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Photo- and Electrochemical Properties of a CO, Reducing
Ruthenium-Rhenium Quaterpyridine-Based Catalyst

Liam Frayne,” Nivedita Das,” Avishek Paul,”’ Saeed Amirjalayer,” Wybren J. Buma,”’
Sander Woutersen,®™ Conor Long,” Johannes G. Vos,” and Mary T. Pryce*"

The bridging ligand 2,2,5',3",6",2""-quaterpyridine was utilised
to tether [(bpy),Rul’** and [Re(CO);Cl] subunits for the purpose
of photocatalytic CO, reduction. The photophysics and electro-
chemistry of the complex and associated mononuclear species
are reported herein, in addition to photocatalytic, picosecond
time-resolved infrared and computational studies. Photophys-
ical, time-resolved IR, and electrochemical data together with

1. Introduction

CO, levels in the atmosphere have continually increased™ since
the industrial revolution, with levels now greater than 400 ppm.
There is an urgent need to develop CO, reduction technologies,
as no single approach is capable of reducing CO, levels in the
atmosphere. Therefore to achieve this, many technologies must
be developed. At present, renewable sources such as wind,
tidal, hydroelectric and solar energy focus on energy harness-
ing, but its storage is more problematic. Of particular interest is
the development of photocatalytic CO, reduction, a technique
that is aimed at the storage of high energy molecular
components such as CO and formic acid. An efficient molecular
photocatalytic assembly for CO, reduction requires the use of a
photosensitiser that can absorb light in the visible region and
transfer the electron to the catalytic centre. Both inter- and
intramolecular approaches of photocatalytic systems have been
explored. For intramolecular photocatalysts the selection of an
appropriate bridging ligand is of utmost importance, as it
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quantum chemical calculations indicate weak communication
between the two metal centres. As a result of the electron-
withdrawing effect of the ligand on both the Ru and Re
subunits, the reducing power of the photosensitiser and
catalytic unit were significantly attenuated relative to the
intermolecular approach utilising [(bpy);Rul** and (bpy)Re(CO),
Cl.

should allow electron transfer from the photosensitiser to the
catalyst but at the same time limit the electronic interaction
between the two moieties.

Intramolecular systems have been studied, with a view to
visible light driven catalytic CO, reduction. These systems have
predominantly used (bipyridine)Re(CO);(X) as the catalytic
centre because of its stability. Ishitani and co-workers have
studied a wide range of supramolecular assemblies linking
Re—Ru units,*™ and with a view to improving these intra-
molecular systems for CO, photocatalysis, a host of parameters
have been varied. These include the use of both conjugated/
non-conjugated bridges, the addition of substituents on the
bridging ligand and peripheral ligands of both metal centres,
and increasing the numbers of photosensitising/catalytic
centres within the molecules. The best performance in terms of
the amount of CO detected was reported for non-conjugated
bridging units. The turn over numbers (TONs) for CO generation
in these studies ranged from 10 to greater than 3000, as either
the bridge or peripheral groups were varied®™ Thus far,
Ru—Re and Ru—Ru approaches appear to be the most
promising. The highest homogeneous TON., and TONcoon
achieved were 3029 and 2766 for a Ru—Re® and Ru—Ru'?
complex.”! With the utilisation of TEOA as a sacrificial donor, a
Zn porphyrin—Re approach achieved 332 TON,."® However,
aside from Ru—Re, Ru—Ru, Ir—Re, Os—Re, Ir—Ir and Re—Zn
porphyrins, TON values for CO are relatively low. A very recent
review by Fontecave and co-workers, comprehensively de-
scribes a wide range of molecular catalysts for CO, reduction.™™

In this contribution, we report on the synthesis, photo-
physical properties, time-resolved IR (TRIR) spectroscopy, quan-
tum chemical calculations, and electrochemical characterisation
of the complexes shown in Figure 1. Their capacity for the light-
driven reduction of CO, was also investigated. In these studies,
we explore the photo-activity of the intramolecular compound
RuRe (5) for CO, reduction and compare the results obtained
with those of the intermolecular approach with mixtures
containing the mononuclear complexes [(bpy);Rul** (1) and

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Structures of the quaterpyridine and bipyridine Ru and Re
complexes studied.

(bpy)Re(CO);Cl (2). The effect of the solvents and the sacrificial
agents used are also addressed.”*™ To the best of our
knowledge, a quaterpyridine (qpy) bridging ligand has not
previously been utilised towards intramolecular photocatalytic
CO, reduction.™

2. Results and Discussion
2.1. Synthesis

The synthesis of the mononuclear Ru-quaterpyridine complex
(3) and the quaterpyridine ligand has been reported else-
where."” The rhenium complex (4) was synthesised under an
Ar atmosphere, through the slow addition of Re(CO);Cl to
2,2':5',3":6",2""-quaterpyridine in toluene at reflux temper-
ature. The Ru—Re dinuclear complex (5) was synthesised by the
addition of Re(CO)sCl to an ethanol solution containing the
mononuclear Ru-quaterpyridine complex (3). Further details
regarding synthesis are contained in the experimental section.

2.2, Spectroscopic Properties
2.2.1. "H NMR Spectroscopy

The 'H NMR and COSY spectra of all the compounds are
included in the Supporting Information (Figures S1-8). The
assignments for the protons in these spectra are in agreement
with those of other related compounds." Further details on
the assignments are available within the experimental section.
(NOTE that an NMR spectrum of the deuterated compound (3)
is included in the Supporting Information NMR section)
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2.2.2. UV/Vis Absorption Spectroscopy

The absorption and emission data of the complexes are
presented in Table 1 and shown in Figure 2.
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Figure 2. Absorption and emission spectra (1., =450 nm) of compounds 3
(10 M for absorbance), 4 (10~* M for absorbance) and 5 (10~ M for
absorbance) recorded in acetonitrile. For the emission spectra, the ODs at
Aexe =450 nm were 0.17, 0.15 and 0.16 A.U., respectively

The mononuclear rhenium complex (4) has an absorption
band at 335 nm with a shoulder tailing to 500 nm. The former
is assigned to a m-;t* transition of the quaterpyridine ligand and
the lower energy feature is attributed to a 'MLCT transition
from rhenium to quaterpyridine.”®?? In the case of the
dinuclear complex (5), spectral features with A, at 450, 323
and 287 nm are apparent. The feature with a A,,,, at 450 nm is
assigned to a '"MLCT and is expected to contain a contribution
from both Ru—bipyridine and Ru—quaterpyridine based on
the literature."®®?¥ Our calculations, as discussed later, suggest
that this transition is mainly Ru—bipyridine charge transfer in
character. The absorption band at 323 nm is attributed to
quaterpyridine ligand centred m-m* transitions, based on
similarities with complexes 3 and 4. With reference to
complexes 1, 3 and to other Ru—Re assemblies,”? the
feature with M\, of 287 nm is attributed to bipyridine ligand-
centred m-m* transitions. The Re—quaterpyridine '"MLCT is not
easily attributable within compound 5. Previously reported
Ru—Re systems have however shown that the Re—ligand
'MLCT may be obscured.”

Table 1. Spectroscopic properties of 3, 4 and 5 in MeCN at R.T.

Complex Abs. [nm]/(e x 10* [M'ecm™']) Luminescence at R.T. Veo [em™] TRIR v [cm™']
Aexc [NM] Jem [NM] 77 [ns] A1) A'Q2) A’ Parent bands Transient bands
3 454/(1.16) 450 635 240 - - - - -
4 335/(0.20) 450 623 n.d.® 2022 1915 1898 2010, 1905, 1890 2055, 1978, 1947
335 375
5 450/(1.56) 450 675 217 2022 1917 1899 2013, 1909, 1890 2010, 1875

[a] Non-degassed, [b] Emission too weak to determine.
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2.2.3. Infrared Spectroscopy

A mononuclear rhenium tricarbonyl complex can exist as one
of two structural isomers, fac or mer. Typically fac and mer
isomers of tri-carbonyl complexes are characterised by IR
spectroscopy and exhibit very different CO stretching frequency
bands. The FTIR spectra of the mononuclear rhenium tricarbon-
yl complexes and ruthenium-rhenium hetero-dinuclear com-
plexes discussed here show three bands in the region of 1850-
2050 cm~'.2*¥1 Generally fac-isomers have three intense IR
bands in the metal carbonyl region whereas mer-isomers show
two intense IR v(CO) stretching modes, in addition to a weaker
mode.” The IR bands for the synthesised metal carbonyl
complexes discussed here are shown in the Supporting
Information, with the IR stretching vibrations for the metal
carbonyl bands featured in Table 1. All IR spectra were recorded
in acetonitrile.

2.2.4. Photophysical Studies

Room temperature emission spectra were recorded in spectro-
photometric grade acetonitrile at 298 K and the results are
summarised in Table 1. Following excitation of compound 4 at
450 nm, a very weak emission was observed at 623 nm, in
agreement with studies on other (bpy)Re(CO);Cl type com-
plexes.”*® The emission spectra for compounds 3 and 5, as
displayed in Figure 2, were obtained following excitation at
450 nm. The maximum emission of complex 3 was observed at
635 nm, while the Ru—Re dinuclear system 5 demonstrated a
red shift in emission to A,,,=675nm. The lifetimes of both
complexes 3 (240 ns) and 5 (217 ns) are similar, following
excitation at 360 nm. This observation indicates that the
interaction between the Ru and the Re centre is limited.

2.2.5. Picosecond Time-Resolved Infrared (TRIR) Spectroscopy

A picosecond time resolved infrared (TRIR) study of compounds
4 and 5 was undertaken in acetonitrile at 20+2°C. The TRIR
spectra were obtained following excitation with A=320 (4) or
450 nm (5), with the resulting band positions included in table
1.

Excitation of compound 4 (A.,.=320 nm) results in deple-
tion of the parent bands at 2010, 1905, 1890 cm™' within 1 ps,
together with the formation of new stretching vibrations at
2055, 1978 and 1947 cm™' (Figure 3a). Within 20 ps, the latter
broad bands sharpen, accompanied by a blue shift, indicating
vibrational cooling.®" There is no evidence for recovery of the
parent bands on this time scale. The shifting of IR bands to
higher energy than their ground state counterparts is com-
monly observed in polypyridine rhenium tricarbonyl com-
plexes.®3¥ For example, in the case of (4,4'-bpy),Re(C0),Cl or
(bpy)Re(CO);CI (2), a shift in transient bands to higher wave-
numbers was previously assigned to population of a charge
transfer state.””*'**"1 Hence, the positive shifts of the v, bands
for 4 formed upon excitation agrees with previous studies on

ChemPhotoChem 2018, 2, 323-331 www.chemphotochem.org
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Figure 3. Time-resolved infrared difference spectra following laser photolysis
for 4 (A, =320 nm, left) and 5 (4., =450 nm, right) in acetonitrile.( at 5, 10,
50, 90, 150 and 400 ps, respectively).

similar complexes, Consequently, these new bands are assigned
to a triplet Re—qpy charge transfer excited state. The excited
state is long-lived and persists for >1 ns (the limit of the time
resolved apparatus). Similar compounds have long lived excited
states that may persist for hundreds of nanoseconds.***?

Excitation of the dinuclear compound 5 at A, =450 nm
(shown in Figure 3b) results in depletion of the parent bands at
2013, 1909, 1890 cm™' within the laser pulse. The new bands
are observed at lower wavenumbers (2010 and 1875cm™)
when compared to the ground state, indicating an increase in
electron density at the Re centre, resulting in an increase in m-
back bonding to the CO ligands. Similar observations were
noted by Ward and co-workers for their [(bpy),Ru"(AB)Re'(CO),
CI** and [CI(CO);Re'(AB)RU"(bpy),]** complexes, where AB is an
asymmetric ‘bent’ bridging ligand 2,2':3',2":6",2""-quaterpyr-
idine (which differs to the linear quaterpyridine bridging ligand
in this study).”” Irradiation into either the Re or Ru MLCT
transition of [(bpy),Ru"(AB)Re'(CO);CI** resulted in depletion of
the parent bands at 1902, 1918 and 2023 cm™' and formation
of new signals at 1888, 1910 and 2016 cm™'. The shift of the v,
bands to lower wavenumbers was assigned to the formation of
the Ru—AB bridging ligand based MLCT state [(bpy),Ru"(AB)Re'
(CO),CI**. However TRIR data for another isomer [CI(CO);Re'
(AB)RU'(bpy),]*" showed bleaching of the parent bands at
1902, 1922 and 2028 cm™' and the formation of new bands at
1892, 1912 and 2018 cm™' as well a broad band at 1965 cm™".
These observations have been assigned to the formation of
both Re and Ru based MLCT excited states [CI(CO);Re"(AB) Ru"
(bpy),]** and [CI(CO);Re'(AB)"Ru"(bpy),]*".

Hence, it can be concluded from the TRIR spectra of
compound 5, that the shift to lower frequency of all the v
bands formed upon excitation at 450 nm agrees with the
previous studies on similar [(bpy),Ru"(AB)Re(CO);CII*" type
complexes. Consequently these new bands are assigned to a

325 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Ru' to gpy bridging ligand based MLCT state [(bpy),Ru"(gpy)Re'
(CO),CITZ".

2.3. Computational Studies

The electronic structures of the fifty lowest singlet electronic
excited states were calculated using TD-DFT methods at the
optimised singlet geometry.*'~** The vertical excitation energies
and oscillator strengths obtained from these calculations were
then used to simulate the UV/visible spectrum of 5. This was
done by placing Gaussian functions at each vertical excitation
energy with a height of corresponding to the calculated
oscillator strength and a width at half height of 3000 cm™'. The
resulting spectrum is presented in Figure 4 along with the
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Figure 4. The experimental UV/Vis spectrum of 5 (1x 10~° M) in acetonitrile
(blue; vertical scale in absorbance also blue) and the simulated spectrum
(red; vertical scale molar absorbance also red) along with the vertical
transition energies (red vertical lines) to the fifty lowest energy singlet
excited states. The electron density difference map for the fifteenth singlet
excited state is also presented in which the region of reduced electron
density relative to the ground state is indicated in blue and the region of
increased electron density is indicted in red.

experimental spectrum obtained in acetonitrile solution. The
vertical excitation energies are also highlighted as vertical red
lines and the electron density difference map of the 15" singlet
excited state (S;s) is also included. This can be classified as a Ru
to bpy charge-transfer state and corresponds to the most
intense transition at 451 nm close to the low energy A, in
both the simulated and experimental spectrum. It is clear that
the B3LYP/LanL2DZ/TD-DFT method accurately models the
experimental UV/visible spectrum.

The structure of the lowest energy triplet state of complex
5 was optimized. TD-DFT methods were again employed to
calculate the transition energies to the lowest triplet electronic
excited states. In addition, the lowest energy singlet species at
this triplet geometry was also optimised. Using these data it is
possible to calculate the number of triplet excited states at or
below the energy of the S,; state. These excited states (T, to T;),
are presented in the energy level diagram in Figure 5. It is
generally accepted that following population of a ruthenium to
bpy charge-transfer singlet excited state the system rapidly
undergoes intersystem crossing (ISC) to the triplet surface.*” In

ChemPhotoChem 2018, 2, 323-331 www.chemphotochem.org
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Figure 5. The singlet energy levels (black) obtained from TD-DFT methods
for compound 5 using the optimized ground-state geometry (B3LYP/
LanL2DZ) showing excitation (450 nm) into S, followed by intersystem
crossing to the triplet surface (red levels) with the singlet energy at the
triplet geometry indicated (black) below the triplet levels; electron density
difference maps are presented for T, and T; where the electron density of
the lowest energy singlet state at the triplet geometry was subtracted from
the appropriate triplet state electron density, regions of reduced electron
density are indicated in blue and those of increased electron density are
indicted in red.

energy terms the closest triplet state to the S, is the T; state,
which is predominantly ruthenium to rhenium charge transfer
in character while the lowest energy triplet state (T,) has
rhenium to ligand charge-transfer character.

The infrared spectrum of the lowest energy triplet state was
then simulated. To compare with the experimental TRIR data,
the calculated spectrum of the singlet ground state was then
subtracted from the simulated triplet state spectrum. (Figure 6).
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Figure 6. A comparison of the TRIR spectrum obtained following excitation
of a) 5 at 450 nm, b) 4 at 320 nm (both obtained in acetonitrile) and c) the
calculated difference spectrum for the T, excited state of 5.
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It is clear that in the calculated difference spectrum for the T,
state of 5 the v, bands behave in a manner similar to that of 4
when irradiated using 320 nm light, particularly in respect of
the shift to higher energy of the highest energy v, band. In
contrast, the v, bands shift to lower energy following 450 nm
excitation of complex 5. These results suggest that upon
excitation of 5 at 450 nm the state that is ultimately populated
is not the lowest energy triplet state but rather a higher energy
triplet state.

Finally the behaviour of the optically accessible singlet
excited states was modelled along the trans-CO-loss reaction
coordinate. A relaxed potential energy scan was then per-
formed where the trans-CO ligand to metal distance was
increased in 0.1 A increments. At each point along this reaction
coordinate a TD-DFT calculation was performed to estimate the
energies of the twenty lowest energy singlet excited states
(vertical excitation energies in the range 2 to 3 eV correspond-
ing to the photon energies used in the photochemical experi-
ments). The results of these calculations are presented in
Figure S12 and confirm that no singlet excited state in this
energy range presents an accelerating energy profile to loss of
the trans-CO ligand. Consequently, the calculations suggest
that photochemical excitation of this complex will not result in
trans-CO loss.

2.4. Cyclic Voltammetry

The location of the reduction potentials of complexes 4 and 5
is of prime importance for the efficiency of the quenching
process in the photocatalytic CO, reduction cycle. The cyclic
voltammetry of these compounds is shown in Figure 7 and
Table 2.

The most positive cathodic feature of 4 is a quasireversible
first reduction at —1.62V vs Fc/Fc*. This wave is generally
assigned to a ligand based reduction, as observed in the case
of 2.1 At more negative potentials (See Figure S13), further
quasi- or irreversible reductions are observed. This contrasts
with a more pronounced irreversible reduction of 2.
Ruthenium trisbipyridine complexes typically exhibit three
reversible ligand based reductions.”**? |n the case of 5, the
first two quasireversible reductions are observed at —1.4 V and
—1.62V vs Fc/Fc*. Unresolved and irreversible reductions
observed more negative than —1.62 V vs Fc/Fc* are not further
considered.

A key observation is that the reduction of compound 4
appears at a similar potential as the second reduction of 5 as
shown in Figure 7a. This suggests that the second reduction of
5 may be assigned to the Re-qpy moiety of the complex. This
indicates that there is limited communication between the Ru
and Re subunits.”'**® For 5 the first (and gpy-based) reduction
at approximately —1.4V vs Fc/Fct is very similar to that
observed for the dinuclear [(bpy),Ru(gpy)Ru(bpy),]*" com-
pound.” The gpy-based reductions of 5 are shifted anodically
by 340 mV and 120 mV relative to 1 and 2 respectively. This is
related to the presence of the qpy ligand that has stronger
electron withdrawing properties than the bpy analogue.*>*®

ChemPhotoChem 2018, 2, 323-331 www.chemphotochem.org
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Figure 7. a) Reductive and b) oxidative cyclic voltammetry of 5 and 4

(0.75 mM) in MeCN with 0.1 M TBAPF; (as supporting electrolyte). a) Cyclic
voltammograms were recorded using glassy carbon (3 mm diameter) as the
working electrode, Pt as the counter electrode and an Ag/Ag™* reference
electrode at scan rate v=100 mVs~". All potential values were further
calibrated against Fc/Fc™.

Table 2. Summary of the first oxidation and reduction potentials vs Fc/Fc*
of the assessed complexes at scan rate=100mVs™' in MeCN/0.1 M
TBAPF,.®

Complex Ru (L/L7), [V] Re (L/L7) [V] Ru"" Re"
Y vl
5 —1.4(q) —1.62(q) 0.93 1.07(i)
4 - —1.62(q) - 1.01(i)
2 - -1.74 - 0.98(i)
1 —-1.74 - 0.89 -
[a] i=irreversible oxidation at v=100mVs™', E,, displayed. q=quasir-

eversible process, E,,, displayed. All other values are E,,, values.

The oxidative voltammetry of compounds 4 and 5 is shown in
Figure 7b. Compound 4, as observed for 2, undergoes an
irreversible Re” metal-based oxidation at 1.01V vs Fc/Fc™™
Regarding 5, a quasireversible oxidation and an irreversible
oxidation are observed. For comparison, [(bpy),Ru(gpy)Ru(bpy),**
demonstrates a quasireversible oxidation with E,, of approx-
imately 0.95 V vs Fc/Fc*,®* associated with the Ru"" redox couple.
For other Ru—Re complexes the first oxidation has been reported
to occur at the Ru centre."**® Additionally, the first oxidations of 1
and 2 occur with E,, of 0.94V and 0.98V vs Fc/Fc* respectively.
Further to this, as shown in Figure S14, there appears to be some
reversibility of the second oxidation at higher scan rates.

2.5. Photocatalytic CO, Reduction

The photocatalytic properties of mixtures containing 1 and 2
were investigated and compared to those of the dinuclear
complex 5. Initial solvent and sacrificial electron donor studies
were undertaken to optimise the conditions for photocatalysis
using the intermolecular system of complexes 1 and 2 and the

327 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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results obtained appear in Figure S16. In agreement with the
literature,"’® TEOA as a sacrificial electron donor (1:5 v/v)
provides higher TON, values compared to TEA (TON, <1 in
either DMF or MeCN). DMF as solvent yielded a TON, of 35
while with DMA a value of 14 was obtained, while MeCN gave
TON¢, values of up to 10. 1-benzyl-1,4-dihydronicotinamide
(BNAH) has previously been shown to enhance CO produc-
tion.” However, when the irradiation source was 355 nm, the
mixture of 1 and 2 in DMF/TEOA (5:1) with 0.1 M BNAH
produced <1 TON¢o, which contrasts with a TON,=9 when
the irradiation sources was changed to 470 nm. This may be
due to an inner filter effect, as BNAH absorbs strongly at
355 nm."*"

The photocatalytic efficiency of the intramolecular assembly
5 was assessed in DMF/TEOA (5:1), (as shown in Figure 8). Over

35 il
30 mH2
25 CO

TON CO/H,
N
o
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5 |
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Figure 8. Photocatalytic CO, reduction performed with 100 uM 5, 134 uM
14100 uM 2, 134 uM 1, and 100 uM 2 in DMF/TEOA (5:1 v/v); irradiation
time of 21 hours.

the 21 hour irradiation period, TON¢, values of 7 (A=470 nm)
were obtained, but drops to <2 for 355nm or >400 nm
irradiation. In this intramolecular assembly, the activity towards
CO, reduction was very limited when compared with the results
obtained for the intermolecular mixture of 1 and 2. The
intermolecular approach generated higher TON, values of 23
and 22 at A=470 nm and A=355nm respectively. A further
study was undertaken in MeCN/TEA (5:1). As with the
intermolecular systems containing complexes 1 and 2, the
intramolecular mixture containing complex 5 failed to produce
any significant amount of CO (as shown in Figure 517).
Reductive quenching of the photosensitiser’s excited state
has been commonly reported as a reason for efficient photo-
catalytic CO, reduction.”***? Following reductive quenching of
the excited state photosensitiser by the sacrificial electron
donor, the reduced photosensitiser in turn reduces the catalyst,
whereby the reduction of the photosensitiser is close to or
more negative than that of the catalyst.”” With respect to
intramolecular photocatalytic Ru—Re CO, reduction catalysts, it
has been shown in the literature that a conjugated bridging
system between the Ru and Re units yields an anodic shift in
the first reductions of the photosensitiser and catalyst, which is
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concurrent with lower photocatalytic activity of the com-
plexes.>®*%% A vinyl-bridged Ru,-Re trinuclear complex, reported
by Ishitani and co-workers, produced similar TON, to its
saturated homologue. However, the vinyl units undergo
saturation during the photocatalysis experiments.®’

2.6. Energetic Feasibility of Oxidative and Reductive
Quenching

2.6.1. Oxidative Quenching

Excitation of the complex was undertaken at 470 nm, thereby
selectively irradiating the Ru—L 'MILCT. The resulting emission
and absorbance spectra, as acquired in MeCN, are shown in
Figure S15. An approximate E,, value of 569 nm was ob-
tained,®®®”! equating to 2.18 eV. The first oxidation of 5 occurs
with E,, of 0.93 V vs Fc/Fc™. Therefore, as per Equation (1),
the [51*/[5(Ru*Re )] excited state oxidation potential occurs at
—1.25V vs Fc/Fct. The first two ground state reduction
potentials of 5 are —1.4V and —1.62V vs Fc/Fc* (Table 2).
These processes, with comparison to 4, are Ru—L based and
Re—L based reductions respectively. Therefore, intramolecular
oxidative quenching of Ru by Re subunits is not expected to
proceed.”*”"

E(PS*/PS") = E(PS/PS")—Eq- (1)

2.6.2. Reductive Quenching

Quenching experiments of 5 with TEOA were not undertaken.
However, the first (and Ru—L based) reduction of 5 occurs at
—1.4V vs Fc/Fc* and the E,, was approximated as 2.18 eV. The
excited state reduction potential of 5 (as calculated by
Equation (2)°"7?),( i.e. [5]*/[5]") is +0.78V vs Fc/Fc*. As the
oxidation potential of TEOA is 40.33 V,*® this reaction is
expected to proceed.”

E(PS*/PS™) = E(PS/PS™) + Eg- (2)

However, as electrochemical results for 4 imply that the
second reduction within 5 is a Re ligand based reduction, which
occurs at 0.22V more negative to that of the Ru—L based
reduction (—1.62V and —1.4V vs Fc¢/Fc™ respectively). There-
fore, though quenching of the excited state of 5 by TEOA is
suggested to proceed, the subsequent reduction of the Re
moiety by the Ru moiety is not. The intermolecular approach
with 1 and 2 was assessed in the same manner, and is
suggested to proceed by reductive quenching (1 E,, of
2.26 eV).

3. Conclusions

In this contribution, the photocatalytic potential of the intra-
molecular RuRe (5) assembly towards CO, reduction was
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investigated and compared to the intermolecular system of 1
and 2. Generally within Ru—Re complexes, weak interactions
between the photosensitiser and the catalytic centre often
leads to an effective photocatalytic system for CO, reduction.
Although the electronic coupling between the Ru and the Re
moiety in compound 5 is weak (as indicated by emission
studies, TRIR, electrochemistry and quantum chemical calcu-
lations), the results obtained in these studies show that the
highest TON values are obtained with the intermolecular
approach. The most likely reason for the low activity of
compound 5 is obtained from the electrochemical studies,
which indicates that neither oxidative or reductive quenching is
likely, whereas reductive quenching is a favoured process in the
intermolecular approach.

Experimental Section

'H NMR (400 MHz) spectra were recorded in deuterated solvents
(dg-DMSO, d;-MeCN) on a Bruker AC400 NMR Spectrometer with
TMS or residual solvent peaks as reference. The XWIN-NMR
processor and ACDLABS 12.0 NMR processor software were
employed to process the free induction decay (FID) profiles. The
H—H 2D COSY NMR involved the accumulation of 128 FIDs of 16
scans. Elemental analysis (CHN) was carried out using Exador
Analytical CE440 by the Microanalytical Department, University
College Dublin, Ireland. UV-Vis absorption spectra were recorded
on a Shimadzu 3100 UV-Vis/NIR spectrophotometer interfaced to
an Elonex PC575 desktop computer using 1 cm path length quartz
cell. The detection wavelength was 190-800 nm. The ASCII data for
each UV-Vis spectra were further processed using Excel 2016
software. Emission spectra were recorded on a Perkin-Elmer LS50B
luminescence spectrophotometer. The solvent used for the room
temperature emission spectroscopy was spectroscopic grade
MeCN. All spectra were initially generated by Perkin-EImer FL
Winlab custom built software and further the ASCIl data were
processed by Excel 2016 software. The optical densities of all
sample solutions were approximately 0.15 A.U.

The ps-TRIR apparatus was previously reported by us, but a general
overview is as follows.”™ UV pump and mid-IR probe pulses were
generated by a Ti:sapphire laser (repetition rate 1 kHz). The UV
pump pulse at 400 or 320 nm excitation typically had pulse
energies in the range 0.8 to 1, and was generated by second
harmonic generation (SHG). IR probe pulses were generated by
difference frequency generation (DFG) of the signal and idler from
a BBO-based OPA in AgGaS,. The delay positions were scanned by
mechanically adjusting the beam-path of the UV pump using a
translation stage. The temporal resolution of 200 fs has been
obtained from the FWHM of the pump—probe cross-correlation
function recorded in a 1 mm thick layer of Si placed in a sample
cell identical to that used for the solutions.

All electrochemical analyses were undertaken with CH instruments
600e and 750c potentiostats. Unless otherwise stated, all voltammo-
grams were undertaken at 100 mVs™' scan rate. Voltammetry was
undertaken in a custom-built V-shaped cell using of a 3-electrode
setup with a 3 mm diameter glassy carbon working electrode, coiled
platinum wire counter electrode and Ag/Ag™ non-aqueous reference
electrode (uncoated Ag wire with 0.01 M AgNO;, 0.1 M TBAPF, in
MeCN filling solution) and undertaken in Ar-purged anhydrous MeCN
with 0.1 M TBAPF, as supporting electrolyte. All potentials were
referenced with respect to the Fe?*”** couple of ferrocene. The
synthesis of 3, the precursor to 5 has been reported previously."
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Synthesis

Synthesis of [(gpy)Re(CO);Cl] (4)

102 mg (0.33 mmol) of gpy and 50 mL anhydrous toluene were
added to a 100 mL round-bottom flask under N, atmosphere.
100 mg (0.77 mmol) of Re(CO)sCl was added slowly over a period
of 1 hour to the solution with slow stirring of the reaction mixture.
After the addition of Re(CO),Cl, the reaction mixture was brought
to reflux temperature for 2 hours under a N, atmosphere. The
reaction was stopped and cooled to room temperature after 2
hours. An orange colour precipitate formed and was washed with
cold toluene to remove the unreacted [Re(CO);Cl]. The product was
then recrystallised from an MeCN/diethyl-ether solvent mixture to
remove the dinuclear (qpy)[Re(CO);Cll, species formed as a by-
product during the reaction. The infra-red (IR) spectra of the
product was checked and recorded using MeCN to confirm the
formation of product. Yield: 152 mg, 0.25 mmol, 75%. 'H NMR
(400 MHz, DMSO-d;) 6 ppm 7.53 (ddd, J=7.39, 474, 1.26 Hz, 1 H)
7.76-7.83 (m, 1 H) 8.03 (td, /=7.71, 1.77 Hz, 1 H) 8.34-8.41 (m, 1 H)
850 (d, /=8.08Hz, 1H) 853-8.62 (m, 2H) 876 (dd, J=3.66,
0.88 Hz, 1 H) 8.82 (dd, /=8.59, 2.02 Hz, 1 H) 8.87 (d, J=8.34 Hz, 1 H)
8.91-8.95 (m, 2 H) 9.05-9.10 (m, 1 H) 9.26 (dd, J=2.27, 0.76 Hz, 1 H)
932 (d, J=227Hz, 1H) IR v, CH,CN: 2022, 1915,
1898 cm'.Elemental analysis for C,;H,,CIN,O;Re. M.W.=616.04;
Calc: C 44.84, H 2.29, N 9.09. Found: C 45.05, H 2.20 and N 9.41%.

Synthesis of [(bpy),Ru(u-qpy)Re(CO);ClI(PF), (5)

40 mL of spectroscopic grade ethanol was purged with nitrogen
for 30 minutes. 77 mg (0.075 mmol) of [(bpy),Ru(qpy)l(PFe), (1) and
32.8 mg (0.09 mmol) of [Re(CO);Cl] were added to the purged
ethanol. The reaction mixture was then refluxed in the dark for a
further 6 hours under a nitrogen atmosphere. The reaction was
monitored by TLC and IR. The solvent was removed by rotary
evaporation after 6 hours of reaction. The crude product was
washed with n-pentane and diethyl ether. The bright red coloured
product was further purified by recrystallisation from an acetone/
toluene solution. Yield: 86 mg, 0.065mmol, 87%. 'H NMR
(400 MHz, DMSO-dg) & ppm 1.32-1.39 (m, 12 H), 4.41 - 4.48 (m, 8 H),
7.51-7.61 (m, 1 H), 7.75-8.05 (m, 10 H), 8.07-8.20 (m, 1 H), 8.23-
831 (m, 1 H), 836 (t, J=8.34 Hz, 1 H), 8.62-8.70 (m, 1 H), 8.73-8.90
(m, 4 H), 8.98-9.05 (m, 2 H), 9.08 (dd, J=8.59, 3.03 Hz, 1 H), 9.19 (d,
J=16.93 Hz, 1 H), 9.25 (d, /=8.08 Hz, 1 H), 9.32 (d, J=8.34 Hz, 2 H).
IR v, in CH;CN: 2022, 1917, 1899 cm™'. Elemental analysis for
C,43H3CIF;,NgO5P,F,,RuURe. 4 H,O Mw 1391.48. Calc. 37.12, H 2.75, N
8.05; Found C 37.48, H 2.44, N 7.45%.

Computational Studies

All calculations were performed using either Gaussian 097¥ or
Gaussian 16" programme suites. The hydrid density functional
B3LYP"*7® was used for all calculations coupled with the LanL2DZ
basis set.”>®? The initial molecular structure was obtained from
molecular modelling techniques and was then optimized to tight
convergence criteria at the B3LYP/LanL2DZ model chemistry. The
UV/visible spectra were simulated using the results of TD-DFT
calculations by convolution of Gaussian functions (3000 cm™' band
width at half-height) with the calculated stick spectra.®>** Relaxed
potential energy scans incrementally increased the Re to trans-CO
distance from the optimized value in ten steps of 0.1 A allowing all
other structural parameters to optimize. This provided a set of ten
molecular coordinates which were then used in TD-DFT calculations
of the excitation energies of the twenty low energy singlet excited
states. The energy of the excited states were corrected for changes
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in the ground state energy along this reaction coordinate providing
potential energy profiles for each excited state as the trans-CO
bond lengthened.
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