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a b s t r a c t

Photoactive Cu(I) complexes are considered as a promising alternative to traditional noble-metal com-
plexes that are mainly based on Ru(II) and Ir(III). Therefore, in recent years heteroleptic Cu(I) complexes
of the type [Cu(N^N)(P^P)]+ have been developed exhibiting impressive performance, e.g., long-lived
excited-states, high emission quantum yields with tunable emission spectra as well as largely adjustable
redox properties. These favorable features render heteroleptic Cu(I) complexes as suitable non-noble
metal photosensitizers. Due to the exploding number of examples reported in literature, this review aims
at systematically comparing the fundamental features of various cationic and neutral diimine–diphos-
phine Cu(I) complexes regarding to their geometrical, optical as well as electrochemical properties. In
particular, this review focuses on the ability to tune the optoelectronic properties and excited-state
dynamics by the design and the choice of the underlying N^N and P^P chelate ligands. Finally, this review
briefly indicates some application scenarios of these novel class of complexes, e.g., in the fields of photo-
catalytic hydrogen evolution and light-emitting devices. As a result this review likes to contribute to a
detailed understanding of structure–function relationships and to the rational design of heteroleptic dii-
mine–diphosphine Cu(I) complexes for specific photophysical applications in the future.

� 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Coordination compounds composed of transition metals and
polypyridine ligands, such as Ru(II) polypyridine and cyclometa-
lated Ir(III) complexes, are of utmost importance in artificial photo-
synthetic assemblies, i.e., as light-harvesting units or as primary
electron donors [1–6]. In order to bring such photochemical molec-
ular devices to work on a larger scale, e.g., to contribute to the
fields of solar energy conversion and of light generation by electro-
luminescence, it is indispensable to replace noble metals by more
abundant and less expensive ones [7–11]. In this respect particu-
larly complexes based on Cu(I) have attracted considerable atten-
tion during the last decades [7,12–19]. They have been reported
to exhibit great potential, i.e., they display favorable and largely
tunable redox and luminescence properties. In a large number of
examples the applicability of such Cu(I) complexes could be
demonstrated, e.g., as photosensitizers (PSs) in hydrogen evolution
reaction (HER) schemes [17–22] and dye sensitized solar cells
(DSSCs) [23–27], or as emitters in organic light-emitting diodes
(OLEDs) and light-emitting electrochemical cells (LECs) [28–36],
or as sensors for oxygen [37] as well as photoredoxcatalysts in var-
ious organic reactions [16,38,39]. Significant improvements in the
design of homoleptic bis-diimine complexes [Cu(N^N)2]+ and
heteroleptic diimine–diphosphine Cu(I) complexes of the type
[Cu(N^N)(P^P)]+, where N^N and P^P indicate chelating diimine
and diphosphine ligand respectively, resulted in promising photo-
physical properties, e.g., in highly luminescent Cu(I) complexes
with long-lived excited-states [7,10,14,17,28,40–45]. Homoleptic
Cu(I) complexes [Cu(N^N)2]+ and the tuning of the underlying dii-
mine ligands have been extensively studied in the past [12,46–53].
These compounds generally exhibit a strong absorption in the vis-
ible range, however, further enhancement of the luminescence
quantum efficiency is challenging, sometimes even at the expense
of thermodynamic stability [52,53]. In recent years the impressive
performance of the heteroleptic [Cu(N^N)(P^P)]+ counterparts
have drawn increasing attention as they exhibit a greatly enhanced
emission efficiency, much longer excited state lifetimes and a
broader tuning range than the [Cu(N^N)2]+ systems [14,31,54–
59]. Therefore, this review will focus on the tunable optical and
electrochemical properties of heteroleptic [Cu(N^N)(P^P)]+ com-
plexes and their variations of the underlying N^N and P^P chelate
ligands. Besides this, a summary of advances in the design of dii-
mine–diphosphine Cu(I) compounds towards extraordinary photo-
physical properties is presented. Moreover, the consequences of
these properties for the light-induced excited state processes as
well as for potential applications of this emerging class of photoac-
tive non-noble metal complexes are discussed. This review is
meant to introduce relevant structure–function relationships for
a rational design of heteroleptic diimine–diphosphine Cu(I) com-
plexes for specific photophysical applications in the future.

2. General considerations – some background on Cu(I)
complexes

The first systematic investigations of Cu(I) complexes were
started in the 1970s mostly concerned with [Cu(phen)2]+ and
derivatives [46,48,60,61] thereof as well as with [Cu(N^N)
(PPh3)2]+ (PPh3 = triphenylphosphine) [60,62–64]. Many of these
studies dealt with the relationships between geometry, type of
substituents, substitution pattern and photophysical features and
have been in the focus of research until now [7,12,17,40,46,48,60,
65–67]. These studies benefited from the rapid developments in
photophysical and theoretical methods over the last two decades
and led to detailed insights into the (ultrafast) light-induced pro-
cesses and their geometrical implications [12,41,68–79]. Conse-
quently, general insights into the present geometries of Cu(I)
complexes that impact the photophysical and optical properties
have been obtained and are sketched in Fig. 1. Some diimine
ligands utilized for Cu(I) complexes are shown in Fig. 2.

In the ground state Cu(I) complexes possess a closed shell d10

electronic configuration with a preferred pseudotetrahedral D2d

geometry (Fig. 1) [12,41,71,80]. The completely filled external elec-
tronic shell implies the absence of metal-centered (MC) states (also
called d–d states). A deviation from the ideal tetrahedral geometry
(D2d ? D2) of the ground state structure is caused by structural dis-
tortion via steric and electronic interligand interactions, or tor-
sional motions [22,72,78]. Usually, in the solid state homoleptic
[Cu(N^N)2]+ complexes prefer to adopt a D2 structure due to the
intermolecular stacking interactions among the heteroaromatic
ligands [46], and the dihedral angle (DHA) between the two ligands
planes is largely affected by the counterions [81,82]. For example,
the DHA of [Cu(dmp)2]+ varies in the range from 73� to 85� strongly
depending on the respective anion (i.e., NO3

�, Br� or ClO4
�) [81]. The

same effect can be observed for [Cu(dmbpy)2]+, where the DHA
diverges to 74–81� in dependence of the counterions (PF6�, BF4�

and ClO4
�) [82]. In contrast, in solution the DHA between the two

ligands planes is typically near 90� (88±2�) in the ground state of
homoleptic [Cu(N^N)2]+ complexes [17,46,72,80]. Exceptions from
that can be observed for some 1,10-phenanthrolines with bulky
aryl substituents in 2,9-position, such as [Cu(dpp)2]+, [Cu(tpp)2]+

or [Cu(dpdmp)2]+ (see Fig. 2) [7]. For these complexes, p-stacking
interactions between the phenyl groups of one ligand and the
phenanthroline moiety of the other ligand, in conjunction with
steric hindrance, lead to a 10–20� distortion from the ideal tetrahe-
dral DHA [7,17,67]. However, this distortion can be inhibited in
highly congested structures, such as in [Cu(dptmp)2]+ complexes
[67].

Typical homoleptic [Cu(N^N)2]+ complexes, such as [Cu(phen)2]+,
[Cu(bpy)2]+ and their analogs, absorb in the UV region by intense
ligand-centered (LC) transitions, which are accompanied by
moderately intense absorptions in the visible range [7]. The visible
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