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A ruthenium terpyridine complex showing stable
photocatalytic hydrogen evolution under red light

We report herein the synthesis of a novel terpyridine
ruthenium(l) complex, which shows stable hydrogen

photoproduction under red light over more than nine days.

A sustained activity under blue and green lights is also
observed over more than seven days.
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We report herein the synthesis of a tridentate ligand (tris-4,4',4" -
(4"""-pyridyl)-2,2':6’,2" -terpyridine) and its corresponding homo-
leptic ruthenium(i) complex, which shows stable hydrogen photo-
production under red light (TON of 174 molH2 molps ! after
210 hours). A sustained activity under blue and green lights is also
observed with TONs above 360 mol,,, molps ! after 168 hours.

For decades ruthenium polypyridyl complexes have attracted
considerable interest thanks to their useful optical properties,
e.g., visible light absorption and long-lived excited states, and
ease of incorporation into artificial light-harvesting systems.">
While myriad mononuclear complexes have been reported in
the literature,® research has also focused on the construction of
bigger assemblies incorporating one or more desired function-
alities introduced by specific building blocks.*”” Recently, an
exceptional organic photosensitizer with high efficiency has
been reported, however, this system still has a lack of long-term
stability which needs to be addressed.® Other recent routes
include the development of quantum dots using non-noble
metals with recently reported turn-over frequency (TOF) reaching
200 moly;, molps™* h™" under red-light.” Still, ruthenium based
complexes shows very high activity under various wavelengths, for
instance up to 2100 moly;, molps™ ' h™" under blue light.'® Being
able to tune such ruthenium complexes in order to have panchro-
matic efficiency, along with an increase in stability, is now a
requirement. As a result, the design of the ligand has become
more important as it acts both as a structural element and
influences the properties of the final complex.’*™* By analogy
with the 2,2":4,4":4’,4" quaterpyridine (qpy) and its ruthenium
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complexes,'® we report here the first synthesis and recorded
properties of the tris 4,4’,4”-(4""'-pyridyl)-2,2":6',2"-terpyridine
(pystpy) ligand and its homoleptic Ru(u) complex. Considering
the vast literature of 4,4'-bipyridine (4,4’-bpy), qpy and
2,2":6’,2"-terpyridine (tpy) itself, the absence of this fundamen-
tal pystpy is surprising. Even if the properties of [Ru(tpy),]**
complex are deactivated by a thermally populated *MC state
compared to its bidentate analogue [Ru(bpy);]*"," it presents
the major advantage of being achiral in its metal complexes of
octahedral coordination geometry. Therefore, terpyridine-
based complexes don’t present A and A enantiomers which
in turn reduces the number of diastereotopic isomers produced
when building polynuclear architectures." The pystpy terpyri-
dine derivative herein presents four coordination sites: a core
N~N”N tridentate one, allowing for a strong chelate effect, and
three N-coordinating monodentate peripheral centers. This feature
can thus enable the formation of functional multinuclear archi-
tectures, for example linking a photosensitizer with a catalyst,
such as [Co™(dmgH),(py)Cl], for hydrogen production.'®”

The synthesis of the ligand is based on a common approach
derived from the Kréhnke pyridine synthesis method'® and
widely used in our group.'® It consists in forming the central ring
from two equivalents of acetylated derivatives and one aldehyde, in
the presence of ammonium ions. The pystpy ligand is therefore
obtained from commercial 4-pyridine-carboxaldehyde and 2-acetyl-
4,4'-bipyridine, synthesized according to the procedure developed
in our group.®® Two pystpy ligands are then reacted with
[Ru(DMSO),CL,], yielding the homoleptic complex [Ru(pystpy),]**
isolated as the hexafluorophosphate salt (Scheme 1). Further
synthetic details are available in section S1 in the SI, along with
NMR (SI, S2a), IR (SI, S2b), and HR-MS characterization.

Dark red crystals of the complex were grown by slow diffu-
sion of diethyl ether into an acetone solution of the compound,
allowing single crystal X-Ray diffraction (XRD) characterization
of a solvated [Ru(pystpy).](PFe),. The corresponding structure is
presented in Fig. SI.9. The complex crystallizes in P2;/n mono-
clinic space group. The asymmetric unit contains one molecule
of the complex, two molecules of PFs~ as well as one molecule
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1) [Ru(DMSO),]CI,
Ethylene Glycol
170 °C, 24h
2) KPFg (aq.)

Scheme 1 Synthesis of the pystpy ligand and corresponding [Ru(pystpy)ol(PFg). complex. *See Sl for further details.

of water, diethyl ether and acetone. The compound shows a
distorted octahedral geometry of the ruthenium coordination
sphere, with ¢trans N-Ru-N angles of both tpy ca. 157.4 + 0.1°,
characteristic of terpyridine ligands."® Each pystpy ligand exhi-
bits torsion angles of the outer pyridines between 11 and 38°,
similar to previously reported ones,'® and a flatness of the
terpyridine sites (average angle between pyridine planes < 1°).
The variation in the torsion angles of the pyridines observed in
the XRD structure may arise from the involvement of the outer
pyridines in n-stacking interactions occurring in the solid state.

The redox behavior of the complex was examined by cyclic
voltammetry (CV). The CV (SI Fig. S7) typically shows a one-
electron reversible oxidation wave attributed to the Ru”*/Ru®*
couple at 1.38 V vs. SCE. On the reduction side, two well-defined
reversible waves, attributed to the sequential one-electron reduc-
tions of the pystpy ligands, are observed at —1.07 and —1.22 V vs.
SCE. DFT calculations also supports the attribution as the HOMO
(highest occupied molecular orbital) and LUMO (lowest unoccu-
pied molecular orbital) reside predominantly on the Ru(u)
and the tpy core, respectively (Fig. 1). Compared to the arche-
typical [Ru(tpy),](PFs),, and similarly to previously reported
[Ru(qpy)s](PFe)2,"® [Ru(pystpy).](PFe), is, therefore, harder to
oxidize and easier to reduce (Table 1), in accordance with the
increased withdrawing effect of a pendant pyridyl group as
compared to simple hydrogen substituent.

The synthesized complex presents a low energy absorption
band centered at 500 nm (Fig. 2) classically attributed to a
metal-to-ligand charge-transfer (MLCT) transition along with a
series of bands at higher energy, attributed to ligand-centered
(LC) transitions.™” The "MLCT nature of the bands at 500 nm
and ~370 nm (sh) was further supported by TD-DFT calculations
with oscillator strength of >0.07. The band at ~340 nm is an
admixture of 'LC (major) and "MLCT (minor) transitions.

The complex presents a bathochromic shift of 25 nm and
27 nm compared to [Ru(tpy),]**,”* and [Ru(qpy)s]**,"® complexes,
respectively. This is also supported by lower HOMO-LUMO gap
calculated for [Ru(pystpy),](PFs), than that of [Ru(tpy),](PFe),
(Table 2). This shift is noteworthy for solar hydrogen evolution
as it aligns with the peak of the solar emission spectrum received
at the sea level, also centered at 500 nm.?*

The [Ru(pystpy),](PFs), complex exhibits luminescence prop-
erties at room temperature, characterized by a *MLCT emission
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Fig. 1 Calculated energy level diagram and Kohn-Sham M. O. S of
[Ru(tpy),]?* and [Ru(pystpy)ol* (B3LYP/6-31G** for C, H, N and SBKJC-
VDZ for Ru). Density maps are iso-contoured at 0.03.

Table 1 Electrochemical data of the [Ru(pystpy)sl®t, [Rultpy)sl®*and
[Ru(gpy)312* complexes

Complex s (V) ESST (V) ES$? (V) Band gap (V)
%Ru%pyg)t[i}zqle 1.38 (107) —1.07 (81) —1.22(86) 2.45
Ru(tpy),]*", 1.30 —1.24 —1.49 2.54
[Ru(qpy)s]*",'® 1.48 (77)  —0.99 (63) —1.14 (66) 2.47

“ Potentials are given in volts vs. SCE in acetonitrile at 100 mV s, room
temperature and with TBAPF, (0.1 M) as supporting electrolyte. The
difference between cathodic and anodic peak potentials, AE,, (milli-
volts) is given in parentheses.

centered at 670 upon excitation at 500 nm (Fig. 2), a quantum
yield of 0.6% and lifetime of 5 ns (Table 2). Interestingly, the
complex has a significant bathochromic shift of 50 nm com-
pared to [Ru(bpy);]**,>** and has a higher quantum yield and
lifetime than its analogue [Ru(tpy),]*".>*> The predicted

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Absorption (red) and normalized emission (black) spectra of the
[Ru(pystpy)2l(PFe), in acetonitrile.

Table 2 Emission data of [Ru(pystpy)-l2*, [Ru(tpy)ol*, [Ru(bpy)sl®*, and
[Ru(gpy)s]®* in degassed acetonitrile

;Lmaxabs & A-em @ T
Complex (nm) (Lmol " em™) (nm) (%) (ns)
[Ru(pystpy).]** 500 3.0 x 10" 670 0.6 5
Ru(tpy).]*",”? 475 1.6 x 10* 630  <0.001 0.3
[Ru(bpy)s]**,>**> 450 1.8 x 10* 610 9.5 870
[Ru(gpy)s]*,*® 473 2.9 x 10* 628 23 1780

emission maximum, Exg = E(T;) — E(So), at the T, optimized
geometries (adiabatic electronic emission) obtained by DFT
calculations for [Ru(pystpy).]”" was found to be at 646 nm,
and match closely those observed experimentally and also fall
in agreement with the observed trend of red-shifted emission
maxima from [Ru(tpy),]** to [Ru(pystpy),]**. The predicted
emission maximum was calculated with a relative error of 3%
for [Ru(pystpy),]**, using the equation error = |[(Ap(298 K) — Eag))/
/p(298 K)| in eV. Thus, these properties make it a suitable
candidate as a building block for artificial photosynthesis applica-
tions harvesting red solar wavelengths.

The potential for light-driven hydrogen production of the
[Ru(pystpy).](PFes), complex was evaluated at different wave-
lengths (blue - 445 nm, green - 495 nm, and red - 630 nm)
under the following photocatalytic conditions: DMF as solvent,
triethanolamine (TEOA) as a sacrificial electron donor, HBF, as
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a proton donor and cobaloxime [Co™(dmgH),(py)Cl] as a
catalyst. As panchromaticity is of high interest for further
artificial photosynthesis applications, the three wavelengths
used within this work were selected to cover most of the visible
part of the solar emission spectrum.

Similarly to previously published modified terpyridine
complexes,” the new photosensitizer shows sustained hydro-
gen production for more than seven days under blue and green
lights and complete stability over more than 9 days under red
light (Fig. 3). To compare, the well-known [Ru(bpy);](PFs), and
[Ru(ttpy).](PFs), (Ref. 26) complexes were also measured in the
same conditions.

The induction time is very short for blue and green lights:
hydrogen production is observed within five minutes after
switching on the lamp for both [Ru(py;tpy),](PFs), and [Ru(bpy)s]-
(PF¢), complexes. The maximum TOF are reached after around
five minutes and one hour for blue and green light, respectively.
Under red light the induction time was around two hours for
[Ru(pystpy),](PFe),. It took several days for the TOF to reach its
maximum value in as shown in Fig. 3 while no quantifiable
amount of hydrogen (below 0.2 moly;, molps " h™") could be
observed for [Ru(bpy);](PFé)s.

Under blue light the system already shows enhanced stabi-
lity when compared to [Ru(bpy)s;](PFs), complex: the TOF
remained at around 44% of its maximum value after around
168 h with a TON of 376 moly, molps~ ! at that point whereas
[Ru(bpy)s](PFs), complex stopped producing hydrogen after
around 32 hours with a TON of 1473 moly, molps " (Fig. 3).
No hydrogen production was observed for the [Ru(ttpy),](PFe),
complex. The hydrogen quantum yield for the maximum TOF
of [Ru(py;tpy),]** reached @, = 0.15% (24% for [Ru(bpy);]*")
and for the complete photoreaction ¢, = 0.09% (0.83% for
[Ru(bpy)s]").

Under green light, the gain in stability is more pronounced
with a TOF at around 63% of its maximal value after 168 h and
TON of 361 mmoly, molps ' at that point, while [Ru(bpy);]-
(PFg), complex stopped producing hydrogen after 60 h with a
TON of 1330 moly;, molps™* (Fig. 3) and no hydrogen produc-
tion was observed for the [Ru(ttpy),](PFs), complex. The hydro-
gen quantum yield for the maximum TOF of [Ru(pystpy),]>
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Fig. 3 TOF and TON evolution over time for [Ru(pystpy)al(PFe), (left) and [Ru(bpy)sl(PFe), (right) at 630 nm (red curves), 495 nm (green curves) and

445 nm (blue curves) with a 50 mW LED.
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reached ¢y, = 0.11% (11% for [Ru(bpy);]*") and for the
complete photoreaction ¢,, = 0.08% (0.78% for [Ru(bpy)s]*").

Under red light, the system shows long-term stability and a
TON of 174 moly, molpg™ ' after 210 h. The TOF under red light
reached a maximum value after approximately 80 h and remained
constant at around 0.84 moly, molps ! h™* for at least another
130 h. As a comparison, the well-known [Ru(bpy)s;](PFs).
complex only shows detectable but not quantifiable hydrogen
production under the same conditions (see SI for limit of
detection and quantification calculations), while previously
reported [Ru(qpy)s]** shows high activity, reaching a TON of
375 moly;, molps™* after 20 h, but displaying low stability as the
TOF was cut in four within that timeframe.'® The hydrogen
quantum yield for the maximum TOF of [Ru(pystpy),]** reached
¢ru, = 0.025% and for the complete photoreaction ¢y, = 0.020%.

At the end of the measurements, additional experiments
were carried out with the addition of cobaloxime, TEOA, HBF,
and photosensitizer solutions, as well as solvent. As previously
reported for other ruthenium photosensitizers in literature, only
the extra additions of photosensitizer solution led to a revival of
hydrogen production. This finding indicates that the observed
decline in hydrogen production results from the decomposition of
the photosensitizer throughout the experiments.

In summary, we report herein a newly synthesized py;tpy
ligand, readily forming its corresponding homoleptic ruthenium(x)
complex under standard thermal synthesis. In HER experiment,
this complex shows hydrogen production under blue and green
wavelengths while displaying a remarkable stability for more than
nine days under red light irradiation. At the 210 hours mark, the
complex achieved a TON of 174 moly, molps ™! (about 12% of the
maximal TON reached by the archetypal [Ru(bpy);]* complex
under blue light) with hydrogen production continuing. Stability,
which is a key requirement for future applications in artificial
photosynthesis and industrial hydrogen production, has been
achieved here under red light with the newly synthetized pystpy
ligand and its corresponding homoleptic ruthenium complex.
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data for this paper.””
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