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Abstract

Proton-coupled electron transfer (PCET) plays a crucial role in photosynthesis and catalytic
conversions such as water oxidation and carbon dioxide reduction. It can formally be split into
proton and electron transfer. In photosynthesis, light is used as principal energy resource, which
is also desirable for artificial conversions. Therefore, PCET and individual proton and electron
transfers from the long-living triplet excited state of ruthenium polyimine complexes were
investigated in this thesis.

In the first project, photoinduced PCET from the excited state of [Ru(bpy)2(pyimH)]*>*
(bpy = 2,2’-bipyridine, pyimH = (2-pyridyl)imidazole) was investigated with electrochemical
and time-resolved spectroscopic techniques. Depending on the pH, simple ET or PCET to a
suitable organic substrate is favored. Simple excited state ET is facilitated significantly upon
deprotonation of the ruthenium photosensitizer. The reducing power of this type of complex
was further tuned by electron donating and electron withdrawing substituents on the bpy-
spectator-ligands. Formal hydrogen atom donation is facilitated by approximately 50 kcal mol™!
in the photochemically generated *MLCT, making these complexes strong formal hydrogen
atom donors, even when compared to metal hydride complexes.

In the second project, a molecular triad was investigated which is inspired by photosystem II.
This triad combines long-range photoinduced charge transfer with two PCETs. The investigated
donor-photosensitizer-acceptor assembly is based on a phenol as combined electron and proton
donor, a [Ru(bpy)s]*"-type photosensitizer and a 4,4’-bipyridinium proton and electron
acceptor. The photochemically generated radicals are separated by 20 A. They are formed via
two PCETs which mimics enzymatic long-range charge transfer more closely than any
previously reported molecular model system.

In the third project, the influence of a hydrogen bonded carboxylate on the luminescent
excited state of acidic [Ru(bpy)z(biimH>)]** (biimH> = 2,2’-biimidazole) type complexes was
examined. Luminescence of monocrystalline samples was characterized by DFT calculations
and monitored in the solid state at variable temperature and pressure. A pressure-induced red-
shift in luminescence was observed in complexes with electron donating fert-butyl substituents
on the bpy ligands whereas the more acidic complex with CF3-substituents showed only small
pressure dependent luminescence. The origin of the difference in luminescence is either due to
pressure induced proton transfer or secondary coordination sphere interactions via the hydrogen

bonds.
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1 Introduction

1 Introduction

1.1 Motivation

Nowadays, main energy resources are based on fossil fuels, such as coal, natural gas and raw
oil. The heat that is generated by burning or combustion of fossil fuels is for example used for
transportation, adjusting temperature in household areas, manufacturing, construction and
generation of electricity. This concept is functioning for now, but unfortunately it is
accompanied by environmental pollution due to the emission of detrimental gases such as NOy,
and SO; and the greenhouse gas CO». Furthermore, energy demand will increase in the next
decades because world’s population is growing rapidly, reaching 9 billion in 2050,['! and
harvesting fossil fuels gets more and more difficult and expensive, since mankind has to reach
out for the last resources available. Thus, new harvesting methods such as fracking, raw oil
extraction from oil sand and harvesting from deep sea reservoirs have to be considered. The
environmental impact for these new methods, cannot be estimated yet. It is therefore important
to reduce the average energy consumption per person and establish alternative energy resources.
This long-term goal is supported by political agendas and guidelines on the national and
international level.'l A changeover to alternative energy resources is desired by the United
Nations.?l Examples for national programs are the Swiss 2000-Watt program,?! and the
Energiewende in Germany.*!

Among others, one alternative energy resource is sun light. Its incident energy on the earth
exceeds human’s energy demands by orders of magnitude.®! In order to benefit from it, nature
can be used as an inspiration. Plants and some bacteria absorb light energy to convert CO; into
hydrocarbons via photosynthesis. Mankind’s technologies for light energy conversion are based
on solar heat and photovoltaics. These technologies are established, but lack one important
feature: the converted energy is stored by secondary conversions, limiting the yield of the entire
processes. To solve this problem, it would be beneficial to convert solar energy directly into
storable energy carriers. One could imagine to produce hydrocarbons from CO and hydrogen
from water.[¢]

Such conversions are performed by photosynthetic organisms and the mechanism for their

valorization of light energy are briefly described in the next section.
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1 Introduction

1.2 Light Energy Conversion in Photosynthesis

Photosynthesis takes place in autotrophic organisms, such as plants, algae and cyanobacteria.
They absorb energy from sunlight to produce the cellular reducing agents ATP and NADPH,
which are further used for the reduction of atmospheric carbon dioxide to a variety of
hydrocarbons, such as carbohydrates and fatty acids. The electrons needed for this process are
abstracted from water or other reductants like hydrogen sulfide. The light-driven net redox
process is summarized in the following equation:

nCO:2 + nH20 — [CH20], + nO» (1-1)

The mechanism of this reaction was profoundly investigated in the past decades. Advances
in protein crystallography, time resolved spectroscopy and high resolution magnetic
spectroscopy crucially contributed to the understanding of natural photosynthesis and paved the
way for applying its concepts in artificial systems. Natural photosynthesis comprises of light-
dependent and light-independent reactions. In the light-dependent reaction, water is oxidized to
provide electrons for the production of NADPH and ATP. In turn, the latter are consumed in

the light-independent reaction, i.e. the Calvin-cycle, to reduce CO> to hydrocarbons such as

glucose.[”

Figure 1-1 Electron transfer chain in photosystem II (PS II) embedded in the thylakoid
membrane, with water oxidizing complex (OEC), tyrosine Z (Yz), the light-absorbing
chlorophyll pair P680, Pheophytin a (Pheo a), plastoquinone A (Qa), plastoquinone B (Qg).
(picture is adapted from reference [*1)

The light-involving reactions are important for the context of this thesis and summarized in
the following. They mainly take place in the thylakoid membrane that separates the oxidation
and reduction compartment from one another. Electrons are transferred across the membrane

via the protein complexes photosystem I and II (PS I, PS II). The central unit of each of these
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1 Introduction

proteins is a chlorophyll-based dimeric chromophore. In PS I, the chromophore absorbs at 700
nm and is called P700, and in PS II it absorbs at 680 nm and is called P680. Both chromophores
can be excited either by absorption of incident light or via energy transfer from light-harvesting
chromophores in the protein complex. Upon excitation of P700 and P680, charge separated
states are achieved. Charge recombination is in direct competition to long-rang electron transfer
across the membrane. Charge recombination is inhibited by subsequent transport of the
electrons from one acceptor to the next, away from the chromophores. The conditions for these
subsequent electron transfers are a suitable spatial arrangement of donors and acceptors and

matching redox potentials, so that each electron transfer is energetically downhill.

F 3
Energy *P700

—
*PE80 Ferredoxin

fe— . NADP"
Pheo a NADP reductase (
- NADPH

0,
P680 PSI

Figure 1-2 Simplified Z-scheme for plant photosynthesis with water oxidizing complex (OEC),
tyrosine Z (Yz), the chromophores P680 and P700, Pheophytin a (Pheo a), plastoquinones (PQ),
cytochrome bef (Cyt bef) and plastocyanin (PC).

The entire cascade of plant-photosynthesis is schematically summarized in the so-called Z-
scheme in Figure 1-2. The electrons originate from water, which is oxidized to oxygen by the
water oxidizing complex (OEC) in PS 11, as depicted in Figure 1-1. The OEC donates electrons
to the nearby tyrosine Z (Yz) which donates electrons to the oxidized P680. Oxidation of Yz is
coupled to deprotonation by a nearby histidine. Photoexcited P680 is oxidized by the nearby
Pheophytin a (Pheo a) that subsequently reduces the plastoquinones (PQ), first plastoquinone
A (Qa), which in turn reduces plastoquinone B (Qg). After twofold reduction and protonation,
Qg diffuses into the thylakoid membrane and then further to cytochrome bef (Cyt bef). This in
turn reduces plastocyanin (PC) that reduces the central chromophore in PS I, P700 after
photoexcitation. P700 is oxidized by PS I-associated acceptors that deliver electrons to
ferredoxin which in turn reduces NADP*-reductase for the reduction of NADP* to NADPH.

For water oxidation catalysis, four holes per turn-over need to be accumulated on the OEC.
Hence, four photons need to be absorbed by the central P680 and its antenna-chromophores,
because one electron-hole-pair is generated per absorbed photon. This is in agreement with the

Kok-cycle and the respective experiment that shows that one equivalent of oxygen is produced
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1 Introduction

after four pulsed excitations of PS ILP°) Accumulation of holes is competing with charge
recombination at the chromophore. The entire process induces a proton gradient across the
membrane and generates the so-called proton-motive force that is used to run ATPase to
generate ATP from ADP.!"]

In summary, the light-dependent reaction of photosynthesis is based on excited state redox
chemistry, long range charge separation and proton-coupled electron transfer (PCET), which

are key subjects of this thesis.

1.3 Proton-Coupled Electron Transfer (PCET)

The major part of this thesis deals with proton coupled electron transfer (PCET). Relevant

definitions, formulas and electrochemical methods are therefore summarized in this section.

1.3.1 Definitions

Uptake and release of electrons that involve the transfer of protons are called proton-coupled
electron transfer (PCET) reactions. A combined proton and electron donor releases a proton
upon oxidation. Similarly, a combined proton and electron acceptor is protonated upon
reduction. The overall PCET can formally be split into acid-base chemistry (proton transfer,
PT) and redox chemistry (electron transfer, ET). PCET can take place in a single reaction step,
so-called concerted proton-coupled electron transfer (CPET), or in a stepwise fashion via a
sequence of PT followed by ET, or vice versa. Depending on the relative direction of proton
and electron transfer, PCET is defined by bidirectional or unidirectional. For bidirectional
transfer of a PCET reagent XH, the proton is transferred to a base, whereas the electron is
transferred to an electron acceptor Y, yielding X (eq. 1-2), or vice versa: A PCET reagent X
takes up a proton from an acid (Hbase) and the electron from an electron donor (Y) yielding
XH (eq. 1-3).

Bidirectional PCET: XH +base +Y — X+ [Hbase]" +Y" (1-2)
X +Hbase +Y — XH + [base] +Y" (1-3)

In unidirectional PCET, the electron donor is also the proton donor and electron and proton
are adiabatically transferred to an acceptor that acts as electron acceptor and base (eq. 1-4).
Unidirectional PCET/formal HAT:

XH+Y - X+ YH (1-4)

One electron and one proton formally sum up to a hydrogen atom. When proton and electron
originate from the same orbital and are taken up into the same orbital, this special PCET is

called hydrogen atom transfer (HAT). Usually, unidirectional PCET is a formal HAT.[!%-11]
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1 Introduction

The most relevant scope of PCET reactions involve the transfer of one electron and one
proton. In a broader view, e.g. two electrons and one proton can be transferred via PCET
mechanism. The resulting (formal) hydride transfer is important for a variety of reactions but

in the focus of this thesis.[!?)

1.3.2 Thermochemistry of PCET

Based on Hess’s law, the overall PCET or CPET can be split into individual PT and ET. The
formal reaction sequences of PT and ET can be summarized in a so-called square-scheme, as
shown in Scheme 1-1 for unidirectional PCET from proton-electron donor (XH) to proton-

electron acceptor (Y).

PT . +
XH+Y ————p X +HY

Y5

XH' +Y —— X +HY
PT

Scheme 1-1 Thermochemical square-scheme for unidirectional PCET from donor XH to
acceptor Y with possible individual proton transfer (PT) and electron transfer (ET).

The overall driving force for a PCET reaction (AGpcgt) is the sum over the driving force for
a formal sequence of PT (AGpt) and ET (AGgr ) (eq. 1-5). For this calculation, it is important
to follow one route in the square-scheme in Scheme 1-1.
AGpcgr = AGpr + AGg (1-5)
The driving force for PT (AGpr) is calculated with the acidity constant (pKa) of proton donor
and acceptor:
AGpt=0.059 eV [pKa (donor)-pK, (acceptor)] (1-6)
Under standard conditions, the driving force for ET (AG°g ) 1s calculated with the amount
of electron equivalents (n), Faraday’s constant (F) and the standard redox potential (E°) of
electron donor and acceptor by the following equation:
AG°gr =n F [E°(donor)-E°(acceptor) | (1-7)
Equation 1-8 additionally takes into account the dielectric constant of the solvent (¢) and the
center-to-center distance (a) of the solvated donor and acceptor molecule.!'*! The elementary
charge e accounts for the unit transition from V to eV and e?/ea ranges usually between zero
and 0.15 eV.[¥]
AGgr = [E°(donor)-E°(acceptor)]e — e*/ea (1-8)
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1 Introduction

1.3.3 Pourbaix and Potential-pKa Diagrams

Redox chemistry is experimentally evaluated by electrochemical methods, such as cyclic
voltammetry. An exemplary reaction is the oxidation of an electron-proton donor XHy, donating
m protons and z electrons as in the following equation:

XHn » X+mH +z¢ (1-9)

The redox potential E depends on the standard redox potential (E°), gas constant (R),
Faraday constant (F), temperature (T), number of electrons (z) and ratio of products and

reactants as rationalized by the Nernst-equation (eq. 1-10).

+(z-m) +,m
E=E°+R—:1n<m> (1-10)

z [XHp]

RT . : : : .
The pre-factor ~— is constant at 25 °C and with transformation of natural to decadic logarithm

0.059 eV

the pre-factor is . At the half wave potential (E12) the concentration of oxidized and

reduced species is equal, yielding the following equation:
1g(H'1") (1-11)

In water, eq. 1-11 can be converted into the pH-dependent Pourbaix expression into

0.059 eV

z

Ejp=E°+

following equation:
Ejp =E°-0.059 ¢V =pH (1-12)

That means, in the pH range, where redox processes are proton coupled, the redox potential
changes linearly as a function of pH with a slope of -0.059 eV multiplied by the ratio of number
of protons (m) and number of electrons (z). In the pH range where no pH dependence is
observed, product and reactant have the same protonation grade, either protonated or not
protonated. The intersections of pH dependent and pH independent redox potential reflect the
pKa values of the reduced and oxidized forms.

For a simple one-electron-one-proton process the pH dependence of redox potential is
presented schematically in Scheme 1-2. In organic solvents, a dependence on pH is difficult to

rationalize. Instead, the same relation applies for the pK. of the equimolarly added (conjugated)

acid.l'4!
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1 Introduction

water: pH

£ : >
XH" ¢

Voltage

XH
X

organic solvent: pK,
of added (conj.) acid

Scheme 1-2 Pourbaix and potential-pKa diagram of a compound XH in a one-electron-one-
proton redox process.

1.3.4 Formal Bond Dissociation Free Energies (BDFEs) for X-H bonds

A very useful method to characterize a proton-electron donor in its PCET reactivity is to
calculate the formal bond dissociation free energy (BDFE) of the X-H bond. The donor atom
X can for example be nitrogen, oxygen or sulfur. BDFEs originally refer to homolytic cleavage
of X-H bonds. By splitting up that process in subsequent PT and ET, formal BDFEs can be
obtained with the following equation:

BDFE = 1.37 pK_ +23.06 E° + Cg (1-13)

PT is considered with the first pKa.-dependent summand. ET is considered in the second
summand with the standard redox potential E°. The last summand (Cg) reflects solvation of

hydrogen atoms by solvent molecules.

Table 1-1 Summary of Cg and Cu constants and reference electrodes in common solvents.Cg

and Cp.['%
solvent C: [keal mol™] Cu [kcal mol™!] reference
acetonitrile 54.9 59.4 CpoFe™
DMSO 71.1 75.7 CpoFe™
DMF 69.7 74.3 CpoFe™
methanol 65.3 69.1 CpoFe™
water 57.6 55.8 NHE

For calculating BDFEs in water, E° must be entered in V vs. NHE. In organic solvents, E°
must be entered in V vs. ferrocene. Cg values are solvent dependent and summarized in Table

1-1.19 Acidity constant (pKa) and standard potential (E°) must be entered in the
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1 Introduction

thermodynamically relevant manner, reflecting the sequence of PT followed by ET or vice

versa. The square-scheme for a formal hydrogen atom donor X-H is presented in Scheme 1-3.

K
PT X-H Lp X

ET  PCET EV \BDFE ﬁ"
A

XH——p X
pK,

Scheme 1-3 Thermochemical square-scheme combining the acid-base and electrochemical
properties and formal BDFE of a PCET reagent and formal hydrogen atom donor X-H.

Formal BDFEs can furthermore be applied to couples of ET and PT reagents, e.g. an electron
donor and an acid. This broadens the scope and applicability of formal BDFEs from
unidirectional to bidirectional PCET reactions.!'”) The driving force for PCET reactions
(AGpcgt ) can be calculated from X-H BDFE of the formal hydrogen atom donor and acceptor
(eq. 1-14). The formal X-H BDFE of the acceptor refers to its reduced and protonated form.

AGypcgr = ABDFE = BDFE(donor) — BDFE(acceptor) (1-14)

The unit conversion is: 1 kcal mol™! = 0.0433634 eV.

Thermochemically related to the BDFE is the bond dissociation enthalpy (BDE). To obtain
BDEs, pKa and E° are relevant, as well as a solvent dependent summand Cu. The calculation
of BDEs by eq. 1-15 is viable, when solvation entropies of X-H and X" are essentially equal.
This is the case for most organic and metalorganic compounds, except for compounds
containing high spin metal ions.!'"’

BDE = 1.37 pK_ + 23.06 E° + Cy (1-15)

Calculated BDEs in organic solvents are usually approximately 4 kcal mol ' higher than their
respective BDFEs, due to the difference of the solvation summands Cu and Cg.!'" Because
BDFEs reflect free energies, they are more important than BDEs in assessing the PCET

reactions and therefore BDFEs are considered in this work.

1.3.5 Hydrogen Bonding and its Consequences for PCET

Hydrogen bonds are most effectively formed between acids and bases when the pKa values
of the involved species are similar.['®l Hydrogen bonds can lead for example to supramolecular
architectures but it also effects (proton-coupled) charge transfer reactions.!”'1 Pre-
organization of reactants via hydrogen bonds can speed up reaction rates. Furthermore,
hydrogen bonds can have an impact on the redox potential of proton-electron donors and accep-

tors. When hydrogen bonds are formed to acids that are also the electron donor, the oxidation
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1 Introduction

potential is decreased, hence oxidation is facilitated. The effect originates from the same reason
as the shift of redox potential. Upon deprotonation, electron density at the donor is enhanced,
because the positively charged proton is partially removed by the hydrogen bond acceptor. In
some charge transfer and PCET reactions, hydrogen bonding of electron donor and acceptor is

(19201 Hydrogen bonding is an equilibrium between acid XH and base (eq. 1-16),

indispensable.
quantified by the association constant Kyy..q (€q. 1-17). Spectroscopic methods such as NMR

and UV-vis absorption can be used to evaluate the hydrogen bonding equilibrium.

XH + base S [X-H-base] (1-16)
[X-H-B]
Kibond = (X151 (1-17)

1.4 The Electronic Excited State

Excited states of molecules or atoms are accessible upon absorption of energy, usually from
an external energy resource. Usually, light serves as energy source to access electronic excited
states. Upon absorption of a photon, an electron is promoted from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). From the
energetically higher LUMO it can go back into the HOMO by releasing energy in form of a
photon. Opposed to the radiative relaxation, non-radiative pathways, such as internal
conversion can lead to depopulation of the LUMO and repopulation of the HOMO by releasing
energy in form of heat. Other ways of depopulating the excited state are energy transfer to
another molecule or follow-up reactions, such as dissociation, redox chemistry and other radical
reactions. For the context of this thesis, luminescence, excited state proton transfer, redox

chemistry and PCET are important and treated in the following sections.

red-shift blue-shift

LUMO —— oo - LUMO — o -

/,_/V——

HOMO - HOMO ~=

Scheme 1-4 Spectral shift of HOMO-LUMO gap result from energetic changes of LUMO or
HOMO.

The energy difference between the lowest vibronic energy levels of HOMO and LUMO is

Eoo. It can be probed at low temperature as described extensively for Ru(bpy)s>* in the solid
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1 Introduction

state.?!! Low temperatures are used to avoid band-broadening because of population of higher
vibrational levels. To avoid solvent effects, either solid samples can be used, or frozen glasses
at 77 K. Above the melting point of the medium, solvent molecules can adjust to the changed
geometry and charge distribution of the luminophore, thereby stabilizing the energy of the
LUMO. The result of LUMO stabilization is a red-shift of the luminescence spectrum, as
depicted in Scheme 1-4. Destabilization of the HOMO energy at constant LUMO energy can
have the same red-shift in luminescence as well as a combination of both. Blue shifted
luminescence results from an increase of energy difference between LUMO and HOMO. It can
be the result of a destabilized LUMO, or stabilized HOMO or a combination of both. Often,
both orbitals shift into the same direction. The respective red or blue shift is due to one orbital
shifting which is stronger than the other.

One example for destabilizing HOMO and LUMO is the deprotonation of luminescent acids,
as depicted for a photoacid in Scheme 1-5. Photoacids are easier deprotonated in the excited
state compared to the ground state. This manifests in a smaller up-shift of the LUMO compared
to the HOMO and therefore in a red-shift of luminescence of the conjugated base, compared to

the acid. For a photobase, a blue-shift is expected.

m
>

- +
*acid £&———= *base +H

- +
*base + H

excited state

AGpr*  pK,*

base +H'
AGpr I pK,

ground state

- +
acid &——s base +H

Scheme 1-5 Proton transfer in ground and excited state of a photoacid. Picture adapted from
literature. !>

The excited state acidity constant (pKa") of an acid can be assessed by the Forster equation
(eq. 1-18), where h is Planck’s constant, R is the gas constant, T the temperature and the

wavenumbers v; and v, refer to the excited state energies of acid and conjugated base.**!

hV] - th

PK, =pPK, = 55%7 (1-18)
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The Forster equation is derived from the assumption that the protonation equilibrium in the
excited state is achieved within the lifetime of the excited state. A change of acidity in the
excited state (AGpr+, pKa') compared to the ground state (AGpr, pKa) leads to energetic changes

in the excited state.

LUMO —— Erq hy  — "B
Homo —+}- E, R A Eg

ground excited
state state

Scheme 1-6 Simplified electronic configuration of ground state and electronically excited state.
Ground state: Reduction takes place in the LUMO and oxidation in the HOMO. Excited state:
Reduction takes place in the HOMO and oxidation in the LUMO (here shown for triplet excited
state).

Oxidation in the ground state takes place in the highest occupied molecular orbital (HOMO)
and reduction takes place in the lowest unoccupied molecular orbital (LUMO). In contrast, in
the excited state oxidation occurs at the LUMO whereas reduction takes place at the HOMO
(see Scheme 5). Oxidation in the excited state is facilitated by the energy difference between
HOMO and LUMO (Eo) and therefore Eoo is subtracted from Eox (eq. 1-19). Similarly, the
excited state reduction potential is increased by Eoo as shown in eq. 1-20. The excited state

energy (Eoo) can be determined experimentally by absorption and luminescence spectroscopy.

*

Eox = Eox - Ego (1-19)
"Erea = Ered + Eoo (1-20)
As described earlier, the two key parameters in PCET chemistry are acidity constants (pKa)
and redox potentials (E°). In the electronically excited state, these two parameters differ from
the ground state, as described in the previous two sections. Depending on the nature of the

PCET reagent, the acidity can be increased or decreased upon excitation. Redox processes are

usually facilitated in the excited state.
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hv *x x‘

PT
ET
dep

B Eg™™ *BDFE *E“"p Eoo

\ ,Z/

Scheme 1-7 Thermodynamic “cube-scheme” for a proton-electron donor XH. Horizontal in
red: pKa values for PT reactivity, vertical in black: excited state energy Eoo, pointing towards
the reader in blue: redox potentials, diagonal in green: BDFEs.

XH

Based on the ground-state PCET square-scheme, an expanded square-scheme can be drawn
(Scheme 1-7). It includes excited state thermochemistry in the third coordinate and is therefore
called “cube-scheme”. The arrows show the relation of each species to another and the
respective thermochemical parameter. 'BDFE of a proton-electron donor can be calculated with

eq. 1-13 and the following value couples: either pK," and "E%P, or "EP™ and pK,°*.[23-2"]
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2 Ruthenium(Il) Pyridylimidazole Complexes and Their Redox
and PCET Reactivity in Ground and Excited State

The use of visible light as principal energy source for chemical transformation is highly
attractive for avoiding harsh reaction conditions. Especially photo redox chemistry holds
promising perspectives in this field. Usually oxidation or reduction of a substrate goes along
with the release or uptake of protons resulting in classical (formal) hydrogen atom transfer
(HAT) or (de-) hydrogenation, respectively. Protonation and deprotonation can facilitate redox
processes substantially which makes proton-coupled electron transfer (PCET) a very useful
method for chemical transformations. The benefits of excited state redox chemistry and PCET
chemistry can directly be combined for photosensitizers exhibiting a (de-) protonation site.
Suitable photosensitizers in this context are ruthenium polyimine complexes because they have
long living and reactive *MLCT excited states. The most famous complex in this context is
[Ru(bpy)s]*" (bpy = 2,2’-bipyridine). Upon exchange of one bpy ligand to a pyridylimidazole
which can be protonated or deprotonated, PCET in ground and excited state becomes possible.
[Ru(bpy)2(pyimH)]** (pyimH = 2-(2’-pyridyl)imidazole) has one deprotonatable imidazole-
unit and therefore provides the basis for PCET chemistry and formal hydrogen atom transfer.
The PCET mechanism of the formal hydrogen atom transfer from excited state
[Ru(bpy)2(pyimH)]*>* to N-methyl-4,4’-bipyridinium (Monoquat, MQ") was investigated, as
well as the tunability of ground and excited state redox potentials and formal bond dissociation

free energies (BDFE) of the family of [Ru(R2-bpy)2(pyimH)]*" with R = H, CF3, ‘Bu and NMe.

acceptor

I : formal HAT via PCET Il : tuning of reducing power
and PCET reactivity

Figure 2-1 The investigated family of [Ru(R,-bpy)2(pyimH)]*" complexes.
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The following articles were published in this context:

I Pannwitz, A.; Wenger, O. S. ‘Proton coupled electron transfer from the

excited state of a ruthenium(II) pyridylimidazole complex’ Phys. Chem.
Chem. Phys. 2016, 18, 11374—-11382. (DOI: 10.1039/C6CP00437G)
II. Pannwitz, A.; Prescimone, A.; Wenger, O. S. ‘Ruthenium(II)-

Pyridylimidazole Complexes as Photoreductants and PCET Reagents’ Eur. J.
Inorg. Chem. 2017, 2017, 609—615. (DOI: 10.1002/ejic.201601403)

It was shown that the formal bond dissociation free energy (BDFE) of the imidazole-N-H
bond of [Ru(bpy)2(pyimH)]** decreases from (91 £ 1) kcal mol ™! in the electronic ground state
to (43 = 5) kcal mol ! in the *MLCT excited state. This makes the [Ru(bpy).pyimH]** complex
a very strong formal hydrogen atom donor in its excited state, even when compared to metal
hydride complexes that are used in hydrogenations. MQ" was chosen as a suitable HAT
acceptor to support this hypothesis spectroscopically. Formal HAT between *MLCT excited
[Ru(bpy)opyimH]** and MQ" in buffered 1:1 (v:v) acetonitrile/water was found to be
compatible with excited state deprotonation. It takes place via a PCET mechanism. Electron
transfer from Ru(Il) to MQ" is coupled to release of the N-H proton to buffer base, followed
by protonation of reduced MQ" by buffer acid. Simple electron transfer between excited
[Ru(bpy)2pyimH]?* and protonated acceptor at acidic pH is possible, as well as electron transfer
between deprotonated *MLCT excited ruthenium complex and MQ" at basic pH. In the
intermediate pH range around pH 6, formal HAT takes place.

By substituting the bpy spectator ligands with electron withdrawing and donating groups,
namely CF3, ‘Bu, and NMe,, the excited state BDFE was tuned between 34 and 52 kcal mol!
and the ground state BDFE was tuned between 79 and 96 kcal mol™!. Furthermore, it was shown
that the reducing power of these complexes is enhanced by 0.1 - 0.3 eV by simple deprotonation.

In these studies, a family of [Ru(R2-bpy)-pyimH]*" complexes were shown to be strong
reductants and PCET reagents in the excited state. The thermochemistry of the investigated
complexes was determined which makes it possible to estimate their redox and PCET reactivity
in ground and photo-excited state. This is relevant in the contexts of light-to-chemical energy
conversion, especially in the field of photoredox catalysis and photoinduced hydrogenation and

dehydrogenations via PCET mechanism.
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Proton coupled electron transfer (PCET) from the excited state of [Rulbpyl.pyimHI** (bpy = 2,2'-
bipyridine; pyimH = 2-(2’-pyridylimidazole) to N-methyl-4,4-bipyridinium (monoguat, MQ") was
studied. While this complex has been investigated previously, our study is the first to show that the formal
bond dissociation free energy (BDFE) of the imidazole-N—H bond decreases from (91 = 1) kcal mol™ in
the electronic ground state to (43 + 5) kcal mol™ in the lowest-energetic *MLCT excited state. This
makes the [Ru(bpy).pyimH]?* complex a very strong (formal) hydrogen atom donor even when compared
to metal hydride complexes, and this is interesting for light-driven (formal) hydrogen atom transfer (HAT)
reactions with a variety of different substrates. Mechanistically, formal HAT between SMLCT excited
[Rulbpy)2pyimH]?* and monoquat in buffered 1:1 (v:v) CHsCN/H,Q was found to occur via a sequence
of reaction steps involving electron transfer from Ru(i) to MQ* coupled to release of the N-H proton to
buffer base, followed by protonation of reduced MQ* by buffer acid. Our study is relevant in the larger
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1. Introduction

Hydrogen atom transfer (HAT) is important in enzymes and in
synthetic organic chemistry, for example for hydrogenations of
unsaturated compounds such as ketones and imines. It would
be attractive to use visible light to perform HAT reactions under
mild reaction conditions, and therefore we explored the (formal)
HAT chemistry of photoexcited [Ru(bpy),pyimH]** (bpy = 2,2'-
bipyridine; pyimH = 2-(2"-pyridyl)imidazole). In pure HAT the
transferred electron and proton originate from the same donor
orbital, whereas in unidirectional proton coupled electron
transfer (PCET) the transfer of a net hydrogen atom occurs
from different donor orbitals." This is in fact the case for
excited [Ru(bpy),pyimHJ*" because the metal center acts as an
electron donor, whereas the proton is released from the pyimH
ligand. While early PCET studies have focused largely on reac-
tions between molecules in their electronic ground states,® ™"
photoinduced PCET is now receiving increasing attention.'"'>>*
Formal HAT between a transition metal complex in its *MLCT
excited-state and various reaction partners either across a salt
bridge,"?°** or via hydrogen bonding interactions have been
explored."**"* Even hydride transfer from the excited state of
an iridium complex was reported recently.”® In order to predict
the reactivity of an excited state, thermodynamic quantities such

Department of Chemistry, University of Basel, St. Johanns-Ring 19, 4056 Basel,
Switzerland. E-mail: oliver.wenger@unibas.ch

T Electronic supplementary information (ESI) available: additional optical spectro-
scopic and electro-chemical data. See DOI: 10.1039/c6cp00437g

11374 | Phys. Chem. Chem. Phys., 2016, 18, 11374-11382

contexts of photoredox catalysis and light-to-chemical energy conversion.

as its redox potential and acidity constant must be known.*”**

For HAT reactions, the determination of bond dissociation free
energies (BDFEs) is useful, while for PCETs the calculation of
formal BDFEs has proven meaningful.>® This is possible for
reactions in the ground state as well as for reactions with excited
species. Based on this concept, photochemical conversions of
ketones to ketyls could be rationalized.”'®'”

The [Ru(bpy),pyimH]*" complex (Fig. 1) has long been
known,?® in particular Haga and coworkers explored a variety
of ruthenium and osmium complexes with pyimH and related
(deprotonatable) ligands.**° Later, Gray and coworkers explored
the acid-base and redox chemistry of [Ru(bpy),pyimH]*" and
related complexes in the ground and the lowest *MLCT excited
state.?*® However, the formal BDFE of the peripheral N-H bond
of [Ru(bpy),pyimH]*" and related complexes has never been
determined, and the excited-state PCET chemistry remained
unexplored, except in the case of an Ir(m) complex with a

Fig. 1 The investigated process in this work: transfer of one electron and one
proton from [RulbpylopyimHI2* to monoquat (MQ*) upon photoexcitation,
corresponding to net transfer of a hydrogen atom.

This journal is © the Gwner Societies 2016
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2,2'-biimidazole ligand.** In structurally related complexes such
as [Ru(acac),pyimH]*" (acac = acetylacetonato), formal BDFEs
were estimated for the electronic ground state, and values
around 62 kcal mol ' were found.””” We anticipated that
[Ru(bpy),pyimH]** might exhibit an unusually low N-H BDFE
in its long-lived *MLCT excited state, making it potentially an
equally potent (formal) hydrogen atom donor as previously
investigated metal hydride complexes in their electronic ground
states.**

In the following we present the thermochemical characteriza-
tion of ground and *MLCT excited states of [Ru(bpy),pyimH]*" in
buffered 1:1 (v:v) CH;CN/H,O. In this solvent mixture, well-
defined pH values can easily be obtained by a variety of buffers
and the solubility of [Ru(bpy).pyimH]*" as well as that of a
variety of substrates is good. We find an N-H BDFE of only
(43 £ 5) keal mol ' in the emissive *MLCT excited state based
on thermodynamic cycles and on the photoinduced PCET
chemistry with monoquat (MQ"). The acceptor was chosen
due to its ability to act as a combined electron-proton acceptor,
the favourable spectroscopic properties of its radical form and the
importance of pyridyl radicals for the reduction of CO,.>*™*" The
PCET reaction mechanism between photoexcited [Ru(bpy),pyimH]**
and MQ' was explored in detail.

2 Results and discussion
Spectroscopy and thermodynamics of the ground state

pK, of [Ru(bpy),pyimH]**. For determination of the pk,
value of the electronic ground state, absorption spectra were
recorded at different pH values between pH 3.7 and pH 10.2
(ESILT Fig. S1a) using suitable buffers. By plotting the absor-
bance at the MLCT absorption maxima at 460 nm (protonated
form) and 491 nm (deprotonated form) and sigmoidal fitting,
PK,=8.1 + 0.1 was found for 1:1 (v:v) CH;CN/H,O (ESL Fig. S1b),
in agreement with a prior study that reported pK, = 7.9 + 0.1 in H,0
containing 5% methanol.”

pK. of [Ru(bpy),pyimH]*". Oxidative cyclic voltammetry
sweeps probing metal oxidation were performed in the pH range
between pH 1 and pH 11. Characteristic voltammograms for
three pH regions of interest are shown in Fig. 2a. In the acidic
pH range where [Ru(bpy),pyimH]*" remains protonated after
oxidation of Ru" to Ru", the voltammograms show one rever-
sible oxidation wave at ERR’" = (1.00 4 0.05) V vs. SCE with peak
separations between 67 and 80 mV. This behaviour is observed
up to pH = 3.6 £+ 0.1, corresponding to the acidity constant of
[Ru(bpy),pyimH]*" (pK3). At higher pH values oxidation is
irreversible at a sweep rate of 100 mV s (Fig. 2a and Fig. S5
in the ESIf) due to deprotonation of the pyimH ligand of the

Table 1 Acidity constants of [Ru(bpy).pyimHI®* in 1:1 (v:v) CHzCN/H,0O
in the electronic ground state (pK,), in the long-lived *MLCT excited state
(pK>*) and in the one-electron oxidized form (pK3®)

PK, 814041
pK.* 5.6 + 0.3
PR 3.6 + 0.1

This journal is © the Owner Sccieties 2016
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Fig. 2 (a) Voltammograms of [Ru(bpy)zpyimle+ in1:1(v:v) CHsCN/H,O
with 0.05 M buffer at different pH values, (b) Pourbaix diagram of
[Ru(bpy)spyimH]>*. The slope between pH 3.6 and pH 8.1 is —(60 + 4) mV
per pH. A comprehensive set of voltammograms is shown in Fig. S5 of the ESL.¥

Table 2 Ground and excited state redox potentials (Eo.. *Ecy). “MLCT
energy (Eqg_p), emission maxima at 25 °C (2mnax) and luminescence lifetimes
at 25 °C under aerated and deaerated conditions of [Ru(bpy)zpyimH]?* in
1:1 {v:v) CHzCN/H>O with 0.05 M buffer

[Ru(bpy)pyimH]*" [Ru(bpy).pyim]"

Eoy [V vs. SCE] 1.00 £ 0.05 0.73 + 0.05
*Eox [V vs. SCE] -1.1 £ 0.1 ~1.240.1

Eoo [eV] 2.1 + 0.1%° 1.9 + 017
Jmax [NM] 25 °C 625+ 5 675+ 5

7 [ns] aerated 110 £ 10 50£5

7 [ns] deaerated 210 £ 20 70 £ 7

29,42 b

“ Taken from references. Determined from emission in ethanol/

methanol 4:1 (v:v) at 77 K.

oxidized complex. Oxidation potentials of the deprotonated
complex were estimated by determining the relevant inflection
points of the oxidation waves. Plotting the oxidation potentials
in volt vs. pH gives the data points for the Pourbaix diagram in
Fig. 2b. In the range between pk$* = 3.6 and pK, = 8.1 the Ru"™"™"
oxidation wave shifts cathodically with a slope of —(60 £+ 4) mV
per pH unit, as expected for a 1-electron-1-proton-process.
Oxidation of the deprotonated complex, [Ru(bpy),pyim]’, occurs
at ESSP = (0.73 + 0.05) V vs. SCE (Table 2). Thus, the total cathodic
shift between oxidation potentials of [Ru(bpy),pyimH]** and
[Ru(bpy).pyim]" is 270 mV, which is smaller than the previously
reported shift of 380 mV in neat acetonitrile.>”

Excited state properties

Excited state pK,* of [Ru(bpy),pyimH]**. Luminescence
spectra of [Ru(bpy).pyimH]** were measured between pH 3
and pH 10 in 1:1 (v:v) CH;CN/H,O containing 0.05 M buffer
to control the pH (Fig. 3a). All spectra were recorded at identical
complex concentration and their intensity was normalized to
the intensity of the most acidic sample; excitation occurred into
the isosbestic point at 474 nm (Fig. Sl1a, ESIf). The decrease in
intensity is due to different luminescence quantum yields of
the protonated and deprotonated complex and due to depro-
tonation in the excited state. Emission decays were measured at
630 nm to determine the lifetimes of the protonated (t**") and
deprotonated *MLCT state (r9P) in aerated and deaecrated
solution (Table 2). For these measurements the complex
was excited at 532 nm with laser pulses of ca. 10 ns duration.

Phys. Chem. Chem. Phys., 2016, 18, 11374-11382 | 11375
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Fig. 3 (a) Luminescence of 40 uM [Rulbpy)-pyimH]** in aerated 1:1 (v:v)
CH3CN/H;0O with 0.05 M buffer at different pH values following excitation
into the isosbestic point at 474 nm. (b) Relative luminescence intensity at
625 nm vs. pH

The acidity constant in the long-lived *"MLCT-state (pK,*) was
then determined from the inflection point of the steady-state
emission titration curve (pH; = 5.2 = 0.2) in Fig. 3b and the
excited-state lifetimes of protonated (:"*') and deprotonated
complex (t9°P).

PK,* = pH; + log[t”"/r9P]

ey

With eqn (1) one obtains pK,* = 5.6 + 0.3.>” Based on the
emission maxima of [Ru(bpy),(pyimH)J*" and [Ru(bpy),(pyim)]" at
25 °C, the Forster equation yields pK,* = 5.3 + 0.6 (ESL page S6).
This value is in good agreement with that determined from the
luminescence titration, and also with the previously reported pK,*
in water with 5% methanol.>® The increase of acidity in the excited
state compared to the ground state indicates that the *MLCT state
is localized on the bpy spectator ligands, as noted earlier.*®

Transient absorption spectra were measured using pulsed
laser excitation at 532 nm. Under acidic conditions (Fig. 4a),
[Ru(bpy);J*'-like transient spectra were observed, exhibiting a
bleach around 450 nm and increased intensity around 370 nm."**
At basic pH the MLCT band is red-shifted (ESILf Fig. S1), and
therefore the MLCT-bleach in transient absorption is red-shifted
as well (Fig. 4b). Transients that were recorded in the pH range
between pH 5.0 and 8.1 exhibit a prominent feature at 500 nm
(Fig. 4c) which can be explained by deprotonation in the excited
state and the accumulation of deprotonated complex in the
ground state. This interpretation is confirmed by a subtraction
of the ground-state UV-vis spectra of the protonated and
deprotonated complex (Fig. 4d) which also exhibits the promi-
nent positive feature at 500 nm. The temporal evolution of this
signal at pH 6.4 in presence of 0.05 M acetic acid/sodium
acetate buffer and ca. 107> M complex concentration is shown
below. In the absence of any reaction partner the formation of
[Ru(bpy),pyim]’, the deprotonated complex in its ground state,
occurs with a time constant of 7 = (60 + 10) ns. Re-protonation
then occurs with a time constant of t = (106 £ 10) ns as
discussed later. The kinetics of these deprotonation and pro-
tonation events are dictated by the buffer concentration. At
PH 6.3 the quenching constant kg is (8.3 = 0.5) x 10° L mol " s™!
based on a Stern-Volmer luminescence quenching experiment
(ESI,# Fig. S7).

At any given pH and buffer concentration, the amount of
accumulated [Ru(bpy),pyim]" in the ground state correlates

11376 | Phys. Chem. Chem. Phys., 2016, 18, 1137411382
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Fig. 4 (a—c) Transient absorption spectra of 20 pM [Ru(bpy)zpylmH]2+ in
1:1(v:v) CHzCN/H,O with 0.05 M buffer at different pH values. Excitation
occurred at 532 nm with laser pulses of ca. 10 ns duration, the spectra
were recorded without time delay over a period of 200 ns. (d) Difference of
ground state UV-vis spectra of protonated and deprotonated complex.

with the acid-base equilibration in the *MLCT excited state,
and this reflects directly in the intensity of the transient band at
500 nm. A plot of the change in optical density at 500 nm vs. pH
yields an inflection point at pH 5.6 & 0.2 (ESLt Fig. S4), in line
with the pK,* value determined by luminescence titration and
the Forster equation.

Thus, at sufficiently high pH, [Ru(bpy),pyimH]** exhibits
ordinary photoacid behavior similar to hydroxyarenes such as
naphthols and hydroxypyrenetrisulfonate (“pyranine”).**

Excited state redox chemistry of [Ru(bpy),pyimH[**. The
excited state oxidation potentials (*E,y) were estimated based
on the ground state redox potentials (E,,) and the *MLCT energy
(Eg-o) using eqn (2).**

*Eox = Eox — Eo-o

()

Ey, was determined from low-temperature luminescence
spectroscopy (Fig. S2, ESTt). For [Ru(bpy),pyimH]*" we deter-
mined ERY' = (2.1 + 0.1) ev***? and for [Ru(bpy),pyim]" we
found ES = (1.9 £ 0.1) eV. Based on these E,_, values (see also
Table 2), excited state redox potentials of *EP™ = —(1.1 £ 0.1) V
vs. SCE and *E9P = —(1.2 + 0.1) V vs. SCE were estimated for the
protonated and deprotonated complex, respectively. Expectedly,
oxidation is far easier in the *MLCT excited state than in the
electronic ground state.

BDFEs and “cube” scheme

A graphical summary of all relevant thermodynamic parameters
for [Ru(bpy),pyimH]** is provided in Scheme 1. This so-called

This journal is © the Owner Sccieties 2016
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“cube” scheme is a three dimensional illustration displaying
ground state redox potentials (blue) and acidity constants (red)
on the bottom and excited state potentials (blue) and pK, values
(red) on the top. *MLCT excitation energies are represented by
vertical black arrows. N-H bond dissociation free energies
(BDFEs) can be estimated using eqn (3) and the experimentally
determined acidity constants and oxidation potentials.***°

BDFE (N-H) = 1.37 pK, + 23.06 E° + 57.6 kcal mol
(3)

In eqn (3), £° must be entered in units of V vs. NHE; the last
summand is a solvent-characteristic parameter describing solvation
of hydrogen atoms. The resulting BDFEs for [Ru(bpy),pyimH]*"
in the electronic ground and excited states are BDFE =
(91 £ 1) keal mol ' and *BDFE = (43 = 5) kcal mol ' (green
arrows in Scheme 1). The ground-state BDFE is comparable to
primary and secondary amines™*”*® but somewhat higher than
related ruthenium pyridylimidazole complexes which were char-
acterized in acetonitrile.””” Upon photoexcitation, the BDFE drops
by 48 keal mol ', which is essentially equal to the energy of the
absorbed visible photon. Interestingly, the resulting excited-
state BDFE is comparable to metal hydride catalysts for hydro-
genation reactions for which M-H BDFEs ranging from 50 to
55 keal mol ™" for M = vanadium, 58 kcal mol™* for M = chromium,
and 68 kecal mol ' for M = tungsten have been reported.*® In
principle this drop in BDFE is expected to occur for other related
metal complexes in the course of photoexcitation, but prior studies
have not explicitly reported on this effect. Presumably this is due to
the fact that in many cases the necessary redox potentials and
acidity constants were not always determined in the same solvent,
which complicates the application of eqn (3). Estimations based
on prior work yields for the first N-H BDFE of [Ru(bpy),(2,2'-
biimidazole)]*" a decrease from 86 to 40 keal mol " between the
electronic ground state and the long-lived *MLCT state.>**?

In order to test whether the N-H BDFE is really that low,
we set out to react photoexcited [Ru(bpy),pyimH]** in PCET

N 2. PKa® et
[RU(bpy)zpylmleTb [Ru(bpy),pyim]

yd
E, =073V
1 OOV 9‘1 kcal mol |

K
. 3+ . 224
[Ru(bpy),pyimH] T’ [Ru(bpy),pyim]
Scheme 1 Thermodynamic “cube” scheme for [Ru(bpy).pyimHI?" in
1:1 (v:v) CH3CN/H,O based on the data in Tables 1 and 2. Horizontal/red:

pK, values, orthogonal in black: triplet energy Eq_q, pointing towards the
reader in blue: oxidation potentials in V vs. SCE, diagonal in green: BDFEs.
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right with blue arrows: redox potentials in V vs. SCE, downward left with
green arrow: BDFEs. The pK, of HMQ** was taken from the literature *®

chemistry with a suitable formal H atom acceptor. We identified
N-methyl-4,4'-bipyridinium (monoquat, MQ') as a promising
candidate. Meyer and coworkers already proposed the use of
MQ" for detecting PCET photoproducts because its one-electron
reduced and protonated congener (MQH*") exhibits absorption
features that can be identified unambiguously.*

Before performing actual photochemical experiments between
[Ru(bpy),pyimH]*" and MQ', the thermodynamic properties of
MQ" in 1:1 (v:v) CH;CN/H,O were determined. The results from
acid-base titration and electrochemical experiments are in the
ESIT (Fig. S8 and S9). Here we merely report the final results in a
thermodynamic “square” scheme (Scheme 2).

The key finding is that the HMQ®*" radical has an N-H BDFE
of (53 + 1) kcal mol™'. Consequently, photoexcitation of
[Ru(bpy).pyimH]** in presence of MQ" is expected to lead to
formal HAT, resulting in [Ru(bpy),pyim]" and HMQ*". Based on
an N-H *BDFE of (43 + 5) keal mol " for the photoexcited
complex (Scheme 1), the driving-force for this reaction should
be —(10 + 6) keal mol ™", which corresponds to —(0.4 + 0.3) eV.
In the following we report on the photochemistry between
[Ru(bpy)pyimH]** and MQ" as a function of pH.

From simple photoinduced ET to formal HAT

In the electronic ground state, electron transfer (ET) and proton
transfer reactions (PT) between [Ru(bpy),pyimH]*" and MQ"
are strongly endergonic (AGgr = +(2.1 £+ 0.1) eV, AGpr =
+(0.30 £ 0.02) eV) and therefore no ground-state chemistry
occurs. Regarding excited-state chemistry, there are in fact
three different pH domains which are discussed individually
in the following 3 sub-sections.

Acidic pH - photoinduced electron transfer. In the acidic
range, both the complex and the acceptor are protonated in the
ground and excited state. Under these conditions, the expected
reaction is photoinduced electron transfer (eqn (4)).

*[Ru(bpy),pyimH]*" + HMQ** — [Ru(bpy).pyimH]*" + HMQ**
AGpr = —(0.5 + 0.2) eV 0))

The transient absorption spectrum recorded at pH = 2 (Fig. 5a)
confirms this expectation. Directly after the laser pulse one
observes a bleach around 450 nm which is compatible with

Phys. Chem. Chem. Phys., 2016, 18, 1137411382 | 11377

32



2 Ruthenium(II) Pyridylimidazole Complexes

PCCP
(a) HMQ'™ pH 2
=)
9™ Ru'pyimH ™~
g | M
ot \——
(b) . pH 13
MQ
(&)
g 10 ~
E m
0 Y oy
g (©) - HMQT — pHE3[ 100|
. — ox. SEC
g 20 Rumpqul ox i 503
| 8
T °8
404 (d) -— MQ no buffer pH 7.3
2 5 ~—HMQ'Z t=0ps
m_ . —— =5us
N
. T v T T
300 400 500 600 700
Alnm

Fig. 5 Transient absorption spectra of [Ru(bpylpyimHI? in 1:1 (v:v)
CH3CN/H,0 recorded in presence of 60 mM MQ" following excitation
at 532 nm with laser pulses of ca. 10 ns duration. Detection occurred by
integration over 200 ns. (a) 30 uM [Ru(bpy)opyimHJ®* at pH 2 with 0.05 M
buffer, data recorded with a delay time (to) of 5 s, (b) 30 uM [Rulbpy)pyimHIZ*
at pH 13, data recorded with a delay time (tg) of 5 ps, (c) 50 uM
[Ru(bpy)opyimHI?* at pH 6.3 with 0.05 M acetate buffer, data recorded
with a delay time (ty) of 1 ps. (d) 50 pM [Ru(bpy)opyimH]* in unbuffered in
1:1 (v:v) CH3CN/H2O at pH 7.3 recorded without delay time (orange
trace) and with a time delay of 5 us (brown trace).

metal oxidation, and the signatures of the HMQ*" cation radical
appear at 387 nm and 610 nm."® The latter closely resemble the
well-known radical of methyl viologen (MV*").>! The photoinduced
ET reaction from eqn (4) is associated with AGgr = —(0.5 £ 0.2) eV.
A Stern-Volmer experiment under acidic conditions reveals a
quenching constant of k, = (6.8 = 0.1) x 10° L mol ' s~ " (ESL
Fig. S14), which is comparable to what was found for the reaction of
*[Ru(bpy)s]* with MV*" in water (k, = 5.9 x 10° L mol ™' s71).7>%
The thermal reverse ET from HMQ"" to [Ru(bpy),pyimH]*" in the
electronic ground state then occurs on a time scale of approximately
100 ps, as determined by monitoring the HMQ®” signal at 610 nm
(ESLF Fig. $10).

Basic pH - ET. In the basic range, the complex and the
acceptor are both deprotonated in the ground and excited state,
and consequently they are expected to undergo photoinduced
electron transfer according to eqn (5).

“[Ru(bpy).pyim]" + MQ" — [Ru(bpy),pyim]*" + MQ*
AGgr = —(0.14 + 0.15) eV (5)

In transient absorption spectroscopy, the neutral monoquat
radical (MQ®) with characteristic absorptions at 365 nm and
545 nm is observed.*" The expected MLCT bleach of the ruthenium
complex overlaps with a positive contribution of MQ* hence
the flat region in the spectrum between 390 and 480 nm.
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The Stern-Volmer luminescence quenching experiment yields
a quenching constant of kq = (20.7 &+ 0.3) x 10° L mol™' s™*
(ESLi Fig. S15), which is close to the diffusion limit. The
thermal reverse ET from MQ* to [Ru(bpy),pyim]** takes place
on a time scale of 10 us (ESL+ Fig. S11).

Middle pH range - formal HAT. In the middle pH range the
most interesting photochemistry is expected. At pH 6.3 the
complex is protonated in its ground state but becomes deproto-
nated upon excitation to the *MLCT state as well as upon
oxidation of Ru" to Ru™ (Scheme 1). On the other hand, MQ"
is not protonated, but it is expected to be protonated upon one-
electron reduction (Scheme 2). According to the formal N-H
BDFEs determined above for photoexcited [Ru(bpy),pyimH]*"
((43 + 5) keal mol ', Scheme 1) and for HMQ"" ((53 & 1) keal mol 7,
Scheme 2) the formal hydrogen atom transfer reaction in
eqn (6) should be associated with a reaction free energy of
—(10 + 6) kecal mol .

*[Ru"(bpy)pyimH*" + MQ" — [Ru"'(bpy),pyim]*" + HMQ"'
AGyar = —(0.44 £ 0.16) eV (6)

In transient absorption spectroscopy the two photoproducts
from eqn (6) are indeed observed (Fig. 5c). When recording
transient absorption spectra with a time delay (¢,) of 1 ps there
is clear evidence for HMQ*" (signals at 387 and 610 nm) and for
[Ru™(bpy),pyim]** (bleach around 450 nm), as confirmed by
spectro-electrochemical (SEC) studies (black trace in Fig. 5¢).
However, mechanistically direct HAT between *[Ru"(bpy),pyimH]**
and MQ' in presence of aqueous buffer is highly improbable,
particularly in view of the positive charges on both reactants. More-
over, the lowest-energetic MLCT excitation in [Ru"(bpy),pyimH]*"
involves promotion of an electron into a bpy-localized orbital
rather than a pyimH orbital (see above).** Consequently, formal
HAT between photoexcited [Ru"(bpy),pyimH]*" and MQ" most
likely involves a sequence of electron and proton transfer steps as
illustrated in Scheme 3: following excitation of [Ru"(bpy),pyimH]*,
photoinduced electron transfer to MQ" is coupled to release of
the pyimH N-H proton to buffer base (acetate anion (AcO ™), *PT;
in Scheme 3). This PCET process can occur either in stepwise or
concerted fashion, and it results in [Ru™(bpy),pyim[**, MQ®, and
HOAc (PCET arrow in Scheme 3). Subsequent proton transfer
(PT, step in Scheme 3) between buffer acid (HOAc) and MQ*
then leads to the photoproducts detected in Fig. 5c. In fact, these
two reaction steps can be temporally resolved (see below).

The reaction free energies for all conceivable reaction pathways
are summarized in Scheme 4. The driving-forces in Scheme 4
emerge directly from the thermodynamic parameters of the two
reaction partners in Schemes 1 and 2. The overall formal HAT
process is dissected into photoexcitation (black arrows), electron
transfer from the metal complex to monoquat (blue arrows),
proton transfer from the metal complex to buffer base (PT, red
arrows), and proton transfer from buffer acid to monoquat
(PT., red arrows) as discussed above on the basis of Scheme 3.

From the starting point at the top left corner of Scheme 4, con-
certed proton-electron transfer (CPET) to form [Ru™(bpy),pyim[*’,
MQ*, and protonated buffer base (HOAc) is a plausible initial
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chemistry is shown in the upper level, ET processes are pointing towards
the reader, PT; (complex to buffer base) is shown in horizontal direction
and PT (buffer acid to monogquat) is shown in the two lower levels. Driving
forces for the individual reaction steps are based on experimentally
determined redox potentials and acidity constants.
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reaction pathway since AGpcgr = —(0.11 + 0.16) eV for this process
(green arrow). However, a sequence of electron and proton
transfer events cannot be excluded on thermodynamic grounds
and would be equally compatible with our experimental data.
Classical Stern-Volmer luminescence quenching experi-
ments could not be performed for determination of the kinetics
of the initial PCET process (green arrow in Scheme 3) because
the luminescence of [Ru(bpy),pyimH]*" is strongly quenched in
presence of buffer molecules (kq = (8.3 & 0.5) x 10° Lmol *s™*
as described earlier). Therefore, we performed experiments at
5 mM buffer concentration for which we used a different
spectroscopic observable to monitor the kinetics of the relevant
PCET process: when measuring the transient absorption spec-
trum immediately after laser excitation, an additional band at
500 nm becomes observable. Based on the data in Fig. 4c and d,
this band can be attributed unambiguously to [Ru"(bpy).pyim]’,
i.e., to the deprotonated Ru" complex in the electronic ground
state. This species accumulates in a side-reaction to PCET as
illustrated in the lower line, right side of Scheme 3; a subset of
all excited complexes undergoes PCET chemistry to the photo-
products shown in the top right corner of Scheme 3 whereas
another subsets merely acts as a photoacid (lower line, right
side). Thus, the intensity of the transient absorption signal at
500 nm is a measure for the amount of ruthenium complexes
that have been photoexcited but that have not undergone PCET
chemistry. The temporal evolution of the transient signal at
500 nm shows classical A > B — C reaction kinetics (Fig. 6a),
with species A corresponding to *[Ru"(bpy),pyimH]**, species B
being [Ru"(bpy),pyim]’, and species C corresponding to the
protonated ground state as shown in Scheme 3. In absence of
MQ" the signal at 500 nm rises with t*~® = (105 & 10) ns and
decays with t°7¢ = (1.0 + 0.1) ps. With increasing MQ"
concentration t*® decreased, ¢ remained constant and
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Fig. 6 (a) Change in optical density at 500 nm as a function of time after
532 nm excitation of 40 uM [Ru(bpy)zpyimHIZ* in 1:1 (v:v) CHsCN/H.0O
containing 5 mM acetate buffer and increasing concentrations of MQ*.
(b) Pseudo Stern—Volmer plot based on the kinetics for step A — B with
constant B — C lifetime, see text for details.

the maximum intensity of the signal decreased. A plot of
%" vs. [MQ'] is shown in Fig. 6b. A linear regression fit
yields a pseudo-Stern-Volmer constant (Ksy') of (22 + 2) L mol "
and a quenching constant (k;') of (2.1 + 0.4) x 10° L mol ™' s™".
This PCET-quenching constant is on the same order of magni-
tude as the *PT;-quenching constant and therefore both pro-
cesses are competitive.

In buffered solution at pH 6.3 the final PCET photoproducts
(i.e. [Ru™(bpy),pyim]** and HMQ"") are formed within the first
microsecond at buffer concentrations between 5 and 50 mM
(Fig. 5¢). When monitoring the transient absorption signals at
387 nm and 610 nm (Fig. 7b and c) it becomes evident that the
formation of HMQ*" occurs more slowly than deactivation of
the *MLCT excited state of the [Ru"(bpy):pyimH]*" complex
(Fig. 7a). Based on the emission decay at 630 nm, the "MLCT

1
a
o @ emission 630 nm
E‘ E
o
c
0
204 (b)
o 387 nm
o 4
<
£
10+
54
(c)
fa) 4
9 o4
E
1 610 nm
-5 T T T T T
0 500 1000 1500
time / ns
Fig. 7 (a) Decay of the emission signal at 630 nm and temporal evolution of

the transient absorption signal at 387 nm (b) and at 610 nm (c) in the reaction
of 40 uM [Ru(bpy)zpyimH]?'* with 15 mM MQ* in 1:1 (v:v) CHzCN/H,0 at
pH 6.3 with 5 mM acetate buffer.
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Table 3 Stern—Volmer constants (Ksy) and bimolecular luminescence
quenching constants (kg) for *[Ru(bpy)zpyimHI** in presence of MQ* in
deaerated 1:1 (v:v) CHsCN/H,O at different pH values in absence and
presence of buffer

Conditions Ksy [L mol_1] kq [1()8 L mol™* 9_1] Process
Buffered pH 2 143 £ 13 6.8 £ 0.1 ET
Unbuffered pH 13 124 + 12 20.7 £ 0.3 ET
Buffered pH 6.3 34 +2 5.7 £ 0.3 PCET
Unbuffered H;O pH 7.3 70+ 5 3.4+ 05 PCET
Unbuffered D,O pD 7.3 58+ 6 2.5+ 0.8 PCET

lifetime under these conditions is (70 £ 7) ns. Biexponential fits
to the transients at 387 nm and 610 nm yield time constants of
(70 £+ 7) ns and (250 + 25) ns with different signs of amplitude,
corresponding to the *MLCT lifetime and the time constant
for formation of HMQ®", respectively. Thus, photoexcited
[Ru"(bpy).pyimH]*" disappears more rapidly than HMQ*'
forms, and this can be explained by rapid PCET (green arrow
in Scheme 3) followed by slow PT, (red arrow in Scheme 3). By
increasing the buffer concentration the kinetics of these pro-
cesses is accelerated as described in the ESIT (Fig. S12).

In absence of buffer the reaction kinetics are different. The
absence of buffer base leaves MQ* and water molecules as
potential proton acceptors. The luminescence quenching experi-
ment performed with acetate buffer (Fig. S7, ESIT) clearly shows
that buffer base is a far better proton acceptor than water vis-a-
vis photoexcited [Ru"(bpy),pyimHJ**. Transient absorption spec-
tra recorded in 1:1 (v:v) CH;CN/H,O in absence of buffer are
shown in Fig. 5d. The spectrum recorded without time delay
(orange trace in Fig. 5d) is compatible with the formation of
neutral MQ® radical as a primary photoproduct, exhibiting a
characteristic broad absorption centered on 545 nm. After
5 us the population of MQ* has decreased and HMQ*" can be
detected (brown trace in Fig. 5d). Thus, the overall photo-
chemistry is the same as in presence of buffer (PCET followed
by PT,), but the kinetics are much different. The time constant
for protonation of MQ* is (2.5 + 0.3) ps based on the temporal
evolution of the transient signal at 610 nm (ESL,T Fig. S13a)
which is a factor of 10 slower than in the presence of 5 mM
acetate buffer. Stern-Volmer luminescence quenching studies
yielded kg = (3.4 £ 0.5) x 10° L mol ™" s~ for the initial excited-
state quenching process. When going from CH;CN/H,0 to
CH;CN/D,0, the protonation of MQ* (PT,) is slowed down by
a factor of 2.6, and the initial excited state quenching process
becomes a factor of (1.4 + 0.6) slower (Table 3). In principle, an
H/D kinetic isotope effect of 1.4 would be compatible with
concerted electron-proton transfer (CPET), but definitive
assignment of the PCET step in Scheme 3 (green arrow) either
to concerted or consecutive electron and proton transfer steps
is currently not possible.

3 Summary and conclusion

The thermodynamic properties of [Ru(bpy),pyimH]** in its
electronic ground state and in the long-lived *MLCT excited

state in 1:1 (v:v) CH;CN/H,0 were explored in detail. In the
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ground state the formal BDFE of the N-H bond is in the range
of primary and secondary amines ((91 + 1) keal mol™"),>*7**
but upon excitation with a visible photon the BDFE drops by
roughly 50 kcal mol " to only (43 £ 5) kcal mol . Thus,
photoexcitation leads to a formal N-H BDFE in the range of
metal hydride complexes which are used as hydrogenation
catalysts in their electronic ground states.**® Transient absorption
spectroscopy demonstrates that photoexcited [Ru(bpy).pyimH]**
and (N-methyl-4,4"-bipyridinium, MQ") undergo a formal HAT
reaction, thereby confirming the finding of a very low formal
N-H BDFE in the ruthenium complex; in HMQ"* the N-H BDFE
is (53 + 1) keal mol~'. Mechanistically, formal HAT between
these two reactants is found to proceed via a sequence of
PCET and proton transfer reaction steps involving buffer or
solvent molecules. More generally, our study demonstrates that
aromatic imines can be reduced from the excited state of

[Ru(bpy),pyimH]*".
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Ruthenium(ll)-Pyridylimidazole Complexes as Photoreductants

and PCET Reagents

Andrea Pannwitz,@ Alessandro Prescimone,® and Oliver S. Wenger*!?

Abstract: Complexes of the type [Ru(bpy),pyimH]** [bpy =
2,2"-bipyridine; pyimH = 2-(2-pyridyl)imidazole] with various
substituents on the bpy ligands can act as photoreductants.
Their reducing power in the ground state and in the long-lived
3MLCT excited state is increased significantly upon deproton-
ation, and they can undergo proton-coupled electron transfer
(PCET) in the ground and excited state. PCET with both the
proton and electron originating from a single donor resembles
hydrogen atom transfer (HAT) and can be described thermo-
dynamically by formal bond dissociation free energies (BDFEs).

/

Whereas the class of complexes studied herein has long been
known, their N-H BDFEs have not been determined even
though this is important in view of assessing their reactivity.
Our study demonstrates that the N-H BDFEs in the 3MLCT ex-
cited states are between 34 and 52 kcal mol~' depending on
the chemical substituents at the bpy spectator ligands. Specifi-
cally, we report on the electrochemistry and PCET thermochem-
istry of three heteroleptic complexes in 1:1 (v/v) CH3;CN/H,0
with CF;, tBu, and NMe;, substituents on the bpy ligands.

/

Introduction

In the context of photochemistry and solar-energy conversion,
transition-metal complexes traditionally play an important role.
Especially d° metal complexes such as Ru(bpy)s?* are useful
photosensitizers, due to the long-living 3MLCT excited states
that are accessible with visible light irradiation."?’ Redox proc-
esses from this state are energetically favored compared with
the ground state, and absorbed light energy can be trans-
formed into chemical energy, for example by photoredox catal-
ysis in organic synthesis,>~! or the generation of so-called solar
fuels.®-8 In the general context of redox catalysis and charge
transfer, the coupling to proton transfer can play a crucial role,
because energy barriers can be lowered substantially by pro-
ton-coupled electron transfer (PCET), and reduction products
can be stabilized by protonation, whereas oxidation products
can be stabilized by deprotonation. It would be attractive to
combine the benefits of PCET with the principle of using light
as the principal energy input.®'*! In some previous studies,
photons were used to generate reactive species that could sub-
sequently undergo PCET in the electronic ground state.l'*!
A very promising approach is the use of photoexcited metal
complexes and external bases or acids.!'%12021 PCET reactions
and even hydride transfer directly involving the excited-state

species are possible and have received increasing atten-
tion.1#2-32
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We report here on the ground- and excited-state properties
of a family of ruthenium-diimine complexes bearing a pyimH
ligand (Figure 1). The imidazole unit of the pyimH ligand can
be deprotonated, and this drastically influences the redox prop-
erties of the entire complex. Strong reductants are accessible
by photoexcitation, particularly when combined with deproto-
nation.

R acceptor

Figure 1. Investigated [RuRpyimH]?* complexes and their PCET reactivity.

Recently, we reported on the [RufpyimH]?* complex with R =
H, in which two unsubstituted bpy spectator ligands were
present.?”) Building on prior work,?33% we demonstrated that
the combined release of an electron and a proton makes this
complex a very strong (formal) hydrogen atom donor in the
long-lived 3MLCT excited state. Mechanistically, formal
hydrogen atom transfer (HAT) is a PCET process, but thermody-
namically the determination of a formal N-H BDFE is meaning-
ful.353¢! For the [RufpyimHI** complex with R = H, we deter-
mined 43 kcal mol™" in 1:1 (v/v) CH3CN/H,0. In this work, we
explored to what extent the formal N-H BDFE is tunable by
altering the bpy spectator ligands. This seems important in view

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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of tailoring the excited-state redox and PCET reactivity for spe-
cific applications.

In general, the BDFE for an X-H bond can be estimated from
the reaction free energies associated with the individual elec-
tron and proton transfer steps, as shown in the so-called square
scheme in Scheme 1. Proton transfer (PT) and electron transfer
(ET) are thermodynamically characterized by the acidity con-
stant (pK,) and the redox potential (E°), respectively. In aqueous
solution, the X-H BDFE can be calculated from Equation (1),
where E° must be entered in units of V vs. NHE, and the last
summand is a solvent-characteristic parameter describing solv-
ation of hydrogen atoms.*%!

BDFE(X-H) = 1.37 pK, + 23.06 E° + 57.6 kcal mol™ (M

X-H;Keb X

/ N /
E BDFE E
"

XH . X
pK,

Scheme 1. Thermochemical square scheme for the cleavage of X-H bonds
by individual deprotonation (pK,, pK,®) and oxidation steps (EP™t, FdeP).

As noted above, the complex with R = H exhibits a formal
N-H BDFE of only 43 kcal mol™','2”) which is comparable to
metal hydride complexes such as HV(CO)4(P-P) [with P-P =
Ph,P(CH,),PPh,] or (Cp)Cr(CO);H (with Cp = cyclopentadienyl).
The low N-H BDFE in our [RufpyimH]** complex results
from the conversion of light energy into chemical energy, and
it is manifested by the lowering of the N-H BDFE by ca.
50 kcal mol™! between the ground and the excited state. This
energy difference corresponds essentially to the absorbed visi-
ble photon. In this work, three derivatives of the parent com-
plex with different chemical substituents at the 4- and 4’-posi-
tions of the bpy spectator ligands are characterized in their
ground and excited states in 1:1 (v/v) CH3CN/H,O mixture. We
find that it is possible to tune the excited-state BDFEs between
52 kcal mol™' (R = CF3) and 34 kcal mol™' (R = NMe,), with the
latter being an unusually low value [19-37:38]

Results and Discussion

Synthesis and Crystallographic Characterization

All commercially available chemicals for synthesis, including
4,4"-di-tert-butyl-2,2"-bipyridine and RuCl3:3H,0, were used as
received. The syntheses of the ligands 2-(2-pyridyl)imidazole
(pyimH) and  4,4’-bis(dimethylamino)-2,2"-bipyridine  was
achieved by applying known procedures.*#% All [RuRpyimH]?*
complexes were isolated as PFgq~ salts. The preparation of
[RuSF3pyimH](PF4), followed the previously published proce-
dure.*" The syntheses of [Ru®“pyimH](PF¢), and [RuMMe2-
pyimHI(PFg), were similar.*°-*?] Synthetic procedures, including
complex and ligand syntheses are reported in the Experimental
Section and in the Supporting Information.
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Monocrystalline needles of [RuMMe2pyimH](PFy), were ob-

tained by slow diffusion of diethyl ether into a solution of the
compound in acetonitrile (Figure 2). It crystallized in space
group PT with two PFg~ counterions, 0.5 acetonitrile, and 0.5
diethyl ether molecules per complex in the asymmetric unit.
Crystallographic details are included in the Supporting Informa-
tion.

Figure 2. Crystal structure of [RuMM*?pyimH]?*. Thermal ellipsoids are drawn
at the 50 % probability level. Solvent molecules, counterions, and hydrogen
atoms, except N-H, are omitted for clarity.

Redox and Acid-Base Chemistry

As described in the Introduction, the formal BDFE of the pyimH
N-H functionality can be calculated on the basis of redox and
acid-base properties to predict formal HAT or PCET behavior in
the ground and excited states.?”%! For the [RuRpyimH]?* com-
plexes with R = CF3, tBu and NMe,, the relevant parameters
were determined analogously to our previously published ex-
ample of [Ru"'pyimH]**2” For the determination of the
ground-state acidity constant (pK,), the spectral changes occur-
ring in the spectral range of the "MLCT absorption band were
monitored as a function of pH (see the Supporting Information,
Figures S1-S3). Pourbaix diagrams (Figure 3) were established
on the basis of cyclic voltammograms recorded at different pH
values (see the Supporting Information, Figures S4-S6). There
are three different regimes: At very basic pH, the redox poten-
tial £9¢P is pH-independent, because the complex is deproto-
nated in both the Ru" and Ru" oxidation states. The redox po-
tential in the strongly acidic pH regime, £P™, is also pH-inde-
pendent, because the complex is protonated irrespective of
whether the oxidation state is +Il or +llI. In the intermediate pH
regime, the redox potential is expected to shift with a slope of
-59 mV per pH unit. For R = tBu and NMe,, the oxidation proc-
ess is reversible and the slopes in the one-electron, one-proton
regime are —-52 mV pH™' and -54 mV pH™' respectively (Fig-
ure 3b and c). For R = CF3, a slope of -74 mV pH™" was deter-
mined (Figure 3a). This deviation from ideal behavior is attrib-
uted to the irreversible nature of the one-electron oxidation
process in this specific complex. In all three complexes, the
acidity constant decreases by 4-5 logarithmic units upon oxid-
ation. [Ru“PpyimH]?* is the most acidic (pK, 7.2) and
[RuNMe2pyimH]?* is the least acidic complex due to the elec-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Pourbaix diagrams for [RufpyimH]?* in 1:1 (v/v) CH3CN/H,0 with 0.05 m buffer. The slopes for the one-electron, one-proton redox processes are
(@) 74 mV pH™", (b) =52 mV pH™", (b) -54 mV pH~", established based on the cyclic voltammetry data shown in Figures 54-56 of the Supporting Information.

Table 1. Thermodynamic parameters for the [RufpyimH]?* complexes in 1:1 (v/v) CH;CN/H,0: Acidity constants in the electronic ground state (pK,), in the
long-lived *MLCT excited state (pK,*) and in the one-electron oxidized form (pK,°®), oxidation potential in the ground state, *MLCT energy and oxidation
potential in the excited state for protonated complex (EP™, Ey,P™t, *£P™Y) and deprotonated complex (E9eP, Eq deP, #Edep).

R Pk, PK,* Pk fpprot EooP™ *gprot Fdep Egoe® #pdep
[V vs. SCE] [eV]®! [V vs. SCE] [V vs. SCE] [ev]e] [V vs. SCE]

HIEI 8.1+0.1 56+03 3.6+0.1 1.00 £ 0.05 21+£0.1 -1.1£0.1 0.73 £0.05 19+01 -1.2+0.1
CFs 7.2+0.1 53+1d 3.2+0.1 1.28 +£0.05 1.9+0.1 -0.6+0.1 0.98 +0.05 1.8+0.1 -0.8+0.1
tBu 82+0.1 54+03 3.2+0.1 0.94 £ 0.05 21+£01 -1.1£0.1 0.66 + 0.05 20£01 -1.3+0.1
NMe, 9.2 +0.1 84+05 4.8 +0.1 0.41 +£0.05 20+£0.1 -16+0.1 0.17 £0.05 1.9+0.1 -1.7+0.1

[a] From luminescence spectra recorded at 77 K in ethanol/methanol mixture, shown in the Supporting Information. [b] From ref.?”! [c] From ref.*"

tronic influence of the substituents on the bpy spectator li-
gands (Table 1). The oxidation potential of all four pyimH com-
plexes shifts cathodically by ca. 0.3 V upon deprotonation, in
line with prior reports on iron and ruthenium complexes with
deprotonatable ligands.!*>~%¢! The highest oxidation potential is
observed with the CF; substituents (EF™' = 1.28 £ 0.05 V vs.
SCE for the protonated and E“P = 0.98 +0.05 V vs. SCE for
the deprotonated complex, respectively). The lowest oxidation
potential is detected for the complex with NMe, substituents
(EP™t = 0.41 £ 0.05 V and F9P = 0,17 £ 0.05 V vs. SCE, respec-
tively).

Excited-state oxidation potentials (*EP't, *FdeP) were esti-
mated from Equations (2) and (3) based on the relevant ground-
state oxidation potentials (EP™, £9¢?), 3MLCT energies were de-
termined at 77 K for the protonated (E,,P™") and deprotonated
complexes (Ey%%F) (see the Supporting Information, Figure S7).

pK.* values were already known,?”4' and for the complexes
with R = tBu and NMe, the Forster method was applied. The
resulting pK,* values were verified by pH titration monitoring
steady-state emission as shown in the Supporting Information
(Figures S8-59). Because the m*-orbitals of the bpy ligands are
energetically lower lying than the m*-orbitals of the pyimH li-
gand, electron density is withdrawn from the acidic N-H func-
tionality, and its acidity is increased in the emissive *MLCT
states of all four complexes (Table 1) analogous to other photo-
acids.?**8! Excited-state acid-base equilibration takes place in
the pH range between pK, and pK.,*, where the excited
[RufpyimH]** complexes are deprotonated by solvent or buffer
molecules. Proton release then very quickly leads to the depro-
tonated ground state. This can unambiguously be seen in the
transient absorption spectra, which are essentially the differ-
ence between the UV/Vis spectra recorded before and after la-
ser excitation (for R = tBu in Figure 4). At pH 3 (Figure 4a) and

HEPTOT = EPIOT — FoProt @ at pH 10 (Figure 4b), a bleach between 400 and 550 nm is
detected, which originates from disappearance of the 'MLCT
xpdep — pdep _ £ dep 3) absorption. Under basic conditions, the bleach is redshifted, be-

Photoacid Behavior and Excited-State Lifetimes

The acidity constant of the *MLCT state (pK.*) was estimated
from the Férster equation based on the luminescence maxima
of protonated and deprotonated complex (AP, 19¢P) at room
temperature in 1:1 (v/v) CH;CN/H,0.%! For R = H and CF; the

Eur. J. Inorg. Chem. 2017, 609-615 www.eurjic.org
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cause the ground state is deprotonated, and the 'MLCT absorp-
tion band is redshifted compared with the protonated form. At
pH 6 (Figure 4c), a positive signal at around 500 nm becomes
detectable, which can be explained by deprotonation in the
excited state and rapid relaxation to the deprotonated ground
state. When subtracting the UV/Vis spectrum of the
[RuBYpyimH]>* complex from that of its deprotonated conge-
ner, the spectrum in Figure 4d is obtained. This spectrum is
very similar to the transient absorption spectrum in Figure 4c,

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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from which we conclude that in the time-resolved laser experi-
ment the deprotonated complex in the ground state indeed
accumulates. This effect is less pronounced for the complex
with R = NMe,, in which case the deprotonated ground state
can only be detected after the excited stated has completely
decayed (see the Supporting Information, Figure S11). Presuma-
bly, this is due to the weaker driving force for proton release in
this case, and different complex-buffer interactions. The ex-
cited-state lifetimes are shortened by 50-90 % upon depro-
tonation (Table 2), ranging from 70 to 210 ns for the protonated
forms and from 17 to 75 ns for the deprotonated forms, respec-
tively, in the absence of oxygen. This effect can be explained
by the energy-gap law and by mixing of pyim™-based orbitals
with metal-centered d-orbitals. As a consequence, the resulting
excited state in the deprotonated complexes has a non-negligi-
ble ligand-to-ligand charge transfer character, and this can con-
tribute to the lifetime shortening relative to the protonated
complex.* The excited-state lifetimes under aerated condi-
tions are reported in the Supporting Information (Table S3).

[Ru™pyimHI*"
n 1 " 1 1 1 "
= (@)pH 3
0 S
50 (b) pH 10
20
0 /\

_ \/r:’-(c)pHS
487

N

:3 R '* (d) UV-vis diff.

B -vis di
200 -
; /’\,\\,—/N
_200_ T | T | T | T
300 400 500 600 700

Alnm

Figure 4. (a)-(c) Transient absorption spectra of [Ru®pyimH]?* in 1:1 (v/v)
CH;CN/H;0 at different pH values. Excitation occurred at 532 nm with laser
pulses of ca. 10 ns duration, the spectra were recorded without time delay
over a period of 200 ns. (d) Difference of ground-state UV/Vis spectra of
protonated and deprotonated complex. The asterisks mark laser stray light.
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Table 2. Excited-state properties of [RufpyimH]?* at 25 °C in 1:1 (v/v) CHsCN/
H,0 at luminescence maxima of protonated and deprotonated complexes
(APret, 39eP) and lifetimes of protonated and deprotonated complexes (P™",
79%P) under deaerated conditions.

R APt [nm] A9¢P [nm] P [ns] 9P [ns]
HE! 625 675 210+ 20 707
CF,o 670 708 160+ 16 17+£5
tBu 625 683 140+ 14 75+8
NMe, 675 692 70£7 25+£2

[a] Taken from ref.2”! [b] Taken from ref.#"!

Formal N-H BDFEs

Based on the acidity constants and redox potentials in Table 1,
formal N--H BDFEs were calculated from Equation (1); the re-
sults are listed in Table 3. The values obtained for the ground
state were doubly determined by using pK, and F%P on the
one hand, and pK,°* and EP™' on the other hand. Both sets
of data were measured independently from each other, and
ultimately they lead to an internally consistent picture. The
BDFEs for the electronic excited states (*BDFE) were also doubly
determined by using pK,* and *£9P, and by using pK,* and
*EProt respectively. The double determinations yielded the same
BDFEs within experimental accuracy. The general observation is
that for every complex the N-H bond cleavage is facilitated by
ca. 50 kcal mol™" in the excited state. The ground-state BDFEs
are in the range from 79+ 1 kcalmol”' (R = NMe,) to
96 + 1 kcal mol™" (R = CF3), which is comparable in magnitude
to the N-H BDFEs of primary and secondary amines.!3>490]
Consequently, the BDFE can be tuned over a range of ca.
20 kcal mol™" by substituent variation at the bpy spectator li-
gands. The complete thermochemistry regarding proton and
electron transfer in ground and excited states is summarized in
Scheme 2 in so-called “cube” schemes. In this representation,
the ground-state redox potentials (EP™* and E4¢P) for the proto-
nated and deprotonated complexes are found at the bottom
along with the acidity constants of the Ru" and Ru"' species
(pK, and pK,°*). The bottom of Scheme 2 is, in fact, analogous
to the thermodynamic square scheme for the cleavage of X-H
bonds shown in Scheme 1. In Scheme 2, excitation to the
3MLCT state is represented by vertical arrows for both the pro-

Table 3. X-H bond dissociation free energies in the ground (BDFE) and excited state (*BDFE) for some selected metal complexes, which can be considered

formal H-atom donors.

Complex BDFE *BDFE Ref. Comment
[keal mol™'] [kcal mol™']
[RuMpyimHI>* 91+1 435 127)
[RUF3pyimH]?* 96+ 1 52+5 this work
[Rut®pyimH]?* 89+ 1 41£5 this work
[RuNMe2pyimH]>+ 79+ 1 34+5 this work
[Ru(bpy),BiBzimH,]2* 90 42 335354 @bl
[Ru(bpy),BiimH]** 86 40 [33,53,54] fa.b]
[Os(bpy)zBiBzimHz]z* 80 42 [33,53,54] [a—c.e]
[Ru(hfacac),pyimH]?* 80 - 1551
[Ru(bpy){(OH),-phen},]** 78 30 6l fabdf]

[a] BDFE calculated based on available redox potentials and acidity constants using both pathways illustrated in Scheme 1. [b] Excited-state bond dissociation
free energies (*BDFEs) calculated based on available pK,®, *£P™" values. [c] Redox potentials only in CH;CN available. [d] pK,°* determined from the Nernst
equation. [e] Ep, = 1.66 eV, approximated from [Os(bpy)s]**, as reported in ref5” [f] Ey, = 2.1 eV approximated from [Ru(bpy);]2*.[58
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Scheme 2. Thermodynamic “cube” scheme for [RufpyimH]?* in 1:1 (v/v) CH3CN/H,O based on the data in Tables 1 and 2. Horizontal/red: pK, values, vertical/
black: *MLCT energy Eqq, pointing towards the reader in blue: oxidation potentials in V vs. SCE, diagonal in green: BDFEs.

tonated (Eyo°"°Y) and deprotonated (Eqp9P) forms. In the excited
state, the thermodynamically relevant processes are acid-base
equilibration (pK.*) (marked by a horizontal red arrow) and
oxidation of the *Ru" complexes to give the respective Ru'"
complexes in the electronic ground state, as represented by
blue face diagonals (*EP™t, *E9¢P), The combined loss of a pro-
ton and an electron from the excited state is shown on the
space diagonal from the back upper left corner to the lower
front right corner, indicated by *BDFE (green arrows).

Thus, for the excited state of [RuM™?pyimH]** an exception-
ally low *BDFE of 34 + 5 kcal mol™" is found, and this is caused
by the strongly electron-donating NMe, groups, which lead to
a low potential for metal oxidation. The inverse effect accounts
for the behavior of [Ru“F3pyimH]2*, which has a relatively high
*BDFE of 52 + 5 kcal mol~". Nevertheless, even this *BDFE value
is still in the order of magnitude reported for M-H cleavage in
metal hydride catalysts that are used for thermal hydrogenation
reactions.!*7>1

In summary, the N-H BDFEs in [RufpyimH]?* complexes de-
crease with more electron-donating substituents on the bpy
spectator ligands. A similar finding was reported for the
ground-state N-H BDFEs of ruthenium(ll)-2-(2-pyridyl)imid-
azole complexes when going from hexafluoroacetylacetonato
(hfacac) to acetylacetonato (acac) spectator ligands, which lead
to a decrease from 80 to 62 kcal mol~'.152)

The strong decrease of the N-H BDFEs upon photoexcitation
to values below 60 kcal mol~" is in line with our prior report on
the [RufpyimH]?* complex with R = H.27! In principle, this effect
is also expected for other metal complexes that can release
both a proton and an electron in the 3MLCT excited state, but
to date such excited-state BDFEs have not been reported. Based
on published acidity constants and redox potentials, we have
tried to estimate some excited-state BDFEs for previously inves-
tigated complexes (Table 3), but these data should be consid-
ered with caution, because often different solvents were used
for determination of pK, values and redox potentials, and there
are considerable uncertainties in their excited-state energies.
The general observation is that excited-state BDFEs are in the
range between 30 and 50 kcal mol~'. As noted before and as
evident from Equation (1), the changes in redox potential have
more influence on the BDFE than changes of the acidity con-
stants.52)
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Conclusions

All relevant thermodynamic parameters regarding proton-cou-
pled oxidation, i.e., formal H-atom donation, were determined
for three photoactive complexes in 1:1 (v/v) CH3CN/H,O. The
key findings are: (i) Deprotonation of the studied complexes
yields a gain in reducing power of 0.3 V in the ground state
and 0.1-0.2 eV in the emissive excited state. (ii) The formal N-
H BDFE can be tuned over a range of ca. 20 kcal mol™' by vary-
ing the spectator ligands. (iii) Formal H-atom release is facili-
tated by roughly 50 kcal mol™' upon excitation of these com-
plexes to their long-lived 3MLCT excites states, reaching excited-
state BDFEs down to 34 kcal mol~'. Thus, the photoexcited
[RufpyimH]** complexes are very strong formal H-atom donors
even when compared to metal hydride complexes that are used
as hydrogenation catalysts.

Experimental Section

Methods and Equipment: All commercially available chemicals for
synthesis were used as received. Acetonitrile for electrochemical
and photophysical measurements was HPLC grade, and water had
Millipore standard. Salts for buffers were used as received, and
aqueous buffer solutions (0.1 m concentration) were prepared ac-
cording to reported procedures.” The following buffers were used
for the various pH ranges: TsOH/TsONa (pH 1.0-2.0), citric acid
(pH 2.2-3.6), glycine/HCl (pH 2.2-3.6), acetate (pH 3.6-5.6), phos-
phate (pH 5.8-8.0), glycine/NaOH (pH 8.6-10.6), and phosphate
(pH 11.0-12.0). Unless otherwise noted, all measurements were per-
formed in 1:1 (v/v) CH3CN/H,0 with a final buffer concentration of
0.05 m at 25 °C. The pH of the solvent mixture was determined by
correcting the measured pH value (pH™*) in the mixture by using
the relationship pH = pH™*** — 4. For the 1:1 (v/v) CH3CN/H,0 mix-
ture, the correction constant d is —0.257.°% All pH values reported
in this publication were corrected accordingly, and pK, values taken
from ref“! were also corrected accordingly. "H NMR spectra were
measured with a 400 MHz Bruker Avance Il instrument. UV/Vis
spectra were measured with a Cary 5000 instrument from Varian.
Cyclic voltammetry was performed with a Versastat3-200 potentio-
stat from Princeton Applied Research using a glassy carbon disk
working electrode, a saturated calomel electrode as reference elec-
trode, and a platinum wire was used as counter electrode, 0.05 m
buffer served as supporting electrolyte. Prior to voltage sweeps at
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rates of 0.1 Vs, the solutions were flushed with argon. For reversi-
ble cyclic voltammograms the average of reductive and oxidative
peak potentials was used to determine the redox potential; for irre-
versible oxidations, the inflection point of the oxidative sweep was
used as an approximation for the oxidation potential. Steady-state
luminescence experiments were performed with a Fluorolog-3 ap-
paratus from Horiba Jobin-Yvon. Samples were excited at wave-
lengths corresponding to the isosbestic points observed in acid-
base titration experiments in Figures S2 and S3 of the Supporting
Information. Luminescence lifetime and transient absorption experi-
ments were conducted with an LP920-KS spectrometer from Edin-
burgh Instruments equipped with an iCCD detector from Andor.
The excitation source was the frequency-doubled output from a
Quantel Brilliant b laser. For aerated optical spectroscopic experi-
ments, quartz cuvettes from Starna and Helma were used. For all
deaerated optical spectroscopic experiments the samples were de-
oxygenated through three subsequent freeze-pump-thaw cycles in
home-built quartz cuvettes that were specifically designed for this
purpose. CCDC 1518357 {for [RuMMe2pyimH](PF;),} contains the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre.

[Ru{(tBu),bpy},pyimHI(PF¢), {[Ru®'pyimHI(PF),}: The following
procedure was applied based on a previously published protocol.*"!
[Ru{(tBu);bpy},Cl,] (177 mg, 250 pmol, 1.00 equiv.) was suspended
at reflux in a degassed mixture of water (5 mL) and EtOH (5 mL). 2-
(1H-Imidazol-2-yl)pyridine (44.0 mg, 305 pmol, 1.22 equiv.) was
added, and the reaction mixture was heated to reflux for 3 h. After
cooling to room temperature, a few drops of concentrated aq. HCl
were added, and then ethanol was removed in vacuo. After addition
of satd. aq. KPFg solution, the precipitate was filtered and washed
with water and Et,0. The solid was collected to give the product
(193 mg, 180 pmol, 72 %) as an orange solid. '"H NMR (300 MHz,
CDCl3): 6 =11.76 (s, 1 H), 8.30-8.10 (m, 6 H), 7.80 (td, /= 7.8, 1.4 Hz,
1 H), 773 (d, J = 6.0 Hz, 1 H), 7.69-7.57 (m, 4 H), 7.49 (dd, J = 6.1,
2.0 Hz, 1 H), 7.46-7.37 (m, 3 H), 7.32 (ddd, J = 7.3, 5.7, 1.3 Hz, 1 H),
725 (s, 1 H), 643 (s, 1 H), 1.41 (d, J = 6.3 Hz, 36 H) ppm.
CaqHssF12N;P5Ru (1072.97): caled. C 49.25, H 5.17, N 9.14; found C
4932, H 495 N 901. ESI-HRMS: calcd. for [CogHerNgO4RUIZ
391.6782; found 391.6777.

[Ru{(NMe,),bpy},pyimH](PF¢), {[Ru™™e2pyimH](PFe),}: The fol-
lowing procedure was applied based on a previously published
protocol.*®! A degassed mixture of [Ru{(NMe,),bpy},Cl,]Cl-4H,0
(100 mg, 131 pmol, 1.00 equiv.), 2-(1H-imidazol-2-yl)pyridine
(74.0 mg, 510 pmol, 3.89 equiv.) and NEt; (0.2 mL) in water (5 mL)
and EtOH (5 mL) was heated to reflux for 7 h. After cooling to room
temperature, satd. ag. NH4PFg solution (0.5 mL) was added. Some
solvent was evaporated in vacuo, and the precipitate was filtered
and washed with water. The obtained solid was purified by column
chromatography (SiO,; acetone — acetone/H,O/satd. aq. KNO;,
100:10:1). The solvent of the red phase was removed in vacuo, and
0.1 m acetate buffer (pH 5, 10 mL) and satd. ag. KPF¢ solution were
added sequentially. The organic solvent was removed in vacuo, and
the precipitate was collected by filtration. The product (65 mg,
63.7 pmol, 48 %) was obtained as a red solid. "H NMR (400 MHz,
CD3CN): & = 1180 (s, 1 H), 803 (d, J =79 Hz 1 H), 786 (t J=
77 Hz, 1 H), 779 (d, J = 5.6 Hz, 1 H), 7.47 (d, / = 7.3 Hz, 4 H), 7.39
(s, 1H),7.28 (d, /=6.5Hz, 2 H), 7.18 (m, 3 H), 6.62-6.41 (m, 5 H), 3.10
(m, 24 H) ppm. CsgHasF12N;,P,RU+0.75CH;COCH;+2.5H,0 (1109.37):
calcd. C 41,41, H 477, N 13.89; found C 41.45, H 478, N 13.91. ESI-
HRMS: caled. for [C3gH43F5N,1P,RUI** 365.6368; found 365.6371.
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3 Double-PCET in a Molecular Triad as Photosystem II Mimic
with Long-Living Radical Separated State

3.1 Abstract

The investigated donor-photosensitizer-acceptor assembly is based on a phenol as combined
electron and proton donor, a [Ru(bpy)s]**-type photosensitizer and a 4,4’-bipyridinium proton
and electron acceptor as shown in Figure 3-1. The photochemically generated radicals are
separated by 20 A. They are formed via two PCETs which mimics enzymatic long-range charge

transfer more closely than any reported molecular model system.

PhOH-Ru>*-MQ"

Figure 3-1 The investigated triad with a [Ru(bpy)s]**-type photosensitizer and photoinduced
PCET at the phenol (PCET 1) and monoquat unit (PCET 2).

This chapter is structured into Main Article and Supporting Information, and will be the basis

for a manuscript for publication.
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3.2 Main Article

a) Photosystem Il + PCET 2

< ¢
PCET 1 v ,‘?y P680
e :}LA

H+
OEC

b) classical D-A dyads

=
“/\.,J;l no PCET

¢) this work
) “—

PhOH-Ru”'-MQ"

Figure 3-2 a) Electron transfer chain in photosystem II, with ET to Pheophytin a (Pheo a) and
PCET at Tyrosine Z (Yz, PCET 1) and plastoquinone B (Qg, PCET 2). b) Previously
investigated electron-donor acceptor (D-A) systems usually do not involve PCET and mimic
ET from P680 to one of the acceptors in the electron transfer chain of PS II. c¢) Investigated
triad with photoinduced PCET at the phenol (PCET 1) and monoquat unit (PCET 2) resembles
radical transfer from Yz to Qg.

Photoinduced charge transfer in molecular systems is efficiently performed in
photosynthesis, namely by the membrane bound enzyme complexes photosystem I and IT (PSI,
PS II). Visible light is used as energy resource for the transfer of electrons from the oxidative
site to the reducing side of the membrane. In PS II, light is absorbed by the chlorophyll-dimer
P680 which is the central part and photosensitizer in the electron transfer chain, as shown in
Figure 3-2a.!® All electron donors and acceptors are pre-arranged by the protein structure of PS
II. Upon excitation, P680 donates an electron to the neighboring Pheophytin a (Pheo a) which
subsequently reduces plastoquinone A (Qa). The electron is further transferred to plastoquinone

B (Qg) which subsequently takes up a proton and diffuses to the next acceptor after uptake of a
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second electron and proton. The oxidized P680 abstracts an electron from the nearby tyrosine
Z (Yz) which subsequently oxidizes the water oxidizing complex (OEC). Tyrosine Z is
deprotonated upon oxidation which sums up two proton-coupled electron transfers (PCET) in
PS I1.12627) The respective charge-neutral radicals Yz" and HQg" are generated 40 A apart from
one each other.*®!

The concept of photoinduced long-range charge transfer was mimicked numerously in
covalently linked donor-acceptor assemblies (D-A), which are sketched in Figure 1b. Excitation
of such compounds with visible light induces intramolecular electron transfer (ET), yielding D*
and A~?) This simple ET resembles photoinduced ET from P680 to one of the acceptors in the
electron transfer chain of PS II. The importance of PCET is usually ignored in such artificial
model systems. PCET is performed by enzymes, because deprotonation of electron donors
facilitates their oxidation whereas protonation of acceptors facilitates their reduction.
Photoinduced single PCET in dyads has been demonstrated with proton-coupled oxidation of
phenols.38 However, two-fold PCET, as described above in PS II, has not yet been studied
in model systems. By mimicking photoinduced PCET 1 at the Yz in combination with PCET 2
at Qp we generate radical separated states, similar to PS II. Our model system is presented in
Figure lc. It consists of a molecular triad (PhOH-Ru?*-MQ"%) with a Ru(bpy)s*-type
photosensitizer. The covalently linked 2,6-di-tert-butylphenol (PhOH) acts as a combined
electron and proton donor whereas N-methyl-4,4’ bipyridinium (MQ™) serves as a combined
proton and electron acceptor. The aryl bridges provide a rigid scaffold for the arrangement of
PhOH donor, Ru(bpy)s>" photosensitizer, and MQ" acceptor guaranteeing a donor-acceptor
distance of approximately 22 A.[*] Excitation of the Ru(bpy)s;** center induces proton-coupled
oxidation of PhOH (PCET 1) and proton-coupled reduction of MQ" (PCET 1), generating the
radical pair PhO" and HMQ™" according to the following equation:

PhOH-Ru?>*-MQ* - PhO*-Ru?**-HMQ"* (3-1)

PCET 1 and PCET 2 at PhOH-Ru(I)-MQ"* require the presence of external acid and base,
hence an amphoteric solvent or a buffer. A suitable buffer deprotonates the phenol only upon
photoinduced oxidation and protonates the MQ™ acceptor only upon reduction. Based on
available acidity constants, pyridine (py) and pyridinium (pyH") match these requirements
(thermochemical discussion see Supporting Information). PCET at the phenol is most efficient,
when the phenolic O-H is hydrogen bound to the base.['*4%#!] The design of the triad does not
include any intramolecular hydrogen bonds opposed to other model systems.!7-3842-43]

Association constants for the formation of intermolecular hydrogen bonds between phenols and
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pyridine are usually small in commonly used solvents such as acetonitrile. They might be
reduced by the sterically demanding tert-butyl groups, that shield the phenolic proton.!”
Therefore, high concentration of pyridine is necessary, to achieve quantitative hydrogen
bonding to the PhOH donor of the triad. Neat pyridine as solvent ensures almost quantitative

hydrogen bonding of the phenolic protons to pyridine, as discussed in the Supporting

Information.!'”!
40 (a) triad: transient absorption
0 40 < } + L
c — N PY 3
20 - >
I 10 2
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0 - [0}
(b) spectroelectrochemistry
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Figure 3-3 a) Transient absorption spectra of 34 uM triad in pyridine/ 0.22 M pyridinium buffer
(green traces) and of 55 pM triad in neat pyridine (gray traces). Both spectra are recorded 2 ps
after excitation at 532 nm with pulses of ~10 ns duration. b) Electrochemically generated
spectra of HMQ™ and MQ’ in MeCN with 0.1 M TBAPFs as supporting electrolyte. Extinction
coefficients are derived from previous studies.!*?! ¢) Spectrum of chemically generated phenoxy
radical PhO’-xy-TMS in toluene.
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Figure 3-4 Kinetic traces of 34 uM triad in py with 0.22 M pyH" or pyD" recorded after pulsed
excitation at 532 nm with laser pulses of ~10 ns duration. The same traces at a longer time-
scale are shown in the Supporting Information. a) Emission traces recorded at 630 nm. b)
Absorbance at 395 nm. ¢) Absorbance at 610 nm.
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In pyridine (py) as solvent with 0.22 M pyridinium (pyH"), the luminescence of photoexcited
Ru(bpy)s**-unit in the triad is quenched and a long-living photoproduct is formed, shown at 2
us after pulsed excitation at 532 nm in Figure 3-3a. The excited state decays biexponentially
with T=68 £ 7 ns (85 %) and ©° = 780 + 80 ns (15 %). The faster component is related to the
prominent transient absorption signals at 395 nm and 610 nm, which rise with T = 68 + 7 ns
and decay with 19 = 1.9 + 0.2 ps as shown in Scheme 1-4 and summarized in Table 1. The
slower luminescent component is due to a subset of slower decaying excited state, or different
luminescent species from ligand exchange to pyridine. The transient absorption spectrum
resembles the spectrum of the well-known radical of methyl viologen (N,N’-dimethyl-
4.4’bipyridine, MV?").[*¢! Protonation and reduction of the MQ™ acceptor generates a spectrum
similar to the methyl viologen radical.l*’**] We therefore assume to have obtained the spectrum
of HMQ™". For direct verification of the spectroscopic signature of the radical separated state
(PhO"-Ru?*-HMQ™), we recorded UV/Vis absorption of radical species from reference
compounds. The spectrum of HMQ'" was obtained by electrochemical reduction of protonated
N-methyl-4,4’-bipyridine in acetonitrile and is shown as green trace in Figure 3-3b. It is in line
with previous studies and with the transient absorption spectrum of the triad in py/pyH"
buffer.[*”*8] The reference spectrum for PhO" was generated by chemical oxidation of PhOH-
xy-TMS (3,5-di-tert-butyl-2',5'-dimethyl-4'-(trimethylsilyl)-[ 1,1'-biphenyl]-4-ol) with ferricya-
nide under basic conditions, yielding the phenoxy radical (PhO").1*”! It shows a band maximum
at 507 nm which is in line with reported related phenoxy radical spectra.l*>% Its estimated
extinction coefficient is 500 L mol cm™!,[*%°% whereas the estimated extinction coefficient of
MQH" is approximately 5000 L' mol cm™ at this wavelength.[*! Hence, absorption of HMQ"*
is much stronger than absorption of the PhO" and therefore MQH™" dominates the spectrum of
the radical separated state in Figure 3-3a (green trace).

Because we can only hypothesize the formation of PCET 1 product PhO®, we will show in
the following, that the phenol is oxidized and deprotonated in py with 0.22 M pyH" despite its
weak signature in the spectrum. If the phenol was not involved in the photochemistry of PhOH-
Ru?*-MQ", the functional units of the molecule would merely be the Ru(bpy)s>* photosensitizer
and the MQ" radical acceptor. These two functional units are a donor-acceptor assembly with
one possible PCET. Similar dyads with MV?>* acceptors and Ru(bpy)s*" photosensitizers were
reported to have charge separated state lifetimes in the order of few ps to less than 10 ns.[>!>3]

In contrast, the photoproduct observed in Figure 3-3a has a lifetime on the order of a few ps.
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3 Double-PCET in a Molecular Triad

Similar triads, with central Ru(bpy)s>" photosensitizer, triaryl amine donor and anthraquinone
acceptor separated by similar distances, have charge separated state lifetimes in the ps time
regime as well, which indicates that PhOH-Ru?*-MQ" also acts as a triad.[>-°

To further probe the role of the phenol, photoinduced radical transfer was monitored after
pulsed excitation at 532 nm in neat pyridine. Absence of acid excludes protonation of the
(reduced) MQ" acceptor and therefore it excludes PCET 2, whereas pure electron transfer to
MQ" is still possible based on the relevant reduction potentials (see SI). In neat pyridine,
SMLCT luminescence is quenched to t= (35 £ 4) ns (89 %) and T = (1.2 + 1) ps (11 %). Long
living photoproducts are formed with t = (35 £ 4) ns. The transient absorption spectrum of the
photoproduct 2 ps after pulsed excitation is shown in Figure 3-3a as grey trace. The bands at
around 370 nm and 550 nm resemble the signature of MQ°, which is the reduced acceptor. A
reference spectrum of spectroelectrochemically generated MQ® in acetonitrile is shown as grey
trace in Figure 3-3b. It is in agreement with reported spectra of MQ".[*¢*®! The band at 420 nm
is assigned to the deprotonated phenol based on the difference spectrum derived upon
deprotonation of PhOH-Ru?**-MQ™* with TBAOH (see Figure S 3-8 and Figure S 3-9). The
band at 420 nm is very long-living and decays with t*?° = 18 us which is more persistent than
the MQ" signature which decays with t = 3.0 + 0.3 us. In the absence of acid, the phenolate is
the secondary photoproduct which is formed after intramolecular thermal reverse electron
transfer from MQ' to the phenoxy radical (PhO*-Ru?*-MQ* - PhO-Ru?*-MQ"). Additionally,
thermal recombination of the transiently formed species PhO’-Ru*- MQ* is expected to be fast
as reported earlier for closely related dyads.’>***¢! However, at low proton concentration
protonation of the phenolate is extremely slow, which makes it very long-living. Based on
thermochemical calculations (see Supporting Information for details), the most probable way
the observed MQ" species is formed, is via reductive quenching of *"MLCT excited Ru(bpy)s**
photosensitizer by the phenol. The resulting Ru(I)(bpy)s* can easily reduce the MQ" acceptor
with a driving force of approximately -0.5 eV. In absence of acid, oxidative quenching by MQ"
is approximately thermoneutral compared to the excited state.[*3>73¢ ET from PhOH to *MLCT
Ru(bpy)s*" is exergonic only when coupled to deprotonation of PhOH.!'%7] For similar PhOH-
Ru?* dyads it is reported, that intramolecular ET from phenol to photoexcited Ru(bpy)s** takes
place in presence of base via concerted PCET (CPET).*®*°! The phenolate form of the molecule
as secondary photoproduct was found in these studies as well as for PhnOH-Ru?*-MQ* under
basic conditions. The observation of the phenolate species shows that PCET takes place at the

PhOH and that the electron for the reduction of the acceptor originates from the phenol.
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3 Double-PCET in a Molecular Triad

In neat acetonitrile, solvent mediated PT is not posible and consequently only simple ET
reactions are expected. However, the observed long-living product after photoexcitation of
PhOH-Ru?*-MQ" is the *"MLCT state of the photosensitizer!*” with a luminescence lifetime of
7 = (900 £+ 90) ns. Based on thermochemical calculations, photoinduced ET to MQ" is
thermoneutral. The associated error range of these calculations do not exclude it completely.
However, it is not observed spectroscopically. Transient absorption and luminescence spectra
of the triad in acetonitrile are shown in the Supporting Information (Figure S 3-10 to Figure S
3-12). These experiments show the importance of the buffer for the excited state redox

chemistry of PhOH-Ru?**-MQ"*.

Table 3-1 Lifetimes of relevant processes under de-aerated conditions at 25 °C.

solvent py/pyH" py /pyD" py

3
. “MLCT decay 68+7ns | 150+15ns | 35+4ns
rise times of photoproduct

lifetime of radical separated state | 1.9+ 0.2 us 1.8 0.2 us 3.0£0.3 us
lifetime of phenolate 18 £2 us

PCET was further probed with kinetic H/D exchange experiments in py/pyH" buffer. In py
with 0.22 M pyD" it was found that the main luminescent species decays with tp = 150 + 15
ns, which is by factor (2.2 + 0.2) slower than in py with 0.22 M pyH" (68 + 7) ns. The minor
species decays with tp’ = 380 + 38 ns, which is faster by factor two. Formation of the final
photoproduct in transient absorption under deuterated conditions takes place with Tp™¢ = 150 +
15 ns referring to a H/D kinetic isotope effect (KIE) of (2.2 + 0.2), comparable to the
luminescence decay. Recombination of the photoproducts under deuterated conditions takes
place with tp%° = 1.8 us, corresponding to a H/D KIE of 0.9 +/0.2. The fact that the time
constant for luminescence decay of the main species corresponds to the formation of the
photoproduct implies that initial quenching of the *MLCT- excited photosensitizer is followed
by subsequent PCET on the sub-ns time scale to form the radical separated state. The H/D KIE
of (2.2 + 0.2) shows that proton transfer is involved in the rate limiting step, hence *MLCT

quenching via CPET is evident.

Based on thermochemical calculations (energy level scheme in Figure S 3-17 to Figure S
3-19) initial concerted PCET at the PhOH via reductive "MLCT quenching is estimated to have
the same driving force as oxidative "MLCT quenching via concerted PCET at the MQ" (of
AGpcgpr = -0.2 eV). For initial reductive quenching of *MLCT Ru(bpy);** via PCET 1 at the
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3 Double-PCET in a Molecular Triad

PhOH, the follow-up reduction of MQ" is exergonic by approximately AGgr = -0.5 €V, in
agreement with an ET-PT mechanism. For initial oxidative *MLCT quenching and PCET 2 at
the MQ", the follow-up oxidation of the PhOH is likely to occur in concert with deprotonation
(CPET with (AGpcpr = -0.7 eV) as demonstrated for a similar PhOH-Ru?*" dyad in a flash-
quench experiment and as found for phenols several times before.[!-30-32:34-36]

In py/pyH" it is theoretically possible that only one of the PCETs takes place because one
PCET site is protonated or deprotonated in advance due to protonation and deprotonation
equilibria. We wish to comment on this in the following. The acidity constants (pKa) of
pyridine, PhOH and MQ" or their respective acids are known in water. 148601 The difference
in acidity of PhOH and pyH" is reasonably high to assume that no deprotonation of the PhOH
by pyridine takes place at equimolar concentration. However, at the given concentrations, up to
8 % of the triad molecules might be deprotonated in neat pyridine, as calculated in the
Supporting Information. On the other hand, the UV-vis absorption spectrum of the triad in
pyridine shows only minor differences to the spectrum in acetonitrile (Figure S 3-13).
Furthermore, photoinduced radical separation in pyridine shows phenolate as secondary
reaction product, therefore indicating that deprotonation occurs only after photoexcitation. We
therefore assume that the observed photoproducts derive from PCET at PhOH-Ru?**-MQ" as
major species. We exclude protonation of MQ* by pyH" because py is a stronger base and in
the reaction mixture six orders of magnitude more concentrated than the triad.

The absence of a significant KIE in the radical recombination indicates ET as the rate
limiting step. This is in line with thermochemical calculations where intramolecular ET PhO"-
Ru**-MQH"* - PhO-Ru?>*-MQH?" is exergonic by approximately 0.6 eV (see Supporting
Information for details). No spectral evidence of MQH?** and PhO" was found under buffered
conditions, indicating that the follow-up twofold PT to reestablish ground state PhOH-Ru?*-
MQ" is fast.

In summary, two opposing, photoinduced PCETs were performed on the same molecule,
transferring a radical over approximately 30 A. The photo-generated radical pair is similarly
long-lived as electron-hole pairs in triads. For the first time, the electron-hole pair is stabilized
by two PCET events, which successfully mimics photoinduced primary and secondary ET and

PCET events of PS II in a simple artificial system.
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3.3 Supporting Information

3.3.1 Equipment and Methods

All commercially available chemicals for synthesis were used as received. Acetonitrile for
electrochemical and photophysical measurements was HPLC grade. Steady-state luminescence
experiments were performed on a Fluorolog-3 apparatus from Horiba Jobin-Yvon.
Luminescence lifetime and transient absorption experiments occurred on an LP920-KS
spectrometer from Edinburgh Instruments equipped with an iCCD detector from Andor. If not
otherwise noted, the excitation source was the frequency-doubled output from a Quantel
Brilliant b laser. For all deaerated optical spectroscopic experiments the samples were de-
oxygenated via two subsequent freeze—pump-thaw cycles in quartz cuvettes that were
specifically designed for this purpose. UV-vis spectra of electrochemically generated species
were recorded with the Cary 5000 instrument by applying voltage with a Versastat3-200
potentiostat, using a platinum gauze electrode as working electrode, a saturated calomel
electrode (SCE) as reference electrode, and a platinum wire as counter electrode. The substance
was dissolved in MeCN with 0.1 M TBAPFs as supporting electrolyte and the suitable potential
was applied in a spectroelectrochemical cell from ALS with 1 mm path length. Potentials for
electrolysis were determined by cyclic voltammetry. The following experimental errors are
considered: Excited state lifetimes were considered accurate to 10 %, and ground state redox
potentials are considered accurate to = 0.05 V. UV-Vis spectra were measured on a Cary 5000
instrument from Varian. Cyclic voltammetry was performed on a Versastat3-200 potentiostat
from Princeton Applied Research using a glassy carbon disk working electrode, a saturated
calomel electrode (SCE) as reference electrode, and a platinum wire as counter electrode. Prior
to voltage sweeps at rates of 0.1 V s™!, the solutions were flushed with argon. For quasi-
reversible cyclic voltammograms the average of reductive and oxidative peak potential was

used to determine the redox potential, for irreversible processes the peak potential is reported.
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3 Double-PCET in a Molecular Triad

3.3.2 Kinetic Traces and Transient Absorption Spectra in py/0.22M pyH*
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Figure S 3-1 Transient absorption spectra of 34 uM triad in py / 0.22 M pyH" buffer. Signal
integration occurred over 200 ns at different delay times (to) after excitation at 532 nm with

laser pulses of ca. 10 ns duration.
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Figure S 3-2 Kinetic traces of 34 uM triad in py with 0.22 M pyH" (green) and py with 0.22 M
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pyD" recorded after excitation at 532 nm with laser pulses of ~10 ns duration.
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3.3.3 Spectroelectrochemistry of MQ" in Acetonitrile

Spectroelectrochemistry on MQ" was performed in MeCN and the applied potentials are

derived from cyclic voltammograms of MQ" in MeCN.

-0.6 = p——r——r—r——r—r—r—r——
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Figure S 3-3 Cyclic voltammogram of 0.02 M MQ" in MeCN the presence of 0.1 M TBAPFg
as supporting electrolyte at a sweep rate of 0.1 V s
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Figure S 3-4 Cyclic voltammogram of 0.03 M MQ" in MeCN the presence of 0.03 M triflic
acid and 0.1 M TBAPF; as supporting electrolyte at a sweep rate of 0.1 V s7!.

Table S 3-1 Redox potentials of MQ" and HMQ?* in MeCN with 0.1 M TBAPF as supporting
electrolyte at sweep rates of 0.1 V s™\. AE is the difference of oxidative peak potential and
reductive peak potential.

redox process E/Vvs.SCE AE/V
MQ*"" -0.96 0.17
MQ™” -1.62 0.17
HMQ*""* -0.50 0.16

The spectrum of MQ" was generated in a 0.05 M solution of MQPF¢ in MeCN with 0.1 M
TBAPF;s as supporting electrolyte at a potential of -1 V vs. SCE. The spectrum of HMQ™" was
generated by applying -0.5 V vs. SCE on a 0.05 M solution of MQPFs in MeCN the presence
0f 0.05 M triflic acid and 0.1 M TBAPFs as supporting electrolyte.
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3.3.4 UV-Vis Spectrum of the Phenoxy Radical

400 500 600 700

Figure S 3-5 Absorption spectrum of the phenoxy radical of PhOH-xy-TMS in a 1:6 py/toluene
mixture after oxidation with K3[Fe(CN)s] according to published procedure.[*”!

The absorption maxima of the phenoxy radical are at 507 nm and 365 nm.
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3.3.5 Kinetic Traces and Transient Absorption Spectra in Pyridine
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Figure S 3-6 Transient absorption spectra of 55 uM PhOH-Ru?*-MQ" in py. Signal integration
occurred over 200 ns at different delay times (to) after excitation at 532 nm with laser pulses of
~10 ns duration.
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Figure S 3-7 Kinetic traces of 55 uM PhOH-Ru?*-MQ" in py recorded after excitation at 532
nm with laser pulses of ~10 ns duration. Two different time scales are shown.

59



3 Double-PCET in a Molecular Triad

3.3.6 UV-Vis Spectrum of the Deprotonated PhOH-Ru?*-MQ*

The spectrum of the phenolate form of the triad was generated by adding 4 equivalents of
TBAOH in MeCN to a solution of PhOH-Ru?>*-MQ" in MeCN under inert conditions. Spectra
were recorded at 2 two different times after addition of TBAOH: immediately, and 5 min after
addition. Difference spectra of deprotonated PhOH-Ru**-MQ" compared to PhOH-Ru*"-MQ"*

in MeCN were generated to compare with transient absorption spectra shown in the main

article.
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Figure S 3-8 Spectrum of the PhOH-Ru?*-MQ* in MeCN (black) and spectrum after addition
of 4 equivalents of TBAOH, directly after addition (red) and 5 minutes later (grey), under inert
conditions.

6
'54_ —— 46q.OH
T 4 eq. OH after 5 minutes
G 2- N
E /////, e —
-
~ 0 u/
- .
= A
32 v/
<]
-4 lllllllllllllllllllllllllllllllllllll‘lllllllllllll
300 400 500 600 700

Figure S 3-9 Difference spectra, derived from Figure S 3-8of PhOH-Ru?**-MQ* in MeCN
(black) and spectrum after addition of 4 equivalents of TBAOH, directly after addition (red)
and 5 minutes later (grey), under inert conditions.
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3.3.7 Transient Absorption of PhOH-Ru?**-MQ" in MeCN
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Figure S 3-10 Transient absorption spectrum of 27 uM PhOH-Ru?*-MQ" in MeCN. Signal
integration occurred over 200 ns directly after excitation at 532 nm with laser pulses of ca. 10
ns duration.

The transient absorption spectrum of the PAOH-Ru?*-MQ* in MeCN (Figure S 3-10) exhibits
maximum absorption around 440 nm and 570 nm and a bleach around 330 nm. This is
comparable to the transient absorption spectrum of a similar Ru(bpy);>* based photosensitizer
with one bpy ligand, substituted with xylenes.!*” Consequently, this spectrum is attributed to

the MLCT excited state of the photosensitizer in the PhOH-Ru?*-MQ* triad.

mAQCD

mAOD

t/us

Figure S 3-11 Kinetic traces of transient absorption of 27 uM PhOH-Ru?**-MQ" in MeCN
after excitation at 532 nm with laser pulses of ca. 10 ns duration.
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3.3.8 Luminescence Spectrum of PhOH-Ru?*-MQ*
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Figure S 3-12 Normalized luminescence spectra of 23 uM PhOH-Ru?**-MQ* in MeCN.
Excitation occurred at 450 nm.

3.3.9 UV-vis Spectra of PhOH-Ru?*-MQ" in MeCN and Pyridine

— in MeCN
8 - —— in pyridine

¢ 110" L mol em

300 400 500 600 700
A /nm

Figure S 3-13 UV-vis spectrum of PhOH-Ru?*-MQ" in MeCN (black) and in pyridine (green).
Below 300 nm pyridine is not sufficiently transparent hence the respective spectrum starts at
this wavelength.
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3.3.10 Thermochemistry

3.3.10.1 Energy Level Scheme

Photoinduced radical transfer was performed in py/pyH" buffer as solvent. No
thermochemical data, namely redox potentials and acidity constants of respective reference
compounds are reported in pyridine as solvent. Redox potentials and acidity constants are
available for water as solvent. Thermochemical calculations are therefore based on aqueous
solvent. Water is a polar, hydrogen bonding and protic solvent, whereas pyridine is polar and
hydrogen bonding, but not protic (in absence of added acid). The calculated driving forces are
therefore to be regarded as an approximation.

Uptake or release of electrons which directly involves the transfer of protons, called proton-
coupled electron transfer (PCET). Proton transfer (PT) and electron transfer (ET) can be
performed individually, where PT is acid-base chemistry and ET is normal redox chemistry. A
PCET is called stepwise PCET when ET is followed by ET or vice versa. When PT and ET take
place in a concerted fashion, this is called concerted proton-electron transfer (CPET).

The driving force for PT (AGpt ) can be calculated with the acidity constants (pKa) of proton
donor and proton acceptor:

AGpr =0.059 eV [pKa (donor)-pK, (acceptor) | (S1)

The driving force for ET (AGgr) can be calculated with the redox potentials (E) of electron
donor and acceptor with the following equation:

AGgt = -n F AE® = E(donor)-E(acceptor) (S2)

The overall driving force for a PCET reaction (AGpcgt) is the sum over the driving force for
PT and ET:

AGpcgr = AGpr + AGgr (S3)

An energy level diagram for the photoinduced ET, PT and PCET reaction steps was
calculated based on reported thermochemical data, namely acidity constants (pKa) and redox

potentials E of Ru(bpy)s**, MQ", 2,4,6-'BusPhOH and pyridinium in water, 04857601

*Ru(bpy)s?
0.86 V / 2.12 e\;\
Ru(bpy)s?®* ——

32" —— Ru(bpy)s”

1268V

Figure S 3-14 Latimer diagram of Ru(bpy)s>" in water, including excited state energy and redox
potentials in ground and excited state in V vs. NHE.[%”]
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Figure S 3-15 Thermochemical square-scheme for MQ" in 1:1 (v:v) CH3CN/H20 with redox
potentials in V vs. NHE.[*8]
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Figure S 3-16 Thermochemical square-scheme for 2,4,6-'BusPhOH in water with redox
potentials in V vs. NHE. 1

The pKa value of pyridinium in water is 5.23.[6%
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Figure S 3-17 Energy level diagram for all possible pathways of photoinduced radical
separation and thermal recombination. Energy scale estimated based on thermochemical data
(pKa, E).
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3.3.10.2 Energy Level Schemes of Observed Reaction Pathways

In Figure S 3-17, all possible electron and proton transfer steps are depicted, including PCET
and CPET steps. Based on observed photoproducts, KIE and the thermochemical considerations
in pyridine with 0.22 M pyridinium the key reaction pathways are depicted in Figure S 3-18.
Initial reductive and oxidative quenching of excited Ru(bpy);> are endergonic or have no
driving force, whereas reductive and oxidative quenching via CPET or PCET respectively are
exergonic. Based on thermochemistry, there is no preferential pathway for the initial radical
transfer after photoexcitation. The secondary radical transfer was found to be fast because
luminescence decay constant equals the rate constant for photo product formation. For phenol
oxidation as the secondary step, CPET at the phenol occurs. For reduction of MQ™ as secondary
step, successive ET-PT is expected (see Figure S 3-18).

For pyridine as solvent, protonation of the monoquat acceptor is neither observed, nor

expected and reaction pathways are depicted in Figure S 3-19.

A reductive MLCT quenching path oxidative *MLCT quenching path
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Figure S 3-18 Energy level diagram for photoinduced radical separation and thermal
recombination in py with 0.22 M pyH". Energy scale estimated based on thermochemical data
(pKa, E), time constants from kinetic traces, as described in the main article.
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Figure S 3-19 Energy level diagram for photoinduced radical separation and thermal
recombination in py. Energy scale estimated based on thermochemical data (pKa, E), time
constants from kinetic traces, as described in the main article.

3.3.10.3 Thermochemical Evaluation of Proton Transfer in the Ground State

Pyridine was chosen as a base. It was used in very high concentration (neat solvent) and the
deprotonation equilibrium (S4) between pyridine and the phenol unit of the triad must be
considered. Acidity constants for pyridine and the reference phenol 2,4,6-'BusPhOH are
available in water which allows an approximation of the acid-base equilibrium.

For the equilibrium described in eq. S4, the equilibrium constant K can be approximated
from the pKa values as described in eq. S5.

_ [pyH']-[PhO7]
K= [py]-[PhOH] (54)

K = 10-(PK,(PhOF)-pK, (pyH ")) (S5)
With pKa(pyH+) = 5.23 and pK, (PhOH) = 13 one obtains K = 1.7 - 1078,
It is approximated that [PhOH]=3- 10°M, the pyridine concentration [py] = 12.4 M
The approximate phenolate concentration [PhO7] is therefore calculated as follows:
With [pyH'| = [PhO] one obtains:

_ _(phop?
K= [py]-[PhOH] (S6)

([PhO'D? =K - [py] - [PhOH] (87)
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[PhO'] = J1.7 - 10%[12.4 M][3-10°M] (S8)

[PhO]=0.25-10"M (S9)
Based on the pKa values in water, in a 3-10°M phenol solution up to 0.25 - 10~5M phenol

is deprotonated in pyridine. This amounts to ~8% of the total phenol concentration.

3.3.10.4 Thermochemical Evaluation of Hydrogen Bonding Equilibria in the Ground
State

In previous work, it was shown that for PCET chemistry between phenols and an oxiziding
photosensitizer the presence of a base and hydrogen bonded adducts are important.['”) The
association constants Ka for all investigated phenols with pyridine in acetonitrile as solvent
range between 1 and 2 M.

For the phenol-unit here an association constant was approximated with Ka =1 M.

For the hydrogen bonding equilibrium (S10) that means:

PhOH + py S PhO-H-py (S10)
_ [PhO-H-py]
A" [PhOH]-[py] (S1D)
_ [PhO-H-py]
KA = Photl-Pro-HpyD ] (512)
[PhO-H-py]=K([PhOH],-[PhO-H-py]) - [py] (S13)
_ [PhOH]pK-[py]
[PhO-H-py] T (S14)
. N _ . _n.1n-5 .
With Ka =1 M, [py] = 12.4 M and [PhOH]=3-10"M one obtains:
[PhO-H-py]=2.8-10°M (S15)

Based the approximation Ka = 1 M, in a 3-10°M solution of the triad in pyridine,
2.8:10°M of the phenol molecules are hydrogen bonded to pyridine. This corresponds to ~93%

of all phenol molecules.

3.3.11 Synthesis

All synthesis steps were performed under nitrogen atmosphere. 2,5-Dimethyl-4-
trimethylsilyl-1-phenylboronic acid (2) was synthesized from 2,5-dibromo-p-xylene according
to an established procedure.!®!] Syntheses of phenols PhAOH-xy-TMS and 3 were similar to
previous work,!®" as well as the borylation yielding 4,1°°) and the synthesis of 6.[%%]

[RuCla(bpy)2]-2 H20 (10) was synthesized from 2,2’-bpy and RuCls-xH>O as reported.[%3! The
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synthesis of MQPFs has been reported.*8] All other chemicals used in this work are

commercially available.

™S Br §J§<
Br ~
™ o
o A O, A
ST e Y oy
B HO HO
OH HO
1 2 3 4

PhOH-xy-TMS

PhOH-Ru?*-MQ*

Figure S 3-20 a) Pd(PPh3)4, Na,CO3, THF/H>0 8:1, reflux, dark 67 %, b) Br2, NaOAc, THF, 0
°C, dark 68 %, c) (BPin), [PdClx(dppf)]-CH2Cl,, KOAc, DMSO, 100 °C, 86 %, d)
bis(tributyltin), Pd(PPhs)4, m-xylene, 180 °C, <61%, e) 4-(hydroxymethyl)phenylboronic acid,
K2CO3, Pd(PPhs)4, THF/H20 8:1, reflux, 39 %, f) K2COs3, Pd(PPhs)4, THF/H20 5:1, reflux, 95
%, g) PBr3, dry CH2Cl, room temperature, 89 %, h) 4,4'-bpy, dry CH2CL, reflux, 59 %, 1)
AgOTf, MeCN, reflux, 100 %, j) ethylene glycol, AgOTf, 105 °C, 90 %.
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3.3.11.1 3,5-Di-tert-butyl-2',5'-dimethyl-4'-(trimethylsilyl)-[1,1'-biphenyl]-4-01 (PhOH-
xy-TMS)[6!]

! TMS
HO I

PhOH-xy-TMS

A mixture of 4-bromo-2,6-di-tert-butylphenol (1) (1.27 g, 4.45 mmol, 1.00 eq.), 2,5-
dimethyl-4-trimethylsilyl-1-phenylboronic acid (2) (1.19 g, 5.18 mmol, 1.16 eq.), Na2COs (1.41
g, 13.3 mmol, 3.00 eq.) and Pd(PPh3)4 (277 mg, 223 pmol, 5.0 mol%) in a degassed mixture of
THF (40 mL) and water (5 mL) were heated at reflux in the dark for 16 h. After cooling to room
temperature, the mixture was extracted with CH>Cl, (3%). The combined organic phases were
dried over NaxSOg4 and the solvent was removed under reduced pressure. Purification by column
chromatography (SiO2, pentane) afforded PhOH-xy-TMS as a colorless oil (1.14 g, 2.98 mmol,
67 %).

'TH NMR (400 MHz, CDCl3): & (ppm) = 7.35 (s, 1H), 7.14 (s, 2H), 7.08 (s, 1H), 5.19 (s,
1H), 2.46 (s, 3H), 2.28 (s, 3H), 1.46 (s, 18H), 0.35 (s, 9H).

13C NMR (101 MHz, CDCI3): § (ppm) = 152.85, 143.59, 140.96, 136.76, 136.54, 135.46,
132.86, 131.73, 131.60, 126.00, 34.59, 30.59, 22.60, 20.38, 0.13.

3.3.11.2 4'-Bromo-3,5-di-tert-butyl-2',5'-dimethyl-[1,1'-biphenyl]-4-ol (3)[¢!!

Br
HO

3
Bromine (1.3 mL, 4.2 g, 26 mmol, 4.1 eq.) was added to a degassed suspension of PhOH-
xy-TMS (2.50 g, 6.42 mmol, 1.00 eq.) and NaOAc (1.07 g, 13.0 mmol, 2.03 eq.) in dry THF
(40 mL) at 0 °C in the dark. The mixture was stirred in the dark at room temperature for 2.5 h,
NEt3 (7.3 mL, 52 mmol, 8.0 eq.) and saturated aqueous Na>S>O3 solution (55 mL) were added,

and stirring of the black mixture was continued for 16 h. The mixture was extracted with CH>Clx
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(3%), the organic phases were dried over Na>SO4 the solvent was removed under reduced
pressure. Purification by column chromatography (SiO», pentane = pentane/CH>Cl> 1:3)
afforded compound 3 as an off-white solid (1.71 g, 4.38 mmol, 68 %).

'H NMR (400 MHz, CDCl): § (ppm) = 7.43 (s, 1H), 7.11 (s, 1H), 7.08 (s, 2H), 5.22 (s,
1H), 2.39 (s, 3H), 2.23 (s, 3H), 1.47 (s, 18H).

13C NMR (101 MHz, CDCl3): 8 (ppm) = 153.03, 142.07, 135.64, 134.98, 134.95, 133.83,
132.35,131.97, 125.82, 122.97, 34.56, 30.54, 22.44, 20.12.

3.3.11.3 3,5-Di-tert-butyl-2',5'-dimethyl-4'-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
[1,1'-biphenyl]-4-ol (4)1%°]

A mixture of 3 (1.65 g, 4.23 mmol, 1.00 eq.), bis(pinacolato)diboron (1.61 g, 6.33 mmol, 1.5
eq.) KOAc (1.66 g, 16.9 mmol, 4.00 eq.) and [PdClx(dppf)]-CH2CL> (172 mg, 211 pmol, 5
mol%) in DMSO (60 mL) was degassed and subsequently heated at 100 °C in the dark for 16
h. After cooling to room temperature, water and brine were added, and the mixture was
extracted with pentane (3x). The combined organic phases were dried over Na2SO4 and the
solvent was removed under reduced pressure. Purification by column chromatography (SiO»,
pentane / CH2Cl> 5:1) afforded compound 4 as a white solid (1.57 g, 3.62 mmol, 86 %).

'"H NMR (400 MHz, CDCl3): & (ppm) = 7.68 (s, 1H), 7.13 (s, 2H), 7.08 (s, 1H), 5.20 (s,
1H), 2.54 (s, 3H), 2.27 (s, 3H), 1.46 (s, 18H), 1.35 (s, 12H).

13C NMR (101 MHz, CDCl3): 8 152.77, 145.14, 142.27, 138.06, 135.32, 132.79, 131.57,
125.74, 83.30, 34.42, 30.42, 24.88, 21.70, 19.97.
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3.3.11.4 5,5'-Dibromo-2,2'-bipyridine (6)*!

= Br
|
NN
Br N
6

A mixture of 5-bromo-2-iodopyridine (5) (12.0 g, 42.3 mmol, 1.00 eq.), bis(tributyltin) (10.7
mL, 12.2 g, 21.2 mmol, 0.50 eq.) and m-xylene (60 mL) was degassed. After addition of
Pd(PPh3)s (977 mg, 785 pumol, 1.8 mol%) the reaction mixture was degassed again and heated
at reflux for 3d. After cooling to room temperature, the solidified mixture was dissolved in
CH>Cl: and subjected to column chromatography (SiO2, CH2Clz). Compound 6 was isolated as
an off-white solid (8.56 g, <25.9 mmol, <61%) that was contaminated with unidentified tin
compounds (approx. 5 mol%) as sometimes observed after Stille coupling reactions.

'"H NMR (400 MHz, CDCl3): & (ppm) = 8.70 (dd, J = 2.3, 0.8 Hz, 2H), 8.29 (dd, J = 8.4,
0.7 Hz, 2H), 7.93 (dd, J = 8.5, 2.4 Hz, 2H).

13C NMR (101 MHz, CDCls): & (ppm) = 150.19, 140.22, 122.72, 121.81.

3.3.11.5 (4-(5'-Bromo-[2,2'-bipyridin]-5-yl)phenyl)methanol (7)

OH

Br

A mixture of 6 (870 mg, 2.77 mmol, 1.00 eq.), K2CO3 (1.15 g, 8.32 mmol, 3.00 eq.), THF
(70 mL) and water (15 mL) was degassed. After addition of Pd(PPh3)4 (172 mg, 137 umol, 5.0
mol%) the mixture was degassed again and heated to reflux. A degassed suspension of 4-
(hydroxymethyl)phenylboronic acid (421 mg, 2.77 mmol, 1.00 eq.) in THF (55 mL) was added
dropwise to the refluxing reaction mixture within 1 h. After addition was complete the mixture
was heated for further 30 min and then cooled to room temperature. The mixture was extracted
with CH2Cl, (3%), the combined organic phases were dried over Na;SO4 and the solvent was
removed under reduced pressure. Purification by column chromatography (SiO2, CH2Cl> 2
Et,0) afforded unreacted starting material 6 (219 mg, 697 umol, 25 %) and compound 7 as a
white solid (365 mg, 1.07 mmol, 39 %).
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'H NMR (400 MHz, CDCL3): & (ppm) = 8.91 (s, 1H), 8.75 (s, 1H), 8.48 (d, J= 8.3 Hz, 1H),
8.42 (d, J= 8.6 Hz, 1H), 8.06 (dd, J= 8.3, 2.3 Hz, 1H), 7.97 (dd, J = 8.5, 2.3 Hz, 1H), 7.65 (d,
J=8.2 Hz, 2H), 7.52 (d, J = 8.0 Hz, 2H), 4.79 (s, 2H), 1.83 (s, 1H).

13C NMR (101 MHz, DMSO-ds): & (ppm) = 153.73, 152.89, 149.99, 147.27, 142.95,
139.90, 135.82, 134.97, 134.77, 127.16, 126.52, 122.08, 120.74, 120.42, 62.53.

3.3.11.6 3,5-Di-tert-butyl-4'-(5'-(4-(hydroxymethyl)phenyl)-[2,2'-bipyridin]-5-yI)-2',5'-
dimethyl-[1,1'-biphenyl]-4-ol (8)

Pd(PPh3)4 (195 mg, 157 pmol, 5.0 mol%) was added to a degassed mixture of 7 (1.06 g, 3.11
mmol, 1.00 eq.), 4 (1.50 g, 3.44 mmol, 1.11 eq.) and K>CO3 (1.30 g, 9.41 mmol, 3.02 eq.), THF
(100 mL) and water (20 mL). The mixture was degassed again and subsequently heated to reflux
for 15 h in the dark. After removal of THF under reduced pressure the aqueous phase was
extracted with CH2Clz (3%). The combined organic phases were dried over Na;SO4 and the
solvent was removed under reduced pressure. The solid was recrystallized from CH2Cly/acetone
(10 mL/5 mL) Filtration of the precipitate and washing with CH2Cl afforded compound 9 as
an off-white solid (1.25 g, 2.18 mmol, 70 %). Purification of the mother liquor by column
chromatography (SiO2, CH2Cl> = Et20) afforded additional 8 (0.44 g, 0.78 mmol, 25 %).

'"H NMR (400 MHz, CDCl3): & (ppm) = 8.95 (dd, J = 2.4, 0.8 Hz, 1H), 8.75 (dd, J = 2.3,
0.9 Hz, 1H), 8.56 — 8.45 (m, 2H), 8.05 (dd, /= 8.3, 2.4 Hz, 1H), 7.87 (dd, J= 8.2, 2.3 Hz, 1H),
7.69 (d, J= 8.1 Hz, 2H), 7.52 (d, /= 7.9 Hz, 2H), 7.24 (s, 1H), 7.22 (s, 1H), 7.19 (s, 2H), 5.24
(s, 1H), 4.80 (d, J = 4.6 Hz, 2H), 2.35 (s, 3H), 2.34 (s, 3H), 1.79 (t, J = 5.4 Hz, 1H), 1.49 (s,
18H).

I3C NMR (101 MHz, CDCl3): 8 (ppm) = 154.98, 154.27, 153.02, 149.64, 147.76, 142.84,
141.25, 137.73, 137.54, 137.02, 136.38, 136.18, 135.64, 135.29, 133.41, 132.99, 132.48,
132.42, 132.01, 127.87, 127.34, 126.00, 121.13, 120.61, 68.11, 65.05, 34.61, 30.59, 25.75,
20.37, 20.10.
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3.3.11.7 4'-(5'-(4-(Bromomethyl)phenyl)-[2,2'-bipyridin]-5-yl)-3,5-di-tert-butyl-2',5'-
dimethyl-[1,1'-biphenyl]-4-ol (9)

At room temperature, PBr3 (8.32 pL, 87.6 umol, 1.00 eq.) was added to a suspension of 8
(50.0 mg, 87.6 umol, 1.00 eq.) in dry CH2Cl> (5 mL). The yellow solution was stirred at room
temperature for 16 h. Brine was added, the mixture was stirred for 30 min and then extracted
with CH2Clz (3%). The combined organic phases were dried over Na;SO4 and the solvent was
removed under reduced pressure. Purification by column chromatography (SiO2, Et;0)
afforded compound 9 as an off-white solid (49.4 mg, 78.0 pmol, 89 %).

'"H NMR (400 MHz, CDCls): 8 (ppm) = 9.02 — 8.88 (m, 1H), 8.75 (dd, J= 2.3, 0.8 Hz, 1H),
8.58 — 8.41 (m, 2H), 8.08 — 8.02 (m, 1H), 7.87 (dd, J= 8.1, 2.3 Hz, 1H), 7.73 — 7.63 (m, 2H),
7.54 (d, J=8.2 Hz, 2H), 7.24 (s, 1H), 7.21 (s, 1H), 7.19 (s, 2H), 5.24 (s, 1H), 4.62 (d, J=38.0
Hz, 2H), 2.35 (s, 3H), 2.34 (s, 3H), 1.49 (s, 18H).

3.3.11.8 1-(4-(5'-(3',5'-Di-tert-butyl-4'-hydroxy-2,5-dimethyl-[1,1'-biphenyl]-4-yl)-[2,2'-
bipyridin]-5-yl)benzyl)-[4,4'-bipyridin]-1-ium bromide (LBr)

A solution of 9 (159 mg, 251 umol, 1.00 eq.) and 4,4’-bipyridine (80.0 mg, 512 umol, 2.04
eq.) in dry CH2Cl> (30 mL) was heated at reflux for 16 h. The solvent was removed under
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reduced pressure. The solid residue was dissolved in CHCl3 (5 mL) and added dropwise to
stirring Et20. The precipitate was filtered and washed with Et2O and dried under reduced
pressure. The compound LBr was obtained as an off-white solid (117 mg, 148 umol, 59 %)

'H NMR (400 MHz, DMSO-de): 5 (ppm) = 9.61 — 9.18 (m, 2H), 9.10 (s, 1H), 8.94 — 8.84
(m, 2H), 8.77 (s, 1H), 8.71 — 8.66 (m, 2H), 8.55 (s, 2H), 8.34 (s, 1H), 8.07 — 8.03 (m, 2H), 7.99
—7.95 (m, 2H), 7.78 (d, J = 8.0 Hz, 2H), 7.24 (s, 1H), 7.21 (s, 1H), 7.10 (s, 2H), 7.07 (s, 1H),
5.98 (s, 2H), 2.31 (s, 3H), 2.28 (s, 3H), 1.44 (s, 18H).

13C NMR (101 MHz, DMSO-ds): & (ppm) = 153.04, 152.91, 150.97, 145.42, 141.02,
138.94, 132.56, 131.99, 131.75, 129.86, 127.70, 126.03, 125.21, 122.11, 62.63, 40.15, 39.94,
39.73, 39.52, 39.31, 39.10, 38.89, 34.64, 30.46, 19.94, 19.64.

3.3.11.9 [Ru(bpy)2(MeCN)2](OTH): (12)

lT\ (OTf),

1"

A mixture of 10 (298 mg, 572 pumol, 1.00 eq.) and silver triflate (312 mg, 1.21 mmol,
2.12 eq.) in acetonitrile (100 mL) was degassed and then heated at reflux in the dark for 18 h.
After cooling to room temperature the precipitate was filtered and rinsed with acetonitrile (5
mL). The solvent of the orange filtrate was removed under reduced pressure, and compound 11
was obtained as an orange solid (453 mg, 572 pmol, ~100%)

'"H NMR (400 MHz, CD3CN): 3 (ppm) = 9.32 (ddd, J=5.6, 1.5, 0.8 Hz, 2H), 8.52 (dt, J =
8.2, 1.0 Hz, 2H), 8.41 — 8.34 (m, 2H), 8.27 (ddd, J = 8.2, 7.7, 1.5 Hz, 2H), 7.94 (ddd, J = 8.2,
7.6, 1.5 Hz, 2H), 7.85 (ddd, J=17.7, 5.6, 1.3 Hz, 2H), 7.59 (ddd, J= 5.7, 1.5, 0.8 Hz, 2H), 7.25
(ddd, J=17.6,5.7, 1.3 Hz, 2H), 2.27 (s, 6H).
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33.11.10  [Ru(bpy)2(L)](PFs); (PhOH-Ru?*-MQ")

N —\ (PFg)3
|
7 | N
_N

PhOH-Ru?*-MQ*

A suspension of 12 (30.3 mg, 38.0 umol, 1.00 eq.), the ligand LBr (30.0 mg, 38.0 umol,
1.00 eq.) and silver triflate (15 mg, 58.0 umol, 1.54 eq.) in ethylene glycol (8 mL) was degassed
and then heated at 105 °C for 4 d. After cooling to room temperature, the mixture was taken up
in methanol and acetone and filtered through a pad of celite which was then rinsed with acetone.
The solvent was removed under reduced pressure, and the residue was purified by column
chromatography (SiO», acetone —> acetone, water, saturated aqueous KNOs; 100:10:1 -
acetone, water, saturated aqueous KNO3 100:50:10). Acetate buffer (pH 5, 0.1 M, 10 mL) and
saturated aqueous KPF¢ solution was added to the last red fraction which contained the desired
triad. The organic solvent was removed under reduced pressure. The resulting precipitate was
filtered, washed with water and dried under reduced pressure. [Ru(bpy)2(L)](PFs)3 (PhOH-
Ru?*-MQ™) was obtained as a red solid (53 mg, 34 pmol, 90 %).

'"H NMR (400 MHz, CD3CN): 5 (ppm) = 8.90 — 8.80 (m, 4H), 8.65 — 8.56 (m, 2H), 8.53 —
8.47 (m, 3H), 8.37 — 8.30 (m, 3H), 8.16 — 7.99 (m, 6H), 7.93 — 7.87 (m, 2H), 7.84 (dd, J = 2.0,
0.7 Hz, 1H), 7.82 (ddd, J = 5.6, 1.6, 0.7 Hz, 1H), 7.80 — 7.77 (m, 2H), 7.73 (ddd, /= 5.6, 1.5,
0.7 Hz, 1H), 7.63 (dd, J = 2.0, 0.7 Hz, 1H), 7.51 (d, J= 0.8 Hz, 4H), 7.48 — 7.34 (m, 4H), 7.12
(s, 1H), 7.10 (s, 2H), 7.05 (s, 1H), 5.77 (s, 2H), 5.57 (s, 1H), 2.23 (s, 3H), 1.98 (s, 3H), 1.43 (s,
18H).

HRMS: calculated (m/z) for CeoHesNsORu": 374.4776, found: 374.4782.

Anal. Calcd. for CeoHgsF1sNgOP3Ru 0.4 C3HsO-2.5 H2O: C 51.84, H 4.49, N 6.89; found:
C51.53,H4.87, N 7.27.
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4 Hydrogen Bond Effects on Luminescence of Ruthenium(II)
Complexes in the Crystalline State

4.1 Abstract

Luminescence spectra of [Ru((R2-bpy)2biimH2]*" (Ra2-bpy = 2,2’-bipyridine, substituted in
4 and 4’ position, biimH> = 2,2’-biimidazole) complexes are investigated in the solid state at
variable temperature and pressure with R= ‘Bu and CF3. Complexes with electron donating
R = Bu groups show two overlapping luminescence bands that are resolved at 80 K. In presence
of hydrogen bonds to (CO,PhSO3)* (4-sulfonate benzoic acetate dianion), a constant red-shift
of luminescence is observed at increasing pressure, which has a changeover in slope in absence
of hydrogen bonded (CO,PhSO3)*. In complexes with electron withdrawing R = CF3 groups,
only small changes take place at variable temperature or pressure. The influence of the bpy and
biimH, ligands on the luminescence spectra was qualitatively rationalized for the fully
protonated and singly deprotonated biimH> ligands by DFT calculations and excited state

proton transfer is discussed.

14.0

0 10 20 30 40 50
pressure (kbar)

Figure 4-1 Graphical summary of processes at various pressure and temperature for [Ru((Rz-
bpy):biimH2]X with R = ‘Bu, CF3 and X = (CO2PhSO3)*, 2 CI". Hydrogen bonds are formed
with the (CO2PhSO3)>".
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4.2 Introduction

Hydrogen bonds are non-covalent interactions that play important roles in 2D or 3D
structures, as well as in catalytic transformations. Prominent examples of their structural impact
are found in the secondary and tertiary structure of proteins, DNA, and in the scaffolding of
supramolecular assemblies. Hydrogen bonds can have crucial effects on charge- and energy-
transfer in enzymes and artificial assemblies.!®! In metal complexes, hydrogen bonds are
usually secondary coordination sphere interactions, because they primarily involve the ligands
as donors or acceptors. This way, hydrogen bonds influence kinetics and thermodynamics of
chemical reactions, thereby influencing catalytic conversions with metal complexes.[6>6¢]
Hydrogen bonding effects on luminescence was previously studied in solution, revealing that
electronic structure as well as kinetic stability of the excited state will be altered.l®”® The
solution behavior has been studied and analyzed for many compounds, but the effects of such
second-sphere interactions on luminescence spectra in the solid state have not been studied
systematically. Can temperature and pressure changes influence the excited state of'a 1:1 adduct
of a hydrogen bonded donor-acceptor system? Secondary coordination sphere interactions in

crystalline planar d® complexes show characteristic variations with external pressure,!’® 72

while in ruthenium polypyridyl complexes such as [Ru(bpy)s]**, only a very small negative
shift on the phosphorescent °"MLCT excited state is observed.[”>7# The presence of hydrogen
bond interactions in the secondary coordination sphere is expected to influence the luminescent

excited states.

Figure 4-2 The investigated [Ru(Rz-bpy).biimH>]*" complexes with hydrogen bonding
(CO2PhS03)* counter ion.

We report the luminescence behavior of [Ru(Rz-bpy):biimHz]**complexes, which are
similar to [Ru(bpy)s;]*" except for a single bpy ligand which is replaced by one biimidazole

ligand that can donate two hydrogen bonds via the N-H units. Metal biimidazole complexes are
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known to form supramolecular assemblies with carboxylic acids.[®®7>] As shown in Figure 4-2,
hydrogen bonded assemblies with (CO,PhSOs)* are targeted. The bpy spectator ligands are
varied with electron donating fert-butyl (‘Bu) substituents [Ru(‘Bua-bpy).biimH,]*" and
electron withdrawing CF3 groups [Ru((CF3)2-bpy)2biimH2]*" to identify the electronic effect of
the spectator ligands. The effect of the hydrogen bonds was investigated in presence and

absence of (CO2PhS0O;)* for [Ru(‘Buz-bpy)zbiimH,]?*".
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4.3 Results and Discussion

4.3.1 Hydrogen-bonded Structures

[Ru(‘Buz-bpy)2biimH>]Cl> and [Ru((CF3):-bpy)2biimH>]Cl, were co-crystallized with
Na,K(CO2PhS03), yielding the hydrogen bonded adduct of [Ru(R2-bpy)2biimH>](CO2PhSO3).
Hydrogen bonds were formed between the biimidazole N-H and the carboxylate function of the
dianion (CO,PhSO;)*, building a formal 9-membered ring, as sketched in Figure 4-2 and

[68.75] Single crystals of both complexes

reported for other biimidazole-carboxylate adducts.
were measured with X-ray diffraction and their structures were solved. Depending on storage
conditions of the crystals, different amounts of co-crystallized solvent molecules were found.
Crystals that were stored in the acetone-water mother liquor, hold additional water and acetone
molecules. Crystals stored outside the mother liquor do not have any co-crystallized solvent
molecules. The presence or absence of solvent molecules, especially hydrogen bonding water
molecules influences the crystal structure, lattice parameters and geometry of the hydrogen
bonded adduct between imidazole and the carboxylate. In case of [Ru((CF3)2-bpy)2biimH:]-
(CO2PhSO03), evaporation of solvent molecules even leads to a phase transition from a
monoclinic to triclinic unit cell and two unsymmetrical isomers of the hydrogen bonded adduct.
This phase transition also leads to decreased quality of the crystal which induces lower
resolution of atom coordinates.

The biimidazole N-H hydrogen atoms of all complexes were found on the electron density
map as N-H bond, except for solvent-free [Ru((CF3),-bpy)2biimH>](CO2PhSO3). In the latter
complex, only one N-H bond per molecule was found. The second biimH»-associated hydrogen
atom was not found on the electron density map which could be due to strong delocalization of
the atom within the N-H-O hydrogen bond.

A short comparison of selected averaged bond lengths is summarized in Table 4-1. It is found
that in [Ru(‘Buz-bpy)2biimH,](CO2PhSO3) co-crystals, the Ru-N distances between Ru and
bpy-N-donors are comparable to [Ru(bpy):](PFs)> and generally longer than in [Ru((CF3),-
bpy)2biimH>](CO,PhSOs) co-crystals.’) The Ru-N distances between Ru and biimH-N-
donors in all solved structures are at 2.09 A, except for the solvent-free Ru((CF3)2-bpy)a-
biimH2](CO2PhS0;) with a Ru-N"imH2 distance of (2.07 + 0.03) A. The latter is shorter and the
large standard deviation is due to the two different isomers in the unit cell and certain
asymmetry at the isomer 1 as described later, in section 4.3.1.4. It is comparable to a reported

hydrogen bonded [Ru(bpy).biimH>]*" with Ru-N*imH2 distances of 2.075 A.[%]
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Table 4-1 Selected averaged bond lengths and angles of [Ru(R»-bpy).biimH;](CO,PhSO3) in
comparison with literature values, including standard deviations. a) [Ru(bpy)s](PFs)2,"®! b)
[Ru(bpy)2biimH,]*",%%! ¢) reference, 6877771 d) reference,[°%7>7]

R = Bu R =CF;
Literature R ="Bu -2HO -2 -HO - 2 R =CF;
C3HeO C3HeO
Temperature 300 K 123 K 123 K 300 K
2.053 (105 K)°
) 2.045 2.042 2.037 2.03
Ru-N[A] 2'052 %2395 Kl o010 | <0006 | +0.007 +0.04
) 2.089 2.096 2.095 2.07
biimH2 b
Ru-N""™2 [A] 2.075 +0.002 +0.007 +0.004 +0.03
) 2.659 2.688 2.635 2.62
N--O[A] 2.62-2.75 +0.002 4 0.005 +0.015 +0.04
) 1.249 1.258 126 + 1.26
C-O[A] 1.25-1.26 +0.002 4 0.005 0.03 +0.02
Angle 34.68°
(biiimHa)- 7.20,9.3°4 12.4° 19.9° 27.0° and
(carboxylate) 26.12°

The averaged N---O distances involving the hydrogen bonds are in the normal range for
biimidazole-benzoate derivatives at metal complexes, ranging between 2.62 A and
2.75 A.I687577-191 The solvent-free [Ru((CF3)2-bpy)2biimH2](CO.PhSO;) exhibits very short
N---O distances of (2.62 + 0.04) A.

The carboxylate C-O bonds are relatively symmetrical and range around 1.25 and 1.26 A for
Ru(‘Buz-bpy)2biimH2]-(CO2PhSO3) pairs which is compatible with other hydrogen bonded
biimidazole-benzoate derivatives at metal complexes that have carboxylate C-O bond lengths
between 1.25 A and 1.26 A.[88757771 [Ru((CF3):-bpy)2biimHz]-(CO2PhSOs) pairs exhibit
unsymmetrical carboxylates in both crystal structures (1.26 £+ 0.02 A, 1.26 £ 0.02 A), as well
as unsymmetrical N---O distances (2.635 £ 0.015 A, 2.62 = 0.04 A). This indicates that one
proton is further localized on the carboxylate compared to the Ru(‘Buz-bpy).biimH>]-
(CO2PhSOs3) pairs. The carboxylate anion coordinates to the planar biimidazole in angles
between 12.4° and 34.68° which is significantly larger than in similar iridium bi(benz)imidazole
complexes with hydrogen bonds to benzoates (7.2° and 9.3°).1%87°] The larger angles may be
due to packing effects involving the bulky substituents on the bpy ligands but are mainly
attributed to the hydrogen bonding networks in the crystal structure. The angles between C-O-
N and C-N-O that involve the hydrogen bonds in the biimidazole-carboxylate adduct are in a

normal range of 120° - 130° for hydrogen bonded structures.
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More detailed structural information is discussed in section 4.3.1.1 to 4.3.1.5, including

tables of bond lengths and angles and crystallographic data.

43.1.1 [Ru(‘Buz-bpy):biimH:](CO2PhSO3)

a3

L O1
N2 C3 N4 05 S
o C49 02

NT C4 N3 o4

Figure 4-3 The crystallized hydrogen bonded [Ru(‘Buz-bpy):biimH,](CO>PhSOs3) adduct at
two perspectives at 300 K. Thermal ellipsoids are drawn at 30% probability level and hydrogen
atoms are omitted for clarity.

Crystals of [Ru(‘Buz2-bpy)2biimH>](CO,PhSO3), that were stored outside the mother liquor,
are found in the monoclinic space group P 21/c. The unit cell consists of four asymmetric units
and each asymmetric unit consists of one pair of [Ru(‘Buz-bpy).biimH,]*" and (CO2PhSO3)*.
The unit cell parameters of the solvent-free structure at 300 K are:

a 11.5811(3) b 20.0963(6) ¢ 23.8732(7) and & 90 B 98.459(4) y 90.

Ru-N distances for bipyridine donor atoms are between 2.029 A and 2.055 A which is for
most of these Ru-N" distances slightly shorter than in [Ru(bpy);](PFe)2 (2.053 A) at room
temperature.l’® The Ru-N distances to the biimH, donor atoms are longer than the Ru-N°¥
distances, namely 2.087 A and 2.091 A. According to the electron density map, protons are
located at N3 and N4, which are the hydrogen bond donors in the adduct of biimH, and
carboxylate. The carboxylate exhibits similar C-O bond lengths of 1.247 A and 1.251 A. The
N---O distances in the hydrogen bonded adduct are 2.674 A and 2.643 A, the N°imH2_Q.C¢02
angles are 128.71° and 128.49°, and the C*'™H2NPImH2_( angles are 125.77° and 126.78°. The
angle between the biimH> plane and the carboxylate plane is 12.44° which is comparable to the
bending observed in similar hydrogen bonded adducts with iridium bi(benz)imidazole

complexes hydrogen bound to benzoates at 7.2° and 9.3°.168.73]
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43.12 [Ru(Buz-bpy)biimHz](CO2PhS0s) - 2 H20 - 2 C3HsO

A P 05
LT, N1 C3 N4 C49
Y. e

y ) =

Figure 4-4 The hydrogen bonded adduct in crystals of [Ru(‘Buz-bpy)2biimH2](CO2PhSO3) - 2
H>O - 2 C3HsO from two perspectives at 123 K. Thermal ellipsoids are drawn at 30%
probability level. Hydrogen atoms and acetone molecules are omitted for clarity.

Crystals of [Ru(‘Buz-bpy)2biimH>](CO2PhSO3) - 2 H2O - 2 C3HeO stored in the acetone-
water mother liquor have the monoclinic space group P 2i/c. The unit cell consists of four
asymmetric units and each asymmetric unit consists of one [Ru(‘Buz-bpy):biimH:]-
(CO2PhSO:3) pair, two acetone and two water molecules. The unit cell parameters of this
structure at 123 K are:

a 11.2577(8) b 21.9487(16) ¢ 23.1222(13) and @ 90 B 95.020(3) y 90.

The presence of additional solvent molecules manifests by the almost 2 A longer b-axis
compared to the solvent-free structure at 300 K. The other axes are shorter compared to the
solvent-free structure, because the crystal was cooled down to 123 K, contracting the crystal
structure.

Ru-N distances for bipyridine donor atoms vary between 2.034 A and 2.050 A which is
slightly shorter than the Ru-N® distances in [Ru(bpy)s](PFe)2.[’®! The distances of Ru to the
N-donor atoms of the biimidazole ligand are 2.089 A and 2.103 A, which is slightly more
unsymmetrical compared to the solvent-free structure. The carboxylate exhibits slightly
unsymmetrical C-O bond lengths of 1.253 A and 1.262 A. The N---O distances in the hydrogen
bonded adduct are 2.664 A and 2.711 A. The N°imH2.Q-CC©2 angles are 121.09 © and 132.27°,
and the CPIMH2_NPImH2_() angles are 122.15° and 131.39° which is distorted compared to the
solvent-free structure. The carboxylate plane is bent by 19.49° with respect to the biimidazole
plane. This is also stronger than in the solvent-free structure and stronger than in iridium
bi(benz)imidazole complexes hydrogen bound to benzoates at 7.2° and 9.3°.1%73] Incorporation

of solvent, especially water molecules seems to affect the geometry of the [Ru(‘Buaz-
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bpy)2biimH2]-(CO2PhSO3) adduct. The solvent water associated with O9 coordinates to O4 of
the carboxylate at 2.929 A and to O3 of a neighboring sulfonate at 2.871 A. O9 therefore bridges
two neighboring anions, forming hydrogen bonded anion chains through the crystal structure.
Another water molecule (O8) is coordinated to O2 of the sulfonate function at 2.805 A, but has

no further hydrogen bonds.

43.1.3 [Ru((CF3):-bpy)biimH2](CO:PhSOs) - H20 - 2 C3HsO

o3
0z

o1

04
N5 C23 N8
Ru1 - cas

: 05
NG C24 N7

Figure 4-5 The hydrogen bonded adduct in crystals of [Ru((CF3)2-bpy)2biimH>](CO2PhSO3) -
H>O - 2 C3HeO from two perspectives at 123 K. Thermal ellipsoids are drawn at the 30%
probability level. Hydrogen atoms and solvent molecules are not shown.

[Ru((CF3)2-bpy)2biimH,]*" and the counter ion (CO2PhSOs)* crystallize in the monoclinic
space group Pc as hydrogen bonded 1:1 adduct as represented in Figure 4-5. The unit cell
consists of two asymmetric units and each asymmetric unit consists of one [Ru((CF3)-
bpy)2biimH2]-(CO2PhSO3) pair, one water and two acetone molecules. The unit cell parameters
of this structure at 123 K are:

a 11.4686(10) b 11.6843(11) ¢ 18.0917(16) and a 90 P 95.541(4) y 90.

Ru-N distances for bipyridine donor atoms vary between 2.030 A and 2.047 A which is
slightly shorter, than the Ru-N¥ distances in [Ru(bpy)s](PFe)2.7®! The distances of Ru to the
N-donor atoms of the biimidazole ligand are 2.099 A and 2.091 A, which is slightly more
unsymmetrical compared to the solvent-free [Ru(‘Buz-bpy)2biimH>](CO2PhSO3) structure. The
carboxylate exhibits slightly unsymmetrical C-O bond lengths of 1.234 A and 1.291 A,
comparable to crystalline benzoic acid (1.252 and 1.281 A).*% The N---O distances in the
hydrogen bonded adduct are 2.620 A and 2.650 A. The NPimH2.0-C“©2 angles are 122.64° and
128.02°, and the C PimH2.N bimH2_( angles are 124.19° and 129.41°. The carboxylate plane is

bent by 27.00° compared to the biimidazole plane, which is even stronger bent than in the
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[Ru(‘Buz-bpy)2biimH>](CO2PhSO3) - 2 H2O - 2 C3HeO structure. Solvent effect on the
geometry of the structure cannot be assigned, because solvent molecules are highly disordered
and were eliminated from the refinement with the Squeeze procedure when solving the
structure. However, several close-contact interactions were found in the crystal structure
between the sulfoxide group and carbon bound hydrogen atoms and carbons of neighboring bpy
and biimH> ligands as well as between the carboxylate oxygen O4 and hydrogen atoms of
neighboring bpy ligands and several interactions with fluorine atoms: F1-N8*imH2 F9.CgbPy,

F12-C11°%Y, F12-H21 | CH-biimH2
43.1.4 [Ru((CF3):2-bpy):biimH2](CO2PhSO3)

Isomer 1:

o3

N5 C23 N8

N6 C24 N7

14
N15C61N18 09

N16CE0 N17 o010
2

Figure 4-6 Hydrogen bonded adducts in the crystal structure of [Ru((CF3)2-bpy).biimH;]-
(CO2PhSO03) from two perspectives at 300 K. Thermal ellipsoids are drawn at the 50%
probability level. Hydrogen atoms are omitted.
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Crystals of [Ru((CF3)2-bpy)2biimH2](CO2PhSOs3), that were stored outside the mother
liquor, are found in the triclinic space group P 1. The unit cell consists of two [Ru((CF3)2-
bpy)2biimH>]-(CO2PhSO3) pairs and has the following unit cell parameters at 300K:

a 11.0765(6) b 11.1214(6) ¢ 18.3747(9) and a 92.487(3) B 93.933(3) y 93.919(3).

Due to solvent loss, a phase change from monoclinic to triclinic takes place and the a and b
axes are shorter by approximately 0.5 A compared to [Ru((CF3)2-bpy)2biimH2](CO2PhSO3) -
H,0 - 2 C3HgO. The c axis is longer by approximately 0.3 A due to higher temperature.

Ru-N distances for bipyridine donor atoms vary between 1.99 A and 2.08 A which is quite
unsymmetrical compared to the other [Ru(Rz-bpy).biimH2](CO2PhSO3) structures.l’s! The
distances of Ru to the N-donor atoms of the biimidazole ligand are even more unsymmetrical
than the solvent containing analogue. Isomer 1 exhibits Ru-N"mH2 distances of 2.02 A and
2.08 A, which are 2.10 A and 2.076 A in isomer 2. Especially in isomer 1 the Ru-N"imH2 djg-
tances are very short compared to all other structures in this study and compared to a reported
structure of hydrogen bonded [Ru(bpy).biimH;]** (2.075 A).[¢%)

The N---O distances in the hydrogen bonded adduct in isomer 1 are 2.58 A and 2.68 A which
is even more unsymmetrical than in the solvent containing analogue. Isomer 2 seems to be more
symmetrical with its N---O distances being 2.61 A and 2.62 A.

In the unsymmetrical isomer 1, the carboxylate C-O bond lengths are at 1.23 A and 1.28 A
which is comparable to the solvent containing structure and C-O bond lengths in crystalline
benzoic acid (1.252 and 1.281 A).3% The carboxylate C-O bond lengths of the more
symmetrical isomer 2 range around 1.26 A.

In isomer 1, the NPimH2.Q_CCO2 apd CPImHZNPImH2_ () angles are around 125° and 126°,
indicating a symmetric arrangement of the hydrogen bonded adduct despite of unsymmetrical
N---O distances and C-O bond length. The arrangement in isomer 2 is slightly distorted with
NPimH2__CC02 angles of 126° and 131° and CPImH2.NPImH2_( angles of 123.4° and 127.8°.

The carboxylate plane of isomer 1 is bent by 34.7° with respect to the biimidazole plane,
which is even stronger bent than in the respective, solvent containing structure. The same angle
in isomer 2 is 26.1° and therefore comparable to the solvent containing structure.

No solvent molecules are found after evaporation, therefore their influence on the geometry
of hydrogen bonded adduct is limited to preorganization during crystallization. Close-contact
interactions, as described in section for [Ru((CF3)2-bpy)2biimH>](CO2PhSO3) - H2O - 2 C3HsO
were also found in the solvent-free structure and might strongly influence the geometry in the

crystal.
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No clear statement on the protonation grade of the biimidazole ligands and the carboxylates
can be made. Only one N-H bond per ruthenium complex was found on the electron density
map, whereas the exact position of the second hydrogen atom in the hydrogen bonded adduct
remains unclear. Nevertheless, it must be located between the respective N and O atom because

these atoms are in hydrogen bonding distance and they would be further apart in absence of this

proton. It is possible, that this proton is delocalized in the hydrogen bond.

4.3.1.5 Tables on Structural Data of Single Crystals

Table 4-2 Selected distances and angles of [Ru(‘Buz-bpy):biimH>](CO2PhSO3) and [Ru(‘Buz-

bpy)abiimH2](CO2PhSO3) - 2 H,0 - 2 C3HeO.

[Ru(‘Buz-bpy):biimH:]-

[Ru(‘Buz-bpy):biimH:]-

R ='Bu CO2PhSO3
(CO2PhSO3) -2 (HzO ) C3I')I6O
identification AP2 300K BIlmH2tBu ac 123K
temperature 300 K 123 K
bond length [A] length [A]
Rul-NS5 (bpy) 2.046 (2) 2.050 (4)
Rul-N6 (bpy) 2.029 (2) 2.034 (4)
Rul-N7 (bpy) 2.055 (2) 2.046 (4)
Rul-N8 (bpy) 2.051 (2) 2.039 4)
Rul-NI1 (biimH>) 2.087 (2) 2.103 (4)
Rul-N2 (biimH>) 2.091 (2) 2.089 (4)
N4-05 2.674 (3) 2.711 (5)
N3-04 2.643 (2) 2.664 (5)
C43-04 1.247 (3) 1.253 (6)
C43-05 1.251 (3) 1.262 (5)
angle angle [°] angle [°]
(C49-04-N3 128.7 (2) 121.1 (3)
C49-05-N4 128.5 (2) 132.3 (3)
C3-N4-05 125.8 (1) 122.1 (3)
C4-N3-04 126.8 (1) 131.4 (3)
[C490405]-biiimH» 12.44 19.49
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Table 4-3 Selected distances and angles of the monocrystalline [Ru((CF3)2-
bpy)2biimH2](CO2PhSO;) - H20 - 2 C3HeO and [Ru((CF3)2-bpy)2biimH2](CO2PhSO3).

[Ru((CF3)2-bpy):biimH:]-
R =CF; (CO2PhSO3) [Ru((CF3)2-bpy)2biimH2](CO2PhSO3)
- H20 - 2 C3H6O
identification BILMH2CF3 123K AP CF3 300K
temperature 123 K 300 K
bond length [A] le.zngth [A] l(.ength [A] . bond
isomer 1 isomer 2 isomer 2
Rul-NI1 2.030 (6) 1.99(1) 1.96(1) Ru2-N11
Rul-N2 2.047 (4) 2.08(1) 2.06(1) Ru2-N12
Rul-N3 2.042 (4) 2.04(1) 2.052(9) Ru2-N13
Rul-N4 2.030 (4) 2.05(1) 2.03(1) Ru2-N14
Rul- 2.099 (4) Ru2-
N5(biimH>) ] 2.02(1) 2.10(1) N15(biimH>»)
Rul- Ru2-
N6(biimH>) 2.091(4) 2.08(1) 2.076(9) | N16(biimH>)
N7-05 2.620 (5) 2.58(2) 2.61(2) N17-010
N8-O4 2.650 (5) 2.68(2) 2.62(2) N18-09
C33-04 1.234 (6) 1.23(2) 1.26(2) C74-09
C33-05 1.291 (6) 1.28(2) 1.26(2) C74-010
o angle [°] angle [°] angle
angle angle [°] isomer 1 isomer 2 isomer 2
(C33-04-N8 122.6 (3) 125(1) 126(1) C74-09-N18
C74-010-
C33-05-N7 128.0 (3) 126(1) 131(1) N17
C60-N17-
C24-N7-05 124203) 126009 | 123.4(8) 010
C23-N8-0O4 129.4 (3) 125(1) 127.8(8) | C61-N18-09
[C330405]- 27.00 [C7409010]-
biiimH> ) 34.7 26.1 biiimH»
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Table 4-4 Crystallographic data of [Ru(‘Buz-bpy):biimH>](CO2PhSO3) and [Ru(‘Buz-bpy)z-

biimH2](CO2PhS03) - 2 H20 - 2 C3HeO.

[Ru(‘Buz-bpy):biimH:]-

[Ru(‘Buz-bpy):biimHz]-

R ="Bu (CO2PhS03)
(CO2PhS0) .2 Hz0 - 2 C3HeO
identification AP2 300K BIlmH2tBu ac 123K
formula C49HssNgOsRu; Sy CssH74NgOoRu; Sy
) C42 Hs4 Ng Ru, Ca2 Hsa Ns Ru,
moiety formula Cs Hs Os S C7H4 05 S,
2(C3 He O), 2(H2 O)
formula weight 972.19 1124.38
Z 4 4
calc. density[Mg m™] 1.164 1.312
F(000) 2032 2368
description red block red block
+ size of crystal [mm?] (0.050 - 0.080 - 0.100) (0.090 - 0.120 - 0.130)
abs. coeff. [mm] 3.017 3.063
min/max transmission 0.72/0.86 0.49/0.76
T [K] 300 123
radiation [A] Cu Ko (A=1.54178) Cu Ko (A=1.54178)
crystal system monoclinic monoclinic
space group P12l1/cl P12l1/cl
a[A] 11.5811(3) 11.2577(8)
b[A] 20.0963(6) 21.9487(16)
c[A] 23.8732(7) 23.1222(13)
o [°] 90 90
BI°] 93.6399(11) 95.020(3)
v [°] 90 90
V [A%] 5545.0(3) 5691.4(7)
min/max © 3.710/70.048 3.838/70.085
collected refl. 43147 35192
indep. refl. 10105 10254
merging r 0.031 0.085
obs. refl. 10006 (I>2.00(1)) 10220 (I>2.00(1))
ref. param. 577 667
R 0.0494 0.0605
W 0.0813 0.1647
gof 1.2066 0.9212
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Table 4-5 Crystallographic data of [Ru((CF3)2-bpy)2biimH>](CO2PhSO3) - H2O - 2 C3HsO and
[Ru((CF3)2-bpy)2biimH2](CO2PhSO3).

[Ru((CF3)2-bpy):biimH2]-

R = CFs (CO2PhSO3) [Ru((CF3)2-bpy):biimH2]-
. H;0 - 2 CG;HsO (CO:PhS03)
identification BILMH2CF3 123K AP CF3 300K
formula Ca3H36F12NgOsRu1S1 C37H20F12NgOsRu 1St
: Cso His Fio Ns Ru, C30 His F12 Ng Ru,
moiety formula C7H40s S, Co ILO- S
2(C3 Hs 0), H, O 7HAE
formula weight 1153.92 1019.74
Z 2 2
calc. density [Mg m™] 1.59 1.503
F(000) 1016 1016
description orange block red block
+ size of crystal [mm?] (0.080 - 0.080 - 0.100) (0.060 - 0.060 - 0.110)
abs. coeff. [mm™] 3.991 4.150
min/max transmission 0.50/0.73 0.58/0.78
T [K] 123 300
radiation [A] Cu Ko (A =1.54180) CuKo (A=1.54178 A)
crystal system monoclinic triclinic
space group Plcl P1
a[A] 11.4686(10) 11.0765(6)
b[A] 11.6843(11) 11.1214(6)
c[A] 18.0917(16) 18.3747(9)
a[°] 90 92.487(3)
B[] 95.541(4) 93.933(3)
v [°] 90 93.919(3)
V [A%] 2413.0(4) 2250.3(2)
min/max ©® 3.783/ 66.618 2.413/ 69.645
collected refl. 24248 11105
indep. refl. 6599 11105
merging r 0.025 0.053
obs. refl. 6534 (I>2.05(1)) 11078 (I>2.00(1))
ref. param. 558 1154
R 0.0450 0.0917
W 0.1171 0.2505
gof 0.9166 1.0321

91



4 Hydrogen Bond Effects on Luminescence

432 DFT calculations

Energy levels of molecular orbitals (MO) were calculated in the gas phase with DFT for the
cationic complexes [Ru(‘Bua-bpy):biimH,]*" and [Ru((CF3)2-bpy).biimH>]*" without counter-
anions. Ground-state geometry optimization was carried out using the geometrical parameters
of the cationic species in the single crystal structures of [Ru(‘Buz-bpy)2biimH;](CO2PhSQ3) - 2
HO - 2 C3H¢O (identification:  BIlmH2tBu ac 123K) and [Ru((CF3);--
bpy)2biimH2](CO2PhSO3) - H2O - 2 C3HeO (identification: BILMH2CF3 123K). This optimi-

zation was done with the hybrid exchange-correlation functional PBE1PBEB!

along with the
relativistic basis set Lanl2dz!®?! with effective core potentials. Optimized Ru-N distances are
listed in Table 4-6. The energy level diagram and respective MO characteristics of [Ru(‘Bua-
bpy)zbiimH2]** and [Ru((CF3)2-bpy).biimH,]*" are illustrated in Figure 4-7 and Table 4-7.

For the DFT calculations of MO energies of deprotonated complexes, one proton was

removed from the biimidazole ligand, yielding the negatively charged, electron-rich biimH"

ligand and the complexes [Ru(‘Buz-bpy):biimH]" and [Ru((CF3)2-bpy)2biimH]".

Table 4-6 DFT calculated Ru-N bond lengths for the two [Ru(R2-bpy).biimH,]*" complexes
(R =CF; and R = 'Bu).

Bond Lengths [A]
PBE1PBE/
R bond crystal structure Lanl2dz
(Gas-Phase)
2.046(4) 2.070
2.039(4) 2.061
_Nbpry
By Ru-N 2.034(4) 2.061
2.050(4) 2.069
] 2.103(4) 2.089
_ biimH2
Ru-N 2.089(4) 2.089
2.030(4) 2.066
Ru-Nb»pY 2.031(6) 2.061
2.041(4) 2.061
CFs 2.048(4) 2.066
] 2.092(4) 2.094
_ biimH2
Ru-N 2.099(4) 2.094

[Ru(‘Buz-bpy)zbiimH,]** and [Ru((CF3)2-bpy):biimH,]*" show the HOMO mainly metal-
centered with contributions of ligand associated n" orbitals, illustrated in Figure 4-7. The
LUMO of both complexes is mainly composed of n” orbitals of the ligands. For [Ru(‘Buz-
bpy):biimH2]** the LUMO exhibits equal contribution by all ligands, whereas the LUMO of
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[Ru((CF3)2-bpy)abiimH2]*>" has only contributions from (CF3)2-bpy based n” orbitals and from
the metal-based d-orbital. Basically, no contribution of the biimH> nt” orbital is found in the MO
calculation for the LUMO as well as for the energetically similar LUMO+1. LUMO+2 is the
lowest excited state MO with biimHz contribution for [Ru((CF3)2-bpy)zbiimH2]?". It is
approximately 6000 cm™' higher in energy than the LUMO. This is similar to the
[Ru(bpy)2pyimH]** where the bpy n" orbitals also contribute to the energetically similar LUMO
and LUMO+1, whereas LUMO+2 is significantly higher in energy and has pyimH "
contributions.!3

In [Ru(‘Buz-bpy)2biimH2]?* the orbitals LUMO, LUMO+1 and LUMO+2 are energetically
close and exhibit major contribution of biimH» " orbital, except for LUMO+1, which is mainly
bpy and metal centered. In total, the three lowest excited state MOs of [Ru(‘Buz-bpy).biimH]*"
are higher in energy than those in [Ru((CF3)-bpy):biimH>]*, predicting higher energy
luminescence of [Ru(‘Buz-bpy).biimH]*" compared to [Ru((CF3)-bpy).biimH]*". This trend
is due to lower (CF3),-bpy * orbitals compared to ‘Bux-bpy and biimH> in these complexes.

In both biimidazole complexes the HOMO-LUMO transitions are comparable to classical
MLCT transition of [Ru(bpy);]** and [Ru(bpy).pyimH]**,[##4 but with non-negligible LLCT
character due to the contributions of biimH, ='-orbitals to the HOMO, especially for
[Ru((CF3)2-bpy)2biimH:]*".

Upon deprotonation, this LLCT character is further enhanced in both complexes. In both
cases, their HOMO is mostly located on metal centered d-orbitals and 7 -orbitals of the biimH-
ligand. The lowest lying excited state orbitals are in both complexes bpy and metal centered as
shown in Figure 4-8, Figure 4-9, Table 4-8 and Table 4-9. This effect is similar to the
deprotonated [Ru(bpy).pyimH]** complex.®¥] The involvement of deprotonated imidazolyl
ligands in the electronic properties is also known for ruthenium complexes with pyimH, biimH>
and bibenzimidazole complexes. In all cases, the increased n-donor strength of the deprotonated
ligand leads to increased HOMO energy compared to the fully protonated respective biimH>
ligand. This effect results in a lower oxidation potential of the respective metal complex and
decreases the energy difference between HOMO and LUMO, which results in a red shift in the
absorption spectrum of the MLCT and LLCT and luminescence maximum, as shown in the

following sections. 8383861
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Figure 4-7 Molecular orbital energy for [Ru(‘Buz-bpy).biimH:]** (left) and [Ru((CF3)2-
bpy)2biimH]** (right) calculated in gas phase.

Table 4-7 MO contributions for [Ru(R>-bpy):biimH>]**, minor contributions are in brackets.

E E
R ="Bu [10° cm'] R=CF [10° cm!]
LUMO+2 Ru-d, biimH: (bpy) 32.2 Ru-d, biimH,, (bpy) 35.7
LUMO+1 Ru-d, bpy (biimH>) 31.5 Ru-d, bpy 29.7
LUMO bpy, biimH> 30.6 Ru-d, bpy 29.0
HOMO Ru-d (bpy, biimH>) 0 Ru-d, biimH>, (bpy) 0
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Figure 4-8 Effect of protonation state of the biimH> ligand on molecular orbital energy for
[Ru(‘Buz-bpy)zbiimH,]** (left) and [Ru(‘Buz-bpy):biimH]" (right), calculated in gas phase.

Table 4-8 MO contributions for [Ru(‘Bus-bpy).biimH>]** in comparison to [Ru(‘Buz-

bpy).biimH]"*, minor contributions are in brackets.

R ="Bu biimH> i 0312m"] biimH " szm_l]
LUMO+2 Ru-d, biimH> (bpy) 32.2 Ru-d, bpy 30.1
LUMO+I Ru-d, bpy (biimHb>) 31.5 Ru-d, bpy 25.2

LUMO bpy, biimH> 30.6 Ru-d, bpy 24.5

HOMO Ru-d (bpy, biimH>) 0 Ru-d, biimH (bpy) 0

95




4 Hydrogen Bond Effects on Luminescence

R = CF, (biimH,)

R = CF, (biimH)

50x10°

~ 2.7 i
i $o°
J 4.0.°9%
15 %,
] * e 3
40_: J": x
i 5 — LUMO+2
i Do
= 30 3 $ . —— LUMO+1
N o 9@’ [~ LUMO —
£ i ’ =
L i LUMO+2
o ]
= : . __///// J
o i
= 5. LUMO=+1 ey
@ i LUMO
= ]
o 5
)] "
s d
g i
= 4
10 9
i J: J‘,"
24
— HOMO HOMO 2
0 — oy ™~ . Jg’g,.
- o4 i — . ¢ L
124338 Y ¥
__ J“ S ] _ - J‘J‘
] o — 9
10_— J 4 - J‘;

Figure 4-9 Effect of protonation state of the biimH> ligand on molecular orbital energy for
[Ru((CF3)2-bpy)2biimH,]*" (left) and [Ru((CF3)2-bpy)2biimH]" (right), calculated in gas phase.

Table 4-9 MOs contributions for [Ru((CF3)2-bpy)2biimHz]** in comparison to [Ru((CF3)2-

bpy).biimH]"*, minor contributions are in brackets.

R =CF3 biimH:> [10° em] biimH [103 cm™!]
LUMO+2 Ru-d, biimHy, (bpy) 35.7 bpy 26.2
LUMO+1 Ru-d, bpy 29.7 Ru-d, bpy 20.6

LUMO Ru-d, bpy 29.0 Ru-d, bpy 19.6

HOMO Ru-d, biimH,, (bpy) 0 Ru-d, biimH 0
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4.3.3 UV-vis Absorption Spectra in Solution
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Figure 4-10 UV-vis absorption spectra of [Ru(R2-bpy):biimH>]X in MeCN with different
protonation states of the biimH> ligand. Absorption of [Ru(R2-bpy).biimH>]|Cl> was measured
in presence of excess acid to ensure protonation. Deprotonation occurred by addition of
TBAOH in MeCN. An attempt to capture the hydrogen bonding effect was made by dissolving
crystalline [Ru(R2-bpy)2biimH2](CO2PhSO3) in MeCN.

Absorption spectra in solution are similar for both [Ru(Rz-bpy):biimH>]** complexes and
also similar to the absorption spectrum of [Ru(bpy)s;]**,®”) as seen in Figure 4-10. The band at
around 20000 cm™! (500 nm) in the absorption spectra with a molar absorptivity of 10000 M-
lem™ is assigned to an ensemble of MLCT and LLCT transitions, as identified with DFT

]2+

calculations in section 4.3.2. Compared to [Ru(bpy)3]~" the maximum of the MLCT absorption

is at longer wavelength for the heteroleptic biimH> complexes, as seen in Table 3. The slightly
longer wavelengths are due to the stronger m-donor properties of biimH, compared to bpy.[
Upon deprotonation of the biimH> ligand, the absorption spectrum of both complexes shifts to
the red by approximately 1400 cm™ per deprotonation step.

Electron-withdrawing CF3 substituents on the bpy ligands lower the ©* orbitals and therefore
the energy of the bpy-localized MLCT excited states, as shown in DFT calculations in section
432 which explains that absorption of [Ru((CF3)-bpy).biimH,]*" is red-shifted by
approximately 1000 cm™! compared to [Ru(‘Buz-bpy):2biimHx]*".

A general red-shift of 400 cm™ and 300 cm™ upon hydrogen bonding is found for both
complexes. This red-shift is typical for this type of complex upon hydrogen bonding or

69.83.85.88] The red-shift in both hydrogen bonded compounds does not correlate

deprotonation.!
with isosbestic points that are found for deprotonation of the respective complexes. It therefore
implies that the complexes are hydrogen bound to (CO,PhSO3)* in acetonitrile solution. Upon
hydrogen bonding, the biimidazole ligand becomes more electron rich as proton density is
removed from the N-H bond. This leads to increased m donor strength of the biimidazole and

therefore to an increase in HOMO energy. The resulting narrowing of HOMO and LUMO
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orbitals, manifests in a red-shift in absorption. This effect is further increased by deprotonation
of the biimH; ligand by external base, increasing the HOMO energy, as described in section

4.3.2.

Table 4-10 UV-vis absorption maxima of [Ru(Rz-bpy):biimH;]X in MeCN with different
protonation states of the biimH> ligand. [Ru(R2-bpy):biimH>]Cl, was measured in presence of
excess acid to ensure protonation. Deprotonation occurred by addition of TBAOH in MeCN.
The hydrogen bonding effect was captured by dissolving crystalline [Ru(Ro»-
bpy)2biimH2](CO2PhSO3) in MeCN.

ligand Emax in solution of
R . X MeCN [cm!]
protonation state .
()vmax m nm)
biimH, (CO2PhS03)* 20410 (490)
Bu biimHa 2CI 20830 (480)
biimH- Cr 19460 (514)
biim* 17990 (556)
biimH, (CO2PhS0;3)* 19490 (513)
CF, biimH, 2CI 20000 (500)
biimH- Cr 18622 (537)
biim* 17090 (585)
[Ru(bpy)s]** 22000 (455)°
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4.3.4 Luminescence Spectroscopy at Ambient Pressure and Room Temperature

_ &
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Figure 4-11 Luminescence spectra of [Ru(R2-bpy):biimH>]*" in MeCN after excitation at 488
nm with different protonation states of the biimH> ligand. Deprotonation occurred by addition
of TBAOH in MeCN. Luminescence of [Ru(R2-bpy)2biimH>]Cl, was measured in presence of
excess acid to ensure protonation and the hydrogen bonding effect was attempted to be captured
by dissolving crystalline [Ru(R2-bpy)2biimH;](CO2PhSO3) in MeCN. The spectral feature at
650 nm is an instrumental artefact.

Luminescence spectra of the complexes at room temperature in acetonitrile solution have
maxima at 15150 cm™ (660 nm, R='Bu) and 14560 cm™' (687 nm, R= CF3) for fully protonated
bimimidazole ligands. This is at lower energy compared to [Ru(bpy)s]** due to the & donor
strength of the biimidazole ligand compared to bpy as discussed in previous sections. Hydrogen
bonding to (CO2PhSO3)* in solution results in red-shift of luminescence by 200 cm™ and 300
cm™! which is also observed in the respective absorption spectra. Single deprotonation of
[Ru(‘Buz-bpy).biimH,]** leads to a red shift of luminescence maximum by 660 cm™ to
14490 cm™ (690 nm). The twofold deprotonated complex exhibits very weak luminescence
intensity around 13000 cm™ (760 nm), which is not shown in the spectrum, due to low signal-
to noise resolution. Deprotonation of [Ru(CF3)2-bpy):biimH,]*" leads to disappearance of
luminescence. Reduced intensity and depletion of luminescence upon deprotonation can be
explained by a small energy difference between HOMO and LUMO upon deprotonation and
therefore enhanced vibrational relaxation. In addition, the involvement of metal and ligand
centered orbitals in HOMO and LUMO might further increase nonradiative deactivation
pathways in the deprotonated, excited state complexes in solution. On the other hand, hydrogen
bonding of the biimH, complex does not reduce luminescence significantly, because the
hydrogen bond reduces N-H vibrations and therefore nonradiative decay pathways associated

with N-H vibrations of the biimidazole ligand.!®]

99



4 Hydrogen Bond Effects on Luminescence

In the solid state, the luminescence maxima of the hydrogen bonded complexes [Ru(‘Bua-
bpy)2biimH2](CO2PhSO3) and [Ru((CF3)2-bpy)2biimH>](CO2PhSO3) are very similar to
solution luminescence, as summarized in Table 4-11 and shown in Figure 4-12. The maximal
difference between solution and solid state spectrum is 350 cm™', which contrasts with the blue-
shift of the luminescence spectrum of [Ru(bpy)s;]** by 950 cm™ when going from solution to
solid state.!®”) A possible explanation for the small change in luminescence might be the LLCT
character of the excited state opposed to the clear MLCT character of [Ru(bpy)s;]*"
luminescence.

Solid state luminescence of [Ru(‘Buz-bpy)2biimHz]** with CI- counter ions differs from
luminescence in solution and is red-shifted by 350 cm™! compared to solution. The respective
spectra of solid samples are shown in the following chapters. [Ru((CF3)2-bpy).biimH;]Cl; is
not further investigated in the solid state, because relevant effects at variable pressure and
temperature are only observed in [Ru(‘Buz-bpy).biimH>]*" which is therefore the focus of this

study.

Table 4-11 Luminescence maxima at room temperature of [Ru(R2-bpy)2biimH2]X in solution
of MeCN and solid state. Solution luminescence spectra of [Ru(Rz-bpy).biimH>]Cl, were
measured in presence of excess acid to ensure protonation. Solution spectra of [Ru(Ro-
bpy)2biimH2](CO2PhSO;) were recorded from crystalline samples, dissolved in MeCN. # From
reference,®”! ® From reference.[”!

Emax in solution of Emax in solid state
Complex MeCN [cm™] [em™]
()\.max in nm) ()\.max in nm)
[Ru(‘Buz-bpy)2biimH;](CO2PhSO3) 14860 (673) 14900 (671)
[Ru(‘Buz-bpy)2biimH»]Cl> 15150 (660) 14800 (676)
[Ru(‘Buz-bpy)2biimH]CI 14490 (690)

[Ru(CF3)2-bpy)2biimH2](CO2PhSO3) 13890 (720) 13800 (725)

[Ru(CF3)2-bpy)2biimH»]Cla 14560 (687) -
[Ru(bpy)s]** 16400 (610)* 17350 (576)°
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4.3.5 Temperature Effects

R=CF;
X = (CO,PhS05)*
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Figure 4-12 Normalized luminescence spectra of solid samples of a) [Ru((CF3)2-
bpy)2biimH,](CO,PhSO3) at 80 (red), 100, 123, 180, 230 and 293 K (purple), b) [Ru(‘Buz-
bpy)2biimH,](CO2PhSOs) at 80 (red), 123, 180, 230, 293, 303 and 313 K (purple), ¢) [Ru(‘Buz-
bpy)2biimH:]Cl at 80 (red), 123, 180, 230 and 293 K (purple).”"

Luminescence spectra at temperatures between 80 K and 293 K of crystalline [Ru((CF3)2-
bpy)2biimH2](CO>PhSOs), crystalline [Ru(‘Buz-bpy):biimH>](CO2PhSO3) and powdered
[Ru(‘Buz-bpy),biimH>]Cl, are shown in Figure 4-12. Respective luminescence maxima at room
temperature are summarized in Table 4-11. As general trend, band sharpening upon cooling is
observed because vibrations are reduced at low temperature.

The band maximum of [Ru((CF3)2-bpy)2biimH](CO.PhSO3) is at 14150 cm™ and does not
change significantly at different temperatures as presented in Figure 4-12a. A weak feature at
12800 cm™! is resolved in the spectrum at 80 K and assigned to a vibrational side band.

Upon cooling of [Ru(‘Buz-bpy)2biimH,]*>* the broad band at around 14900 cm™! resolves into
two maxima as shown in Figure 4-12b and Figure 4-12c. For the hydrogen bonded adduct
[Ru(‘Buz-bpy)2biimH;](CO2PhSO3) the new band resolves only at very low temperature (80 K)
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at 14300 cm™! and 15300 cm™'. The energy difference between maxima is 1000 cm™ at 80 K, a
value smaller than the expected energy separation for vibrational satellites. Regarding the shape
of the band above 80 K, the higher energy maximum appears to blue-shift as temperature
decreases, whereas the lower-energy maximum at 14300 cm’! appears to be temperature
independent, therefore temperature effects on the region lower than 14000 cm™ are small.

For [Ru(‘Buz-bpy)2biimH»]*>* with CI” counterions (Figure 4-12¢) the two peaks are resolved
at 123 K, with maxima at 14300 cm™! and 15500 cm™!, corresponding to an energy difference
of 1200 cm™'. Qualitatively this is very similar to [Ru(‘Buz-bpy).biimH,](CO2PhSOs) in Figure
4-12b.

The double maximum at low temperature is attributed to two different luminescent
transitions, supported by the DFT calculations (see section 4.3.2). Multi-state emission from
ruthenium(II) complexes with mixed ligands has been previously reported. (1

It is noted that, apart from crystallinity, the main structural difference between the two
investigated [Ru(‘Buz-bpy)zbiimH2]** compounds (X = Cl- and X = (CO2PhSO3)*) is the
hydrogen bond at the biimidazole ligand which seems to affect the high-energy band of the
luminescence. The hydrogen bonded complex exhibits this band 200 cm™ more red-shifted
compared to the non-hydrogen bonded powder sample of [Ru(‘Buz-bpy):biimH>]Clz. This
spectral observation is in line with performed DFT calculations, predicting that the LUMO,
LUMO+1 and LUMO+2 orbitals compose of biimidazole dependent and biimidazole
independent MOs, because the hydrogen bond can primarily influence the biimH» ligand

orbitals, and not the bpy orbitals.
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4.3.6 Acidities

Deprotonation of the biimH, ligand by the weakly basic (CO2PhSO3)** counterion is in
principle possible and evaluated for ground and excited state of [Ru(‘Buz-bpy).biimH>]*" and
[Ru((CF3)2-bpy)abiimH2]*" in the following section. It is noted that the following
approximations are based on thermochemistry and luminescence in solution, which is only to
limited extent applicable to the solid state. However, some trends are anticipated to hold true
throughout any solvent and aggregation state, as described in the following.

Acidity constants of the ruthenium complexes were estimated, based on available values for
[Ru(bpy)2biimHz]*" in water®**) and trends observed in structurally related [Ru(Rz2-bpy)s-
pyimH]*" complexes with variable bpy spectator ligands as observed in chapter 2.4

The complex with R = ‘Bu is expected to be similarly acidic as the complex with
unsubstituted bpy-spectator ligand which was shown for structurally related [Ru(Ro-
bpy)2pyimH]** complexes.”¥ The first deprotonation of the biimidazole ligand in the complex
with R = ‘Bu is therefore expected to occur at pKa1 = 7.2 = 0.5 in aqueous solution.[®>3 The
second deprotonation of the biimidazole ligand is expected at pKa = 12.1 + 0.5.85931

The excited state acidity constant (pK,') is estimated using the Forster equation with
Planck’s constant (h), the gas constant (R), temperature (T) and the wavenumbers v, and v, of

the excited state energies of acid and conjugated base as described in section 1.4.2!

hV] - h\/z

pK, =Pk, 23RT (4-1)

Luminescence maxima from acetonitrile solution were inserted for v, (fully protonated
complex with biimH> ligand) and v, (singly deprotonated complex with biimH" ligand),
resulting in pKa1 " = 5.8 £ 1.

In the ground state, the biimidazole complex with R = CF3 is expected to be more acidic than
the complex with R = ‘Bu.l®* As a crude approximation the acidity constant is one pH unit
lower than the complex with R = ‘Bu, yielding pKai = 6.3 + 1 and pKai~ = 4.7 + 1.

To evaluate acid-base equilibria between the complexes and the counterion, the acidity

constant of the counterion’s conjugated acid in water is assumed as pK, = 4.11.

[95] [b 85,93,94]

Table 4-12 [@ from reference, I estimation from references as described in the text. [
¢ calculated with the Férster equation as described in the text.

pKa pKa*
(CO,HPhSO;3) 4.11 [
R ='Bu 7.2+0.50 58+ 1l
R =CF; 6.3+ 1 4.7+ 1 [
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Based on estimated acidity constants in solution, the [Ru(R2-bpy).biimH>]*>" complexes are
not deprotonated by (CO,PhSO3)* at 1:1 concentration ratio in solution in the ground state.
This was shown by absorption spectroscopy in acetonitrile solution.

Deprotonation at 1:1 molar ratio in the excited state also seems unlikely for the [Ru(‘Bus-
bpy)2biimH2]>*. However, regarding the approximated error ranges, the pK. value of
[Ru((CF3)2-bpy)2biimH,]** is close to the pK, of the conjugated acid of the counterion.

The performed calculations are based on approximations for aqueous solution that are not
necessarily correct for the crystalline state. The only trend that is expected to be applicable in
the solid state is that the complex with R = CF3 should be more acidic than the complex with R
= ‘Bu. This trend is supported by DFT calculations. The lowest LUMOs in [Ru((CF3),-
bpy):biimH]** are localized on the (CF3)-bpy ligands which equals a charge transfer from
ruthenium to the (CF3)2-bpy ligands and decreases electron density at the ruthenium and biimH»
ligand in the excited state. The decrease in electron density at the ruthenium and biimH> ligand
makes the biimH> ligand more acidic compared to the ground state. In contrast, the lowest
excited state MOs of [Ru(‘Buz-bpy)2biimHz]*" are localized on the ‘Buz-bpy ligands and the
biimH, ligand. This is expected to decrease the pK, as well, because the metal center is
formally oxidized. Due to biimH; ligand involvement in the lowest excited state MOs, the

excited state of [Ru(‘Buz-bpy)2biimH:]** is expected to be less acidic compared to [Ru((CF3)2-
bpy)zbiimHz]2+.
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437 Pressure Effects

In the previous sections, it was shown that hydrogen bonds at the biimH» influence
absorption and excited state properties in solution. It was also discussed that the excited state is
influenced by the substituents on the bpy ligands, and, potentially, by acid-base chemistry. This
section will reveal the effect of pressure-induced structure compression on the luminescence
properties of these complexes with biimidazole ligands with and without hydrogen bonds.

Hydrostatic pressure was applied as described in the experimental section. Pressure-
dependent X-ray diffraction on single crystals of [Ru(‘Buz-bpy):biimH>](CO,PhSO3) revealed
a phase transition from monoclinic at ambient pressure to triclinic at 2.1 kbar, whereas
[Ru((CF3)2-bpy)2biimH2](CO2PhS0O3) is in a triclinic unit ccell already at ambient pressure and
undergoes a phase transition to monoclinic at around 12 kbar. The contraction of the unit cell
volume upon pressure in these complexes is similar, namely -0.72 %kbar™! and -0.84 %kbar!
as listed in Table 4-13 and Table 4-14. It is noteworthy that the unit cell parameters at small
pressure are already significantly reduced compared to ambient pressure. This might be due to
a high compressibility of voids at low pressure. After the voids are minimized, compression
becomes more difficult, because other structural features such as hydrogen bonds and metal-

ligand bonds have to be shrinked.

Table 4-13 Pressure-induced change of unit cell parameters of [Ru(‘Buz-bpy):biimH;]-
(CO2PhSO:s) single crystals.

‘Bu [kl?ar] alAl | b[A] | c[Al | al°] | B[l | vI°1 |[VIAY
51 | 11:254 | 18.005 | 24.161 | 87.20 | 83.46 | 85.04 | 0. ¢

(0) (7) (1) () (7) (€)
1o |10:993 ] 17.814 123299 | 86.74 | 82.07 | 8531
' (6) (7) (1) (5) (8) (4)  [4499.1
difference A| 9.9 | -0.262 | -0.191 | -0.862 | -0.455 | -1.393 | 0.261 [-342.9

relative
difference A -2.3 -1.1 -3.6 -0.5 -1.7 0.3 -7.1
[%]
AV |/ Ap [%Kbar] -0.72
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Table 4-14 Pressure-induced change of unit cell parameters of [Ru((CF3)2-bpy).biimH>]-
(CO2PhSO0:3) single crystals.

CFs [kl?ar] alA] | b[A] | c[A] | al°] | BI] | Y] |VIAY
g | 10739 [ 10926 | 17.861 | 92.68 | 96.77 | 9512 |, o~

2) ) €) 2) 2) 3)

12.8 10.241 | 10.839 | 17.989 | 90.00 | 102.80 | 90.00 19472

(6) 2) (1) (0) (6) ©)
difference A| 7.0 | -0.498 | -0.087 | 0.127 | -2.68 | 6.03 | -5.12 [-122.1

relative
difference A -4.6 -0.8 0.7 -2.9 6.2 -5.4 -5.9
[%]
AV / Ap [%Kkbar] -0.84

The pressure setup for optical spectroscopy allowed the measurement of luminescence and
Raman spectra at identical samples and pressure. Raman spectra are presented in section 4.6.
They show no significant changes in the respective pressure range, indicating that the
complexes stay intact over the entire explored pressure range. The luminescence of the
complexes was monitored in the pressure range between 0 and 55 kbar. Respective
luminescence spectra and the shift of their maxima is presented in Figure 4-13.

The luminescence spectra of [Ru((CF3)2-bpy)2biimH;](CO2PhSO3) at pressures between 0
and 38 kbar remain similar in shape over the entire pressure range. The luminescence maximum
shifts by AEmax/Ap = +3 £ 1 cm'kbar!, as seen with the green trace in Figure 4-13a. This
indicates that pressure has a minor influence on the transition energy in this particular complex
over the entire pressure range. This is similar to the minor luminescence shift of -2 cm™'kbar'of
[Ru(bpy)s3](PFe). at pressures below 20 kbar.[”®! It also supports the DFT calculations from
section 4.3.2 indicating that luminescence in this complex involves mainly the bpy based
LUMO and LUMO+1 for the fully protonated and singly deprotonated complex. The metal
contribution to the LUMOs and biimidazole contribution to the HOMO might lead to the slight
deviation from ideal *MLCT behavior at high pressure as found in [Ru(bpy)s](PFe)..["*]
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Figure 4-13 Changes in solid state luminescence with pressure of [Ru(R2-bpy)-biimH:]X. a)
Evolution of maxima for all complexes with following slopes: -13 + 1 cm™'kbar™ (red, R=Bu,
X = (CO,PhSO3)%), -18 £ 1 cm'kbar'and -5 + 1 cm™'kbar™! (blue, R="Bu, X =2 CI'), +3 £ 1
cm'kbar! (green, R= CF3, X = (CO2PhS03)%). (b-f) luminescence spectra at various pressures:
(b) [Ru((CF3)2-bpy)2biimH2](CO2PhSO3) (¢, d) [Ru(‘Buz-bpy).biimH,](CO,PhSO3) from 1 to
9 kbar (d) and from 15 to 55 kbar (e,f) [Ru(‘Buz-bpy)2biimH:]Cl; from 1 to 21 kbar (f) and from
21 to 43 kbar (f). Selected pressure ranges are chosen to show decrease of intensity on the side
of the spectra (left) and the shift of the luminescence spectra (right).["!
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Figure 4-14 FWHM of luminescence bands of crystalline [Ru(‘Buz-bpy).biimH>](CO2PhSO3)
(red) and powdered [Ru(‘Buz-bpy).biimH;]Cl: (blue) as a function of pressure.

For the complexes with ‘Bu substituents, stronger luminescence shifts are observed. For the
‘Bu complex with the hydrogen bonded (CO2PhSO3)*" counter ion, the pressure-induced shift
AEmax/Ap is -13 £ 1 cm™'kbar! over the entire pressure range (red trace in Figure 4-13a), which
is distinctly more negative than the -2 cm'kbar! reported for [Ru(bpy)s;](PFs)..") When
comparing this broad luminescence band at ambient pressure with the low temperature spectra
of this complex, it consists of two overlapping bands. The low energy band at 14300 cm™! seems
to vanish, while the high-energy band shifts to the red. Between 9 kbar and 55 kbar the high-
energy band shifts uniformly with the same slope as before. The change of shape of the
luminescence band was captured in a plot of full-width at half maximum (FWHM) vs. pressure
in Figure 4-14 (red). The two bands can be assigned to transitions, involving the energetically
similar LUMO and LUMO+1 or LUMO+2 of the fully protonated complex, described with the
DFT calculations in section 4.3.2.

In the [Ru(‘Buz-bpy).biimH,]*" complex with CI" counter ions no hydrogen bonds with
(CO2PhSOs)* are present. A shift of luminescence maximum of -18 £ 1 cm'kbar! is found
between ambient pressure and 28 kbar as shown in the blue trace in Figure 4-13a. A very strong
change in shape is observed in this pressure range as well (Figure 4-13e). The high-energy band
seems to lose intensity, which induces the relatively strong net-shift of the maximum by -18 +
1 cm kbar™! and sharpening of the band, which also manifests in the FWHM vs. pressure plot
in Figure 4-14 (blue). At pressures above 21 kbar, the band shape remains constant and the
maximum shifts with a minor slope of -5 + 1 cm’! kbar!, which is, again, similar to

luminescence shift of [Ru(bpy)s](PFe)2 in this pressure range.l””]
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4.3.8 Discussion of Proton Transfer vs. LUMO Effects

During the course of this study two possible explanations for the difference in pressure
dependent luminescence between [Ru(‘Buz-bpy),biimH>](CO,PhSO3) and [Ru((CF3)2-bpy)o-
biimH>](CO2PhSO3) were found.

The first theory is based on a shift in acid-base equilibrium in [Ru(‘Buz-
bpy)2biimH>](CO2PhSO3) at higher pressure towards deprotonation of the biimH> ligand by
(CO2PhS03)*. In solution, the luminescence of deprotonated [Ru(R2-bpy)zbiimH»]?*" is strongly
reduced or depleted. However, crystallinity and hydrogen bonds in such adducts usually
decrease nonradiative vibrational relaxation pathways and therefore increase luminescence

69891 The excited state of the complex is anticipated to be more acidic compared to

intensity.!
the ground state, the acid-base equilibrium shift is expected rather in the excited state than in
the ground state. In both electronic states, deprotonation leads to increased HOMO energy due
to enhanced n-donor strength of the biimH™-ligand (see section 4.3.2). Such a shift in the acid-
base equilibrium would lead to a red-shift in luminescence. This is indeed observed for both
compounds of [Ru(‘Buz-bpy)2biimH:]**. This red-shift could also be explained by strengthening
of the hydrogen bonds with increased proton-affinity of the carboxylate compared to the
biimidazole at low pressure. Proton transfer and strengthened hydrogen bonding in the solid
state at high pressure was observed previously in amino acids and between the 1:1 adduct of
4,4’-bipyridinium and squaric acid in the ground state.’%7!

In the luminescence spectra, it was observed that one luminescence band vanishes at pressure
above 9 kbar. Vanishing of one band in the luminescence spectrum of [Ru(‘Buz-
bpy)2biimH2](CO2PhSO3) at high pressure can be explained by a changeover in the character
of the lowest excited state MOs. In the singly deprotonated state complex, LUMO, LUMO+1
and LUMO+2 are ‘Buz-bpy and metal centered and no contribution of the biimidazole ligand is
found, unlike in the fully protonated form. Therefore, the biimH-contribution to the LUMO is
anticipated to vanish as pressure increases. At the same time, the biimH™ contribution to the
HOMO increases, reducing the HOMO-LUMO gap.

For [Ru((CF3)2-bpy)2biimH](CO2PhSO3) no such luminescence shift was observed at
increased pressure. The hydrogen bond between the biimidazole and the carboxylate is already
strong in the ground state, as revealed by very short N---O distances in the solvent-free structure
in section 4.3.1. Based on the argumentation about acidities in section 4.3.5, it is conceivable
that the acid base equilibrium in this hydrogen-bonded adduct is shifted towards the

deprotonated complex and protonated counterion in the hydrogen bonded adduct in the excited

state at ambient pressure.
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Figure 4-15 Schematic representation of changes of LUMO energies relative to HOMO energy
at high pressure for top) the hydrogen bonded adduct [Ru(‘Buz-bpy)2biimH,](CO2PhSOs3) and
bottom) [Ru(‘Buz-bpy)2biimH>]ClL.

In the second theory, the acid-base equlibrium remains constant over the entire pressure
range with the biimH> ligands maintaining the proton at the N-donors. This implies that the
HOMO energy remain approximately constant . The red-shift of luminescence maximum in the
complexes with R = ‘Buz would then be due to the shift of a biimidazole based LUMO-orbital,
because bpy based LUMOs would result in a small shifting, as observed for [Ru((CF3)2-bpy)s-
biimH>](CO2PhSO3) and [Ru(bpy):](PFs). and in the high pressure range of [Ru(‘Buz-
bpy)2biimH]Cl,.[!

A qualitative representation of the observed luminescence change in crystalline [Ru(‘Buz-
bpy)2biimH2](CO2PhSO3) is sketched in Figure 4-15(top): The bpy-based LUMO stays
constant in energy and the biimH»-involved LUMO shifts red. Because of vibrational
interactions between both energy levels, the bpy based LUMO is depopulated and converts into
the bimH> based orbital as the pressure increases. For [Ru(‘Buz-bpy):biimH»]Cl, Figure 4-15
(bottom) a different behavior is concluded because luminescence from the bpy based LUMO is
observed, as described previously. This suggests that at high pressure, the bpy based LUMO
dominates the spectroscopy and the biimH> based luminescence vanishes (Figure 4-13e). This

might be due to enhanced internal conversion from the biimH; based MO into the bpy based
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MO because of vibrational overlap of these two energy levels at high pressure. This might be
induced by either narrowing of both energy levels or energetic destabilization of the biimH>-
based MO relative to the HOMO. Both possibilities are sketched in Figure 4-15 (bottom).

The open question within this theory is: Why is the hydrogen bonded biimH»-involved
LUMO shifted to lower energy at higher pressure? A red-shift is usually associated with either
an up-shift of HOMO energy, or a down-shift of LUMO energy or a combination of both. If the
HOMO-energy was shifted up, this would also manifest in a red-shift of the bpy-based
luminescence bands for all investigated complexes. But since no red-shift of bpy-based
luminescence in neither [Ru((CF3)2-bpy)2biimH2](CO2PhSO3), nor the high pressure range of
[Ru(‘Buz-bpy)2biimH>]Cl> was found, it is concluded that the HOMO does not shift. Therefore,
the red-shift is associated with stabilization of the biimHz-involved MO. Stabilization of this
MO is normally associated with decreased net-electron density in this orbital. By contrast, the
hydrogen bond in this N-H:--O motif increases net-electron density at the biimH> ligand as it
partially delocalizes the N-H proton into the hydrogen bond. On the other hand, approaching of
the dianion towards the biimH> ligand would also increase electron density at the biimH,. Other
hypotheses are the following:

e Stabilization of the LUMO might be induced by increased proton density at the
biimidazole upon increased pressure. This would mean that the carboxylate pushes the
protons within the hydrogen bond closer to the N-donor, therefore acting like a piston.

e Another possible explanation is that compression in the structure increases the
interactions between the dianionic (CO2PhSOs)*" and the bpy ligands, therefore
rendering them more electron rich and favoring the biimH> involved MOs. This theory
is in conflict with the conclusion that bpy-based MOs do not shift significantly.

o A third possibility is the increased interaction of the positively charged metal center
with the biimH: involved MO as it is already predicted for ambient pressure in
LUMO+2. This would stabilize the biimH»-involved MO. The drawback of this theory
is that it would probably enhance nonradiative decays via d-d interactions at the metal

center.
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4.4 Conclusions

The secondary coordination sphere effects on the electronic excited state was investigated
for [Ru(R2-bpy)2biimHz]** that can form hydrogen bonds between the biimH; ligand and the
carboxylate function of the dianion (CO2PhSOs3)*. The pressure induced red-shift in the
complex with R = ‘Bu can be explained by either a shift in the excited state acid-base
equilibrium within the hydrogen bond, or pressure-induced stabilization of hydrogen bonded
biimH> based LUMOs. Stabilization of biimH> based LUMOs would take place via pushing the
protons within the hydrogen bond closer to the N-donor. In the complex with R = CF;
luminescence is only slightly affected by pressure, either because deprotonation occurs already
at ambient pressure, or because its LUMO orbitals are bpy based and therefore not sensitive to

pressure effects.
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4.5 Experimental Section

4.5.1 Synthesis and Crystallization

All commercially available chemicals were used as received. The following materials were
synthesized as described previously: [Ru((CF3)2-bpy)2Cl2],°8! 2,2’-biimidazole,®® and
[Ru(‘Buz-bpy)2CL2].”°! An aqueous 0.76 M Na,K(CO,PhSOs) solution was prepared by
dissolving commercially available 4-sulfobenzoic acid potassium salt (K(CO>HPhSO3)) (1.83
g, 7.6 mmol) in 0.76 M NaOH (10 mL, 7.6 mmol), yielding 0.76 M Na,K(CO,PhSOs3) solution.

4.5.1.1 [Ru(‘Buz-bpy):biimH2]CL

[Ru(‘Buz-bpy)2Cl2] (100 mg, 141 umol, 1.00 eq.) and biimidazole (24.0 mg, 176 pmol,
1.25 eq.) were heated in a degassed mixture of water (5 mL) and dichloromethane (5 mL) at
reflux for 16 h. The solvent was removed and the remaining solid was taken up in 10 mL
acetone. The insoluble ligand was removed by filtration. The red filtrate was dried in vacuo,
yielding [Ru(‘Buz-bpy)2biimH>]Cl>-3.5 H>O as a red solid (118 mg, 141 umol, quant.).

'"H NMR (400 MHz, CD3CN): § (ppm) = 8.42 (dd, J=4.7, 2.0 Hz, 4H), 7.85 (dd, J = 6.0,
0.6 Hz, 2H), 7.69 (dd, J= 6.0, 0.6 Hz, 2H), 7.45 (dd, /= 6.0, 2.1 Hz, 2H), 7.31 (dd, J=6.1, 2.1
Hz, 2H), 7.27 (d, J = 1.5 Hz, 2H), 6.36 (d, J= 1.5 Hz, 2H), 1.43 (s, 18H), 1.39 (s, 18H).

EA: (%) calculated for C42Hs4C12NgRu - 3.5 H,O: C 55.68, H 6.79, N 12.37; found: C 55.29,
H 6.70, N 12.81.

ESI-HRMS: (m/z) calculated for C42HssNsRu: 386.1757; found: 386.1763 [M]*"; calculated
for C42Hs3NgRu: 771.3442; found: 771.3445 [M-H]".

45.1.2 [Ru(‘Buz-bpy):biimH2](CO2PhSO3)

Single crystals were obtained by slow diffusion of equimolar amounts of [Ru(‘Bus-
bpy)2biimH2]Cl; in acetone into a layer of 0.74 M aqueous Na,K(CO2PhSOs3) with equimolar
amounts of [Ru(‘Buz-bpy)2biimH>]Cl>. To achieve slow diffusion, the aqueous layer was
preloaded into an NMR tube and frozen via ice-cooling. The organic phase was cooled to 0° C
and layered cautiously over the frozen aqueous phase. The loaded tube was then stored at +5°C.
After several days, the tube was removed from the fridge and stored at room temperature, which
yielded single crystals.

'"H NMR (400 MHz, CD3CN): § (ppm) = 8.44 — 8.37 (m, 4H), 8.00 (d, J = 8.5 Hz, 2H),
7.88 (d, J= 6.1 Hz, 2H), 7.75 (d, J = 8.4 Hz, 2H), 7.71 (d, J = 6.0 Hz, 2H), 7.45 (dd, J = 6.0,
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2.0 Hz, 2H), 7.32 (dd, J= 6.1, 2.0 Hz, 2H), 7.27 (d, J = 1.4 Hz, 2H), 6.34 (d, J = 1.4 Hz, 2H),
1.42 (s, 18H), 1.40 (s, 18H).

4.5.1.3 [Ru((CF3)2-bpy):biimH2] C1>""®!

[Ru((CF3)2-bpy)2Cl2] (71 mg, 93 pmol, 1.00 eq.) and biimidazole (24.1 mg, 180 pumol,
1.90 eq.) were heated in a degassed mixture of water (5 mL) and ethanol (5 mL) at reflux for
16 h. After cooling to room temperature 0.5 mL concentrated HCI were added. The solvent was
removed and the remaining solid was taken up in 10 mL acetone. The insoluble ligand was
removed by filtration. The red filtrate was dried in vacuo, yielding [Ru((CF3)2-bpy)2biimH>]|Cl>
as a red solid (62.8 mg, 76.6 umol, 83 %).

'"H NMR (400 MHz, CD3CN): § 8.89 (d, /= 10.1 Hz, 4H), 8.21 (d, J = 6.1 Hz, 2H), 8.09
(d, J=5.8 Hz, 2H), 7.76 (dd, J= 6.1, 1.1 Hz, 2H), 7.60 (dd, J = 6.0, 1.3 Hz, 2H), 7.31 (d, J =
1.5 Hz, 2H), 6.46 (d, J= 1.5 Hz, 2H).

EA: (%) calculated for C3oHisCl2F12NgsRu - 3 H,O: C 38.15, H 2.56, N 11.86; found: C
38.55,H2.94, N 12.14.

ESI-HRMS: (m/z) calculated for C3oHisFi2NsRu?*: 410.0251; found: 410.0253 [M]*';
calculated for C30H7F12NsRu: 819.0430, found: 819.0412 [M-H]".

4.5.1.4 [Ru((CF3)2-bpy):biimH2](CO2PhSO3)

[Ru((CF3)2-bpy)2biimH>]Cl> (20 mg, 24.3 umol, 1.00 eq.) and aqueous 0.74 M
Na,K(CO2PhSO3) (24.3 umol, 1.00 eq.) were combined in a mixture of acetone and water.
Single crystals were grown by diethyl ether diffusion at 5 °C.

'"H NMR (400 MHz, CD3CN): 5 8.91 — 8.84 (m, 4H), 8.22 (d, J=5.9 Hz, 2H), 8.13 — 8.06
(m, 2H), 8.01 (d, J= 8.1 Hz, 2H), 7.75 (dt, J= 6.4, 1.3 Hz, 4H), 7.60 (ddd, /= 6.0, 2.0, 0.8 Hz,
2H), 7.29 (s, 2H), 6.42 (d, /= 1.4 Hz, 2H).

EA: (%) calculated for C37H22F12NgOsRuS: C 42.46, H 2.41, N 10.70; found: C 49.32, H
2.63, N 10.99.

ESI-HRMS: (m/z) calculated for C3oHisFi12NsRu?": 410.0251; found: 410.0252 [M]*";
calculated for C3oH7F12NsRu: 819.0430, found: 819.0415 [M-H]", calculated for C7;HsOsS™:
200.9863; found: 200.9866 [CO2PhSO3+H]".
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4.5.2 Crystallography

Single crystals were removed from the mother liquor and selected for diffraction using the
oil Paratone 8006. Single crystals were measured on a Bruker Kappa Apex2 diffractometer at
123 K using graphite-monochromated Cu-Ka radiation with A = 1.5418 A. The Apex software
was used for data collection and integration. The structures were solved by the charge-flipping

[100

method using the program Superflip. | Least-squares refinement against F? using all

reflections was carried out on all non-hydrogen atoms using the program Crystals.[!!]
SQUEEZE!"?! procedure was used to treat the solvent region of [Ru((CF3)2-bpy)2biimHz]-
(CO2PhSO3) - H20O - 2 C3HeO (identification: BILMH2CF3 123K). Plots were produced using

103

Mercury.l'®*! Crystallography at high pressure was conducted with the setup described in

section 4.5.5 and in literature.!®]

4.5.3 Computational Details

All DFT calculations, unless otherwise stated, were performed with the Gaussian 09

software package (Revision D.01, Gaussian Inc.)!!%

using methods as implemented in the
mentioned revision. Both compounds were modeled as cationic complexes without any counter
ion in the isolated molecule approximation (gas-phase). First of all, a ground-state geometry
optimization was carried out using the crystal structure geometrical parameters (bond lengths,
angles and dihedral angles) of the crystal structures [Ru(‘Buz-bpy):biimH>](CO2PhSO3) - 2 H.O
- 2 C3He6O (identification: BllmH2tBu ac 123K) and [Ru((CF3)2-bpy)2biimH;](CO2PhSO3) -
H>0 - 2 C3HeO (identification: BILMH2CF3 123K) respectively as starting parameters. This
optimization was done with the hybrid exchange-correlation functional PBE1PBE!®! along
with the relativistic basis set Lan12dz®* with effective core potentials. A frequency calculation
was undertaken at the same level of theory on the obtained optimized structures and revealed
no imaginary frequencies. Molecular orbitals were also calculated for these optimized structures

and were visualized with the 5.09 release of the GaussView software (Gaussian Inc.)!'*! with

an isovalue of 0.02 atomic units.

4.5.4 Spectroscopy

Electronic absorption measurements in solution were performed in HPLC grade acetonitrile
solution on a Cary 5000 instrument from Varian. Luminescence spectra in acetonitrile solution

were performed on a Fluorolog-3 apparatus from Horiba Jobin-Yvon. Samples were excited at
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488 nm. Full protonation of [Ru(R2-bpy):biimH>]Cl, was ensured by addition of 10 pL
concentrated aq. HCl to the 2 mL sample volume in the cuvette. Deprotonation occurred by
addition of TBAOH solution in acetonitrile.

Luminescence and Raman spectra of the crystalline form of [Ru((CF3)2-bpy).biimH,]*",
[Ru(‘Buz-bpy)2biimH,]*>" with CI" counter ions and [Ru((CF3)2-bpy).biimH,]*" with
(CO2PhS03)* counter ions were measured with Renishaw Invia imaging microscope. An argon
ion laser with a wavelength of 488 nm was used for all luminescence spectra. Raman spectra
were measured with an excitation wavelength of 785 nm. For measurements at variable
temperature, a Linkam gas-flow microcryostat system was used. For measurements at variable
pressure, a gasgeted diamond-anvil cell (DAC, High-pressure Diamond Optics) was used, with
Nujol as a medium to induce hydrostatic pressure. To calibrate the pressure, a small ruby crystal
was added in the measurement cell.['%! Calibration of the system’s response was performed

with a tungsten lamp.

4.5.5 Experimental Setup for Spectroscopy and Crystallography at High Pressure

A,
l hv| | hv l pressure

\ /%;— diamond

sample chamber:
sample, ruby,
pressure medium

metal gasket

Figure 4-16 Anvil cell for spectroscopy at high pressure.

Spectroscopy at high pressure can be conducted in a so-called anvil cell. This cell consists
of two diamonds and a metal gasket as depicted in Figure 4-16. The diamonds are facing each
other with the planar polished sides. They clamp a metal plate with a small cylindric hole in the
middle that can be seen from the opposite side of the diamond. The cylindric hole forms the
sample compartment. It is closed by from each side by diamonds. It is loaded with the sample,
a small ruby for measurement of pressure and a pressure medium. The medium is a liquid that
fills up the sample chamber and induces hydrostatic pressure. The entire anvil is placed in a

sample holder that, upon tightening screws, increases pressure uniformly on the assembly.
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Spectroscopic measurements can be conducted through the top and bottom side of the diamond
anvils. The incident light can enter from the top (hv in Figure 4-16). For most optical
measurements like luminescence and Raman spectroscopy, the resulting spectrum is collected
on the same side of the anvil (hv’ in Figure 4-16). For spectroscopic methods, such as X-ray
diffraction, the light beam exits the cell on the opposite side of the incident beam and is detected
there.

For the determination of the pressure inside the sample compartment, the R line of the ruby
is monitored. At ambient pressure this line is at 694.18 nm and shifts red at increased pressure
(p). The following calibration was used for pressure determination in crystallographic

experiments. The wavelength of the R line () is entered in nm.[%!

= 190.4kbar [( A )7~665_1] (4-2)

7.665 694.18nm,

A similar equation was applied for luminescence and Raman spectroscopy at various
pressure, using the wavelength of the ruby R; line at ambient pressure (1) and the band shift

AR

5
p = 3803 kbar [(“0;“) -1] (4-3)

0
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4.6 Supplementary Tables and Spectra

4.6.1 Raman and Resonance Raman Spectra

Raman intensity (a.u.)
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Figure S 4-1 Comparison between the experimental Raman spectra of [Ru(‘Buz-bpy).biimH>]-
(CO2PhSOs3) counter ions measured at 293 K with a excitation at 488 nm (top), at 785 nm
(middle) and the DFT-calculated spectrum for the cationic complex [Ru(‘Buz-bpy)biimH,]**
in the gas-phase (bottom, PBE1PBE/Lanl2dz). The vertical black lines represent the calculated
frequencies. Their full-width-at-half-maximum was set to 4 cm™! to yield the bottom spectrum.
The spectra were normalized and offset along the y-axis for clarity.[*")
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Raman intensity (a.u.)

500 1000 1500 2000

Raman shift (cm'1)

Figure S 4-2 Comparison between the experimental Raman spectra [Ru((CF3)2-bpy).biimH;]-
(CO2PhSO3) counter ions measured at 293 K with excitation at 488 nm (top), at 785 nm
(middle) and the DFT-calculated spectrum for the cationic complex [Ru((CF3)2-bpy)2biimH,]**
in the gas-phase (bottom, PBE1PBE/Lanl2dz). The vertical black lines represent the calculated
frequencies. Their full-width-at-half-maximum was set to 4 cm™! to yield the bottom spectrum.
The spectra were normalized and offset along the y-axis for clarity.!")
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4.6.2 Resonance Raman Spectra at Various Temperature
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Figure S 4-3 Resonance Raman spectra at variable temperature for [Ru(‘Buz-bpy):biimH;]-

(CO2PhSO3) from 80 K (red) to 313 K (pink). Excitation with a 488 nm laser exalts deformation

modes in bipyridine ligands at 1530 cm™.[%%!
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Figure S 4-4 Resonance Raman spectra at variable temperature for [Ru(‘Buz-bpy).biimH>]Cl»

from 80 K (red) to 293 K (purple). Excitation with a 488 nm laser exalts deformation modes in

bipyridine ligands at 1530 cm™.[%%!
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Figure S 4-5 Resonance Raman spectra at variable temperature for [Ru((CF3)2-bpy).biimH;]-
(CO2PhSO3) from 80 K (red) to 293 K (purple). Excitation with a 488 nm laser exalts
deformation modes in bipyridine ligands at 1530 cm™!.Pl

4.6.3 Raman Spectra at Various Pressure
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Figure S 4-6 Raman spectra at variable pressure for [Ru(‘Buz-bpy)2biimH>](CO2PhSO3) from
4 kbar (red) to 35 kbar (pink).[*”
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Figure S 4-7 Raman spectra at variable pressure for [Ru(‘Buz-bpy):biimH>]Cl, from 0 kbar
(red) to 45 kbar (purple).l*”

Relative intensity

I A R B m—
600 800 1000 1200 MUUI 1600 1800 2000
Raman shift (cm )

Figure S 4-8 Raman spectra at variable pressure for [Ru((CF3)2-bpy)2biimHz] (CO2PhSO3)
from 6 kbar (red) to 44 kbar (pink).”"!
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464 NMR
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Figure S 4-9 '"H NMR spectrum of [Ru(‘Buz-bpy)2biimH,]Cl; in CDsCN.
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Figure S 4-10 "H NMR spectrum of [Ru(‘Buz-bpy)2biimH,](CO2PhSOs) in CDsCN.
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Figure S 4-11 '"H NMR spectrum of [Ru((CF3)2-bpy)2biimH]Cl; in CD3CN,
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Figure S 4-12 '"H NMR spectrum of [Ru((CF3)2-bpy)2biimH2](CO2PhSO3) in CD;CN.
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