
Ravaro, Leandro P.; Zanoni, Kassio P. S.; de Camargo, Andrea S.S.

Article

Luminescent Copper(I) complexes as promising materials
for the next generation of energy-saving OLED devices

Energy Reports

Provided in Cooperation with:
Elsevier

Suggested Citation: Ravaro, Leandro P.; Zanoni, Kassio P. S.; de Camargo, Andrea S.S. (2020) :
Luminescent Copper(I) complexes as promising materials for the next generation of energy-saving
OLED devices, Energy Reports, ISSN 2352-4847, Elsevier, Amsterdam, Vol. 6, Iss. 4, pp. 37-45,
https://doi.org/10.1016/j.egyr.2019.10.044

This Version is available at:
https://hdl.handle.net/10419/244005

Standard-Nutzungsbedingungen:

Die Dokumente auf EconStor dürfen zu eigenen wissenschaftlichen
Zwecken und zum Privatgebrauch gespeichert und kopiert werden.

Sie dürfen die Dokumente nicht für öffentliche oder kommerzielle
Zwecke vervielfältigen, öffentlich ausstellen, öffentlich zugänglich
machen, vertreiben oder anderweitig nutzen.

Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen
(insbesondere CC-Lizenzen) zur Verfügung gestellt haben sollten,
gelten abweichend von diesen Nutzungsbedingungen die in der dort
genannten Lizenz gewährten Nutzungsrechte.

Terms of use:

Documents in EconStor may be saved and copied for your personal
and scholarly purposes.

You are not to copy documents for public or commercial purposes, to
exhibit the documents publicly, to make them publicly available on the
internet, or to distribute or otherwise use the documents in public.

If the documents have been made available under an Open Content
Licence (especially Creative Commons Licences), you may exercise
further usage rights as specified in the indicated licence.

  https://creativecommons.org/licenses/by-nc-nd/4.0/

https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://doi.org/10.1016/j.egyr.2019.10.044%0A
https://hdl.handle.net/10419/244005
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/


Energy Reports 6 (2020) 37–45

Contents lists available at ScienceDirect

Energy Reports

journal homepage: www.elsevier.com/locate/egyr

Review article

Luminescent Copper(I) complexes as promisingmaterials for the next
generation of energy-saving OLED devices
Leandro P. Ravaro, Kassio P.S. Zanoni, Andrea S.S. de Camargo ∗

Laboratory of Spectroscopy of Functional Materials, São Carlos Institute of Physics, University of São Paulo, PO Box 369, 13560-970 São Carlos,
SP, Brazil

a r t i c l e i n f o

Article history:
Received 30 June 2019
Received in revised form 13 October 2019
Accepted 30 October 2019
Available online 11 November 2019

Keywords:
Light emitting devices
OLED
TADF
Cu(I) complexes

a b s t r a c t

The increasing demand for electrical energy by a longer living and increasing population justifies the
search for new, more efficient lighting systems. In this context, organo-metallic compounds have been
largely investigated as efficient materials for organic light emitting diodes (OLEDs). Special interest has
been demonstrated for neutral copper(I) complexes due to their high emission quantum efficiency and
fast photoluminescence response time. In particular, Cu(I) complexes that present thermally activated
delayed fluorescence (TADF) are one of the most promising materials for the next generation of
lighting devices. In this work, we present an overview of the development of OLEDs, by comparing the
mechanisms and efficiencies of different complexes and discussing the reasons why Cu(I) complexes
have potential to be one of the most efficient alternatives for energy saving in lighting.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The consumption of electric energy has been increasing due
to the increase in world population and the consequent higher
demand for modern electronic and lighting devices. This way,
awareness has been raised to the need of alternative ways to
reduce energy consumption by developing more efficient light
emitting alternatives. For example, the luminous efficiency for
conventional light bulbs is ∼16 lm/W and for fluorescent lamps
it is 70 lm/W, whereas lamps based on light-emitting diodes
(LEDs) can reach up to 300 lm/W (Khanna, 2014). Therefore, LED
devices have been progressively replacing old lighting technolo-
gies. Energy (2008), MacIsaac et al. (1999), Mottier (2009) and
Trifunovic et al. (2009). A state of the art LED is usually based

∗ Corresponding author.
E-mail address: andreasc@ifsc.usp.br (A.S.S. de Camargo).

on inorganic III-nitride semiconductors such as GaN and GaAs in
which light is generated from a central point (Li et al., 2018).
Organic light-emitting diodes (OLEDs) are also efficient emitting
systems, however in their case light is generated planarly (Evans
et al., 2006; Fyfe, 2009; Krasnov, 2003; Lee et al., 2017; Minaev
et al., 2014a; Xiao et al., 2011) from an emissive layer composed
essentially by an organic material (undoped or doped).

In this work, we present an overview of the development of
OLED devices, in particular those based on Cu(I) complexes, which
show potential to be one of the most efficient alternatives for
energy saving in lighting. A review of the literature is presented
and work developed at our workgroup at the São Carlos Institute
of Physics, University of São Paulo, during the last five years, is
also discussed in light of possible applications.
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2352-4847/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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2. Fundamentals of OLEDs

The electroluminescence of organic compounds was observed
for the first time in 1953 when a high voltage was applied to
acridine orange (Bernanose and Vouaux, 1953). The first OLED
device was built in 1987, after 3 decades of studies and devel-
opments (Tang and VanSlyke, 1987). The construction of a device
in a layered structure decreased the operating voltage, making its
commercial distribution viable. OLEDs have the advantages of be-
ing flexible, not warming up like conventional lamps, being able
to display tunable colors and brightness, and not containing toxic
metals. They have been progressively used in the manufacturing
of last generation displays, smartphones, lighting ceilings and TV
screens with higher contrast, brightness, lightweight and lower
power consumption when compared to older technologies such
as LCD (Zanoni et al., 2015).

2.1. Architecture of OLED assemblies

The architecture of an OLED consists of a layer-by-layer stack
of thin films, sequentially deposited in high vacuum or via wet-
deposition techniques. To that end, among the most common thin
film deposition methods are vacuum-assisted thermal evapora-
tion, plasma-assisted evaporation (R.F. magnetron sputtering) and
spin-coating.

In the simplest device, monolayer configuration, the emissive
layer (EML) is sandwiched between two injection electrodes. In
this configuration, low quantum emission efficiency is observed
due to the large disparity between holes and electron trans-
port mobility for most organic materials. This causes random
electron–hole recombination in the emissive layer, concentrating
the formation of excitons near the interface of the electrodes with
efficiency losses (see Fig. 1; and Section 2.2 for more informa-
tion about the working mechanism). This problem can be mini-
mized by using a multi-layer configuration of organic compounds
with specific charge transport properties, so the electron–hole
recombination region becomes more ordered within the emissive
layer, and distant from the electrodes. In these more-complex
devices, the active EML is positioned in between p- and n-type
organic/inorganic semiconductor buffer layers that minimize the
energy barrier for charge passage and selectively transport one
sort of charge carrier while blocking the opposite charge carrier.
These layers are usually referred to as HTL (hole transport layer)
and ETL (electron transfer layer). Both, mono- and multiple layers
architectures can be built on various types of substrates, including
flexible ones that add to modern design flexibility.

2.2. Operating principle

When an external voltage is applied between the electrodes,
holes are injected through the anode and electrons are injected
through the cathode. The holes are transported through the HTL
to reach the EML and fill the highest occupied molecular orbital
(HOMO). On the other hand, electrons percolate through the ETL
to fill the lowest unoccupied molecular orbital (LUMO) in the
EML.

The injected electrons and holes then migrate within the emis-
sive layer until they are very close to each other in a region
known as ‘‘recombination zone’’. As the electron approaches the
hole, Coulomb interaction between them becomes effective until
the separation between electron and hole fall below a critical
value where both particles can be considered to form a bound
state called exciton (the wave functions of both particles start to
overlap when the electron approaches the hole within a radius of
about 15 Å). According to exciton statistics (Penfold et al., 2018;
Yang et al., 2017), electrons and holes can form four different

Fig. 1. Structure of OLED emitting devices. Left: in the monolayer configuration
the electron–hole recombination occurs in different regions in the emissive layer,
and the greatest loss of quantum efficiency is due to recombination near the
electrodes. Right: in a more complex configuration, the electronic mobility is
balanced by HTLs and ETLs directing the recombination of respective charge
carriers to the center of the EML.

exciton states, one singlet and three triplet in a ratio of 1:3.
All four states are nearly degenerate, hence an even population
of all states is expected. The spins of the produced excitons
remain unchanged until they fill the excited states of the emitting
molecule, which follows multiplicity rule: singlet excitons can
only populate singlet molecular states and triplet excitons only
populate triplet molecular states. Consequently, 75% of the emit-
ting molecules will be in their lowest-lying triplet excited state
(T1) while only 25% of the molecules will be in their lowest-lying
singlet excited state (S1).

For most purely organic fluorescent emitters, light is pro-
duced via fluorescence, i.e. a rapid radiative decay from S1 to
the ground state S0 (part of the energy of S1 is also lost by non-
radiative decay). Intersystem crossings (ISC) from S1 to T1 is a
spin-forbidden process (due to the absence of effective spin–orbit
coupling — SOC) and the rate for such a process is signifi-
cantly slower (milliseconds) than the faster fluorescence (pico- to
nanoseconds). Consequently, in OLEDs based on fluorescent com-
pounds, ISC is neglected (see Fig. 2) and all of the triplet excitons
decay non-radiatively, therefore most of the energy produced in
the electron–hole recombination (at least 75%) is lost and the
maximum internal quantum efficiency is limited to a maximum
of 25% (Minaev et al., 2014a). The above description applies to the
emitters in the first generation of OLEDs.

The development of other compounds capable of converting
the energy from triplet states into phosphorescence emission
has been under intense investigation. Most strategies rely on in-
creasing spin–orbit coupling (SOC), which in turn can drastically
increase the rates of ISC, becoming quicker than the S1 → S0
fluorescence (Hedley et al., 2008; Hsu et al., 2011; Tschierlei et al.,
2014; Yersin and Donges, 2001). Under high SOC conditions and
a 103 cm−1 separation between S1 and T1 states, emission from
the singlet state will not be observed as practically all singlet
energy will be transferred to T1 before fluorescence can occur.
This mechanism where all excitons are collected by T1 is called
triplet harvesting. SOC also adds significant allowance to the oth-
erwise spin-forbidden phosphorescence from T1 to S0, with decay
times of nano- to microseconds (Cheng et al., 2013; Hofbeck
and Yersin, 2010; Rausch et al., 2009; Wang et al., 2014; Yersin
et al., 2011). As a consequence, OLEDs utilizing SOC-induced
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Fig. 2. Simplified emission mechanism for three different types of emitting materials in OLEDs. Left: first generation; middle: second generation; right: third generation.

phosphorescent emitters can reach theoretical efficiencies of al-
most 100%. As an example, transition-metal compounds usually
have a central metal atom with intrinsic significant SOC. For the
usage of these complexes in OLEDs, they are usually doped into
an organic semiconductor host where the excitons are generated
and posteriorly transferred to the phosphorescent guest complex
molecules. This arrangement corresponds to the second gener-
ation of OLEDs. In these devices, Ir(III) and Pt(II) coordination
compounds are the most efficient emitters for green and red
light (Cheng et al., 2013; Wang et al., 2014); however, obtaining
suitable blue emitters through this methodology remains a chal-
lenge. To supplement commercial demand for blue light emitting
displays, the less efficient 1st generation fluorescent emitters are
still used in OLEDs. For portable electronics this is a problem as
the blue OLED consumes much more power and reduces battery
lifetime.

The third generation OLEDs are composed of fluorescent emit-
ting materials that exhibit thermally activated delayed fluores-
cence (TADF) due to a reverse intersystem crossing (RISC) mech-
anism between T1 and S1, also with theoretical efficiencies reach-
ing 100%. In a TADF emitter, the energy difference between S1 and
T1 levels is much smaller (∆EST ≤ 100 meV) than in typical or-
ganic molecules so these states are strongly coupled even at room
temperature, favoring thermal re-population of the singlet from
the triplet state reservoir (Parker and Hatchard, 1961). RISC is a
slow process and the S1-fluorescence arising from the excitons
coming from the triplet state occurs much slower than the fluo-
rescence from the excitons created directly in the S1 state; for this
reason, the process is also referred to as ‘‘delayed fluorescence’’.
This is only a simplified description of the TADF mechanism and
more detailed information can be found elsewhere (Penfold et al.,
2018; Yang et al., 2017). The phenomenon was first reported in
1929 (Delorme et al., 1929) and its studies continued intensively
for 4 decades (Lewis et al., 1941; Parker and Hatchard, 1961)
with impacts to these days, as third generation OLEDs are under
intensive development. Since the first efficient OLED based on
TADF was built in 2012 (Uoyama et al., 2012), several groups have
been investigating new systems capable of supplying current and
future commercial demand. In special, they are very promising
for blue light generation.

2.3. Internal emission quantum yield

Besides the inherent characteristic of the EML material, the en-
ergy efficiency of an OLED depends on the design of the deposited

layers. For the evaluation of the light generation efficiency, the
internal emission quantum yield η (Brütting et al., 2013; Yu et al.,
2015) corresponds to the probability with which a photon is
generated by an exciton in the emissive layer.

η = β(φPL)γ (1)

In Eq. (1), the spin–statistics factor described in Section 2.2
is represented by β , which depends on the emitting material
class. As previously introduced, conventional fluorescent emitters
possess β = 0.25 whereas phosphorescent and TADF emitters
have a four times larger value, with β = 1 (Baldo et al., 1998;
Yersin et al., 2013; Yersin and Finkenzeller, 2008). The photolu-
minescence quantum yield of the emissive compound is given by
ΦPL, which can be expressed as the ratio between the radiative
rate and the sum of radiative and non-radiative rates (Zanoni
et al., 2015, 2014). Finally, γ represents the charge-balance factor
which describes the ratio between the injected charge carriers
(electrons/holes) and the produced excitons (Yu et al., 2015). A
charge-balance factor smaller than 1 indicates that there is an
excess of charge carriers accumulating in the device which then
cannot contribute to the generation of light. Thus, the charge
balance factor is strongly dependent on the design of the OLED
layer stack but not on the emitter material itself.

3. Copper(I) complexes

Cu(I) complexes are gaining prominence as new emitting ma-
terials with TADF properties and thus satisfactorily complement-
ing the third generation class of OLEDs (Bizzarri et al., 2018;
Czerwieniec et al., 2011, 2013; Hamze et al., 2019; Hashimoto
et al., 2011; Leitl et al., 2013; Linfoot et al., 2014; Liu et al.,
2014; Ma et al., 1999; Volz et al., 2014; Wallesch et al., 2014;
Zink et al., 2013). They present lower processability costs and
are less prone to self-quenching effects when compared to other
noble metal (Au, Pt, Ir) compounds, leading to high emission ef-
ficiencies (Kawamura et al., 2005; Murawski et al., 2013; Reineke
and Baldo, 2012) (Czerwieniec et al., 2013; Leitl et al., 2013;
Wallesch et al., 2014; Yersin et al., 2013), and allowing the con-
struction of low-cost OLED devices with high-brightness (Chen
et al., 2013; Wallesch et al., 2014; Wei et al., 2014). Several papers
have been recently published reporting high (above 90%) photo-
luminescence quantum yields of blue-emitting Cu(I) complexes
(Bergmann et al., 2016; Bizzarri et al., 2018; Czerwieniec et al.,
2011; Hamze et al., 2019; Krylova et al., 2014; Leitl et al., 2014,
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Table 1
Some examples of Cu(I) complexes with potential application in OLEDs. (λem/nm)
Emission at room temperature (λem/nm), lifetime (τ/—s) and PL quantum yield
(ΦPL).
Copper (I) complex λem (nm) τ (µs) ΦPL Reference

[CuI(PCy3)]2 488 3.8 0.43 Neshat et al. (2018)

[CuI(PPh2Me)]4 544 1.9 0.25 Neshat et al. (2018)

Cu4I4(PPh2py)2 521 2.1 0.23 Neshat et al. (2018)

CAACmen-CuCz 474 2.8 1.0 Hamze et al. (2019)

CAACmen-Cu(CN2Cz) 426 240 0.82 Hamze et al. (2019)

CAACmen-Cu(OMe2Cz) 518 2.3 1.0 Hamze et al. (2019)

CAACmen-Cu(NPh2) 532 2.6 0.78 Hamze et al. (2019)

[DtBCzDBFDP]2Cu4I4 480 – 0.65 Xie et al. (2019)

[DCzDBFDP]2Cu4I4 491 – 0.46 Xie et al. (2019)

CAAC = Cyclic(alkyl)(amino)carbene; MeCz = 1,8-dimethyl-9-H-carbozole;
NPh2 = diphenyllamide; Cz = Carbozole; CzCN = 3,5-dicyano-9-H-carbozole;
CzOMe = 3,5-dimethoxy-9-H-carbozole.

2013; Neshat et al., 2018; Schinabeck et al., 2019; Wallesch et al.,
2014; Xie et al., 2019; Zink et al., 2013).

Cu(I) halide complexes, CuX (X = F, Cl, Br or I), are com-
monly used for the synthesis of organometallic complexes, in
particular Cu(I) iodide (CuI) because of its good chemical sta-
bility in oxidizing atmospheres and high quantum efficiency
(Ford et al., 1999). The iodide ion (I−) can coordinate with four
Cu(I) atoms. When this coordination number is decreased to
two atoms, interactions between adjacent Cu(I) atoms can occur
leading to formation of cluster salts, (CuI)n, making it possible
to add additional binders (L = Lewis base nitrogenous organic).
This allows various complex geometries with slightly different
structurally driven emissive properties. These different molecu-
lar arrangements can range from mononuclear systems CuI(L)3,
rhombohedral dimers of (CuI)2L4, tetramers cubes of (CuI)4L4 to
the {[(Cu2I2)L2(Cu4I4)](CH2Cl2)(CH3CN)}n polymer with ‘‘zig-zag’’
structure in steps format (Hardt and Pierre, 1977). By molecular
engineering, changes in the L ligands can lead to emission color
tuning in the whole UV/Vis spectral range, being a very strategi-
cal strategy from the technological point of view. Furthermore,
through theoretical studies by computational simulations, it is
possible to predict and construct molecular structures with de-
sired properties for various applications. To cite a few, Cu(I) can
be used as catalysts (Feldman and Fraile, 2016; Zhan et al., 2017;
Zhao and Montgomery, 2016), biomarkers (Fazaeli et al., 2016;
Gai et al., 2016; Ma et al., 2013), gas sensors (Guangying and Jun,
2016; Lane et al., 2014; Smith et al., 2010; Wang et al., 2017),
vapochromic sensors (Bailey and Hupp, 2002; Bencini et al., 2009;
Kui et al., 2006; Ohara et al., 2017), solvatochromic sensors (Dias
et al., 2003; Yam et al., 2002) and, in particular, third generation
OLEDs (Dumur, 2015; Volz et al., 2012; Yersin and Finkenzeller,
2008; Zhang et al., 2017).

Indeed, Cu(I) complexes have been gaining increasing atten-
tion since the last decade due to the possibility of obtaining highly
efficient OLED devices with emission ranging from red to blue,
at fairly low cost. To exemplify their interesting photophysical
properties, Table 1 presents emission wavelength, lifetime and
quantum yields of neutral Cu(I) complexes, promising for OLED,
reported in the last two years.

In our research group, the design, synthesis and photophysical
properties of mono-, di- and tetra-nuclear copper(I) complexes
have been studied for the past five years. The understanding of
such properties is important for future applications, including
OLEDs. For the emissive mononuclear complex CuI(PPh3)(L) (1,L
= 4,4-dimethoxy-2,2-bipyridine), with red emission at 705 nm,
structural changes and rigidochromism were investigated upon
cooling and incorporation of the guest complex molecules in

Fig. 3. Normalized PL spectra (λexc = 420 nm) for powders of 1 = CuI(PPh3)(L)
(red curve) and 1-ACN (black curve) at room temperature. Detail: photography
of the orange (right) and yellow (left) compounds. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

mesoporous silica sol gel host matrices (Ravaro et al., 2018). After
recrystallization from acetonitrile, the originally orange complex
changes color to yellow while its broad emission spectrum is
blue-shifted. This process is reversible when the yellow form
is recrystallized from dichloromethane. It was found that the
yellow compound has acetonitrile molecules in its crystalline
structure interacting with the 4,4-dimethoxy-2,2-bipyridine and
triphenylphosphine ligands. Fig. 3 shows the PL spectra for this
mononuclear complex before and after being recrystallized from
acetonitrile. As exhibited in Fig. 4, these changes are a conse-
quence of structural rearrangements of the complex’s molecular
packaging (2D visualization).

Luminescent homoleptic dinuclear copper(I) complexes bear
three PˆN ligands in the ligand sphere (Zink et al. 2013b) (which
could allow for emission color tuning of the complexes by chang-
ing the electronic characteristics of the ligands). For the din-
uclear Cu(I) complex Cu2I2(PyrPhos)(PPh3)2, where (PyrPhos =

Diphenyl-2 pyridylphosphine and PPh3 = triphenylphosphine), a
maximum emission is observed at 520 nm (see Fig. 5), with a
lifetime of τ = 2.75 —s (λexc = 350 nm) and PL quantum yields
of ΦPL = 0.86. This complex is currently in the stage of device
testing for high-performance OLED device.

Xie et al. reported the first sky blue OLED based on Cu(I)
clusters or tetranuclear complexes (Xie et al., 2019). Polynuclear
Cu(I) clusters and polymers show two distinct types of emission
bands, whose intensities and frequencies display marked sensitiv-
ity and temperature dependence. For example, Fig. 6 shows the
PL spectrum for the Cu4I4py4 complex at low temperature (77 K)
and room temperature under different excitations. The Cu4I4py4
cluster exhibits a high-energy (HE) luminescence in the blue
wavelength region, ascribed to a halide-to-ligand charge transfer
(XLCT) excited state, and a low-energy (LE) emission near 690 nm,
which has been assigned to a (CuI)4 cluster centered (CC) transi-
tion, with influences from halide-to-metal charge transfer (XMCT)
and metal-centered 3d→ 4s, 4p transitions). Consistent with this
assignment, the HE transitions are found to respond sensitively
to the electron-accepting character of the ligand, whereas the LE
transitions are largely insensitive to these effects. However, the
LE counterpart experiences remarkable thermochromism (Ford
et al., 1999; Hardt and Pierre, 1977) and rigidochromism (Tran
et al., 1997) due to significant nuclear rearrangements occurring
in the triplet excited states associated with the CC transition, as
rationalized on the basis of DFT calculations of ground state and
excited-state geometries (De Angelis et al., 2006). In Fig. 6, it can
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Fig. 4. 2D visualization of the molecular packaging for compound 1-ACN (left) and 1 (right). The atoms Cu, N, P, O, I, C are represented by the orange, blue, yellow,
red, violet and gray colors, respectively. Hydrogen atoms were left out for better visualization of the molecular packaging. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. (a) PL spectrum (λexc = 400 nm) for the dinuclear copper(I) complex Cu2I2(PyrPhos)(PPh3)2 . 2D visualization for (b) structural and (c) molecular packaging.

be seen that when the temperature decreases to 77 K, the HE
emission becomes more intense than the LE emission (Ravaro
et al., 2016). It is notable that owing to distortions along different
trajectories, the two emitting states are poorly coupled, even at
room temperature, and hence display different excited state life-
time values. Besides the strong thermochromic and rigidochromic
effects observed for these molecules, their non-centrosymmetric
character and the large molecular polarizabilities give rise to
strong non-linear optical effects, such as optical limiting owing
to the activation of two-photon excitation (Zhang et al., 2000).

Fig. 7 exhibits the emission spectra of seven other Cu4I4L4 clus-
ters with different ligands (L): Cu4I4(PPh3)4 (1), Cu4I4(PPh2CH3)4
(2), Cu4I4(PPh2Cl)4 (3), Cu4I4(PPh3(CH3)3)4 (4), Cu4I4(4-Phpy)4 (5),
Cu4I4(4-pic)4 (6), Cu4I4(py)4 (7). The chemical structures of the
respective ligands are exhibited in Fig. 8. Table 2 summarizes the
maximum excitation and emission for the tetranuclear copper(I)
complexes.

Note that, at room temperature, the photophysical properties
of these tetranuclear complexes are exclusively related to the
electronic transitions of the cluster-centered excited state 3CC (LE
emission), therefore the emission should not be dependent on
the electronic nature of the ligand (Cariati et al., 2016). Then,
the shifts observed in emission energy can be rationalized by
different distortions of the crystal packing caused by the size,
geometry, polarity and steric effects of the ligands.

Fig. 6. PL spectra (λexc = 310, 330 e 365 nm) at 77 K and 298 K (λexc = 365 nm)
for Cu4I4py4 powder sample.

For example, the Cu4I4L4 cluster with the L1 ligand can be
obtained both in the monoclinic or cubic forms from recrys-
tallization of chloroform or toluene solutions, respectively. The
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Fig. 7. PL spectra for tetranuclear copper (I) complexes from 1 to 7. Cu4I4(PPh3)4 (1), Cu4I4(PPh2CH3)4 (2), Cu4I4(PPh2Cl)4 (3), Cu4I4(PPh3(CH3)3)4 (4), Cu4I4(4-Phpy)4
(5), Cu4I4(4-pic)4 (6), Cu4I4(py)4 (7). Detail: powder samples under UV/Vis light lamp.

Fig. 8. Binders used to obtain the tetranuclear copper(I) complexes. L =

PPh3(L1), PPh2CH3(L2), PPh2Cl(L3), m-tolyl (L4), 4-pyPh (L"-5), 4-pic (L6)
and py (L7) and (PPh3) = triphenylphosphine, (PyrPHOS) = Diphenyl-2-
pyridylphosphine, (PY) = pyridine, (PPh2CH3) = methyldiphenylphosphine,
(PPh2Cl) = chlorodiphenylphosphine, (m-tolyl) = tri(m-tolyl)phosphine, (4-pic)
= 4-methylpyridine and (4-pyPh) = 4-phenylpyridine.

Table 2
Maximum emission and excitation values obtained from PL and PLE spectra for
tetranuclear halide copper (I) complexes at room temperature.
Copper (I) complex λexc (nm) Emission (nm) Number

Cu4I4(PPh3)4 357 548 1

Cu4I4(PPh2CH3)4 355 578 2

Cu4I4(PPh2Cl)4 392 748 3

Cu4I4(PPh3(CH3)3)4 365 576 4

Cu4I4(4-Phpy)4 370 484 5

Cu4I4(4-pic)4 363 440 6

Cu4I4(py)4 365 580 7

more-distorted monoclinic form has a maximum emission at
548 nm, while the more-isometric cubic form has a maximum
emission at 520 nm (Kitagawa et al., 2010). Ligand L1 (P-donor
ligand) has only phenyl groups attached to the P atom. Changing
one phenyl group to other smaller groups, e.g. R = CH3 (L2) or
Cl (L3), shifts the emission spectrum of the copper(I) complex
to the red, with a more prominent redshift to the less sterically
hindered substituent (–Cl) in ligand L3 due to a lower molecular
distortion of the complex. L4 (also a P-donor ligand) is larger
than L1, however the electron donating –CH3 substituents on the
phenyl rings promote changes in polarity that affect the crystal

packing and ultimately shifts the emission spectrum to lower
energies when compared to L1. N-donor ligands usually follow the
same rational for ligand sizes, with complexes formed by larger
ligands leading to broader blue-shifts in the emission spectra, as
exemplified from comparing L5 to L7. For L6, however, the –CH3
substituent leads to additional changes in crystal packing that
ultimately results in a blue-shifted emission energy.

The tetranuclear copper (I) complexes presented here (1–7)
do not exhibit TADF properties. However, Xie and colleagues (Xie
et al., 2019) have recently reported a new class of tetranuclear
complexes with such property. According to the authors, in this
case the S1 and T1 excited states of [DCzDBFDP]2Cu4I4 are re-
markably reduced from 0.16 eV to 0.07 eV, improving thermally
activated delayed fluorescence (TADF). Therefore, the continued
study of promising new tetranuclear Cu(I) complexes seems a
worthwhile effort.

4. Conclusions and perspectives

The design, synthesis and characterization of new architec-
tures for copper(I) complexes has contributed to the identifi-
cation and understanding of emission mechanisms leading to
high quantum efficiency values, required in electroluminescent
devices such as OLEDs. Particularly, the TADF Fluorescence mech-
anism is observed in some Cu(I) complexes and results in high
fluorescence quantum efficiency (∼100%). Based on that, Cu(I)
complexes promise to be one of the main promising players in
supplying the commercial demand for more efficient emitters
(mainly in the blue) in the coming next years, contributing to
the reduction of global energy consumption. The advantages of
these copper(I) complexes are directly related to their low cost,
the absence of emission self-quenching and, above all, the low
energy consumption. Work in progress at our research group
aims at developing new Cu(I) complex molecules that will meet
the specific needs of next generation OLEDs.

The next challenges in the field will be to elucidate the internal
charge transfer processes of the inorganic nucleus (CuI)n as a
function of ligand types and crystal packing to identify structural-
optical properties relations that could lead to the desired molec-
ular engineering of new compounds with specific properties. In
this context, an integrated structural (e.g. via XRD and NMR
solid state spectroscopy) and electronic characterization (e.g. via
photophysical measurements and theoretical calculations) will be
very important to correlate such effects and contribute to develop
new and more appropriate ligands.
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