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ABSTRACT: This study provides detailed mechanistic insights into light-driven hydrogen
production using an abundant copper−iron system. It focuses on the role of the heteroleptic
copper photosensitizer [Cu(P∧P)(N∧N)]+, which can be oxidized or reduced after
photoexcitation. By means of IR, EPR, and UV/vis spectroscopy as well as computational
studies and spectroelectrochemistry, the possibility of both mechanisms was confirmed. UV/
vis spectroscopy revealed the reorganization of the original heteroleptic photosensitizer
during catalysis toward a homoleptic [Cu(N∧N)2]

+ species. Operando FTIR spectroscopy
showed the formation of a catalytic diiron intermediate, which resembles well-known
hydrogenase active site models.
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The global rising population and energy demand are
leading to a faster depletion of fossil resources and boost

the search for sustainable alternatives.1,2 These options ideally
utilize natural energy sources such as water, wind or solar
power that produce no waste and emissions such as carbon
dioxide.3,4 A second major requirement is the constant
availability of energy, which calls for efficient energy storage
materials and capacities.5 Currently, several approaches are
controversially discussed in the literature, ranging from
electricity storage in batteries and supercapacitors to chemical
energy storage mainly in hydrogen or hydrogen-releasing
molecules (liquid organic hydrogen carriers).6 In particular,
hydrogen is very attractive because of its high energy content
and clean combustion.7 However, sustainable hydrogen
production from water using sunlight is still demanding and
needs further improvement in several aspects, such as the
replacement of noble metals, increased efficiency, use of pure
visible light and a thorough understanding of the underlying
processes.8,9 Recent progress on the replacement of noble
metals showing high hydrogen production rates for a system
composed of a nonprecious iron water reduction catalyst
(WRC), a heteroleptic copper photosensitizer (CuPS 1), and
triethylamine acting as sacrificial reductant (SR) was made in
our groups.10−12

Systematic variation of the CuPS and its ligand structure
resulted in the most efficient fully noble-metal-free hydrogen
generating system so far, with a maximum turnover number
(TONH) of 1330.12,15 However, the lifetime of the overall

catalytic system varied from 5 to 60 h, depending on the
applied conditions and copper complexes. Preliminary experi-
ments suggested the predominance of an oxidative reaction
pathway in which the CuPS is first oxidized after photo-
excitation (Scheme 1).
Interestingly, negligible activity was observed with the

homoleptic sensitizer [Cu(N∧N)2]
2+ (CuPS 2) with two

phenanthroline ligands, although it also absorbs UV−vis light
and should thus be able to act as a photosensitizer, as well. The
missing activity may be due to two possible reasons: The redox
potentials required for the electron transfer are not sufficient13

or the lifetime of the excited triplet state of complex 2 is too
short.14

Information about the different activation and deactivation
pathways of the iron WRC and the CuPS as well as their
catalytic intermediates is still rare. Thus, a detailed under-
standing of the catalytic cycle may contribute to the
development of more efficient systems. Therefore, it was the
aim of this study to investigate the mechanism of the light-
driven production of hydrogen by a heteroleptic CuPS and an
iron WRC using several methods, such as operando FTIR
spectroscopy, UV/vis and in situ EPR spectroscopy, as well as
their combinations with spectroelectrochemical16,17 techniques.
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The experimental results are supported by computational
studies as well as by catalytic measurements.
The heteroleptic copper complex 1 [Cu(P∧P)(N∧N)]+,

which contains bidentate P∧P (Xantphos) and N∧N (2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline) chelate ligands,
exhibits a distorted tetrahedral structure of the Cu+ center in
the ground state (Scheme 1).18−20 Upon photoexcitation, a
metal-to-ligand charge transfer (MLCT) to the phenanthroline
ligand occurs, followed by a structural transformation to a
triplet excited state; with a more square planar geometry in
terms of the ligand orientation around the formal Cu2+ center;
and finally, an intersystem crossing.21 This long-lived excited
state can now be reduced or oxidized, depending on the
reaction partners in the catalytic system, resulting in 1− or 1+,
respectively.14 Both pathways could be considered to be
responsible for photocatalytic activity. At the beginning, the
reductive pathway was investigated by means of EPR
spectroscopy. In this context, a reduced CuPS was detected
under UV/vis irradiation in the presence of triethylamine
(TEA), which acts as a sacrificial reductant (Figure 1a).

Analysis of the superhyperfine structure (shfs) revealed the
coupling of the free electron to all hydrogen and nitrogen
nuclei of the aromatic system in the phenanthroline ligand (4 ×
H (I = 1/2), 2 × N (I = 1)) as well as to the copper nucleus (I
= 3/2) (Figure 1b). In combination with the g value of 2.0034,
which is close to that of the free electron, the shfs coupling
constants suggest a complete electron delocalization within the

N∧N ligand,22 in contrast to a partial ligand-metal delocaliza-
tion observed in an analogous iridium photosensitizer (IrPS).23

This finding was further supported by EPR spectroelectro-
chemistry, providing the same EPR spectrum (Figure 1c).
Moreover, the full reversibility of the reductive cycle along with
the high stability of complex 1 under reductive conditions was
proven by UV/vis absorption spectroscopy (Supporting
Information (SI) Figures S1, S2). Here, the electrochemical
as well as the photochemical reduction did not lead to any
changes in the absorption behavior.
In contrast to the reductive pathway, the formation of 1+

within an oxidative pathway can occur with [Fe3(CO)12] as an
electron acceptor (Scheme 1). Applying EPR spectroscopy,
characteristic decomposition products [Fe3(CO)12]

•−,
[Fe3(CO)11]

•−, and [Fe2(CO)8]
•−, which were detected for

the analogous IrPS system, as well,24 were monitored. Neither
CuIIPS25 nor CuIPS+ species have been detected in the present
study. Even with EPR spectroelectrochemistry (+1.5 V vs Ag/
Ag+), no oxidized copper complex was observed, indicating an
unexpected reaction pathway under oxidative conditions.
This oxidation pathway was examined by UV/vis spectros-

copy, which can distinguish among various redox states of the
copper species by their different MLCT transitions. For
instance, in complex 1 only the phenanthroline moiety
contributes to the MLCT transition around 390 nm. This
band decreases after several redox cycles, each composed of an
oxidation step, followed by a rereduction process (Figure 2),

indicating that the concentration of 1 in the solution becomes
lower. Furthermore, a new band at 475 nm rises during each
rereduction step, which corresponds to the well-known
homoleptic CuPS [Cu(N∧N)2]

+ (2), showing an absorption
band exactly in this range (see SI). Thus, the concentration of
the new generated complex 2 increases during the redox cycles.
Consequently, the concentration of the oxidized species 2+,
formed within these oxidation steps, also rises. However, the
absorption spectra of the oxidized species 1+ (still present) and
2+ (gradually formed) during the several oxidation processes
are almost identical, which is caused by the exclusive
contribution of the phenanthroline ligand to the MLCT
transition in the respective complexes (O in Figure 2).
In addition, the absorption spectra were measured under

photochemically induced oxidative conditions with methylviol-
ogen (MV, 1,1′-dimethyl-4,4′-bipyridinium dichloride) as
chemical oxidant and light irradiation at 350 nm.26,27 Again,
the MCLT band of 1 decreases, and the band of complex 2
appears in the visible region over time (SI Figure S2).

Scheme 1. Reductive (red) and Oxidative (blue) Reaction
Pathway and the Initial Structures of the Applied Copper
Photosensitizer (CuPS, e.g., 1) and Water Reduction
Catalyst (WRC)

Figure 1. EPR spectra of (a) CuPS 1 in THF/TEA (4/1) under UV/
vis irradiation, (b) the respective EPR simulation (g = 2.0034, line
width ΔB = 2.5G, 2 × AH = 10.0G, 2 × AH = 7.0G, 2 × AN = 3.4G, 1 ×
ACu = 3.4G), and (c) 1− obtained at −1.5 V vs Ag/Ag+.

Figure 2. Oxidation (O, +1.5 V) and rereduction (R, at −0.5 V vs Ag/
Ag+) cycles (duration of each step: 100 s) of 1 in acetonitrile solution
monitored by UV/vis spectroelectrochemistry.
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As mentioned above, the absorption behavior suggests that
the original heteroleptic complex 1 is decomposed exclusively
under the oxidative conditions by a dissociation of the sterically
demanding diphosphine ligand. Indeed, DFT calculations of the
oxidized species of 1 point to an elongation of the Cu−P bond
from 0.233 nm (1) to 0.239 nm (1+) and 0.240 nm in (12+)
and to a decreasing P−Cu−P bite angle in the order 116.8° (1)
> 109.2 (1+) > 103.2 (12+), which provides further evidence for
the proposed dissociation reaction (SI Table S1). However, this
dissociation does not lead to a complete destruction of the
structure of 1. Instead, a second phenanthroline ligand
coordinates to resaturate the copper center, forming the
homoleptic complex [Cu(N∧N)2]

+ 2. This dynamic ligand
exchange between hetero- and homoleptic copper complexes
was also recently reported for related CuPS.18

Following the aforementioned results, the crucial role of the
diphosphine ligand became obvious. Caused by an electro-
chemical oxidation of 1, without [Fe3(CO)12] as electron
acceptor, the P∧P ligand is converted to Xantphosdioxide, as
proven by 31P NMR spectroscopy (SI Figure S4).28 In contrast,
the irradiation of 1 in the presence of the electron acceptor MV
does not lead to Xantphosdioxide, revealing a different
mechanism under photooxidative conditions (SI Figure S4).
Thus, especially the role of the electron acceptor seems to
determine the respective reaction.
Consequently, the reaction of the diphosphine ligand with

the iron precursor [Fe3(CO)12] has been studied by operando
FTIR spectroscopy. Starting with 1 and [Fe3(CO)12] in a
solution of THF/TEA/H2O, the conversion of the iron
precursor to [HFe3(CO)11]

− is observed within the first
minute of irradiation, giving rise to characteristic bands at
2064(w), 1999(s), 1993(s), 1975(m), and 1748(m) cm−1

(Figure 3, red).24,29 This complex is already known as active
WRC in related iridium-based photocatalytic systems.24,29 As
the reaction proceeds, [HFe3(CO)11]

− is transformed into
[Fe2(μ-PPh2)(μ-CO)(CO)6]

− (3) with four intense bands at
2015(m), 1965(vs), 1934(m), 1916(s) cm−1 (Figure 3, blue).
This transformation is accompanied by an enhanced hydrogen
evolution (Figure 3, black curve). Temporarily appearing

intermediate complexes are not identified yet (SI Figure S5).
After 35 h, 3 is the only carbonyl compound present in
solution. In the further course, its concentration drops after
120 h, which is consistent with the end of hydrogen evolution,
showing the catalytic relevance of this species (SI Figure S6).
The assignment of 3 is supported by spectral data specified in

works of Ellis, Walther, or Best et al.30−32 (SI Table S2) and by
DFT calculations (SI Figure S7). Its structure is analogous to
monoreduced diiron hydrogenase mimics, which possess
similar IR patterns.33−36 The present PPh2 ligand most
probably originates from the decomposition of free Xantphos,37

which is closely related to observations made with PPh3 in the
presence of hydrogen or heat.38,39

After complete conversion of [Fe3(CO)12] to 3, assured by
operando FTIR spectroscopy, a sample of the reaction mixture
was analyzed by means of NMR spectroscopy. The respective
31P NMR spectrum (Figure 4, blue) displays a singlet peak at
δ = 126.9 ppm, which is in good agreement with the chemical
shift of 3.31,32

The additional signal at δ = −12.0 ppm can be assigned to
complex 1, showing that even after long reaction times, some 1
is still left, whereas the small signal at δ = −14.1 ppm does not
match to the uncoordinated Xantphos and remains unassigned.
The corresponding 1H NMR spectrum of the reaction mixture
reveals no hydride signal, which supports the structural
assignment of the catalytically active species 3.
Indeed, application of the homoleptic complex 2 along with

the Xantphos ligand and [Fe3(CO)12] yielded the same
photocatalytic activity as determined for 1 and [Fe3(CO)12]
(Figure 5 and SI Table S4). The respective turnover numbers
(TONH,Cu) and frequencies (TOF) are nearly the same within
the error of the catalytic experiments (SI Table S4). Note that
under these conditions, CuPS 1 has been detected by 31P
NMR. This indicates a ligand exchange that leads to a “rebirth”
of the active photosensitizer 1.
It can be concluded that in both cases, the catalytic activity

originates from the same dinuclear iron-diphenylphosphido
species 3, arising from a self-organization process. The nature of
this essential species was further proven by an experiment
without the diphosphine ligand, in which no activity could be
observed (Figure 5, gray curve). Hence, the diphenylphosphido
fragment is a crucial part of the active species, and only its
existence enables an efficient hydrogen production within this
fully noble-metal-free system.
In the present work, the mechanism and catalytic

intermediates of the photoinduced iron-catalyzed hydrogen

Figure 3. Results of the operando FTIR measurements: gas evolution
curve (black) and IR spectrum of the solution at t = 1 min (red) and
t = 35 h (blue). Conditions: 7.0 μmol of 1, 10.0 μmol of [Fe3(CO)12],
20 mL of THF/TEA/H2O (4/1/1), visible light irradiation (1.5 W),
25 °C.

Figure 4. 31P NMR investigations: black, free Xantphos ligand; red, 1;
blue, 21.3 μmol of 1 and 22.6 μmol of [Fe3(CO)12] in 20 mL of
solvent mixture after 5.5 h of visible light irradiation (6 W). All
compounds were dissolved in THF/TEA/H2O (4/1/1).
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production in the presence of a heteroleptic CuPS were
investigated. First, the attention was focused on the photo-
sensitizer, which could be oxidized or reduced after photo-
excitation. UV/vis and in situ EPR spectroscopy and their
combination with electrochemistry revealed the existence of
both an oxidative and a reductive pathway. The latter one is
reversible with respect to the CuPS. Instead, the obtained
results for the oxidative pathway, supported by DFT
calculations, evidenced a photoinduced reassembling of the
copper-bound ligands forming partly a homoleptic phenanthro-
line complex. After liberation from copper, the uncoordinated
phosphine ligand releases a (PPh2) fragment, which reacts with
[Fe3(CO)12] to [Fe2(μ-PPh2)(μ-CO)(CO)6]

− (3). The
structural assignment of this catalytic intermediate was
confirmed by operando FTIR and NMR spectroscopy as well
as DFT.
This unique self-organizing process provides a comfortable

access to an efficient and fully noble-metal-free system for the
photocatalytic reduction of protons without demanding
synthesis. Furthermore, the detailed understanding of the
mechanism supports rational catalyst design.
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