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/Abstract: As a novel rylene type dye a diimine ligand with a
fully rigid and extended m-system in its backbone was pre-
pared by directly fusing a 1,10-phenanthroline building
block with 1,8-naphthalimide. The corresponding heterolep-
tic ruthenium photosensitizer bearing one biipo and two
tbbpy ligands was synthesized and extensively analyzed by
a combination of NMR, single crystal X-ray diffraction,
steady-state absorption and emission, time-resolved spec-
troscopy and different electrochemical measurements sup-
ported by time-dependent density functional theory calcula-
tions. The cyclic and differential pulse voltammograms re-
vealed, that the naphthaloylenebenzene moiety enables an

additional second reduction of the ligand. Moreover, this
ligand possesses a very broad absorption in the visible
region. In the Ru" complex this causes an overlap of ligand-
centered and metal-to-ligand charge transfer transitions. The
emission of the complex is clearly redshifted compared to
the ligand emission with very long-lived excited states life-
times of 1.7 and 24.7 ps in oxygen-free acetonitrile solution.
This behavior is accompanied by a surprisingly high oxygen
sensitivity. Finally, this photosensitizer was successfully ap-
plied for the effective evolution of singlet oxygen challeng-
ing some of the common Ru" prototype complexes.

/

Introduction

The capture, storage and usage of solar light for light-driven
reactions in organic synthesis'"™ and for the production of
solar fuels®™® or singlet oxygen ('0,) is of strongly increasing
importance.”'? As '0, is one of the most relevant reactive
oxygen species (ROS) for photodynamic therapy (PDT), there is
a great need for effective singlet oxygen generating chromo-
phores.*'¥ This requires the design of efficient and stable
photosensitizers with suitable redox potentials and excited
state lifetimes. Moreover, for some applications (e.g., the re-
duction of protons to hydrogen) photosensitizers are desired
that are able to store multiple charges."”-*? In this context es-
pecially Ru" polypyridine complexes containing an additional
electron storage moiety at the diimine ligand have been exten-
sively studied.'"'%2%224 For instance, different types and
number of methyl viologen, anthraquinone, naphthalimide or
pyrene derivatives had been introduced as an additional sub-
stituent to 2,2-bipyridine (bpy) or 1,10-phenanthroline
(phen).[23’27'28]
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The integration of donor-acceptor units like naphthalene di-
carboxylic acid monoimide (NMI) or other rylene derivatives
enabled easy synthetic access to photosensitizers with high
thermal and (photo)chemical stabilities and to adapt the pho-
tophysical as well as electrochemical properties of the chromo-
phores in a wide range. In addition, rylene dyes often provide
high fluorescence quantum yields, large extinction coefficients
over a broad spectral range and the option to store multiple
electrons.”>> The usage of related dyes like naphthalene tet-
racarboxylic acid bisbenzimidazole (perinone) allows for low
energy gaps and light absorption over a wide range.?**¥ How-
ever, due to their low solubility, these ligand systems received
only limited attention.*-3¥

In contrast to the extension of the m-system of the diimine
ligand by different substituents, the main aim of this study
was the direct integration of a naphthaloylenebenzene unit in
the backbone of the 1,10-phenanthroline ligand (Figure 1) to
obtain a fully conjugated and rigid ligand. It is expected that
this modification not only affects the redox behavior, but also
the charge transfer processes and efficiency. To this end, 16H-
benzo[4’,5'lisoquinolino[2’,1":1,2]imidazo[4,5-f]-[1,10]-phenan-
throlin-16-one  (biipo) and its heteroleptic Ru" complex
[(tbbpy),Ru(biipo)]*™ (Rubiipo, with tbbpy =4,4'-tert-butyl-2,2'-
bipyridine) were prepared and analyzed (including single crys-
tal X-ray diffraction (XRD)) for the first time (Figure 1). Cyclic
and differential pulse voltammetry were used to evaluate the

Rubiipo

Figure 1. Schematic representation of a Ru" photosensitizer containing an
additional electron storage (ES) moiety (left) and the structure of Rubiipo in-
vestigated in this study (right). The biipo ligand is depicted in black.
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effect of the internal electron storage on the redox chemistry.
A combination of steady-state and time-resolved emission
spectroscopy along with transient absorption spectroscopy
and (time-dependent) density functional theory (TD-)DFT calcu-
lations were then used to explore the photophysical properties
and charge-transfer processes. Moreover, Rubiipo was success-
fully used for the evolution of 'O, competing some of the
parent standard complexes like [Ru(bpy);]*" (Rubpy) or
[(tbbpy),Ru(phen)]*" (Ruphen).

Results and Discussion
Synthesis and structural characterization

The synthesis of the biipo ligand was performed via a four-
step procedure (Scheme S2.1 in the Supporting Information)
starting from 1,10-phenanthroline. In the final step 5,6-diami-
no-1,10-phenanthroline and a slight excess of 1,8-naphthalic
anhydride were condensed to yield biipo as a yellow solid in
94% (Figure 2). Subsequently, due to its low solubility biipo
was coordinated to the [(tbbpy),RuCl,] precursor using hot
ethylene glycol as solvent. This procedure is also applied for
similar poorly soluble diimine ligands and is known in litera-
ture.?>*? Rubiipo was then purified via silica gel column chro-
matography (for further details see Supporting Information)
and counter ion exchange to obtain the complex in a total
yield of 71 %.

Rubiipo was fully characterized by 'H and "*C nuclear mag-
netic resonance (NMR) spectroscopy, high-resolution mass
spectrometry (HRMS, electron spray ionization), IR spectrosco-
py, elemental analysis, and single crystal XRD (see all spectra in
the Supporting Information). Rubiipo and biipo both exhibit a
characteristic carbonyl stretch vibration at around 1700 cm ™' in
their IR spectra (Figures $S3.15 and S3.16) originating from the
biipo ligand framework. The high-resolution mass spectra of
both the ligand and the complex match very well with theoret-
ical data and simulated isotopic patterns (see Figures S3.9 and

z2.
~
3
B

Bu 2 PFg
Rubiipo
Figure 2. Preparation of the biipo ligand and its corresponding Ru" complex

Rubiipo. Conditions: i) acetic acid, Ar, 140°C, 24 h and ii) [(tbbpy),RuCl,], eth-
ylene glycol, 120°C, 20 h.
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$3.10). In the "H NMR spectra the chemical shifts of all aromatic
protons appear as expected.”"*? The proton signals of the two
bipyridines, the phenanthroline and the naphthaloyleneben-
zene moiety suggest an asymmetric octahedral Ru" complex.
Moreover, the aliphatic protons of the tertiary butyl (tBu)
groups show a small splitting (i.e., four separated singlet sig-
nals with 9 protons each), which is caused by the asymmetric
structure of the biipo ligand. Caused by this asymmetry the
four pyridines and tBu groups of the two tbbpy ligands are
not equivalent within the Rubiipo complex and possess a dif-
ferent chemical environment. Further, '"H NMR spectra with dif-
ferent concentrations of Rubiipo (in the range from 1.28 mm
to 32.1 mm, Figure S3.6) exhibit considerable shifts of the
proton signals of up to 0.5 ppm. According to literature proto-
cols, a dimerization constant of 27 m~" was determined for Ru-
biipo (see Supporting Information).”*** This clearly suggests
intermolecular interactions between different Rubiipo species
in solution, which are caused by the quite large and planar
biipo ligand. This observation is in line with other Ru" com-
plexes bearing polycyclic diimine ligands such as dipyridophe-
nazine, tetrapyridophenazine (dimerization constant=289+
17 M7, di(pyridin2-yl)tetraazaphenazine (83+17m™") or tetra-
azatetra-pyridopentacene, which reveal even stronger inter-
actions between the extended m-systems of these Ili-
gands.?62729%48 This might be important, because in case of
high intermolecular association behavior self-quenching of ex-
cited states can get more favorable.?> -

Single crystals of Rubiipo suitable for X-ray diffraction analy-
sis were obtained by slow evaporation from a saturated aceto-
nitrile/water mixture. Rubiipo crystallizes in the monoclinic
space group C2/c (Figure 3). Due to the asymmetric structure
of biipo, two enantiomers of Rubiipo are possible causing a
geometrical disorder (see Figure S3.11) of the respective solid-

Figure 3. Solid-state structure (ORTEP representation) of Rubiipo with ther-
mal ellipsoids at a probability level of 50%. Hydrogen atoms, PF¢~ counter-
ions and solvent molecules are omitted for clarity. Deposition

number 1993565 (Rubiipo) contains the supplementary crystallographic
data for this paper. These data are provided free of charge by the joint Cam-
bridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe
Access Structures service.

© 2020 The Authors. Published by Wiley-VCH GmbH
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state structure. Please note, that Rubiipo does not have differ-
ent diastereomers, but exists as a mixture of enantiomers (Fig-
ure $3.13).5% As clearly evident from the X-ray structural data,
there are the expected enantiomers of the corresponding re-
gioisomers of Rubiipo (Figure S3.13). In addition, the biipo
ligand facilitates a certain degree of m—m interactions between
the individual metal complex cations (Figure S3.12) similar to
other extended rigid polyaromatic diimine ligands.*’*" The ob-
tained unit cell contains 8 Ru complexes along with 16 PF¢~
anions and 30 acetonitrile molecules. This resulted in a chal-
lenging crystal structure, where the second hexafluorophos-
phate anion is overlaid by several acetonitrile molecules. Inter-
estingly, this obstacle and the need for several restraints was
found in multiple measurements, but prevents a detailed dis-
cussion of exact bond lengths and angles. Nevertheless, with a
final R-value of 6.4% the solid-state structure is still well suited
to show the general properties, for example, the conventional
distorted octahedral type coordination environment around
the ruthenium center® and the planar structure of biipo.

Electrochemical properties

The redox properties of Rubiipo and biipo were studied by
cyclic voltammetry and differential pulse voltammetry
(Figure 4, Table 1) in acetonitrile solution containing 0.1m
[Bu,NI[PF,]. The reversible Ru'"/Ru" oxidation couple is located
at +0.80V vs. Fc/Fc, which is in accordance to related Ru"

10

[.

-35 -20

intensity

09 05 01 03 07 14
E/Vvs Fc/Fc"

Figure 4. Cyclic voltammograms (top) and differential pulse voltammograms
(DPV, bottom) of biipo (black, concentration <1 mm due to low solubility in
acetonitrile) and Rubiipo (orange, 1 mm) in acetonitrile solution referenced
vs. the ferrocene/ferricenium (Fc/Fc™) couple. The current values of the DPV
are normalized. Conditions: scan rate of 100 mVs~', [Bu,NI[PF] (0.1 m) as
supporting electrolyte.

complexes, for example, Ruphen (+0.78V) or Rubpy (+
0.89 V).53>4

The reversible reduction waves at —1.44, —1.86, —2.04 and
—2.31V are characteristic for [(bpy),Ru(L)]*" type complexes,
where L represents a phen derivative with an extended -
system.”"* These potentials can be assigned to the stepwise
reduction of (i) the naphthaloylenebenzene moiety of biipo,
(i/(iii) the two tbbpy ligands and (iv) the phen part of the
biipo ligand, respectively.”>*® The first reduction event of Ru-
biipo (—1.44V) is 150 mV shifted to more positive potentials
compared to biipo (—1.59 V). This reduction is reversible for
both compounds as also evidenced by scan-rate dependent
CV measurements (Figure S5.2). This process can be attributed
to the naphthaloylenebenzene moiety of biipo, which is sup-
ported by the DFT calculations of the reduced ligand, showing
that the spin density is located at the backbone of the biipo
ligand (Figure S8.2). However, the irreversible reduction pro-
cess at —2.21 V of Rubiipo seems to be related to the imida-
zole unit as known from the literature.*"

Absorption and emission properties

The biipo ligand absorbs in acetonitrile in a broad visible
range up to 500 nm (Figure 5). This is a significant redshift
compared to the phen ligand, which possesses an absorption
maximum at around 365 nm.®” The energetically lowest lying
band could be assigned by TD-DFT calculations to a ligand
centered (LC) m-mt* transition from the phenanthroline/imida-
zole part to the naphthaloylenebenzene moiety of biipo
(480 nm, transition 1, Figure 5 and Supporting Information). At
higher energies (i.e., the band at 350 nm) the situation is dif-
ferent and a transition from the naphthaloylenebenzene part
to the phenanthroline unit occurs. These results indicate that
although in the biipo ligand the naphthaloylenebenzene
moiety is directly fused to the phenanthroline part, this ligand
is still split into two separated halves concerning its orbitals in
the ground and excited states. This results in a very broad ab-
sorption of the pure ligand.

In comparison to Ruphen,”” having an absorption maxi-
mum at 444 nm in the metal-to-ligand charge transfer (MLCT)
transition, Rubiipo possesses a broader MLCT band with two
maxima located at 411 and 460 nm, respectively. This latter
prominent feature can be explained by MLCT transitions from
the ruthenium center to the two tbbpy ligands and to the
phen part of biipo (Table $S9.2) Additionally, the MLCT transi-

rocene/ferricenium (Fc/Fc™) couple.

Table 1. Summary of the photophysical and electrochemical properties of biipo, Rubiipo, and of selected reference compounds in acetonitrile solution at
room temperature. The electrochemical data were obtained from deaerated acetonitrile solutions at room temperature and are referenced versus the fer-

Compound  Apgmax [NM] (€ [10°MTem™'])  Agy, [Nm]inert @, inert  @en Oy Tem [Nl inert 7., (NS 05 Ejpoy V1 Eqjyreq [V]

biipo 409 (6.2) 540 0.258 0428 <10® <10® —1.59, —2.294

phen® 265 (32.0) 365 <001

Rubiipo 411 (26.3), 460 (24.7) 623 0.022  0.006 1668, 24717 222 +0.80 —1.44, —1.86 —2.04, —2.219, —2.31
Ruphen® 426 (16), 455 (19) 602 0.03 - 272 - +0.79 —1.79, —1.99, —2.26

[a] Taken from reference [57]; [b] the lifetime was below the detection limit; [c] irreversible redox event.
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Figure 5. Spectra of biipo (black) and Rubiipo (orange). Top) UV/Vis absorp-
tion spectrum in acetonitrile. Middle) Calculated absorption spectrum of Ru-
biipo resulting from the convolution (std. deviation 40) of the transitions
above 290 nm (vertical bars) with a Gaussian function. The transition ener-
gies are calculated at full TD-DFT level of theory (B3LYP-D3(BJ)/def2-TZVP.
Bottom) Emission spectra in acetonitrile under oxygen-free conditions.

tion with the lowest energy ends also directly at the naphtha-
loylenebenzene moiety (c.f. inset of Figure 6, Supporting Infor-
mation) as supported by TDDFT calculations. However, in the
calculations the LC m-mt* transitions of Rubiipo are redshifted
from 320 nm to 370 nm compared to the transitions of the un-
coordinated biipo ligand. Contrary, the m-nt* transition to the
naphthaloylenebenzene moiety is clearly blueshifted from
480 nm (biipo) to 417 nm (Rubiipo, transition 12, Table S9.2).
For these reasons, the absorption maximum at around 411 nm
is very intense causing the high attenuation coefficient of Ru-
biipo in this region of the absorption spectrum. Nevertheless,
above 420 nm the MLCT transitions in Rubiipo are not overlaid
by the LC transitions, which is commonly observed for related
systems containing diimine ligands with an extended -
system.[*"#%586% There, the MLCT transitions are often superim-
posed by the LC transitions."*"*

The emission properties of biipo and Rubiipo differ signifi-
cantly from each other. The ligand emits at about 540 nm and
is almost unaffected by the presence of oxygen in the acetoni-

intensity / arb. u.

T T T T T
15000 30000 45000 60000 75000
time / ns

o—

Figure 6. Emission lifetime of Rubiipo in acetonitrile under ambient (green)
and inert conditions (orange). The respective fits and the residuals are de-
picted in the Supporting Information. The inset (differential density plot of
Rubiipo) shows one of the occurring MLCT transitions from the ruthenium d
orbital to the 7t* orbital located at the naphthaloylenebenzene moiety.
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trile solution (Figure 5, bottom). In strong contrast, Rubiipo is
almost non-emissive under aerated conditions, but exhibits a
clear emission at 623 nm in the absence of oxygen with a
quantum vyield of about 2.2% (Table 1). This quantum yield is
in the same order of magnitude as some related Ru" com-
plexes,®? but lower than a heteroleptic Ru" complex with an
azabenz-annulated perylene bisimide (11%).”® Remarkably, the
emission intensity is drastically reduced already by small traces
of oxygen. Thus, Rubiipo is highly sensitive vs. oxygen and a
good oxygen sensor due to the strong quenching of emis-
sion.’®V

In accordance with the steady state emission measurements
the emission lifetimes of Rubiipo were also determined in ace-
tonitrile (Figure 6). Under aerated conditions a lifetime of
222 ns was obtained (Figure S6.1), which is comparable to the
related complex [(bpy),Ru(PNI-phen)]** (with PNI=4-piperidin-
yl-1,8-naphthalimide), where the m-extension is not directly
fused to the phenanthroline part.”” Under inert conditions the
emissive excited state lives remarkably longer (Figure 6). Analy-
sis of the kinetics revealed a biexponential decay with two
time constants of T,=1.7 pus and t,=24.7 ps, which belong to
LC or MLCT transitions. Thus, Rubiipo emits about 100 times
longer when changing from ambient to oxygen free condi-
tions. This is again comparable to [(bpy),Ru(PNI-phen)]*" with
a lifetime of 27.6 pus under inert conditions. Nevertheless, to
the best of our knowledge this is a large increase in excited
state lifetime for such a Ru" complex containing a diimine
ligand with a fully conjugated and extended m-system. Inter-
estingly, the second time constant is highly oxygen sensitive.
As soon as Rubiipo gets in contact with O,, T, considerably de-
creases to only sub microseconds. This again underlines the
strong oxygen sensitivity of Rubiipo.

Transient absorption spectroscopy

To verify the obtained excited state lifetimes by a different
method time-resolved transient absorption spectroscopy was
performed. Under inert conditions and excited at 355 nm, a
very broad excited state absorption from 480 to 700 nm was
obtained for Rubiipo in acetonitrile solution (Figure 7). This is
a typical observation, if ligand-centred transitions are detected
by transient absorption spectroscopy.®®®? Due to this feature,
the expected ground state bleach was only extended up to
440 nm and not up to 500 nm, as estimated from the steady
state absorption spectra (Figure 5 top). The kinetics (Figure 7)
were analyzed globally over the whole range from 370 to
700 nm by a biexponentially fit function. The received lifetimes
T,=2.5 and t,=24.9 us are comparable to the ones obtained
for the emission lifetime under oxygen-free conditions. It
should be noted that especially the longer lifetime is very
oxygen sensitive. As soon as there are traces of oxygen pres-
ent, this time constant decreases significantly. Thus, it is very
important to work under fully inert conditions for the determi-
nation of the excited state lifetimes of Rubiipo. Under aerobe
conditions the monoexponential fit of the data results in one
time constant, that is, 7=261 ns, which is also comparable to
the obtained emission lifetimes in the presence of oxygen.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 7. Transient absorption spectra (top) from 500 (red) to 40000 ns
(yellow) and respective kinetics (bottom) of Rubiipo in acetonitrile excited
at 355 nm under inert conditions. Kinetics at 390 (red), 480 (green), 500
(blue), and 650 nm (light blue), the black line belongs to the fits with two
time constants of 2.5 and 24.9 ps.

Oxygen sensitivity and productivity

Motivated by the strong oxygen sensitivity Rubiipo was tested
for its ability to produce singlet oxygen upon light irradiation.
'0, is the leading actor in Type Il pathway of Photodynamic
Therapy (PDT) actions. An efficient production of reactive sin-
glet oxygen under oxygen containing conditions is still a cru-
cial point for this type of application.”*® To verify the '0, pro-
duction by Rubiipo, a solution of ABDA (9,10-anthracenediyl-
bis(methylene)dimalonic acid) in PBS (phosphate buffered solu-
tion) was added to distinct quantities (c=1 um) of Rubiipo,
Rubpy and Ruphen (ABDA:Ru=50:1), respectively. ABDA is a
commonly applied singlet oxygen detection agent, due to its
very selective reaction with this reactive oxygen species (ROS).
'0, and ABDA build up an endoperoxide (Figure S4.5), which
loses the characteristic anthracene absorption bands at around
350 to 410 nm.***® Upon irradiation with blue light (LED,
470 nm, 50mWcm™) under constant cooling Rubiipo
(Figure 8, top) shows very fast depletion of the ABDA absorb-
ance at around 360, 380, and 400 nm. In order to evaluate the
singlet oxygen productivity, the decrease of this absorption
band was plotted against time until complete consumption of
ABDA (Figure 8, bottom). The observed decay was not linear,
but seemed to be an exponential decrease, which is much
faster compared to Ruphen (Figure 8, bottom). Whereas also
Rubpy evolves '0, much slower compared to Rubiipo (Figur-
es S4.6-54.10). Nevertheless, a better energy transfer rate from
Rubiipo to oxygen can neither be assessed nor excluded
based on the current data and further investigations concern-
ing this issue are needed.
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Figure 8. Top) Singlet oxygen evolution experiment using Rubiipo (1 equiv.)
and ABDA (50 equiv.) in PBS after irradiation with blue light (50 mWcm™2,
470 nm) in the range of ABDA absorbance (see also Figure S4.5). Bottom)
Comparison of the relative ABDA absorbance as function of time during irra-
diation of Rubiipo (squares), Rubpy (circles) and Ruphen (triangles) with
blue light (50 mWcm™2, 470 nm). It becomes clear, that Rubiipo degrades
ABDA the fastest. See for the specific ABDA test in the Supporting Informa-
tion the section 4.

Conclusions

In summary, starting from 1,10-phenanthroline a new type of a
polycyclic, fully conjugated, and rigid diimine ligand with a
naphthaloylenebenzene moiety in the back was prepared for
the first time. Based on the special ligand structure, a Ru" pho-
tosensitizer (Rubiipo), also verified by single crystal X-ray dif-
fraction analysis, with some unique properties was formed. For
instance, Rubiipo shows a reversible redox chemistry (i.e., four
reductions and one oxidation) as well as a strong and broad
absorption in the visible with two maxima at 411 and 460 nm,
respectively. More importantly, Rubiipo possesses a clear emis-
sion at 623 nm with very long-lived excited states of 1.7 and
24.7 ps in acetonitrile in the absence of oxygen. Interestingly,
the emission intensity and lifetimes are drastically decreased
(by a factor of >100) by O,, which indicates a high oxygen
sensitivity of this complex. In the future, temperature-depen-
dent emission, emission lifetime, and spectroelectrochemical
measurements are planned, to clarify the nature of the excited
states further. In addition, a detailed investigation of the
oxygen sensing ability of Rubiipo will be assessed by Stern-
Volmer quenching experiments.

Most importantly, beside potential applications as an oxygen
sensor Rubiipo is able to produce singlet oxygen under visible
light irradiation with very fast kinetics. Therefore, the study of
further applications of the Rubiipo photosensitizer as well as
of other transition metal complexes using the new biipo
ligand are currently ongoing.

© 2020 The Authors. Published by Wiley-VCH GmbH
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