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A theoretical-guided design concept aiming to achieve highly efficient unidirectional charge transfer and
multi-charge separation upon successive photoexcitation for light-harvesting dyes in the scope of
supramolecular photocatalysts is presented. Four 4H-imidazole—ruthenium(i) complexes incorporating
a biimidazole-based electron-donating ligand sphere have been designed based on the well-known
4H-imidazole—ruthenium(i) polypyridyl dyes. The quantum chemical evaluation, performed at the density
functional and time-dependent density functional level of theory, revealed extraordinary unidirectional
charge transfer bands from the near-infrared to the ultraviolet region of the absorption spectrum upon
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Accepted 14th April 2016 the outstanding multi-electron storage capacity for this novel class of black dyes. These remarkable
photochemical and photophysical properties are found to be preserved upon site-specific protonation

rendering 4H-imidazole—ruthenium(i) biimidazole dyes ideal for light-harvesting applications in the field
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1. Introduction

In recent years ruthenium(u) polypyridyl complexes have attracted
enormous attention due to their outstanding (photo)chemical and
(photo)physical properties, i.e., strong stability on heat, electricity
and light coupled with broad absorption bands in the visible
region, and redox and catalytic activity. Thus, possible applications
of such complexes range from pharmaceuticals in phototherapy
agents,"” light-emitting diodes,®*"" molecular sensors,">°
semiconductors,”'® and sensitizers in dye-sensitized solar
cells"*>* (DSSCs) to supramolecular photocatalysts in the fields
of water splitting and artificial photosynthesis.>*~"

Black absorbers based on ruthenium(u) polypyridyl complexes
are widely applied in light-harvesting devices and photosensitizers
due to their broad absorption bands. Such complexes, e.g.
ruthenium(u) trisbipyridine and ruthenium(u) bisterpyridine-
based dyes, typically present metal-to-ligand charge transfer
(MLCT) bands centered below 550 nm. Several strategies have
been pursued to enhance the absorption in the visible and
near-infrared (NIR) regions in order to maximize overlap with
the solar radiation spectrum.**** However, the improvement of
light-induced (multi-)electron charge transfer processes and

Institute of Physical Chemistry and Abbe Center of Photonics,
Friedrich-Schiller-University Jena, Helmholtzweg 4, 07743 Jena, Germany.

E-mail: stephan.kupfer@uni-jena.de

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/c6¢p00911e

This journal is © the Owner Societies 2016

the stabilization of (multi-)charge-separated photoexcited inter-
mediates are further major keystones in the field of supra-
molecular photocatalysis.***> Thus, dyes capable of donating
and transferring several photoinduced charges in a unidirectional
manner towards a catalytic center are of vital importance for light-
driven hydrogen generation.**°

One promising class of black absorbers to fulfil these pre-
requirements are 4H-imidazole-ruthenium(u) polypyridyl complexes.
Lately, we investigated the effects of (multi-)protonation,*®**
substitution with electron-withdrawing groups (EWGs) and
electron-donating groups (EDGs) in the periphery of the
4H-imidazole ligand,***** anchoring on titanium dioxide nano-
particles**** and the influence of the polypyridyl ligand sphere,
i.e. for terpyridine and bipyridine ligands,*®** on their photo-
physical and photochemical properties by spectroscopic and
computational methods. Furthermore, photoexcited relaxation
channels***® have been assessed as well as their (multi-)photo-
electron donor** and storage capacities*”*® based on a spectro-
electrochemical (SEC) approach. The absorption spectrum for
this class of black absorbers was found to be dominated by
mainly two intense bands: (i) a MLCT band (583 to 600 nm),
with contributions towards both ligand spheres (4H-imidazole and
polypyridyl), while (multi-)protonation leads to a bathochromic
shift (from approximately 605 to 615 nm) accompanied by an
enhanced unidirectionality of the underlying MLCT transition
towards 4H-imidazole and, (ii) an intra-ligand (IL) band, corre-
lated to a locally excited state of 4H-imidazole, at approximately
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368-429 nm depending on the substitution pattern and the pH.
Thus, these complexes feature two channels to accumulate
photoexcited electrons on the 4H-imidazole ligand, via MLCT
and IL states, which were further investigated by UV-vis and
resonance Raman (RR-)SEC. The singly oxidized complex with

an electron hole at ruthenium (RuII =, RuIH>, mimicking the

electronic structure upon MLCT excitation, was found to be
capable of injecting a second electron into the low-lying
n*-orbital of 4H-imidazole (n*;,) via an IL centered state.**
Reductive SEC studies, aiming to estimate the multi-electron
storage capacity, revealed that dual charge separation is closely
related to the competitive population of a doubly reduced
singlet (ground) state vs. a doubly reduced triplet (ground)
state. For the singlet state, both excess charges are localized
on 4H-imidazole, while the triplet state holds one charge on
each ligand sphere.*”*® Thus, the key for multi-electron storage
is to stabilize the doubly reduced singlet state with respect to
the triplet analog. Such stabilization can be achieved by EWGs
in the periphery of 4H-imidazole.

Here we present a theory-guided design concept to improve the
light-harvesting properties of 4H-imidazole-ruthenium-based
black absorbers by increasing the unidirectionality of the CT,
and to simultaneously enhance the multi-(photo)electron storage
capacity, which is essential for the functionality in the scope of
artificial photosynthesis devices. Structural modifications based
on the chloro-n®4,4’,4"-tritert-butyl-2,2':6',2"-terpyridine-n>-
phenyl-4,5-(p-ethylcarboxyphenyl-imino)-imidazolate-ruthenium(u)
(RuTerpy) reference system aim to replace the terpyridine and
chlorine ligands by means of a new ligand sphere that: (i) does
not contribute (significantly) to the bright MLCT, IL and intra-
ligand CT (ILCT) states in the visible region enhancing the
unidirectionality of the CT, (ii) features high-lying bonding
orbitals donating electron density towards the ruthenium center
to (partially) recover the initial ruthenium(u) species upon primary
photoexcitation quenching charge recombination processes,
and (iii) allows multi-photoinduced charge accumulation on
4H-imidazole due to its HOMO-LUMO (highest occupied mole-
cular orbital-lowest unoccupied molecular orbital) gap. This
schematic design concept is illustrated in Fig. 1a along with the
molecular orbitals (MOs) involved in the electronic transition
underlying the MLCT band of RuTerpy (Fig. 1b and d, d,;, = )
and the charge-separated triplet state that is populated upon
intersystem crossing and subsequent depletion along the excited
state relaxation cascades (Fig. 1c and d, d,,, ™im)-

A promising class of ligands to realize these three objectives
are bibenzimidazoles. The photoactivity and electrochemistry
of bibenzimidazolyl complexes has been investigated for a long
time.*®® Bibenzimidazole ligands incorporated in e.g. ruthenium(n)
bipyridyl and ruthenium(u) phenanthrolyl complexes (and
related systems) function as non-electron-accepting ligands
and thus do not participate in low-lying excited states such as
MLCT and IL states.>**°° Hence, unidirectional CT can be
achieved upon photoexcitation, however, the (photo)physical
and (photo)chemical properties of ruthenium(u) bibenzimidazolyl,
and structurally-related complexes, are known to be highly
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Fig. 1 (a) Basic design concept employing an electron-donating ligand
sphere capable of (partially) recovering the initial ruthenium(i) center upon
primary photoexcitation. Frontier orbitals of the RuTerpy reference
complex involved in the first bright MLCT transition, (b) d,, and (d) n*im,
and the charge-separated triplet state, (c) dy, and (d) 7*.

pH-dependent, i.e., with protonation of the non-coordinating
nitrogen atoms of bibenzimidazole.'>****%*®! such pH-dependency
is of interest for applications in molecular sensors but it is undesired
in the scope of molecular photocatalysis. Several attempts have
been proposed to overcome this shortcoming by protecting the

non-coordinating nitrogen atoms with phenylene or 1,2-ethanidyl
59,62

groups.’

In this contribution we present a priori quantum chemical
evaluation of the photophysical and photochemical properties
of four 4H-imidazole-ruthenium(u)-bi(benz)imidazolyl complexes
(complexes Rul-Ru4 in Fig. 2) upon multi-photoexcitation. On the
one hand, Rul and Ru2 are designed according to the concept
shown in Fig. 1a, where 4H-imidazole and the bibenzimidazole/
biimidazole ligands reside in the same plane (xy) to allow for
direct interaction of their n-systems with the d,,, donor orbital
of ruthenium, involved in the lowest bright MLCT excitation
towards 4H-imidazole (MOs in Fig. 1b and d). On the other
hand, the related bisbibenzimidazole and bisbiimidazole com-
plexes, Ru3 and Ru4, aim to stabilize the charge-separated
triplet state by improving the overlap of the bi(benz)imidazole
n-orbitals with the d,, and d,, orbitals of ruthenium. Further-
more, the (multi-Jelectron donor and (multi-)electron storage
capacities as well as the impact of the pH on the photophysical
and photochemical properties will be studied.

2. Computational details

The structural and electronic data for complexes Rul, Ru2, Ru3
and Ru4 were obtained from quantum chemical calculations
performed with the Gaussian 09 program.®® While the complexes
Rul-Ru3 have been exclusively studied in their non-reduced
singlet form, Ru4 has been furthermore investigated in several
redox states, namely: (i) the singly oxidized doublet, (ii) the singly
reduced doublet and (iii) the doubly reduced singlet and triplet.
In addition, protonation effects have been taken into account for

This journal is © the Owner Societies 2016
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Fig. 2 Molecular structures and simulated UV-vis absorption spectra for the primary photoactivation of Rul (a), Ru2 (b), Ru3 (c) and Ru4 (d) in
acetonitrile. The calculated oscillator strengths are represented by black bars, and a Lorentzian function with a half-width of 20 nm is employed to

broaden the transitions.

Ru4, while single protonation at three positions has been con-
sidered: (i) at one non-bonding nitrogen atom of the biimidazole,
(ii) at one non-bonding nitrogen atom of the 4H-imidazole and
(iii) at one carbonyl group of the ester substituent. Furthermore,
the non-reduced triplet species of Ru4 was studied as well as its
three aforementioned singly protonated species. The equilibrium
geometries of the electronic ground state were calculated by
means of density functional theory (DFT) with the XC functional
B3LYP*"®® for each redox state of each compound, respectively.
The 6-31G(d) double-{ basis set®® was employed for all main group
elements. The 28-electron relativistic core potential MWB®” was
applied with its basis set for the ruthenium atom, that is, 4s, 4p,
4d and 5s electrons are treated explicitly, while the first three
inner shells are described by the core pseudo-potential. A sub-
sequent vibrational analysis carried out for each fully optimized
structure verified that the obtained structures correspond to
minima of the ground state potential energy surface (PES).
Excited state properties, such as excitation energies and
oscillator strengths, have been calculated at the time-dependent
DFT (TDDFT) level of theory within the adiabatic approximation
with the same XC functional, pseudo-potential and basis set.
Several joint experimental-theoretical studies on structurally-
related polypyridyl-ruthenium-4H-imidazole complexes proved
that this computational protocol enables an accurate prediction
of ground and excited state properties with respect to experimental
data, e.g. UV-vis absorption, RR spectra and excited state relaxation
pathways, as well as (spectro-)electrochemical properties.*”***>*
As shown in ref. 40 the B3LYP functional provides a balanced

This journal is © the Owner Societies 2016

description of the MLCT (metal-to-ligand charge transfer), LLCT
(ligand-to-ligand intra-ligand charge transfer), ILCT (intra-ligand
charge transfer) and LMCT (ligand-to-metal charge transfer) states
as well as of the local nr* states of the respective ligand spheres for
ruthenium-4H-imidazole complexes. The absorption spectra of
Rul-Ru4 were simulated by means of the 100 lowest excited states
of the respective ground state multiplicity. The effects of the
interaction with a solvent (acetonitrile, ¢ = 35.688, n = 1.344) on
the geometry, frequencies, excitation energies and transition dipole
moments were taken into account by the integral equation

formalism of the polarizable continuum model.*®

3. Results

In order to estimate the multi-photon light-harvesting capacity
for this class of novel black absorbers, we apply quantum
chemical simulations on complexes Rul-Ru4 to study their
photophysical properties. Subsequently, their multi-photoelectron
donor and acceptor capacities are evaluated by means of a SEC
approach. Additionally, the pH-dependency upon site-specific
protonation and its impact on the photophysical and photo-
chemical properties is assessed.

3.1 UV-vis absorption for primary and secondary
photoexcitation

The preliminary step to evaluate dyes and their eligibility as light-
harvesting units in DSSCs or as photosensitizers in light-driven
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supramolecular catalysis is to obtain insight into their UV-vis
absorption spectra. Thus, the UV-vis spectra of Rul, Ru2, Ru3
and Ru4, depicted in Fig. 2a-d, have been simulated by means
of TDDFT with the B3LYP functional.

Detailed information with respect to the optimized equilibrium
geometries, excited state properties and MOs involved in the
leading transitions are collected in Tables S1-S3 of the ESL¥
The quantum chemical simulations on Rul, featuring one
bibenzimidazole and two carbonyl ligands, revealed that the
visible region is dominated by one medium bright IL state of
4H-imidazole (S;) and one bright LLCT state from bibenz-
imidazole towards 4H-imidazole (S,) at 2.22 (557 nm) and
2.59 eV (479 nm), respectively. The UV region features one
additional bright 4H-imidazole-centered IL state (S;3) at 3.26 eV
(380 nm) and one IL state of the bibenzimidazole ligand (S,o) at
3.84 eV (324 nm). Surprisingly, only minor contributions of
MLCT character are estimated for Rul, which is correlated to
the bulky bibenzimidazole ligand distorting the structure of the
entire complex (o4, o, and the butterfly angle o in Table S1 of
the ESIf). Detailed information with respect to excited state
properties, charge density differences (CDDs) and the MOs
involved in the leading transitions of Rul (and Ru2-Ru4) are
collected in Tables S2-S4 (ESIT).

To overcome this steric limitation, bibenzimidazole was
reduced to biimidazole from Rul to Ru2 (detailed structural
data shown in Table S1, ESIT). As predicted, the first absorption
band of Ru2 in the visible region given by the S, state at
2.50 eV (495 nm) (Fig. 2b) is now of MLCT character towards
4H-imidazole, while the character of the 4H-imidazole IL band,
Sg, at 2.87 eV (431 nm) is not affected significantly. Analogous
to Rul, the UV region of Ru2 is dominated by bright IL states of
both ligand spheres. Generally, a bathochromic shift of the
absorption features is predicted by the quantum chemical
evaluation from Rul to Ru2, which is intrinsically connected
to the reduction of the n-system from bibenzimidazole in Rul
to biimidazole in Ru2.

In order to combine an extended m-system for the ligands
with minimization of the steric hindrance, Rul, a bisbibenz-
imidazole sphere, is introduced in Ru3, where all three ligands
are orientated perpendicular to each other to minimize steric
hindrance. The resulting absorption spectrum, illustrated in
Fig. 2c, is substantially shifted to higher wavelengths, and thus
exhibits increased overlap with the solar radiation spectrum.
The bright MLCT state to 4H-imidazole (S;) is stabilized to
1.66 eV (749 nm), further bright 4H-imidazole-centered IL
states, i.e. So and Sy, as well as (medium) bright MLCT states,
Si0, S14 and S;g, which dominate the visible region of the
absorption spectrum of Ru3. However, the Si4, Si¢ and Sig
states show pronounced contributions of MLCT transitions
towards the bisbibenzimidazole ligand sphere, which leads to a
decrease of unidirectionality of the CT (CDDs in Table S4, ESIf).
Analogous to Rul and Ru2, intense IL states of 4H-imidazole (Ss;)
and bisbibenzimidazole (S,g, Ss1, S5, and Sss) are calculated in the
UV region.

Ru4 features a bisbiimidazole ligand sphere to decrease the
CT to bisbibenzimidazole. The simulated UV-vis spectrum,

13360 | Phys. Chem. Chem. Phys., 2016, 18, 1335713367
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shown in Fig. 2d, features bright and medium bright MLCT
and IL states, exclusively directed towards 4H-imidazole.
Detailed information with respect to the bright excited states
of Ru4 is given in Table 1, while the respective CDDs between
the respective excited singlet state and the singlet ground state
are illustrated in Fig. 3; the MOs involved in the underlying
transitions are collected in Table S3 of the ESI.}

The first medium bright MLCT state (S;) is observed in the
NIR region at merely 1.32 eV (938 nm), and further bright
MLCT states (Ss, S1, and S;5) are found at 1.81, 2.70 and 3.05 eV
(684, 472 and 406 nm), respectively. A closer look into the MOs
involved in the MLCT transitions reveals that the d,, d., and
d,, orbitals of ruthenium are highly mixed with the n-system of
the biimidazole ligands (MOs in Table S3, ESIt), which leads to
a highly unidirectional CT from the biimidazoles and ruthenium
towards the 4H-imidazole. In addition, bright 4H-imidazole-
centered IL states, namely S;, and S,,, are calculated at 2.63
and 3.33 eV (472 and 372 nm). Hence, Ru4 is a promising
black absorber capable of transferring photoexcited electrons
unidirectionally to the 4H-imidazole ligand via MLCT and IL
states ranging from the NIR to the UV region. However, photo-
sensitizers for hydrogen-evolving supramolecular photocatalysts
need to supply at least two photoelectrons. Therefore, the next
step is to investigate the absorption spectrum of the photo-
excited Ru4, which will be denoted as secondary photoexcitation.
Upon primary photoexcitation to the bright singlet excited
states, ultra-fast inter-system crossing to the triplet manifold
is assumed to occur, followed by population of the triplet
ground state via excited state relaxation channels. Therefore,
the triplet ground state (within the Frank-Condon region of
the primary photoexcitation) was optimized and used as the
initial structure for the secondary photoexcitation within
triplet multiplicity, and structural data on the optimized
triplet are collected in Table S5 (ESIf). In accordance with
the reference complex RuTerpy (recall MOs in Fig. 1c and d),
the triplet ground state of Ru4 features an electron hole in the
d,, orbital, while the photoexcited electron resides in the
lowest anti-bonding orbital of the 4H-imidazole (MOs
d.,(200B) and m*;,,(201a) in Table S6, ESIt). The resulting
absorption spectrum for the secondary excitation as well as
the primary absorption spectrum are depicted in Fig. 4b, while
detailed information with respect to the underlying excited
states are collected in Table 1.

The respective CDDs for the triplet excitations are depicted
in Fig. 5, while the MOs involved in the leading transitions are
shown in Table S6 (ESIt). The visible range of the absorption
spectrum upon secondary excitation is dominated by mainly
four states, Tg, T4, Ty, and Tyy, at 1.90 (651 nm), 2.13 (581 nm),
2.27 (546 nm) and 2.75 eV (450 nm). The bright excitations into
Tg and T;, are 4H-imidazole-centered ILCT states, while Ty,
features mixed MLCT/ILCT character towards 4H-imidazole.
However, the bright Ty, is mainly related to a LMCT state from
4H-imidazole to the electron hole at ruthenium (MOS 7;,,,(194f)
and d,,(200B) in Table S6, ESIt) leading to charge recombina-
tion. Further medium bright LMCT states are calculated in the
NIR region, i.e. T3 and T, at 1.23 (1005 nm) and 1.33 eV (934 nm).

This journal is © the Owner Societies 2016
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Table 1 Calculated vertical excitation energies (E®), wavelengths (4),
oscillator strengths (f), eigenvalues of (s?) and singly excited configurations
of the main excited states in the visible range upon primary (singlet) and
secondary (triplet) photoexcitation within the respective equilibrium geometry
of Ru4. The principal orbitals are depicted in Tables S3 and S6 of the ESI+

Weight E° 1

(%) (V) (nm)f (s

State Transition

Primary photoexcitation (singlet, S, geometry)

Ss dyy + Mpim(199) — 1*n(201) (MLCT) 77 1.32 938 0.049 0.00

oy + Tim(197) = T5m(201) (MLCT) 9
dy; + Tpim(200) — T%,(201) (MLCT) 9
S5 dyy + Tpim(197) = ©¥m(201) (MLCT) 87 1.81 684 0.168 0.00
S1o Tim(195) — T*m(201) (ILCT) 71 2.63 472 0.278 0.00
oy + Tim(199) = T%m(203) (MLCT) 23
S1o iy + Mpim(199) — T*i:m(203) (MLCT) 64 2.70 459 0.233 0.00
Tim(195) = T*m(201) (ILCT) 24
S1s Ay + Tpim(197) = T¥n(203) (MLCT) 90 3.05 406 0.101 0.00
S2  Taelocal(191) = ™m(201) (CT) 89 3.33 372 0.149 0.00

Secondary photoexcitation (triplet, T; geometry)

Ts  Tbim(199B) — d,-(200B) (LMCT) 74 1.23 1005 0.010 2.03

d,(196B) — d,(200B) (MC) 11

T:  Tpim(198B) — d,,(200B) (LMCT) 64 1.33 934 0.016 2.03
d,y(197B) — d.(200B) (MC) 14
d,-(196B) — d..(200B) (MC) 11

Te  Tbim(198B) — ™*im(201B) (LLCT) 49 1.68 739 0.017 2.04
Tim(195B) — d,(2008) (LMCT) 13
Tpim(199B) — T*m(201p) (LLCT) 10
d(197B) — T*im(201B) (MLCT) 10

Ty mm(2010) — m¥,(2020) (ILCT) 84 1.90 651 0.243 2.08

To  T*m(2010) — m¥%,(2030) (IL) 56 1.99 623 0.039 2.06
Tim(195B) — d,(2008) (LMCT) 18

Tio  dy(196B) — m%m(201B) (MLCT) 47 2.10 591 0.020 2.04
dyy(197B) —» n*n(201B) (MLCT) 33

Ty T¥im(2010) — m%,(2030) (IL) 29 2.13 581 0.191 2.04
d,-(196B) — m*;,(201B) (MLCT) 26
dy(197B) —» m*im(201B) (MLCT) 23

Ty, Tim(1958) — ©%m(201B) (ILCT) 89 2.27 546 0.340 2.04

Ty m*m(2010) — m¥m(2040) (IL) 58 2.70 459 0.031 2.39
Tim(194B) — d,(200B) (LMCT) 14

Ty Tim(1948) — d,(200B) (LMCT) 76 2.75 450 0.132 2.12

T*im(2010) — T%;m(2044) (IL) 9

These LMCT states are not correlated to charge recombination,
since the CT occurs from the n-system of the biimidazole ligands
towards the d,, orbital (MOS 7pim(198B), Tpim(199B8) and
d,,(200pB) in Table S6, ESIT). Thus, the (singly) charge-separated
triplet species of Ru4 could transfer a second photoelectron via a
secondary absorption process into the low-lying anti-bonding
orbitals of the 4H-imidazole ligand, which leads in consequence to
a doubly charge-separated state. However, the possibility of such a
secondary absorption process needs to be further investigated by
means of time-resolved spectroscopy. The population of the
doubly charge-separated states is found to be dependent on the
excitation wavelength. While photoexcitation from the NIR
region to approximately 500 nm leads mainly to a doubly
charge-separated species with two excess charges localized on
the 4H-imidazole ligand (Ts, T, and T,,), excitation in the blue
region (T,, at 450 nm) is partially associated with an undesired
charge recombination process.

Thus, Ru4 renders a highly promising candidate for two-
electron storage in the scope of supramolecular photocatalysis.
SEC methods will be applied in order to further investigate the
multi-photoelectron donor and storage capacity of Ru4.

This journal is © the Owner Societies 2016
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Fig. 3 CDDs for bright singlet excitations contributing to the UV-vis
absorption spectrum of Ru4. CT takes place from blue to red.

3.2 Spectro-electrochemical evaluation

Experimentally, time-resolved spectroscopy is the method of
choice to derive structure-dynamic relationships of photoinduced
charge-separation cascades ranging from the femto- to nano-
second time scales. However, photophysical and photo-
chemical processes in supramolecular photocatalysis involve
long-lived photoexcited intermediates (microsecond time scale),
e.g. the (singly) charge-separated species of Ru4. Thus, SEC
methods are the ideal tool to study photoinduced intra-
molecular redox couples by means of photooxidation and photo-
reduction. In SEC, the photooxidized/photoreduced species are
modeled by the structural closely related electrochemically
oxidized/reduced species. The photophysical and photochemical
properties upon (electrochemical) oxidation and reduction reveal
the multi-photoelectron donor and storage capacities of the
system.

Firstly, the multi-photoelectron donor capacity of Ru4 will
be evaluated based on oxidative SEC. Oxidation of Ru4 yields
the singly oxidized doublet species; while no prominent struc-
tural alterations are predicted upon single oxidation, merely a
slight contraction of the RuN bonds as well as an increase of
the torsion of the substituted terminal phenyl moieties with
respect to the central imidazole moiety are observed (for
detailed information see Table S5, ESIt). These slight structural
changes are correlated to oxidation at the ruthenium center,

Ru" 2= Ru™ whereas the electron hole is localized via the d,,
orbital (MO d,,(2008) in Table S7, ESI¥).

Phys. Chem. Chem. Phys., 2016, 18, 13357-13367 | 13361
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Fig. 4 (a and c) Simulated UV-vis spectra of the singly oxidized (green)
and singly reduced (blue) doublet species of Ru4, respectively; (b) absorp-
tion spectrum upon primary (singlet) and secondary (triplet-to-triplet)
photoexcitation in black and red. The calculated oscillator strengths are
represented by bars, and Lorentzian functions with a half-width of 20 nm
are employed to broaden the transitions. For open-shell systems (doublet
and triplet) all states as well as those states within a threshold for spin-
contamination of (s?) < s(s + 1) + 0.75 are given (see respective color code).

In order to investigate the photophysics and the photo-
chemistry of the oxidized form, i.e. charge recombination vs.
multi-photoelectron donor capacity, TDDFT was applied to
simulate the absorption spectrum of the singly oxidized Ru4.
The calculated spectrum, depicted in Fig. 4a, is dominated by a
double band structure around 500 nm, given by the bright
doublet excited states Dy, and D;; at 2.35 (527 nm) and 2.51 eV
(494 nm), and by an UV band at approximately 370 nm, which is
mainly correlated to the bright D, at 3.35 eV (370 nm). The
states Dy, and D5 are of mixed character, while D, features a
LMCT transition leading to charge recombination (1*;,, — d,.)
as well as MLCT character to the 4H-imidazole ligand. The
leading transitions of D;s are mainly of ILCT and MLCT
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Fig. 5 CDDs for bright triplet excitations contributing to the secondary
UV-vis absorption spectrum of Ru4. CT takes place from blue to red.

character to the 4H-imidazole, while also LLCT contribution
from the bisbiimidazole sphere to 4H-imidazole is obtained.
Further LLCT character (mtpi, — T*im) is observed for the bright
Dy6 in the UV. Additionally, a third band in the visible region is
predicted at approximately 450 nm, however, the corresponding
excited states are considerably spin-contaminated. Furthermore,
a weak absorbing band at ~700 nm and a red-sided shoulder at
approximately 560 nm are calculated. The electronic character
of the underlying transitions for the D;; at 1.78 eV (698 nm)
are found to be of MLCT nature from ruthenium towards the
4H-imidazole, with slight contributions from the n-system of the
biimidazole ligands. The red-sided shoulder at 2.19 eV (565 nm)
is correlated to the D,; state and leads partially to charge
recombination and to MLCT towards 4H-imidazole.

To evaluate the multi-photoelectron storage capacity of Ru4,
we investigate the excited state properties upon electrochemical
reduction. Pronounced structural alterations upon single reduction
have been determined between the equilibrium geometries of the
non-reduced singlet and the singly reduced doublet. In particular,
planarization of the terminal substituted phenyl moieties with
respect to the central imidazole fragment from 43.5° and
—30.0° in the non-reduced species to 0.5° and 18.2° in the
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singly reduced species takes place accompanied by partial
pyramidalization (dihedral angles ¢, and J, and pyramidalizational
angles «; and o, in Table S5, ESIf). Furthermore, a slight
increase in the ruthenium-nitrogen bond lengths is observed.
These structural changes are rationalized by means of the
introduced excess charge localized in the lowest anti-bonding
n*-orbital of 4H-imidazole (m*;,,, LUMO of the non-reduced
singlet). This additional charge is stabilized by planarization of
the entire 4H-imidazole ligand frame; a similar behavior was
observed by means of transient absorption experiments, RR-SEC
and quantum chemical calculations for structurally related
polypyridyl-ruthenium-4H-imidazole complexes, however, in
SEC studies such planarization was not determined until double
reduction.*>*™*8 The absorption spectrum of the singly reduced
doublet, shown in Fig. 4c, features broad absorption bands
covering the entire visible region and originates from excitations
into the states Dg, D7, Dg, Do, D19, D11, D1g and Dye. The low-lying
bright and medium bright states Dg, D; and Dg at 1.77 (701 nm),
1.85 (671 nm) and 2.13 eV (582 nm) are mainly 4H-imidazole-
centered mn*-excitations, while TDDFT also predicts partial
MLCT character to the 4H-imidazole. The three bright MLCT
states Dg, Dy and Dy;, between 2.26 and 2.46 eV (548-505 nm),
populate low-lying n*;,-orbitals. However, the physical relevance
of these states is questionable due to the high amount of spin-
contamination. Further MLCT excitation towards 4H-imidazole
is observed by means of the medium bright excitation into
the D, state at 2.76 eV (449 nm). At 2.93 eV (426 nm) a further
4H-imidazole ILCT state (D,e) is computed that features also
LLCT contributions (pi, — 7*im). Detailed information with
respect to the excited states properties as well as the MOs
involved in the leading transitions can be found in the ESIf
(Tables S7 and S8).

Hence, all excitations of the singly reduced doublet species
are exclusively directed towards the 4H-imidazole ligand,
indicating the ligand’s capability to collect two electrons, the
first one introduced electrochemically and the second one via
photoexcitation. In order to further confirm this finding,
calculations on the doubly reduced species have been performed
within singlet and triplet multiplicity. The fully optimized
equilibrium geometries of both doubly reduced spin states are
similar to the structure of the singly reduced doublet. However,
for the doubly reduced singlet species further planarization of
the substituted terminal phenyl moieties occurs, while for the
triplet species a loss of planarity is observed for one substituent
(dihedral angles 6, and J, in Table S5, ESIf). Both doubly
reduced species of Ru4 (singlet and triplet) accumulate two
additional charges in the low-lying anti-bonding orbitals of the
4H-imidazole ligand, which clearly demonstrates the ligand’s
ability to collect multiple charges. In fact, the absorption spectra,
shown in Fig. S1 (ESIt), of the doubly reduced forms show
exclusively MLCT and ILCT excitations towards 4H-imidazole
(Tables S7 and S8, ESIt), indicating even the possibility of
accumulating three charges on this ligand.

These findings are generally in accordance with the results
obtained for related terpyridine-ruthenium-4H-imidazole complexes
by Zedler et al in ref. 47 and 48. However, low-lying terpyridine
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T erpy-OIbitals in terpyridine-ruthenium-4H-imidazole complexes
(e.g RuTerpy) allow merely two-electron storage on 4H-imidazole
for the doubly reduced singlet species. While in triplet multi-
plicity, one of the two excess charges resides on 4H-imidazole
and the other one on the terpyridine ligand. Thus, only the
4H-imidazole ligands bearing EWGs, e.g. ester groups, are able
to stabilize the doubly reduced singlet state, while EDGs, e.g.
methyl and dimethylamino groups, favor the population of the
unsuitable doubly reduced triplet state. In order to verify if multi-
charge accumulation in bisbiimidazole-ruthenium-4H-imidazole
complexes is also restricted to substitution with EWGs, we
rationalized the primary (singlet) and secondary photoexcitation
(triplet) as well as the electronic ground states of the doubly
reduced singlet and triplet species of Ru4Me, where the terminal
ester groups are replaced by methyl groups (molecular structure
in Fig. S2a and structural data in Table S9, ESIt). The calculated
primary and secondary absorption spectra of Ru4Me (Fig. S2b,
detailed excited state properties and MOs shown in Tables S10
and S11, ESIt) reveal no contributions of excited states populating
T*pim-orbitals. Furthermore, SEC studies on the doubly reduced
singlet and triplet species show that in both multiplicities the two
excess charges are localized on the 4H-imidazole ligand (the
singlet and triplet frontier orbitals 7*;,(171), ©%,(171e) and
T™im(1720)) for the doubly reduced Ru4Me are illustrated in
Table S12, ESIf). Thus, in contrast to terpyridine-ruthenium-
4H-imidazole complexes the spectroscopic properties in
bisbiimidazole-ruthenium-4H-imidazole complexes can be easily
tuned by functionalization with EWGs as well as with EDGs without
affecting the multi-electron storage capacity of the 4H-imidazole
ligand.

The SEC approach assumes that long-lived photoexcited
intermediates can be modeled by structurally, closely related
electrochemically-generated species and thus neglects the
structural and electronic impact of photooxidation (of the
ruthenium core, Ru(II) == Ru(IIl)) and photoreduction (of
the ligand) in reductive and oxidative SEC measurements,
respectively. In order to evaluate such an approximation we
compare the absorption spectra of the singly oxidized and the
singly reduced doublet (Fig. 4a and c¢) with the spectrum of the
non-reduced triplet species (secondary photoexcitation,
Fig. 4b). Therefore, specific electronic excited states, namely
one ILCT state of m;,, - m*;, nature present in all three species,
three m*,, — 7%, ILCT states (not present for the singly
oxidized species) and three LMCT charge recombination states
of the non-reduced triplet and the singly oxidized species (not
present in the singly reduced complex), have been selected. For
states of equivalent character similar excitation energies and
oscillator strengths have been obtained for all three species,
while the excitation energies of the oxidized Ru4 are found to be
mostly 0.1-0.2 €V higher than those for the non-reduced triplet.
Likewise, slightly smaller energies (approximately 0.0-0.14 eV)
have been calculated for the singly reduced complex with respect
to the triplet species. The similar excitation energies and oscillator
strengths for the corresponding states of the three species
demonstrate that photophysical properties of photoexcited inter-
mediates can be modeled using the SEC approach. Detailed
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information with respect to the electronic states, energies and
oscillator strengths are collected in Table S13 of the ESL¥

3.3 Protonation effects

Excited state properties and relaxation pathways in ruthenium-
biimidazole complexes are known to be highly pH-
dependent.'>**%%%%1 Thysg, the impact of single protonation
on the UV-vis absorption of Ru4, ie. the unidirectional CT
towards 4H-imidazole, as well as on the multi-(photo)electron
storage capacity of 4H-imidazole needs to be verified. Three
possible singly protonated species have been selected based on
a natural bond orbital (NBO) analysis (Fig. S3, ESIt), yielding
partial charges of —0.592 and —0.594 for the non-bonding
nitrogen atoms of the biimidazole ligands, —0.634 and —0.640
for the non-bonding nitrogen atoms of the 4H-imidazole moiety
and —0.651 and 0.655 for the carbonyl groups of the ester
substituents. Comparison of the optimized equilibrium struc-
tures of the three singly protonated singlet species (biimidazole,
4H-imidazole and carbonyl) with Ru4 (deprotonated) showed no
pronounced structural alterations, merely protonation at the
carbonyl group leads to planarization of the associated phenyl-
4H-imidazole fragment. Detailed structural data on the singly
protonated species is collected in Table S14 (ESIt).

Despite the partial charge of merely —0.594 (lowest charge of
the three possible positions) at the non-bonding biimidazole
nitrogen atoms, protonation at the biimidazole yields the most
stable singly protonated structure, whereas protonation at the
4H-imidazole (~—0.640) and the carbonyl group (highest
charge ~—0.655) is 0.49 and 2.01 €V less stable. The optimized
triplet equilibrium geometries are very similar to the respective
singlet structures, while for protonation at biimidazole and
4H-imidazole a slight increase of planarity is observed (9, and
0, in Table S14, ESIt), and an opposite behavior is obtained
for the carbonyl protonated species. However, the computed
singlet-triplet gaps, obtained between the respective optimized
equilibrium structures, highly depend on the protonation site.
While for the deprotonated and at the biimidazole protonated
Ru4, gaps of 0.39 eV have been calculated; gaps of merely
0.11 and 0.05 eV are predicted for single protonation at the
4H-imidazole and the carbonyl moieties.

The pH-influence and the protonation site on the excited
states properties are investigated by means of UV-vis absorption.
Single protonation at the biimidazole ligand does not affect the
primary absorption spectrum considerably, with respect to the
deprotonated Ru4 (Fig. S4a and b, ESIT). The medium bright and
bright MLCT states Sz, S4, S13 and Sy, are predicted at 1.42
(870 nm), 1.91 (650 nm), 2.92 (425 nm) and 3.11 eV (398 nm).
Additionally, two bright ILCT states, S0 and S,,, are calculated
with excitation energies of 2.72 (456 nm) and 3.45 eV (359 nm),
respectively. Generally, all excited states feature a hypsochromic
shift of approximately 0.06 to 0.22 eV upon protonation. The
electronic transitions involved in these MLCT and ILCT states
are exclusively directed towards low-lying anti-bonding orbitals
of 4H-imidazole. The triplet excitations underlying the simulated
UV-vis spectrum upon secondary photoexcitation (Fig. S4b, ESIt)
feature similar hypsochromic shifts upon protonation at the
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biimidazole. Weakly absorbing LMCT states (T3, Ty, Ts and T;-)
are calculated at 1.14 (1088 nm), 1.64 (755 nm), 1.80 (687 nm)
and 2.85 eV (434 nm), whereas merely T, is associated to charge
recombination. A further medium bright charge recombination
state (LMCT, T,,) is predicted at 2.57 eV (483 nm). Besides,
bright 4H-imidazole-centered ILCT states (T, and Tys) with
excitation energies of 1.92 (645 nm) and 2.75 eV (451 nm), and
one bright MLCT state (Tyo, 2.27 €V, 545 nm) dominate the
visible region of the secondary absorption spectrum.
Protonation at the energetically less favored protonation
sites, namely at the 4H-imidazole (+0.49 eV) and the carbonyl
group (+2.01 eV), leads to (partially) considerable alterations of
the absorption spectrum upon primary and secondary photo-
excitation with respect to the deprotonated Ru4 (Fig. S4c and d,
ESIT). The performed TDDFT calculations on the primary
absorption of the investigated singly protonated forms of Ru4
revealed a preservation of the unidirectional CT towards the
4H-imidazole ligand, independent of the protonation site.
However, the excitation energies of the electronic states are
found to be site-dependent; in general, a blue-shift of the
absorption bands and the underlying electronic excitations
increase with respect to the deprotonated Ru4 from protona-
tion at the biimidazole, to the 4H-imidazole and to the carbonyl
group. Tables S15-S17 (ESIf) collect excited state properties
such as excitation energies, oscillator strengths and electronic
character for all three singly protonated species upon primary and
secondary photoexcitation, while the respective MOs involved in
the main electronic transitions are summarized in Tables S18-520
of the ESI.{ The secondary absorption spectra also do not feature
CT towards the biimidazole (1*piy,), however, the contribution of
charge recombination states (t¥;, — dy) to the absorption
profile is highly site specific. This phenomenon is exemplarily
investigated by means of the dark LMCT charge recombination
state T of the deprotonated Ru4 upon secondary photoexcitation.
The MOs in B-spin involved in the leading transition, that is
Tim — Uy, the HOMO (1), and the lowest m*;,-orbital are
shown in Fig. 6. The analogous MOs of the singly protonated
species (biimidazole, 4H-imidazole and carbonyl) are illustrated
accordingly, while all orbital energies are given with respect to
the HOMO (B-spin) of the deprotonated complex. As can be seen
in Fig. 6, single protonation at biimidazole leads to a similar
stabilization of all four MOs. However, protonation at 4H-imidazole
substantially lowers the energy of the m;,,/n*;,-orbitals, while
Tpim and d,, are less affected. Protonation at the carbonyl
group, associated with planarization of the respective phenyl-
4H-imidazole fragment, stabilizes n*;,, even more, while the
orbital energy of d,, increases, thus the order of the m*;,
and the d,, orbital is inverted. Consequently, the excitation
energies and oscillator strengths of the triplet charge recombi-
nation states (my, — d), that is T,, T;, Ty; and Ty of the
deprotonated and the three singly protonated forms (biimidazole,
4H-imidazole and carbonyl), feature distinct alterations (for details
see Fig. S5, ESIt). While the m;,, — d,, charge recombination state
(T;) in the deprotonated Ru4 is found at 1.87 eV (664 nm) with
an oscillator strength of 0.009, and upon single protonation at the
biimidazole (T,) at 1.64 eV (755 nm) with an oscillator strength of
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involved in charge separation. All orbital energies are given accordingly to
the HOMO() of the deprotonated triplet form of Ru4.

0.014, the excitation energy and oscillator strengths are signifi-
cantly enhanced for the other two protonation sites. The
respective bright (f = 0.225) triplet state of the 4H-imidazole
protonated species (Ty4) is obtained at 2.27 €V (546 nm), and the
excitation energy and oscillator strength of the respective state (Ty6)
for protonation at the carbonyl are further increased to 2.40 eV
(517 nm) and f= 0.256. This way, the influence of undesired charge
recombination states in the secondary absorption process increases
tremendously upon protonation at the 4H-imidazole and the
carbonyl group. Therefore, protonation at these sites is unsuitable
to achieve multi-photoinduced charge separation. However, these
structures are found to be 0.49 and 2.01 eV less stable than the
appropriate biimidazole protonated species, but admittedly, kinetic
effects have not been addressed in this study.

4. Conclusions

A theoretical design concept to achieve unidirectional CT
and multi-photoinduced charge separation in 4H-imidazole-
ruthenium-based dyes is reported. The class of 4H-imidazole-
ruthenium-polypyridyl complexes combines the ability to
accumulate multiple (photoexcited) charges on 4H-imidazole
with a pronounced light-harvesting capacity. Therefore, such dyes
render highly promising candidates for applications in solar
energy conversion, ie., in the scope of DSSCs and supramolecular
photocatalysis. However, 4H-imidazole-ruthenium-polypyridyl
dyes feature two major drawbacks: firstly, multi-charge separation
is limited to 4H-imidazoles bearing EWGs to stabilize the
excess charges, which confines the tuning of optical properties.
Secondly, photoexcitation of these complexes is always directed
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to both the 4H-imidazole and the polypyridine ligand spheres.
To overcome these limitations, we introduce non-electron-
accepting biimidazole-based ligands. Four complexes utilizing
such biimidazole ligands replacing the polypyridyl sphere have
been studied using TDDFT methods. One complex featuring a
bisbiimidazole ligand sphere, Ru4, shows broad absorption
bands from the NIR towards the UV region, covering the entire
visible region based on the unidirectional MLCT and ILCT states
towards the 4H-imidazole. Simulations on the respective triplet
species, modeling a secondary photoexcitation, point to the dye’s
potential to transfer even a second photoexcited electron
towards the 4H-imidazole ligand, which is a prerequisite for
supramolecular catalytic hydrogen evolution. In addition, merely
minor contributions of charge recombination states, regaining
the initial ruthenium(u) species, to the secondary absorption have
been determined. SEC studies on the electrochemically singly
and doubly reduced complex demonstrated the system’s ability
to stabilize even three charges on the 4H-imidazole ligand.
In contrast to the respective polypyridyl dyes, 4H-imidazole-
ruthenium-bisbiimidazole complexes are capable of multi-
photoinduced charge separation with EWGs as well as with
EDGs on 4H-imidazole. Thus, the optical properties can be
easily modified without affecting the electron storage capacity.
The photophysical and photochemical properties of biimidazole-
based ruthenium complexes are known to be highly pH-dependent.
Therefore, the influence of site-specific protonation (at the
biimidazole, the 4H-imidazole and the carbonyl group) was
investigated upon primary and secondary photoexcitation.
Depending on the protonation site, hypsochromic shifts
between 0.06 and 0.33 eV have been predicted upon site-
specific single protonation by the quantum chemical calcula-
tions, while the unidirectional nature of the CT is preserved.
The dual charge separation properties are confirmed upon
secondary photoexcitation, however, an increased influence
of undesired charge recombination states is predicted
for energetically unfavored protonated sites (4H-imidazole
and carbonyl). This novel class of 4H-imidazole-ruthenium-
bisbiimidazole black absorbers combines outstanding multi-
photon light-harvesting properties with the ability of multi-
photoinduced charge accumulation and pH stability. Synthesis
and subsequent spectroscopic investigations will be performed
on Ru4, ie. time-resolved spectroscopy to further evaluate
the dye’s capability to accumulate multiple photoinduced
charges, and related 4H-imidazole-ruthenium-bisbiimidazole
dyes, thus these systems will be subject of further joint experi-
mental-theoretical studies.
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