig. S3).
The NH resonances now appeared as two distinct singlets at
12.3-12.4 ppm, and the characteristic singlet for the 1-position
of the 2-aza-anthraquinone was clearly observed at 9.6 ppm.
The other aromatic resonances associated with ppy and phen
components were typically overlapping, but noted with the
correct integrals. HRMS identified the doubly charged parent
ion with an isotopic pattern that matched the theoretical dis-
tribution (Fig. 2). The IR spectrum confirmed the presence of
the 2-aza-anthraquinone based carbonyl stretches around
1570-1600 cm ™" consistent with L1 (Fig. S4).

As there is little literature on the electrochemical properties
of 2-aza-anthraquinones, the redox properties of L1 and Ir2-L1
were compared to a relevant model compound, 5,8-bis
(anilino)-2-aza-anthraquinone (see SI for details of its syn-
thesis and full characterisation, Fig. S5-S7, including X-ray
structure) and studied using cyclic voltammetry. Initially, the
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Fig. 2 Electrospray (positive), high resolution mass spectrum for Ir2-L1
showing the cluster of peaks corresponding to the 2+ parent ion (inset
provides comparison to the theoretical prediction).
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cyclic voltammogram of 5,8-difluoro-2-aza-anthraquinone
showed two reversible features at —1.02 and —1.48 V (vs. Fc/Fc"
= 0 V). The analogue of L1, 5,8-bis(anilino)-2-aza-anthraqui-
none, was then analysed and the first of these two reduction
features was shifted to —1.18 V with a second feature around
—1.55 V. Firstly this is closely comparable to amine substituted
anthraquinones,'® and secondly, is consistent with the 2-aza-
anthraquinone becoming harder to reduce once the electron
withdrawing fluorine groups have been replaced with aryl
amine substituents. There was also an irreversible oxidation
ca. +0.65 V, which is absent in 5,8-difluoro-2-aza-anthraqui-
none and was therefore tentatively assigned to oxidation of the
secondary amine (cf, diphenylamine)."® The electrochemical
data for L1 was very similar to 5,8-bis(anilino)-2-aza-anthraqui-
none and therefore the two reversible reduction features noted
for L1 can be attributed to 2-aza-anthraquinone localised
redox processes (Fig. S8).

As expected, the cyclic voltammogram for Ir2-L1 showed
several overlapping contributions to the reduction waves (Fig. S9).
The first reduction for Ir2-L1 appeared at —0.93 V respectively and
was not fully reversible, and tentatively assigned to a 2-aza-anthra-
quinone based process. This is consistent with complexation to Ir
(m) that reduces the donating ability of the bridging amine
groups and therefore the 2-aza-anthraquinone becomes easier to
reduce. A further reduction feature is evident around —1.25 V (a
ppy reduction is expected at more negative potentials*’). In the
anodic region, Ir2-L1 showed two oxidation process at +0.61 and
+1.0 V both of which were completely irreversible; these were
assigned to the secondary amine group (¢f data for L1) and an
1% process, respectively, and indicate electrochemical instabil-
ity upon oxidation (Fig. S10).

The UV-vis absorption spectrum of L1 (Fig. 3, inset) showed
a strong and broad absorbance at 500-700 nm which can be
attributed to a spin-allowed (¢ ~ 10000 M~' c¢cm™') intra-
molecular charge transfer (ICT) transition localised on the
amine-substituted 2-aza-anthraquinone core (a similar band
was noted for 5,8-bis(anilino)-2-aza-anthraquinone - see SI).
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Fig. 3 UV-vis spectrum of Ir2-L1 (MeCN). Note that 2-aza-anthraqui-

none ICT absorption dominates at 500-750 nm. Free ligand (L1) shown
inset.
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Additional absorption bands at 408, 344 and 267 nm are likely
to be allowed n — =* transitions located within the 2-aza-
anthraquinone and phen fragments.

Upon complexation with Ir(u), the ICT of L1 is added to the
expected spin-allowed 'LLCT/'MLCT features that contribute
at 380-475 nm, consistent with [Ir(ppy),(N*N)]" type com-
plexes;>* higher energy, overlapping, ligand-centred = — n*
transitions are also evident for this Ir(m) species. The wave-
length complementarity of the visible absorption bands
(Fig. 3) therefore provides the basis for the colourimetric
response to redox state which is discussed later.

Photoluminescence studies on Ir2-L1 showed that upon
excitation (380 nm) in the "LLCT/"MLCT region no observable
emission was noted, which can therefore be attributed to very
efficient quenching of the *MLCT excited state. As noted
earlier, quinone type moieties can act as efficient quenchers of
*MLCT excited states via thermodynamically favourable intra-
molecular electron transfer.

Since [Ir(ppy)2(N"N)]" species are well-known excited state
reductants (as well as oxidants), it is highly likely that PeT to
the reducible 2-aza-anthraquinone unit is also feasible for Ir2-
L1. The free energy of PeT (in eV) can be derived from AGper =
E15(D°/DY) — Ey,(A°/A7) — Eo_o (Where E;,(D°/D") is the oxi-
dative potential of the donor; E;,(A°/A7) is the reduction
potential of the anthraquinone acceptor; E,, is estimated
from the *MLCT emission profile in eV). For Ir2-L1 the calcu-
lated value is estimated to be ca. —0.3 eV, and closely mimics
the behaviour of previously reported Ru(u)/(anthra)quinone
dyads.****

Having identified the electrochemical reduction features of
Ir2-L1, UV-vis spectroscopy was then utilised to probe the
optical ramifications of chemical reduction via the absorbance
characteristics of Ir2-L1. NaBH, was selected as a relatively
mild reducing agent (redox potential of —1.24 V vs. SHE at pH
14) and Fig. 4 clearly shows that sequential addition of a solu-
tion of NaBH, in isopropanol to a methanol solution of Ir2-L1
leads primarily to a diminution of the longest wavelength ICT
band. This is consistent with a reduction process that is 2-aza-
anthraquinone localised since the loss of the electron deficient
quinone core will deactivate the ICT transition. Spectrally this
leads to a bleach of the 2-aza-anthraquinone ICT band
between 500-700 nm. The colourimetric impact of this absor-
bance change is profound and shown in Fig. 5, whereby the
reduced complex is yellow in appearance and evidently dis-
tinguishable from the native species (turquoise green) and free
ligand (dark blue). The luminescence properties of Ir2-L1 were
then investigated under reducing conditions and showed a
very clear switch on of the visible luminescence signal at
590 nm (observed lifetime 70 ns). While quite short (note that
BH,™ can also act as an excited state quencher), this lifetime
value is still consistent with a phosphorescent *MLCT emis-
sion; the related complex [Ir(ppy),(bipy)]" has a lifetime of 275
ns in aerated MeCN.?" It is noteworthy that superimposition of
the absorbance spectrum of Ir2-L1 and the emission spectrum
of the reduced form of the complex demonstrate excellent
overlap between the ICT and the *MLCT bands, which may

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Main: UV-vis spectra of the complexes showing the effect of
adding NaBH, to Ir2-L1 (107> M methanol). Inset: ‘switch on’ 3MLCT
luminescence (iex = 380 nm) following reduction of Ir2-L1.

L1 Ir2-11

Ir2-L1 (reduced)

Fig. 5 Photograph showing the strong colour variance of methanol
solutions associated with the free ligand, the Ir(n) complex and the
reduced form of the complex (far right).

indicate that an energy transfer quenching pathway (spectral
overlap integral calculated®” as 2.8 x 107 nm* M™' em™) is
also viable for this system.

In summary, this study has shown that judicious choice of
optically active molecular components can be assembled to
give dual colourimetric and modulated luminescent output
depending upon the redox environment. Future studies could
consider the use of such compounds in sensing thin films
where Ir(m) complexes have already shown great promise.>® In
that context, it will also be important to ascertain the redox
cycling ability, and long-term stability, of the complex
described herein. Given the well-established photophysical
advantages afforded by phosphorescent metal complexes in
bioimaging,** there will also be opportunity to scrutinise the
biological application of such systems.

Conflicts of interest

There are no conflicts to declare.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Communication

Data availability

Data supporting this article have been included as part of the
Supplementary information (SI). Supplementary information:
experimental procedures, additional spectra, cyclic voltammo-
grams and data collection parameters for X-ray crystallography.
See DOI: https://doi.org/10.1039/d5dt02287h.

CCDC 2281059 (L1) and 2281060 (5,8-bis(anilino)-2-aza-
anthraquinone) contain the supplementary crystallographic
data for this paper.?>*?
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