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METHOD DEVELOPMENT FOR CLASSICAL
MOLECULAR DYNAMICS SIMULATIONS:
COARSE-GRAINING AND
FREE ENERGY CALCULATIONS

1. INTRODUCTION

In classical molecular dynamics (MD) simulations, atoms in mol-
ecules are described as (partial) point charges in space, which
move in discrete time steps based on Newton s equations of
motion. The strength of MD simulations lies in the investigation
of the dynamics of relatively large systems such as proteins,
membranes, sugars and other complex (bio)molecular systems,
which are not accessible by quantum-mechanical (QM) calcula-
tions. Furthermore, important quantities such as free energies
of solvation, relative free energies of ligand-protein binding, and
conformational free-energy differences can be estimated using
MD-based methods. Both, the development of methods for MD
simulations and their application domains, are strongly coupled
to the advances in computer power. In 1977, the simulation of
bovine pancreatic trypsin inhibitor (BPTI) in vacuum was 8.8 pico-
seconds long [1]. 32 years later, the same protein was simulated
in explicit water for one millisecond, i.e. eight orders of magnitude
longer, on a special-purpose supercomputer [2]. Despite these
advances some of the biggest challenges in MD simulations re-
main and require further development, especially regarding the
quality of force fields, sufficient sampling, accurate estimation of
free-energy differences, and increase of computational efficiency
to access even larger time and spatial scales with higher accu-
racy. In this article, we will highlight recent work by us in two of
these areas: (i) coarse-graining, which is a method to increase
computational speed by reducing the number of particles in the
system and by smoothening the energy landscape, and (ii) en-
veloping distribution sampling, which is a method to estimate
free-energy differences without the specification of a pathway.

2. COARSE-GRAINING AND MULTI-SSCALING

Coarse-graining (CG) describes the progress of moving from a
higher level of resolution of modeling to a lower level by elim-
inating degrees of freedom [3]. We distinguish between five
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levels of resolution. At the highest level (level 1), the particles
consist of atomic nuclei and electrons. Eliminating the core
electrons leads to the next lower level (level Il), where one con-
siders atom cores and valence electrons, as done in quantum
chemistry. Eliminating the degrees of freedom of the electrons
completely results in the atomistic description (level Ill), as
standardly used in MD simulations.

The models that are in the literature typically called coarse-
grained models are at the resolution levels IV and V. They are
obtained by subsuming multiple atoms or molecules into su-
pra-atomic or supra-molecular CG beads, respectively. The CG
beads themselves can consist of one or more interaction sites,
which must not correspond to actual atoms. Itisimportant to dis-
tinguish between supra-atomic and supra-molecular CG models
as this has implications regarding the parametrization strategies
possible and other technical aspects [4]. In supra-atomic mod-
els, the number of molecules in the system remains the same,
and the reduction of entropy due to coarse-graining is generally
small. This allows the use of methods such as force matching [5],
iterative Boltzmann inversion [6], or reverse Monte Carlo [7] to
parametrize the CG interactions directly based on atomistic (lev-
el Ill) simulations. Alternatively, the CG interactions can also be
parametrized by fitting to thermodynamic properties. The latter
is the only parametrization strategy available for supra-molecular
models as the high loss of entropy in this case needs to be com-
pensated by less attractive enthalpic interactions.

While the choice of degrees of freedom to eliminate when going
from level Il to level Il is obvious (i.e. the valence electrons), one
of the biggest challenges in developing CG models at levels IV
and Visthe lack of an unambiguous rule or strategy that defines
which and how many degrees of freedom to eliminate. In gener
al, a balance between accuracy and speed-up has to be found,
and this balance may be different for different research ques-
tions and systems. The result is a large variety of supra-atomic
and supra-molecular CG models being proposed in the literature.

In the context of biomolecular systems, supra-molecular mod-
els are mainly used for the solvent. As solvent-solvent inter-
actions typically present the bulk of computational cost and
are often not the region of interest, coarse-graining of the sol-
vent is particularly attractive. The majority of CG water models
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reported in the literature are supra-atomic (see Ref. [4] for a
list), i.e. one water molecule is represented by one CG bead
(1:1-mapping). If electrostatic interactions are to be modeled
explicitly, in minimum two interaction sites are required per CG
bead to form a dipole [5]. In case of 1:1-mapped models, this
corresponds to a reduction from 3 particles (as used in many
atomistic water models) to 2 particles, thus offering only a
small speed-up. Most supra-atomic (and also some supra-mo-
lecular) CG water models are therefore simple Lennard-Jones
liquids, i.e. one interaction site per CG bead. A Lennard-Jones
liquid, however, may not be the best representation for water,
which has a static dielectric permittivity of nearly 80.

Our recently developed supra-molecular CG water model was one
of the first models treating electrostatic interactions explicitly [4].
Five water molecules are represented by a single CG bead, which
contains two interaction sites (Fig. 1). The two sites are oppositely
charged and connected by a half-harmonic (only attractive) quar-
tic bond, thus forming a polarizable dipole. The model was fitted
to reproduce the experimental density and dielectric permittivity
of water at room temperature. The surface tension of the CG wa-
ter is 51.2 mN/m, which is similar to the one of the atomistic sim-
ple-point-charge (SPC) model (53.4 mN/m), but lower than the
experimentally measured one (71.6 mN/m) [4]. The self-diffusion
coefficient of the CG model is higher compared to experiment as
can be expected due to the smoother energy landscape.

Fig. 1: Schematic representation of a CG
water bead. The interaction site at the
centre (CW) has a mass m.,, a negative
charge q and the Lennard-Jones parame-
ters C,, and C,. The dipole-particle (DP)
had a mass m,, and a positive charge q.
It only interacts electrostatically. The half-
harmonic (attractive) quartic bond, which
connects the two interaction sites, has an
ideal bond length r, and a force constant
K,. Adapted from Ref. [4].
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Coarse-graining is an attractive strategy as much longer time
and spatial scales can be reached due to fewer particles in the
system and smoother interactions. However, coarse-graining
also involves per se aloss of information, thus the level of reso-
lution has to be carefully chosen depending on the system and
the research question of interest. One possibility to retain a
more detailed description of the region of interest while at the
same time reducing the computational cost is a multi-scaled
approach, where two or more levels of resolution are simulated
in the same system. The combination of level Il and level lll is
employed in guantum-mechanics/molecularmechanics (QM/
MM) simulations [8-10]. The core or region of interest (often a
ligand) is described at the QM level whereas the environment
(protein and/or solvent) is simulated classically. In a similar
way, level lll and levels IV/V can be combined in hybrid atom-
istic/CG simulations [11-15]. Here, the core of the system (li-
gand and protein) is treated at the atomistic level and the sur-
rounding solvent at the supra-molecular level. Investigating the
structural and dynamical properties of four atomistic proteins
solvated in CG water, we found that the lack of hydrogen-bond-
ing capacity of the CG solvent leads to an increase in intra-mo-
lecular hydrogen bonds of the proteins [15]. An atomistic sok
vent layer is necessary to reproduce the properties of a fully
atomistic system (Fig. 2) [16].
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Recently, there have been efforts to develop triple-resolution
approaches with a QM core (ligand), an atomistic shell (pro-
tein) and CG solvent [18, 19]. By employing CG solvent, the
properties of the protein are improved compared to a vacuum
environment without paying the computational cost of fully at-
omistic solvent. A drawback of all multi-scaling approaches is,
however, the introduction of artificial boundaries, which often
causes technical challenges as well as artifacts.
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Fig. 2: Total number over 20 ns of simulation time of hydrogen bonds in the
protein of hen egg-white lysozyme (HEWL, black), major cold shock protein
(CspA, red), Gprotein (GP, green), and chorismate mutase (CM, blue), split
into backbone—backbone (bb—bb), backbone-side chain (bb—sc), and side
chain—side chain (sc—sc) hydrogen bonds. The total occurrence is given
as the sum of the occurrences of the individual hydrogen bonds. For each
protein, the simulations are ordered from left to right: fully atomistic water,
atomistic water layer of size 0.8 nm, of size 0.4 nm, of size 0.2 nm, and no
layer, i.e., only CG water. Adapted from Ref. [16].

3. FREE ENERGY CALCULATIONS USING ENVELOPING
DISTRIBUTION SAMPLING

The estimation of free-energy differences by computational
methods is an important task as the change in free energyis the
driving force of all (bio)molecular processes. However, it is also
one of the most challenging tasks. Computational approach-
es based on MD simulations belong to the most accurate but
also most expensive methods. Their limitation lies mainly inthe
force-field accuracy and finite sampling. The term free energy
is used in this article in a general sense for both the relative
Helmholtz free energy AF (isochoric-isothermic conditions) and
the Gibbs free enthalpy &G (isobaric-isothermic conditions).

In the context of computer-aided drug design, the prediction
of the free energy of binding AG"" (also called absolute free
energy of binding) is of great interest. AG""is the free-energy
difference between the bound state (i.e. protein-ligand com-
plex) and the unbound state (i.e. ligand free in solution)

AG bind _ Gbound _Gunbound , (1)

and relates directly to the experimentally measurable binding
affinity or inhibition coefficient K,
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AG"™ =RT In(K;) . (2)

Using unbiased MD or Monte Carlo (MC) simulations, the accu-
rate estimation of this quantity is, however, very challenging as
many transitions between the unbound and bound state would
have to be sampled. An alternative and computationally more
efficient approach is the calculation of so-called alchemical
free-energy differences between two ligands Aand B, AGg,, in
the bound and unbound state, and the comparison of the rela-
tive free energy of binding AAG,,P" to the experimental value,

AAGU = AGE™ —AGP™ = AGE™ — AGLPM™ | (3)

The underlying thermodynamic cycle is shown in Fig. 3.
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Fig. 3: Thermodynamic cycle for the estimation of the relative free energy of
binding of ligand A and Bto a common protein.

Different methods exist to calculate alchemical free-energy dif-
ferences. Generally, a composite Hamiltonian connecting the
end states A and B is needed. Methods such as thermody-
namic integration (Tl) [20], free energy perturbation (FEP) [21]
and A-dynamics [22] use a composite Hamittonian, H(*), which
is made an analytical function of a coupling parameter A such
that H(*,) = Hy and H(*s) = Hs. Tl and FEP are robust and popu-
lar methods, but if the user-defined A-dependent pathway is not
suitable for the system investigated, sampling problems can
occur which impair the accuracy of the estimated free-energy
differences. An alternative is to use a pathway-independent
reference Hamiltonian, H;, as the composite Hamiltonian. This
approach is used by methods such as one-step perturbation
(OSP) [23] and enveloping distribution sampling (EDS) [24-27].
While the application of OSP is limited by the need of a user-de-
fined reference state that is sufficiently overlapping with all end
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states of interest, the reference Hamiltonian in EDS is defined
through the end-state Hamiltonians and envelopes them,

1
Ho(s,ERER) = %In[[e A Bl g A Eg])s] , (4)

where [i = 1/k;T. The parameters of the reference state, i.e. the
smoothness parameter s and the energy offsets ER, can be ob-
tained by an iterative automatic procedure. The energy offsets
are needed to assure equal sampling of the end states, where-
as the smoothness parameter is lowering the barrier between
them (Fig. 4).

Fig. 4: Pictorial representation of the effect of the smoothness parameter s
and the energy offset ER, (E%; = 0) for a two state system with H, (red), Hg
(green), and the reference state Hy (black). H(x) and x are in arbitrary units.

Using a reference Hamiltonian with optimal parameters, fre-
quent transitions between the end states occur during the
course of the simulation, and both end states are sampled
equally. The challenge is therefore to find the optimal param-
eters in an efficient way. In our iterative procedure, the en-
ergy-offset parameters are adjusted based on counting the
number of visits of a state (see Eqg. (13) in Ref. [25]). A first
approach (approach 1) to derive the smoothness parameter
was based on the heuristic Ansatz that the barrier between
state Aand B should be of the size 1/ [[25,26],

S(AV,, —AEL )= (5)

1
ﬁ ’
where 4Vg, is the difference in potential energy between the
end states A and B, and AE®,, the difference in the energy
offsets.

The application of the approach to a
protein-ligand system (i.e. binding of tet-

Approach 2 . . . —
rahydroisogiunoline derivatives to phe-

nylethanolamine N-methyltransferase
(PNMT)) showed, however, that Eq. (6)
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Fig.5: Comparison of the approaches 1 and 2 to derive the smoothness parameter s, approach 1 from Ref.
[25, 26] (middle panel) and approach 2 from Ref. [27] (right panel), using the example of the alchemical
perturbation of ligand 2 to ligand 9 in water (left) [27] The potential-energy distributions P(V) from the
EDS simulations are shown in blue (ligand 2) and orange (ligand 9). The potential-energy distributions P(V)
from the reference Tl simulations are shown inblack (ligand 2) and red (ligand 9). Adapted from Ref. [27].
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0 leads to an artificial reciprocal relation
between s and the energy offsets [27].
An alternative approach (approach 2)
based on counting the number of visits
of a state was developed, which result-
edin good agreement with reference Tl
simulations (Fig. 5 and Tab. 1) [27].
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Mackenzie, J. A. Bank, C. Young, M. M.
EDS (approach 1) | EDS (approach 2) T Deneroff, B. Batson, K.J. Bowers, E. Chow,
S 0.0043 0.0207 M. P. Eastwood, D. J. lerardi, J. L. Klepeis, J.
S. Kuskin, R. H. Larson, K. Lindorff-Larsen
R -1 ’ ’ ’
AE BA [kJ mol™] 365.98 370.16 P. Maragakis, M. A. Moraes, S. Piana, Y.
AGg, """ k) mol™] 3605 +3.1 373.1+0.3 3725+ 0.9 Shan, B. Towles, Proc. Conf. High Perfor-

Table 1: Comparison of the approaches 1 and 2 to derive the smoothness parameter s, approach 1 from

mance Computing Networking, Storage and
Analysis, IEEE 2009, 1-11.

Ref. [25,26] and approach 2 from Ref. [27], using the example of the alchemical perturbation of ligand 2 to

ligand 9 in water [27]. The values for the smoothness parameter s, the difference in energy offsets 5E",, the
free-energy difference 1G;,"™"™ obtained from the EDS and the reference Tl simulations at 298 K are listed.

Similar results and conclusions were obtained for another sys-
tem, where the binding of the drug netropsin to different DNA
sequences was investigated [28].

In the case of only two end states, the computational demands
of the Tl and EDS methods are comparable. The advantage of
EDS, however, lies in the possible generalization to multiple end
states. The free-energy differences between more thantwo end
states can then be obtained from a single simulation [26]. In
order to use this advantage of EDS, the automatic procedure
to derive the reference-state parameters developed in Ref. [27]
needs to be generalized.

4. CONCLUSIONS

MD simulations are a powerful tool to investigate (bio)molec-
ular processes at the atomic level. Despite the advances in
methodology and in computer power achieved during the past
decades, continued development is needed to increase the
sampling efficiency and accuracy further in order to strength-
en the descriptive and predictive power of MD simulations. By
carefully developing a coarse-grained solvent model together
with a scheme for hybrid atomistic/coarse-grained simulations,
we contributed to the efforts to reduce the computational cost
of simulations while retaining an atomistic description of the
region of interest. The development of an alternative approach
to obtain an optimal value of the smoothness parameter for
the reference state in the EDS method allowed the application
of this methodology to challenging systems such as the binding
of tetrahydroisoquinoline derivatives to PNMT or the binding of
netropsin to different DNA sequences.

Ongoing efforts focus on the refinement of the hybrid atomis-
tic/coarse-grained approach with an atomistic solvent layer, as
well as the generalization of the automatic procedure to derive
the reference-state parameters for EDS.
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DESIGN OF HETEROLEPTIC COPPER PHOTO-
SENSITIZERS AND THEIR PHOTOPHYSICAL
PROPERTIES WITH RESPECT TO
LIGHT-DRIVEN HYDROGEN PRODUCTION

KEYWORDS

solar fuels, homogeneous catalysis, hydrogen, copper com-
plexes, structure-activity-relationships, photophysics

INTRODUCTION

A sufficient and sustainable supply of energy is one of the big-
gest challenges in the 21° century. Based on projections for the
future growth of economy and population, the worldwide annu-
al energy consumption will strongly increase with an expected
amount of about 871x 108 J (equivalent to an electrical power
of ca. 27.6 TW) in 2050 compared to 17.7 TW in 2012.%3! So
far, approximately 85% of this energy is produced from fossil
fuels, such as oil, gas and coal or nuclear power.:3! However,
the supply of fossil sources is limited and the burning of carbon
based fuels releases large amounts of carbon dioxide (CO,),
which is supposed to be responsible for global warming. In con-
trast, the sun provides almost unlimited energy (ca. 3x10%* J
per year), exceeding the world energy demand by a factor of
more than 10,000.5%! Accordingly, there is great potential in
converting the sun s energy into electricity (only 17% of the en-
ergy is used inthe form of electricity) or even better into energy
rich materials, the so-called solar fuels (see Fig. 1).5®

In this respect, molecular hydrogen, which is generated by the
direct photocatalytic splitting of water, is considered to be an
efficient (high energy density of 119 kJ/g), environmentally
friendly and clean energy carrier (see Fig. 1).B2®! Until now, on
an industrial scale hydrogen is usually produced by steam re-
forming of natural gas (190x10° m? per year) and mainly used
for the production of ammonia via the Haber-Bosch procedure
(53%) or for hydrocracking (31%).""! Just a very small portion
<1% of the H, is used in fuel cells to gain electrical energy on
demand, e.g. in automobiles, although the combustion of hy-
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photocatalyst
+ 2 h v ——- @.-I-D.E@

water light

light
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carbon dioxide

Fig. 1: The basic concept of solar fuels. Storage of sun energy in form of
chemical bonds.

drogen and oxygen results in pure water.["! This is mainly due to
the limited availability and the difficulties in transportation and
storage of gaseous H,. Consequently, there is anincreasing in-
terest to also use CO, as a promising C1 building block to gen-
erate liquid organic energy carriers like formic acid (5.2 kJ/g)
or methanol (15.2 kJ/g) by the light-driven reduction of carbon
dioxide (see Fig. 1).%°! By doing so, this approach of carbon
capture and usage (CCU) would help to decrease the amount
of CO, in the atmosphere and to prevent further greenhouse
gas emissions. Hence, light-driven CO, reduction and photocat-
alytic hydrogen production can significantly contribute to the
field of renewable energjes.

As a major challenge in both cases, for the splitting of water
(E° =1.23 V vs. NHE at pH O) as well as the reduction of the
chemically stable carbon dioxide, high energy barriers need to
be overcome.*®8° Hence, suitable (photo)catalysts and effi-
cient photosensitizers are required to capture the (sun)light
and to activate these small molecules.®®1% This process is
already accomplished in natural photosynthesis, where green
plants, algae and cyanobacteria convert light energy into
chemical energy.213 More specifically, carbon dioxide and
water are transformed to higher energetic carbohydrates.t243
Nature required millions of years to develop a very complex
molecular system (total mass >350 kDa), but the key steps of
this intriguing reaction are described as: (i) the absorption of
visible sun light, (ii) energy transfer, (iii) charge separation, (iv)
transport of electrons and protons and finally (v) the catalytic
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reactions.*1? Notably, the catalytic center responsible for wa-
ter splitting in photosystem Il is a CaMn 05 cluster, and thus,
fully based on abundant metals.® This means that nature
could serve as a blueprint for scientists and that a detailed
understanding of the underlying processes is crucial.

Since the observation of the electrochemical photolysis of wa-
ter at a TiO, semiconductor electrode by A. Fujishima and K.
Honda in 1972 artificial photosynthesis is an emerging field of
research.®®214 Within this area a general differentiation in
between homo- and heterogeneous systems has been made
(see Fig. 2). There are numerous different heterogeneous
materials, in general semiconductors (e.g. titania, hematite,
sodium tantalates, etc.) or photoactive polymers (e.g. carbon
nitrides or covalent organic frameworks), which are present
as powders, layers, films or electrodes.***®! As an advantage,
in several cases these materials possess a higher stability
compared to homogeneous systems (see Fig. 2).141% How-
ever, many semiconductors are not active with pure visible
light (390-780 nm) and much more difficult to characterize
on the molecular level.!*%! In contrast, molecularly defined
systems for the application in homogeneous photocatalytic
reactions can be improved stepwise and more selective. By a
close cooperation of synthetic chemists and spectroscopists
structure-property-relationships are determined with the aim
to design highly active systems.

Another fundamental distinction within the class of homoge-
neous systems can be made in between intra- and intermo-
lecular electron transfer processes (see Fig. 2).5%1 While in
an intramolecular system the light-harvesting photosensitizer
is directly connected to the catalytic center, these two subunits
are separated from each other in an intermolecular system.
[5:6:18] |n the latter, this separation allows for an independent
optimization of catalyst and photosensitizer. This of great inter-
est, due to the fact that the photoactive unit is commonly the
bottleneck of the whole system.11718181 A further challenge
exists, if full water splitting want to be achieved due to several
reasons: e.g. a demanding multi-electron process, the need for
separation of hydrogen and oxygen, the presence of different
catalysts for H, and O,-formation. Therefore, photocatalytic wa-
ter splitting by molecular systems is usually divided in its two
half reactions: water reduction (2H" + 2e- — H,) and water ox-
idation (2H,0 — 0, + 4H" + 4e).*® This, however, requires
the usage of sacrificial agents, i.e. electron donors (sacrificial
reductant SR) or electron acceptors.

il

hampgenacus hétarogenecus
intramatecular |, intermolecular | Eyers, films,
. \ : .
SIS - R sissione
. eg.dyads - 80 Cuphoto-

* gensilizers -
Fig. 2: Classification of different photocatalytic systems. The focus of this

short overview lies on homogeneous intermolecular systems, which are
based on copper photosensitizers.
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[Ru(bpy)s]*” RuPS1

(Ir(ppy)aibpy)l* IWPS1

Fig. 3: Basic structure of traditional Ru(ll)- and Ir(lll)}-complexes used as pho-
tosensitizers.

Since decades, the study of photosensitizers is mainly focused
on noble metal complexes of ruthenium, iridium, rhenium or
platinum,®1%2%1 whereby Ru(ll)-polypyridines as well as cyclo-
metalated Ir(lll}complexes are most popular and often used
(see Fig. 3). Thisis a consequence of their advantages in terms
of stability and activity, which are difficult to reach with cheap-
er and more sustainable transition metal complexes. It is prov-
en, that the exact choice of the surrounding ligands and its
substituents allows a fine tuning of the photophysical and elec-
trochemical properties of the resulting photosensitizer (see
Table 1). However, efficient noble-metal-free photosensitizers
are still rare, and therefore, in the center of attention,"18:21:22]
In particular, the design of low-cost and earth abundant Cu(l)
based photosensitizers and theirapplication for the photocata-
Iytic production of hydrogen will be described below.

STATE OF THE ART

Cu(l)-compounds are considered as a very promising alterna-
tive to traditional and precious systems consisting mainly of
Ru(ll)- or Ir(lll)-complexes.t1171821221 Gopper (electron config-
uration [Ar] 3d'¥° 4sY), has already a long history in human life
and was first used more than 10.000 years ago.***In 2012,
almost 20 million tons of copper were mined around the world
with a price of roughly 5.000 /t (0.005 /g), highlighting its
good availability (0.1% of the lithosphere) and low costs com-
pared to ruthenium (ca. 2 /g) oriridium (ca. 16 /g).>¥

Cu(llrcomplexes with a 3d° electron configuration typically ex-
hibit intense metal centered (MC) absorption bands in the vis-
NIR region. However, the fact that the lowest electronic states of
Cu(ll-complexes are ultra-short lived and deactivated by non-ra-
diative processes make them far less useful than Cu(l)}-complex-
es from the photophysical point of view.'°*%18] Besides, some
basic requirements like: (i) strong absorption in a broad range
of the visible region, (ii) long-lived excited states, (iii) intense Iu-
minescence, (iv) a reversible electrochemical behavior and (v) a
high stability under ambient conditions should be fulfilled by an
ideal copper photosensitizer.114824

Inthe past, luminescent Cu(l)-complexes were already used in a
wide range of applications such as organic lightemitting diodes
(OLEDs), light-emitting electrochemical cells (LECs) or dye-sen-
sitized solar cells (DSSCs).*%1%22 However, the great potential
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Fig. 4: Flattening distortion upon light excitation and subsequent nucleophilic attack followed by fast exciplex quenching (left side). Simplified molecular

orbital scheme of Cu(l)-complexes (right side).

of this class of compounds for photocatalytic applications has
been overlooked for along time.

Before discussing the application of copper photosensitizers
(CuPS) for photocatalytic reactions, it is useful to have alook on
their general structural and photophysical properties. The most
famous class of Cu(lrcomplexes are homoleptic (two identical
ligands) bisdiimine Cu(l)-complexes with the general formula
[Cu(N~N),]*, where N*N indicates a chelating diimine ligand (see
Fig. 4 left). In the case of N*N = 1,10-phenanthroline or deriv-
atives thereof numerous complexes are known and their struc-
tural as well as photophysical behavior have been extensively
studied (see Table 1).1191%1719 Dye to its 3d'° configuration the
ground state geometry of Cu(l}bisphenanthroline compounds
favors a (distorted) tetrahedral arrangement of the ligands
around the metal center in order to minimize electrostatic repul-
sion (see Fig. 4).[1%1%24 Upon light excitation, a metal-to-ligand
charge transfer (MLCT) transition from the 3d orbital of Cu(l)
to the w*-orbital of the phenanthroline ligand takes place (see
Fig. 4 right).111824 This causes a formal oxidation from Cu(l) to
Cu(ll) and a single-electron reduction of one diimine ligand with-
in the metal complex. Thereafter, a geometrical reorganization
through Jahn-Teller distortion to a more square planar structure
occurs, corresponding to a 3d® configuration of the Cu(ll)-ion, fok
lowed by an intersystem crossing (ISC) to a triplet excited state.
11182428 | this flattened geometry the complex is more open
for a nucleophilic attack by solvent molecules or counterions,
leading to a pentacoordinated excited state complex (exciplex).
[1118.24.28 This exciplex is efficiently deactivated via non-emissive
deactivation pathways, causing short excited state lifetimes
and restricting applicability in photocatalysis.21181%24 |n addi-
tion, many of the traditional Cu(l)-bisphenanthroline complexes
suffer from a limited absorption in the visible region and lower
MLCT extinction coefficients compared to advanced Ru(ll)- and
Ir(lll)-photosensitizers (see Table 1).111823

Having this in mind, it is reasonable that there are only limited
examples, where traditional homoleptic bisdiimine Cu(l}com-
plexes were successfully applied for the photocatalytic pro-
duction of hydrogen. For instance, in the 80 s the group of
Sauvage reported one of the first intermolecular systems us-
ing [Cu(dpp),]" (dpp = 2,9-diphenyl-1,10-phenanthroline) with
supported platinum nanoparticles (on TiO,) as water reduction
catalyst (WRC).2®! In the presence of triethanolamine (TEOA),
which serves as a sacrificial electron donor (SR), a maximum
turnover number (TON) of 80 moles of hydrogen per mole of
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copper was achieved.?®! More recently, Castellano et al. pre-
sented the photocatalytic hydrogen evolution for a system
using [Cu(dsbtmp),]* (dsbtmp = 2,9-di(sec-butyl)-3,4,7,8-te-
tramethyl-1,10-phenanthroline) in combination with the well-
known Co(dmgH),(py)Cl (dmgH = dimethylglyoximate) water
reduction catalyst and N,N-dimethyl-p-toluidine as sacrificial
donor.2™ The copper photosensitizer was multiple times recov-
ered over a period of five days under irradiation with minimal
loss in catalytic performance, proving its high stability. Under
ideal conditions an average TON of 35 (H,/Co) could be ob-
tained. Deuteration experiments evidenced that the produced
hydrogen does indeed originate from aqueous protons.2”!

As akey message, these examplesdemonstrate that homoleptic
Cu(l)-complexes still provide a low activity, but can successful-
ly employed for photocatalytic hydrogen production. Moreover,
the inherent structural variety of diimine ligands (in particular
of 1,10-phenthroline) allows a fine tuning of the photophysical
and electrochemical properties of the corresponding copper
complexes. In other words, the chemical nature, size and posk
tion of the ligands and substituents can strongly influence the
ground state (influencing the absorption behavior) but also that
of the excited state (affecting the emission properties) and the
redox potentials. For instance, introduction of large alkyl-sub-
stituents at the 2,9-position of 1,10-phenanthroline leads to
an increased excited state lifetime due to sterical hampering
of structural relaxation, and hence, exciplex quenching, 11828

Beyond the selective substitution of the diimine ligands the in-
corporation of bulky diphosphine ligands seemsto be a promis-
ing alternative.2122:2429.30] Baged on pioneering work from Mc-
Millin et al., who already described heteroleptic Cu(l-complexes
involving phosphine ligands, e.g. [(PPhs),Cu(N*N)]" and [(POP)
CUu(N"N)]* (POP = bis[2-(diphenyl-phosphino)phenyl]ether), nov-
el heteroleptic CuPS were applied to the photocatalytic reduc-
tion of water.BY

HETEROLEPTIC COPPER PHOTOSENSITIZERS

In 2013 Beller and coworkers presented the first fully noble-
metal-free system for the light-driven production of hydrogen,
by using an iron-based WRC in combination with a heteroleptic
copper(l)-photosensitizer (CuPS) (see Fig. 5).272 For the first
time, it could be successfully shown that heteroleptic copper
complexes with the general formula [(P*P)Cu(N"N)]*, combin-
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ing a diimine and bulky diphosphine chelate ligand, enable
high photocatalytic activities.?!

Since this initial finding more than 30 different heteroleptic
CuPS have been prepared and systematically tested in the pho-
tocatalytic reduction of protons from water in the presence of
[Fe,(CO),,] as water reduction catalyst (WRC) and triethylamine
as sacrificial electron donor (SR).?12:29-39 Starting from [(POP)
Cu(Me,phenPh,)]" CuPS1 (Me,phenPh, = 2,9-dimethy}4,7-di-
phenyl-1,10-phenanthroline = bathocuproine), which served as
initial model complex, specific variations of the diimine ligand
as well as of the diphosphine scaffold were performed with the
aim to investigate structure-activity-relationships and to find the
most active system. In Fig. 5 a representative selection of five
different heteroleptic CuPS, either with different diphosphine
ligands (CuPS1-3) or different substituents at the 2,9-position
ofthe phenanthroline ligand (CuPS3-5) is depicted.

Generally, all heteroleptic CuPS were synthesized starting
from the [Cu(ACN),]PF, (ACN = acetonitrile) precursor via
a one-pot two-step reaction.?222° Under inert conditions
the diphosphine ligand is introduced first, forming the [(P*P)
Cu(ACN),]-intermediate, followed by a fast substitution of the
remaining acetonitrile ligands by the diimine. Upon purification
the Cu(l)-complexes were obtained as yellow to orange solids in
high yields from 76-99%.21222%] The resulting CuPS were sta-
ble under ambient conditions (air and moisture) and allowed
for crystallization from DCM/ n-hexane mixtures. However, in
solution a dynamic ligand exchange reaction may occur, form-
ing partly homoleptic copper complexes. This observation is in
agreement with literature and strongly depends on the bulki-
ness of the ligands and the solvent.®?

As an example with general scope the solid-state structure
of [(xant)Cu(Me,phenPh,)]PF; CuPS3 (xant = xantphos,
Me,phenPh, = bathocuproine) is presented in Fig. 6 (top). Sin-
gle crystal analysis revealed a distorted tetrahedral geometry
around the copper center, which is mainly due to the large dif-
ference in the bite angles of the bidentate N*N and P*P ligand
(N1-Cu-N2: 80.41(10)° and P1-Cu-P2: 119.68(4)°) as well as
from interligand interactions. Furthermore, the coordination
bond length of Cu-P1 is significantly longer (2.2425(10) A) than
that of Cu-N1 (2.065(3)A), providing another hint forthe reduced
stability of the heteroleptic CuPS compared to the homoleptic
bisdiimine complexes.®?! In addition, upon coordination the di-

heteroleptic
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Fig. 6: Solid-state structure (ORTEP representation, thermal ellipsoids at
50% probability level, top) and ground state structure (optimized at the
BP86/ def2-TZVP level of theory, down) of CuPS3. Hydrogen atoms and coun-
terions are omitted for clarity.

phosphine scaffold suffers considerable distortion in contrast to
the unbound ligand. This finding is the driving force for the appli-
cation of a more rigid diphosphine backbone as realized when
moving from CuPS1 (bis[2-(diphenyl-phosphino)phenyl]ether) to
CuPS2 (thixantphenoxaphos) and CuPS3 (xantphos).?%?2! The
effect of steric bulkiness and rigidity on the photophysical and
catalytic properties will be discussed below.

R =Me = CuPS3
n-Bu = CuPS4
sec-Bu = CuPS5

Fig. 5: Structure of the heteroleptic copper(l) photosensitizers CuPS1-5 with their different diimine and diphosphine ligands discussed in this work.
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In additionto X-ray analysis density functional theory (DFT) cal-
culations provide a useful tool for the characterization of such
copper photosensitizers. Besides the common calculation of
ground state structures, e.g. of CuPS3 (Fig. 6 down), DFT gives
insight into structural information of reduced/ oxidized catalytic
intermediates.?*3% Moreover, quantum chemical studies pro-
vide a variety of spectroscopic data, such as calculated UV/
vis- and IR-spectra, which helps to gain knowledge about the
photodynamics and catalytic mechanism. For instance, the
extent of distortion of CuPS3 upon photo-excitation could be
determined. In the ground state the two planes formed by the
xantphos and the bathocuproine ligand possess an angle of
83.8°, which is distorted to 71.5° in the triplet state.?¥

PHOTOPHYSICAL AND CATALYTIC PROPERTIES

A summary of the electrochemical, photophysical and catalytic
properties of selected CuPS with different diphosphine ligands
and substituents at the 2,9-position of the phenanthroline is giv-
en in Table 1 and compared with those of traditional RuPS and
IrPS. Apart from a systematic optimization of the catalytic reac-
tion conditions (e.g. variation of the concentration, the solvent
mixture and the sacrificial electron donor), a main interest lies
in a deeper understanding of the influence of structural param-
eters on the photophysical behavior and catalytic activities. Best
catalytic results were found for a concentration of 3.5 pmol of
the CuPSin a mixture of THF/TEA/H,0 with a volumetric compo-
sition of 4:3:1. These standard conditions were used to evaluate
the effect of different ligands and substituents.?122

Atthe beginning the diimine ligand N*N has been varied, while the
diphosphine remained constant [(POP)Cu(N~N)]*. By doing so, it
became quickly apparent that a 2,4,7,9-tetrasubstituted-1,10-phe-
nanthroline ligand (i.e. bathocuproine, CuPS1) is the best choice
compared to simple 2,2 -bipyridines (no activity) or 2,9-disubsti-
tuted phenanthrolines (low activity).?Y This can be explained by
the extended aromatic system and the accessibility of m* states
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with decreased energy upon introduction of two additional phenyl
groups in 4,7-position in the case of bathocuproine.'82128 Ex-
panding the T-conjugation is a common method for increasing the
molar extinction coefficient and red-shifting the absorption, which
is still a major need for most of the heteroleptic CuPS. Moreover,
the two methyl groups at the 2,9-position hamper molecular flat-
tening that occurs in the MLCT excited state, and thus, prevent
exciplex quenching, Consequently, by using bathocuproine the
intensity of the emission, the emission lifetime and the photo-
catalytic activity is greatly enhanced compared to convenient bi-
pyridines or phenanthrolines. For instance, the emission lifetime
of CuPS1 (6.9 ps) is almost one order of magnitude longer than
that of RuPS1 (0.85 pis) and two orders of magnitude in relation
to the homoleptic copper complex CuPS6 (0.08 (s, see Table
1)24 Since long lifetimes are required for sufficient activities in
light-driven proton reduction, bathocuproine was chosen as a suit-
able diimine ligand for heteroleptic copper complexes.?+??

Next, the search for an optimized P*P ligand within the series of
[(P*P)Cu(bathocuproine)]" complexes was performed (see Fig. 5
and Table 1). Starting with dppf (1,1 -bis(diphenylphosphino }-fer-
rocene) and binap (2,2 -bis(diphenylphosphino)-1,1 -binaphthyl)
more rigid diphosphine ligands with a large bite-angle have been
applied. It has been found that in particular thixantphenoxaphos
CuPS2 and xantphos CuPS3 provide a maximum in terms of lu-
minescence performance and photocatalytic activity?*?? As are-
sult, CuPS2 with the most bulky and rigid PP ligand displayed the
highest activity (TON, of 873) in photocatalytic proton reduction.

Subsequently, the substituents proximal to the nitrogen atoms
at 2,9-position of the bathocuproine core structure were system-
atically varied (CuPS3-5) to find the optimal combination (see
Table 1). As expected by the earlier results, the emission life-
times and quantum yields increased with the steric demand of
the substituents in the order: methyl < n-butyl < sec-butyl (see
Fig. 7).22! As a highlight, CuPS5 exhibited an impressive emis-
sion lifetime of up to 54.1 ps and a quantum yield of 74.5%.2%!
This reflects well the efficient inhibition of flattening distortion

Table 1. Comparison of reduction potentials (E,,), absorption maxima (,,,), emission maxima (*.,), quantum yields (), emission lifetimes (1) and catalytic
turnover numbers (TON) of selected photosensitizers (PS). Further details aboutthe experimental conditions and applied solvents are provided in the respec-

tive references.

Complex Abbr. E,. Hots Heom b T TON,, .*! Ref.
V] [nm] [nm] [us] n(H)/n(PS)
[Ru(bpy),]Cl, RuPS1 | -1.35 452 615 | 0.06 0.85 58 | 12
[Ir(bpy)(ppY),]PF, IrPS1 | -1.23 416 608 045 0.36 576 [20.21]
[(POP)Cu(Me,phenPh,)IPF, CuPs1 n.a. 400 580 0.13 6.90 477 24]
[(thixant)Cu(Me,phenPh,)IPF, CuPS2 | -1.52 386 545 | 0.05 | 16.30 873 2]
[(xant)Cu(Me,phenPh,)]PF, CuPS3 | -1.54 389 569 | 0.08 6.40 862 2]
[(xant)Cu(n-Bu,phenPh,)]PF CuPS4 n.a. 389 565 0.27 15.60 954 (22]
[(xant)Cu(sec-Bu,phenPh,)]PF, CuPsS5 | -161 387 546 | 0.75 | 54.10 1330 2]
[Cu(Me,phenPh,),]PF, CuPS6 n.a. 475 770 n.a. 0.08 | notactive | 2433

n.a. = not available, abbr. = abbreviation, ref. = reference
Catalytic conditions: PS (ca. 3.5 pmol), [Fe,(CO),,] (ca. 5.0 pmol), in THF/TEA/H,0O (10 ml), at 25°C, Xe-light irradiation

[a]
(output: 1.5 W), without light filter
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Fig. 7: Normalized absorption (solid lines) and emission spectra (dashed lines) for CuPS3-5 in THF at room temperature (left) and typical hydrogen-evolution

curves in the presence of [Fe;(CO),,] (right).

upon photoexcitation and the effective shielding of the copper
center against nucleophilic attack by the bulky substituents.
All of these improved heteroleptic copper complexes CuPS3-
5 showed high activities with TONs close to 1.000 or above. A
comparison of typical hydrogen-evolution curves is given in Fig.
7 right, where the individual kinetics of H, evolution and the total
amount depend on the steric bulkiness of the substituents on
the bathocuproine moiety. In addition, from the hydrogen-evolu-
tion curves it becomes obvious, that the decomposition of the
catalytic system resulting in a plateau is also largely influenced
by the respective CuPS. With a TON of 1330 CuPS5 represents
the most capable system for photocatalytic hydrogen produc
tion.”2 Moreover, this activity is greater than using the more
expensive RuPS1 or IrPS1 (see Table 1) under identical con-
ditions, which render heteroleptic CuPS to a viable alternative.

In conclusion, it could be shown that catalytic activity as well as
emission behavior can be sterically controlled on the molecu-
lar level. A correlation between luminescence lifetime and TON
could be observed with long excited state lifetimes being ben-
eficial for activity.??! Further insights into the mechanism of hy-
drogen production were gained by quenching studies. Therefore,
the emission lifetime of CuPS3 (6400 ns) was measured again
under catalytic conditions in a 4:1:1 mixture of THF/TEA/H,0 in
the absence (730 ns) and in the presence (180 ns) of the water
reduction catalyst (WRC).?2 This implies that the copper pho-
tosensitizer is able to undergo electron transfer with both, the
SR (reductive quenching) and the WRC (oxidative quenching, see
Fig. 8) after photo-excitation. Successful electron transfer was
further proven by other techniques, like electron paramagnet-
ic resonance (EPR) spectroscopy, as discussed below. In other
words, the excited CuPS* can be reduced or oxidized, depending
on the reaction partner in the catalytic system, resultingin CuPS~
or CuPS". Consequently, both pathways should contribute to the
photocatalytic activity (see Fig. 8).% Due tothe fact that quench-
ing by the WRC, i.e. electron transfer from CuPS* to the WRC, is
about four-times more effective than all other decay channels
oxidative quenching seems to be the dominant pathway.?*?%

In order to reveal these intriguing mechanistic questions a
detailed study was performed by means of IR, EPR and UV/

visspectroscopy as well as their combination with electrochem-
istry and DFT calculations.*® In consequence, the character-
istics of both pathways were determined. While the reductive
pathway is reversible with respect to the CuPS (in accordance
with a fully reversible single-electron-reduction peak around
-1.5 Vvs. Ag/AgCl), the oxidative pathway leads partly to a re-
assembling of the copper-bound ligands forming a homoleptic
bisdiimine complex.B®! Furthermore, the uncoordinated phos-
phine ligand can release a PPh,fragment, which reacts with
[Fe,(CO),,] to [Fe,(u-PPh,)(u-CO)(CO),I as an catalytic interme-
diate.®% The slow decomposition and dynamic ligand exchange
reaction of the photosensitizer under catalytic conditions still
remain a major problem and the objective of ongoing efforts.

SR* CuPS” reductive
CUPS' WRC 1;2 I,_l2
SR
CLIPS +
WRC H
SR* CuPS* oxidative pathway

Fig. 8: Reaction pathways for the photocatalytic production of hydrogen by
using a three-component system (SR = sacrificial reductant, WRC = water
reduction catalyst).

As a recent contribution to this issue and in order to develop
more stable systems a new series of heteroleptic CuPS [(P"P)
Cu(N"*N-(SO;Na),)]* containing sulfonate anchor groups at the
5,6-position of the phenanthroline ligand were prepared.?®!
These copper dyes were subsequently immobilized on TiO, to
successfully broaden the light absorption of the semiconduc
tor. When further encapsulated with plasma-polymerized allyl-
amine (PPAAmM), desorption of the CuPS is reduced, leading to
a more active and stable composite material.?! Finally, in the
presence of [Fe;(CO),,] the most efficient system achieved a
TON,, of 2452 within 24 h, showing the great potential of im-
mobilization.®!
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SUMMARY AND OUTLOOK

Driven by an increasing demand for renewable energy great ef-
forts have been made to design efficient photosensitizers, which
can be applied for the photocatalytic splitting of water by using the
energy of the sun. In order to bring such molecular systems into
practice, conventional noble metal based complexes need to be
replaced by cheaper and more abundant photosensitizers. In par-
ticular, heteroleptic Cu(l)-complexes consisting of a bulky diimine
and diphosphine ligand with the general formula [(P*P)Cu(N~N)]*
are a promising alternative. In contrast to traditional homoleptic
bisdiimine Cu(l)-complexes this advanced class of copper photo-
sensitizers enables impressive emission lifetimes in the micro-
second timescale and high catalytic activities, which can even
exceed those of the commonly used Ru(ll}- and Ir(llIl}-complexes.
By systematically changing the nature, size and bulkiness of the
surrounding diphosphine and diimine ligands the photosensitiz-
er can be tuned in a wide range. As a result, the most efficient
fully noble-metal-free system for the photocatalytic production of
hydrogen from water has been developed so far. In combination
with an iron-based water reduction catalyst and triethylamine as
sacrificial reductant turnover numbers of up to 1330 were ob-
tained. Accompanying spectroscopic studies and DFT calcula-
tions revealed the existence of different catalytic intermediates
and the predominance of an oxidative quenching pathway, whose
understanding is helpful for a further optimization.

However, these heteroleptic copper photosensitizers still suffer
from a limited stability in solution and absorbance in the visible.
Therefore, future investigations arefocused on an improved long-
term stability (e.g. by tridentate PAN”P ligands) and red-shift-
ing the absorption (e.g. by an extended m-system). This may
contribute to improved copper photosensitizers that challenge
non-abundant noble metal systems for solar fuels production.
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