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TADF: Enabling luminescent copper(l) coordination
compounds for light-emitting electrochemical cells

The last decade has seen a surge of interest in the emissive
behaviour of copper(l) coordination compounds. One

of the most exciting features of copper() coordination
compounds is their ability to exhibit thermally activated
delayed fluorescence (TADF). In this review, we detail recent
developments in the field of copper-based ionic transition
metal complexes (Cu-iTMCs) for use in light-emitting
electrochemical cells (LECs) and illustrate the significant
contributions that our own research has made to the area.
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The last decade has seen a surge of interest in the emissive behaviour of copper() coordination
compounds, both neutral compounds that may have applications in organic light-emitting doides
(OLEDs) and copper-based ionic transition metal complexes (Cu-iTMCs) with potential use in light-
emitting electrochemical cells (LECs). One of the most exciting features of copper() coordination
compounds is their possibility to exhibit thermally activated delayed fluorescence (TADF) in which the
energy separation of the excited singlet (S;) and excited triplet (Ty) states is very small, permitting
intersystem crossing (ISC) and reverse intersystem crossing (RISC) to occur at room temperature without
the requirement for the large spin—orbit coupling inferred by the presence of a heavy metal such as iridium.
In this review, we focus mainly in Cu-iTMCs, and illustrate how the field of luminescent compounds and
those exhibiting TADF has developed. Copper() coordination compounds that class as Cu-iTMCs include
those containing four-coordinate [Cu(PAP)(NAN)™ (PAP = large-bite angle bisphosphane, and NAN is typically
a diimine), [Cu(P)2(NAN)I* (P = monodentate phosphane ligand), [Cu(P)(tripodal-Nz)l*, [Cu(P)(NAN)IN)I* (N =
monodentate N-donor ligand), [Cu(PAP)NAS)I* (NAS = chelating N,S-donor ligand), [Cu(PAP)(PAS)* (PAS =
chelating P,S-donor ligand), [Cu(PAP)YNHC)* (NHC = N-heterocyclic carbene) coordination domains,
dinuclear complexes with PAP and NAN ligands, three-coordinate [Cu(NAN)INHC)I* and two-coordinate
[CuN)(NHO)I* complexes. We pay particular attention to solid-state structural features, e.g. m-stacking
interactions and other inter-ligand interactions, which may impact on photoluminescence quantum yields.
Where emissive Cu-iTMCs have been tested in LECs, we detail the device architectures, and this emphasizes
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Introduction
Lighting: the 21st century CE landscape

In 2015, the United Nations Member States adopted the 2030
Agenda for Sustainable Development with 17 sustainable develop-
ment goals (SDGs) identified." The SDGs address all aspects of life
on our planet and SDG 7 is concerned with the generation of
clean and sustainable energy and the establishment of efficient
technologies for energy consumption. A major user of the world’s
energy is lighting, which accounts for 15% of the energy consump-
tion and 5% of the produced greenhouse gases.” Long-established
lighting technologies such as the incandescent lamp are extremely
inefficient and more efficient devices such as fluorescent tubes have
unsustainable and ecologically harmful materials demands. Within
Europe, efficient solid-state lighting devices such as light-emitting
diodes (LEDs) and organic light-emitting diodes (OLEDs) have
essentially replaced the earlier technologies.’
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4058-Basel, Switzerland. E-mail: catherine. housecroft@unibas.ch
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The light-emitting electrochemical cell (LEC)

LEDs and OLEDs are relatively complex multicomponent or
multilayer devices (Fig. 1a), usually fabricated in expensive
facilities operating at high temperatures and low pressures,
and using potentially explosive and toxic materials. An alter-
native technology is to be found in the light-emitting electro-
chemical cell (LEC) which is phenomenologically related to the
OLED, and which began to be seriously considered as a viable
technology in the mid-1990s. Although LECs bear some rela-
tionship to OLEDs, they also exhibit important differences
including a simpler device architecture (Fig. 1b), the possibility
of routinely using low temperature solution-based fabrication
techniques, and less restricted cathode materials allowing
manufacture under ambient conditions.*™®

One fundamental distinction between OLEDs and LECs is
the nature of the active (emissive) material: in an OLED this is
typically a neutral species, whereas in a LEC, it is charged.
However, the use of ionic transition metal complexes (iTMCs)
in OLEDs is not excluded.®'° Early LECs included luminescent
polymers containing ionic salts."* The first LEC in which an

This journal is © The Royal Society of Chemistry 2022


http://orcid.org/0000-0002-8074-0089
http://orcid.org/0000-0003-4916-4041
http://crossmark.crossref.org/dialog/?doi=10.1039/d1tc04028f&domain=pdf&date_stamp=2021-10-16
http://rsc.li/materials-c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tc04028f
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC010012

Open Access Article. Published on 12 October 2021. Downloaded on 12/6/2025 6:08:37 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

H

Electron injection layer

Electroluminophore : IL

Hole transport layer

| Hole injection layer
Substrate / ITO anode

(a)

Electroluminophore : IL
| PEDOT : PSS
Substrate / ITO anode

Fig. 1 (a) Schematic representation of the layers in a typcial OLED; the
cathode must consist of a metal with a low work function. (b) A working
LEC (right) and a schematic illustration of a typical double-layer LEC. (ITO
= indium tin oxide; PEDOT:PSS = poly(3,4-ethylenedioxythiophene):
polystyrenesulfonate; IL = ionic liquid). Metals such as Ag or Au may
replace Al as the cathode. In a single-layer LEC, the PEDOT:PSS hole
injection layer is absent. In both devices, the substrate is usually glass.
(Photo credit: Dr Collin Morris, University of Basel.).

iTMC was used as the emissive species was reported in 1996 and
contained a [Ru(bpy);]**-based material (bpy = 2,2"-bipyridine)."?
However, the low stability of Ru-iITMC-containing LECs under
operating conditions and the fact that the emission colour is
invariably orange-red, limit the potential applications of such
devices. The next family of iTMCs to be developed contained
iridium(m) coordination compounds, in particular [Tr(C N),(N~N)]"
complexes where C"N is a cyclometallated chelating ligand and
N”N is a diimine or related chelating ligand. Advantages of
iridium(m) over ruthenium(u) complexes lie in device stability and
the ease of colour tuning the emission maxima.*"*™7 A dis-
advantage of iridium, however, is its low earth-abundance (ca.
3 x 107° ppm)."® With an earth’s crustal abundance of ca.
50 ppm,*® copper is an attractive alternative to iridium, and a
wide variety of copper(1) coordination compounds has been
designed for applications as electroluminescent materials in
both OLEDs and LECs.

Why choose copper(1)?

The seminal work of McMillin and coworkers in the late 1970s
and early 1980s laid the foundation for the development of
copper(i) coordination compounds in LECs. In 1978, Buckner
and McMillin reported that excitation into the metal-to-ligand
charge transfer (MLCT) bands of the heteroleptic complexes
[Cu(PPhs),(bpy)]" and [Cu(dpe)(bpy)]" (dpe = (E)-bis(1,2-diphenyl-
phosphano)ethene) led to photoluminescence (PL) originating
from low-lying charge transfer excited states."® This was followed
by a series of investigations which demonstrated the emission
behaviours of heteroleptic [Cu(P*P)(N*N)]" and [Cu(PPhs),(N"N)]"
and homoleptic [Cu(N*N),]" complexes in which P*P is a chelating
bis(phosphane) and N*N is a bpy or phen-based ligand (phen =
1,10-phenanthroline).>*>® Of particular importance is the fact
that [Cu(2,9-R,phen),]" (2,9-R,phen = 2,9-disubstituted-1,10-
phenanthroline) were found to exhibit a long-lived emission
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in solution at room temperature.”® The photophysical properties of
copper(1) complexes have been reviewed in detail,”” > and we
highlight several salient points that are especially relevant to the
design of emissive materials for applications in LECs.

Copper(l) has a d'° configuration and four-coordinate
copper(i) complexes are tetrahedral or distorted tetrahedral.
Upon excitation, the metal centre is formally oxidized with a
concomitant flattening of the coordination geometry towards
the square-planar environment favoured by copper(u). In the
excited state, unless sufficiently protected by sterically demanding
ligand-substituents, the Cu centre may be exposed to attack by
nucleophiles including solvent molecules to give a five-coordinate
exciplex. Steric hindrance resulting from the introduction of
substituents into the 2,9-positions of phen in [Cu(phen),]’
derivatives has a profound effect on the PL properties of the
compounds.””*° Tuning of the emission behaviour can also be
achieved through other substituent effects,*" providing tremen-
dous scope for ligand design. Upon going from homoleptic
[Cu(N~N),]" to heteroleptic [Cu(P"P)(N"N)]" complexes, emis-
sion behaviour is enhanced. This is a consequence of the
reduced flexibility of the [Cu(P*P)(N*N)]" coordination sphere
which leads to a decrease in the non-radiative deactivation
suffered by [Cu(N*N),]" coordination compounds.** However,
the solution PL of [Cu(P*P)(N~N)]" species is highly dependent
upon solvent and the presence of O,. An increase in photo-
luminescence quantum yield (PLQY) upon removal of O, from a
solution of a salt of [Cu(P*P)(N*N)]" is a consequence of the
suppression of exciplex quenching. The design of [Cu(P"P)(N"N)]"
and related emitters should, therefore, address appropriate
steric shielding of the copper centre as we illustrate throughout
this review.

Efficient emitters are essential for applications in LECs. In
iTMC-LECs containing iridium(ur) complexes, the large spin-
orbit coupling (SOC) of the third-row d-block metal leads to
mixing of triplet and singlet states. After photoexcitation of an
Ir-iTMC, fast intersystem crossing (ISC) from singlet to triplet
excited states leads almost exclusively to spin-forbidden phos-
phorescence from the lowest triplet state (T) to the ground-
state So."® Since copper is in the first row of the d-block, SOC is
small, and the mechansim described for Ir-iTMCs does not
appertain. However, one of the most exciting prospects for
copper(i) coordination compounds is their potential to exhibit
thermally activated delayed fluorescence (TADF) in which the S;
and T; excited states lie close in energy, permitting ISC (and
reverse intersystem crossing, RISC) to occur without the
requirement for a heavy metal.**73¢

We should also note that in four-coordinate [Cu(P*P)(N~N)]"
complexes, the HOMO is typically largely located on the copper
centre with some contribution from the phosphorus atoms,
while the LUMO is localized on the N~N ligand.’” As in
octahedral cyclometallated [Ir(ppy)(bpy)]" (Hppy = 2-phenyl-
pyridine) derivatives,'® this spatial separation of the HOMO
and LUMO character should allow for colour tuning of the
emissions of heteroleptic copper(i) complexes. However, in
practice, as we shall see later, this is less straightforward for
copper(1) than for iridium(m).
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Thermally activated delayed fluorescence

Although it has been brought to the fore in respect of hetero-
leptic copper(1) coordination compounds over the last decade,
the phenomenon of TADF has been known (although not
originally by this acronym) since the 1960s.*® In compounds
that display TADF, the energy gap between the singlet and
triplet excited states, AEgr,T is small (typically ca. 0.12 eV or
1000 cm ™ *).*® After photoexcitation (S, — S;), ISC occurs and
creates a triplet reservoir, the lifetime of which is long enough
to allow reverse intersystem crossing, RISC, (T; — S;) to occur.
Repopulation of the singlet state leads to fluorescence (S; — S),
and the TADF material is therefore classed as a singlet emitter.
If AEsr > ca. 3000 cm™ " (0.37 eV), thermal population of S; is
not effective.>® In a LEC or OLED, the recombination of elec-
trons and holes leads to the formation of excitons in either a
singlet (25%) or a triplet (75%) state (Fig. 2). If the decay of the
triplet exciton is spin forbidden, the internal quantum efficiency
is limited to 25%. As described above, the large SOC in Ir-iTMCs
overcomes this limitation. On the other hand, the success
and future exploitation of Cu-iTMCs depends upon TADF
(Fig. 2)'33.—3.5,40—46

Experimentally, there are two qualitative probes to investi-
gate TADF. The first is a comparison of the emission decay
lifetimes, 7, at ambient and low (typically 77 K) temperatures.
Longer lifetimes at 77 K compared to ca. 300 K are consistent
with a T; — S, decay (phosphorescence) when RISC is not
thermally accessible. The second is a red-shifting of the emission
maxmium upon lowering the temperature. This corresponds to a
change from predominant contributions to the emission from
S; — S (fluorescence at room temperature) to T; — S, (phos-
phorescence at low temperature). In addition to a small S;-T;
separation (AEgy, Fig. 2), characteristics of state-of-the-art TADF
emitters are a high rate of fluorescence decay, a low rate of
phosphoresence decay, fast RISC, and a short lifetime of the
delayed fluorescence. For in depth discussions of TADF, with an
emphasis on copper-containing species, readers are directed to
the following references,>* 36414244748

The early years

Some of the original papers that uncovered the potential of
heteroleptic copper(i) complexes for application in LECs were
published before it had been fully recognized that TADF could
be of importance in this class of compound. Although the
synthesis, structure (Fig. 3a) and detailed photophysical properties
of [Cuy(triphos),(11-4,4’-bpy)][BF,], were not published until 2015,
this dinuclear complex was used as the electroluminphore in one-
layer LECs as early as 2005.*° This appears to be the first report of a
LEC based upon a copper(1)-based emitter. While maintaining a
heteroleptic copper (1) core related to those of McMillin’s complexes
(see earlier discussion), the tripodal ligand triphos (Fig. 3) was
selected for the rigidity that it would impose on the coordination

+ Values of the energy separation between the S; and T, excited states, AEsr, is
! or eV in the literature. For consistency, we have used both
!, and vice versa.

given in either cm
units, adding eV where the value is originally quoted in cm™
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Fig. 2 Schematic representation of TADF starting from the formation of
excitons in a LEC. (RISC = reverse intersystem crossing).
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Fig. 3 (a) Structures of 4,4'-bpy and triphos, and the structure of the
[Cuz(triphos)z(p-4,4’—bpy)]2+ cation in the [BF4]~ salt (CSD refcode
BUPROV). (b) The three device architectures (A—C) used by Wang et al.*°
PEO = poly(ethylene) oxide; PMMA = poly(methyl methacrylate). As a
general note, 3D-structures in this review have been drawn using coordi-
nates retrieved from the Cambridge Structural Database (CSD, version
2020.3.1)°%5! and using Mercury version 2020.3.1.52

(a) (b)

sphere of the Cu(i) centre.®® In solution, [Cu,(triphos),(i-4,4'-

bpy)]|[BF,], exhibits an absorption band at 366 nm assigned to
MLCT,**® with a solid-state emission with /g (PL) = 555 nm®’
and an excited state lifetime of 13.6 ps (298 K). Wang et al.
fabricated LECs with three device architectures (Fig. 3b) with thin
films of the emitting material spin-coated onto the glass/ITO
anodes. PEO and PMMA are added to improve film formability
(minimizing defects in the film) and stability. All devices had a low
turn-on voltage (2 V for LEC in configuuration A, Fig. 3b) and
exhibited red-orange emissions. The PL spectrum of the thin-film
exhibited a maximum at 555 nm with a red shift of ca. 50 nm upon
going to the electroluminesence (EL) spectrum. Under forward
bias, the EL maximum was 590 nm, and under reverse bias, Ay
(EL) = 618 nm. The origins of this red-shift were attributed to
polarization effects and appear analogous to those observed by

This journal is © The Royal Society of Chemistry 2022
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xantphos

dppbz

Scheme 1 Structures of 1,10-phenanthroline derivatives 1-3, and the
bis(phosphanes) POP, xantphos and dppbz.

Slinker et al. for LECs based upon Ir-iTMCs.”®> Device C (Fig. 3b)
showed a maximum current efficiency of 0.16 cd A~ when the
LEC was driven at 12 V.

In 2006, Armaroli reported the first application of mono-
nuclear [Cu(P*P)(N*N)]" emitters in LECs. The series of complexes
incorporated the phen derivatives 1-3 with the bis(phosphane)
POP (Scheme 1). The phen ligands contain 2,9-substituents to
prevent flattening of the coordination sphere upon excitation (see
earlier discussion) and we will see this feature repeatedly in N*N
ligand design. POP and xantphos (Scheme 1) appear in many of
the heteroleptic copper(i) complexes described in this review. Both
are wide-bite angle chelating ligands,”® and are commercially
available. The POP backbone is conformationally flexible and for
284 crystal structures in the CSD (version 2020.3.1)*>" containing
326 independent chelating {Cu(POP)} domains, the P-Cu-P angle
ranges from 103.08 to 121.78° with a mean value of 113.90°. The
single-crystal structure of [Cu(POP)(1)][BF,] (Fig. 4a) confirms a
P-Cu-P angle of 117.98(3)°. The Cu(1) centre is in a distorted
tetahedral environment and the Cu- - -O distance of 3.226(2) A is
outside bonding range. Correlations of solid-state PLQY and
Cu---O distances demonstrate a general trend for increased
PLQY values with longer Cu- - -O separations,®” and therefore the
note by Armaroli et al in 2006 that [Cu(POP)(1)]" exhibits

AN
&

\/

(a) (b)

Fig. 4 (a) The structure of the [Cu(POP)(L)]* cation in [Cu(POP)(1)](BF4]
(CSD refcode GIRJUN) showing the distorted tetrahedral Cu(l) environ-
ment and wide-bite angle (117.98(3)°) of POP (H atoms are omitted). The
phen backbone is rigid (N-Cu—N = 80.86(10)°). (b) LEC architecture for a
device containing [Cu(POP)(2)][BF4] as the electroluminophore.

] 100 nm
] 200nm

Electroluminophore : PMMA (25%)
Glass / ITO anode
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a long Cu---O separation is significant. In deaerated
CH,Cl, solutions, [Cu(POP)(1)][BF,], [Cu(POP)(2)][BF,] and
[Cu(POP)(3)|[BF,] show emission maxima between 544 and
558 nm with PLQY values of 9, 26 and 27%, respectively. In
2006, these latter values were the highest reported for luminescent
[Cu(PP)(N"N)]" complexes incorporating phen-derivatives. Single-
layer LECs with [Cu(POP)(2)][BF,] mixed wth PMMA in the active
layer (Fig. 4b) showed moderate efficiency, emitting green light
after several minutes under 18 V bias. Notably, though, the
performance was comparable to LECs based on [Ru(bpy)s][PFs],
electroluminophores.®

No further progress was made with Cu-iTMCs until our own
report in 2011 which demonstrated the potential for bpy-
containing heteroleptic compounds in LECs.”® We look at this
study in some detail because of several general points which
emerge that are relevant to later investigations. Comparisons of
the single-crystal structures of [Cu(P~P)(N~N)][PFs] with N*N =
bpy or phen, and P*P = POP or dppbz (Scheme 1) revealed
several notable features. The P-Cu-P angles of 115.01(2)° in
[Cu(POP)(bpy)]" (Fig. 5a) and 119.18(2)° in [Cu(POP)(phen)]*
(Fig. 5b) are significantly greater than in the corresponding dppbz
complex cations (92.50(2) and 87.14(8)°). In [Cu(POP)(phen)]", one
phenyl ring of a PPh, unit in POP engages in a m-stacking
interaction with the phen ligand (Fig. 5b). Such interactions help
to lock the molecular geometry, and contribute to increased
PLQY.? Inspection of Fig. 5a reveals the potential for a face-to-
face m-interaction between one phenyl ring of a PPh, unit and one
arene ring of the POP backbone. While the metrics of this inter-
action in [Cu(POP)(bpy)]" are not consistent with an efficient inter-
action, similar contacts are a recurring feature in [Cu(POP)(N"N)]J"
complexes, and indeed in other POP-containing compounds. We
highlight the importance of intra-cation m-stacking interactions
throughout this review.

Typical broad MLCT bands between 389 and 422 nm were
observed in the absorption spectra of [Cu(POP)(bpy)][PFs),
[Cu(POP)(phen)][PE], [Cu(dppbz)(bpy)][PF] and [Cu(dppbz)-
(phen)][PF¢]. Analysis of the emission behaviour was supple-
mented by density functional theory (DFT) calculations which
confirmed the *MLCT character of the lowest tripet excited state
(°Ty). The calculated values of the vertical energy difference
between the *T, and S, levels were in good agreement with the

] 80nm

] 80 nm
Electroluminophore : IL ] 100 nm
£ PEDOT : PSS

Glass / ITO anode

(a) (b) (©

Fig. 5 Structures of the complex cations (H atoms omitted) in (a)
[Cu(POP)(bpy)l[PFg] and (b) [Cu(POP)(phen)l[PFg] (CSD refcodes OYUKID
and OYUKUP). The face-to-face n-stacking interaction in [Cu(POP)(phen)]*
is shown in space-filling representation. (c) Architecture of the LEC devices
containing [Cu(PAP)(NAN)][PFe] with NAN = bpy or phen, and PAP = POP or
dppbz. The ionic liquid (IL) was [BMIMI][PFg] or [EMIM][PFg], and Cu-iTMC: IL
molar ratios was 1:1 or 1:0.
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experimental values for Aq,(PL) which were in the range 648-
662 nm in solution and 599-610 nm for thin films having the
same composition (Cu-iTMC: ionic liquid [EMIM][PFs] molar
ratio = 1:1, [EMIM][PF] = 1-ethyl-3-methylimidazolium hexa-
fluoridophosphate) as those used in LECs. The PLQY values for
deaerated solutions of the Cu-iTMCs were <1%, and ranged
from 1.0-9.0% for thin films, the highest being for [Cu(POP)-
(phen)][PFe]. The architectures of the LECs (Fig. 5¢c) differed
from those shown in Fig. 3 and 4 by incorporating a PEDOT:PSS
hole-injection layer. Additionally, the Cu-iTMC was mixed with
an ionic liquid (IL) in order to improve device performance by
increasing the ionic conductivity of the active layer. Both
[EMIM][PF,] and [BMIM][PFs] ((BMIM][PF4] = 1-butyl-3-methyl-
imidazolium hexafluoridophosphate) were used, with the former
proving to be more beneficial. Device performances compared
favourably with many based on Ru-iTMCs or Ir-iTMCs, with LECs
based on [Cu(POP)(bpy)][PFs] and [Cu(POP)(phen)]|[PF,] exhibiting
efficiencies of 1.64 cd A~* under a 4 V bias, and 4.55 cd A" under
a 3 V bias, respectively. Luminance levels were greater using higher
biases but this improvement came at the expense of device
stability and efficiency. Significantly, our later studies in 2018
confirmed that [Cu(POP)(bpy)][PFe] is indeed a TADF emitter.*"
The realization that heteroleptic Cu(r) complexes could
exhibit TADF seems first to have come with an investigation of
the neutral compounds [Cu(POP)(pz,BH,)], [Cu(POP)(pz,BPh,)]
and [Cu(POP)(pz,B)] (see Fig. 6 for the N*N ligand structures).
Being neutral, these compounds are more relevant to OLEDs
than LECs. However, these ground-breaking results from Yersin
and coworkers®® came at a pivotal point in the development of
Cu-iTMCs for LECs. [Cu(POP)(pz,BH,)], [Cu(POP)(pz,BPh,)] and
[Cu(POP)(pz,B)] contain distorted tetrahedral Cuf(1) centres and
the conformation of each coordinated POP ligand facilitates an
intra-ligand n-stacking interaction (Fig. 6a). The compounds are
strongly emissive with solid-state PLQYs of 45, 90 and 90%,
respectively. Below 100 K, the luminescence originates from the
T, state; at 1.6 K, the emission bands are broad and unstructured
with A5a.(PL) values lying between 453 and 474 nm for the three
compounds, and decay times (30-100 K) in the range 450 to
610 ps. Above 100 K, the emissions are blue-shifted and the decay
times are shorter, consistent with emission from the lowest
excited singlet state S;. This is the dominant emission at room

. [Qo]
£ CZBHy o

[p2zBPho-
\NN/
EN' N ]
\ |
JB.
ar
O

[pz,BI"
Fig. 6 The structure of [Cu(POP)(pz,BPh,)] (CSD refcode YACMIA) with
the m-stacking interaction in POP highlighted (H atoms omitted), and the
structures of the NAN ligands in [Cu(POP)(pz,BH,)], [Cu(POP)(pz,BPh,)]
and [Cu(POP)(pz4B)l.
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Scheme 2 Structures of the ligands 6-methyl- and 6-ethyl-2,2’-bipyridine,
and 6,6’-dimethyl-2,2’-bipyridine.

temperature. For [Cu(POP)(pz,BH,)], [Cu(POP)(pz,BPh,)] and
[Cu(POP)(pz,B)], the S;-T; separation (AEsr, Fig. 2) was deter-
mined to be 1300, 800 and 1000 cm ™" (0.16, 0.10 and 0.12 eV), i.e.
small enough to allow TADF to occur.

In the immediate years after Yersin and coworkers’ findings,*
the relevance of TADF to the emission behaviour of heteroleptic
copper(i) coordination compounds and promising performances
in LECs began to be appreciated, although it is important to note
that measurements of low temperature emission spectra were not
routinely carried out to confirm the TADF phenomenon. Thus, in
some cases, Cu-iTMCs were not described as TADF emitters
even though the phenomenon may have been, or was, operative.
For example, we developed a series of [Cu(POP)(N~N)]|[PF] and
[Cu(xantphos)(N"N)][PFs] compounds in which N*N was a
6-alkyl- or 6,6'-dialkyl-2,2"-bipyridine (Scheme 2).*”** The emissive
properties of these complexes were enhanced with respect to those
of [Cu(POP)(bpy)][PFs] (see above), consistent with the expectations
of introducing sterically demanding substituents close to the Cu(i)
centre (Fig. 7a and b). Among this series of compounds, the highest
PLQYs were observed for solid-state [Cu(xantphos)(6-Mebpy)][PFe]
(34%), [Cu(xantphos)(6-Etbpy)][PFs] (37%) and [Cu(xantphos)(6,6'-
Me,bpy)|[PFs] (37%) with lifetimes of 9.6-11 ps. DFT calculations
predicted that the emitting T, state involved *MLCT character.
Significantly, we found that the S;-T; energy difference was in the
range of 0.17-0.21 eV (ca. 1400-1700 cm ™) for all the complexes in
the series. We noted that, while this was larger than the value of
AEgr proposed by Leitl et al.* to allow population of the S, from T,
at 298 K, contributions to the room temperature emission from
fluorescence (S; — So) could not be discounted.>” LECs with
the architecture shown in Fig. 7c were operated under a pulsed
current, and exhibited rapid turn-on times. The LEC with
[Cu(xantphos)(Me,bpy)|[PFs] in the active layer (ima(EL) =
567 nm) achieved a maximum efficacy of 3.0 cd A" and a
luminance of (145 cd m™?) with a device lifetime of 1 hour.

/— r \‘ €[
J { ] 70nm
Yl ] 130nm
N " - _ Electroluminophore:IL 1] 80 nm

PEDQT : PSS
Glass / ITO anode

4
A~ ti i e
=~k ;-l.;

(a) (b) (c)

Fig. 7 The structure of the [Cu(xantphos)(6,6'-Me,bpy)l* cation in the

[PFg]™ salt (CSD refcode GABVAJ): (a) with H atoms omitted, and (b) in

space-filling representation to show the steric shielding of the Cu(i) centre.

(c) Architecture of the LEC devices containing [Cu(xantphos)(NAN)][PFg]

with NAN = 6-Mebpy, 6-Etbpy or 6,6'-Me,bpy. IL = [EMIM][PF¢], and

Cu-iTMC: IL molar ratio = 4:1.
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In contrast, the lifetimes of LECs containing [Cu(xantphos)-
(Mebpy)|[PF¢], [Cu(xantphos)(6-Etbpy)][PFs] and [Cu(POP)-
(6-Etbpy)][PF,] were greater than 15, 40 and 80 hours, respectively,
but at a cost of lower efficacy (1.9, 1.7 and 0.6 cd A™ ).

The TADF era in Cu-iTMCs begins

From 2012 onwards, reports of Cu-iTMCs exhibiting TADF grew
considerably, although not all compounds have been tested in
LECs. Heteroleptic copper(i) compounds for which TADF has
been described include halide and pseudo-halide containing
complexes including several {Cu,X,} clusters. Most of these are
neutral and are of interest for OLEDs; selected examples which have
been tested in OLED configurations are shown in Scheme 3.%%%*%

Copper(i) coordination compounds that class as Cu-iTMCs
include those containing four-coordinate [Cu(P"P)(N~N)J",
[Cu(P)(NN)]', [Cu(P)(tripodal-Ny)]', [Cu(P)NAN)N)]', [Cu(P P)-
(NS)], [Cu(P~P)(P~S)]", [Cu(P*P)(NHC)]" (NHC = N-heterocyclic
carbene) coordination domains, dinuclear complexes with P*P
and N”N ligands, three-coordinate [Cu(N*N)(NHC)]" and two-
coordinate [Cu(N)(NHC)]" complexes. We now consider emissive
materials in each class, and provide insight into design of
appropriate ligands and ligand combinations to enhance photo-
luminescence. In terms of applications in LECs, we note that
efficient PL is not necesssarily an indication that a Cu-iTMC will
perform well as an electroluminophore in a device. Selected
neutral compounds with structures related to those in the classes
of Cu-iTMCs but which have been designed for OLED applica-
tions are also included in our discussion.

Mononuclear [Cu(PAP)(NAN)]* and
[Cu(P)>(NAN)]Y

2,2/-Bipyridine derivatives with POP and xantphos

Scheme 4 illustrates the structures of the N*N ligands discussed
in this section. Around the same time that we were investigating
the performances of LECs containing [Cu(POP)(6-Mebpy)]|[PFs] or
[Cu(POP)(6,6'-Me,bpy)][PFe,** Yersin, Robertson and coworkers
compared the photophysical properties of [Cu(POP)(4,4'-
Me,bpy)][BFs] and [Cu(POP)(4,4',6,6’-Me, bpy)|[BF,]. They
demonstrated that the presence of the 6,6’-substituents led to
a dramatic increase in room temperature solid-state PLQY from
9% for [Cu(POP)(4,4’-Me,bpy)][BF,] to 55% or 74% (enhanced
when the sample was ground) for [Cu(POP)(4,4',6,6'-Me,bpy)|[BF,].*
These results are in accord with our findings that the solid-state
PLQY of 43.2% for [Cu(POP)(6,6’-Me,bpy)][PFs] exceeds that of
[Cu(POP)(6-Mebpy)][PFs] (9.5%)®* and [Cu(POP)(bpy)][PFe]
(3%).”” The emission spectrum of a powdered sample of
[Cu(POP)(4,4',6,6'-Me,bpy)|[BF,] (Aexe = 350 nm) is broad at
300 K with Afax(PL) = 555 nm and a decay time of 11 ps. On
cooling to 77 K, the emission undergoes a red-shift to 575 nm
with PLQY = 47%, and the decay time increases to 87 ps. The
~10-fold increase in the radiative rate on going from 77 to
300 K, coupled with the blue-shift from 575 to 555 nm, were
rationalized in terms of TADF at 300 K (S; — S, emission), while

This journal is © The Royal Society of Chemistry 2022
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Scheme 3 Structures of selected neutral, TADF copper(i) complexes with
Cu~-X bonds which have been tested in OLEDs.

at 77 K, emission occurs from the T, state (T; — S,). In addition,
Yersin and Robertson also confirmed that the restricted flexibility
of the Cu coordination sphere caused by the presence of the 6,6'-
dimethyl groups in the N*N ligand (Fig. 8a) resulted in a decrease
in non-radiative deactivation with a consequent increase of
PLQY.*> A comparison of PL behaviour of [Cu(POP)(Me,bpy)]*
complexes in which Me,bpy carries different numbers of Me
substituents in differing positions (Table 1) gives a clear con-
clusion: substitution at the 6-position or 6,6’-positions is
essential for high PLQY values (Table 1). Similar trends are
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Scheme 4 Structures of derivatives of bpy used in [Cu(PAP)(NAN)I*
complexes. See also Scheme 2.

seen for analogous xantphos-containing compounds (Table 1),
and the steric shielding of the Cu(i) centre in [Cu(xantphos)-
(6,6"-Me,bpy)][PFs] was shown in Fig. 7b. However, the observation
of Linfoot et al that the PLQY of powdered [Cu(POP)(4,4’,6,6'-
Me,bpy)|[BE4] depends upon the morphology of the sample®
leads us to be cautious about further detailed interpretation of
the PLQY data.

For some of the compounds in Table 1, emission data at
77 K have been reported and are presented in Table 2. In all
cases, the longer decay time at 77 K vs. than at 300 K is
consistent with TADF at ambient temperatures, even for com-
plexes containing the parent bpy ligand. The second effect is a
red-shift in the emission (compare Aja(PL) at ca. 300 K in
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Fig. 8 Structures of the cations in (a) [Cu(POP)(4,4',6,6'-Mesbpy)][BF4]
(CSD refcode COYHEF), and (b) [Cu(POP)(6-tBubpy)]l[PFe] (CSD refcode
PUTSUV). (c) Architecture of the LECs containing the Cu-iTMCs shown in
Table 3. IL = [EMIM][PF¢l, and Cu-iTMC: IL molar ratio = 4:1; LECs were
driven using a pulsed current. The layer thicknesses shown apply to
devices reported in ref. 98, and are typical. (d) Bilayer LEC architecture
used for devices containing [Cu(POP)(6,6’-(MeO),bpy)l[PF¢] in the active
layer (CBP = 4,4’-bis(9-carbazolyl)-1,1'-biphenyl).

Table 1 with values at 77K in Table 2). For the compounds in
Table 2, calculated values of AEgy are between 0.22 and 0.27 eV
(ca., 1800-2200 cm ™). The introduction of a tert-butyl substituent
into the 6-position of bpy (Scheme 4) leads to a decrease in AEgy
from 0.15 eV (1200 cm™ ) for [Cu(POP)(6-tBubpy)]" to 0.17 €V
(1370 ecm™") for [Cu(xantphos)(6-tBubpy)]". However, the steric
demands of the tert-butyl group cause significant elongation of
the Cu-N bonds (ca. 0.26 A longer than is typical), and the N-C-
C-N torsion angle of the bpy unit (—28.8(8)°) is noticeably larger
in [Cu(POP)(6-tBubpy)][PF¢] (Fig. 8b) than in related compounds.
These structural factors are likely to enhance raditionless decay
from the T, state with concomitant reduced emission. The room
temperature solid-state PLQYs of [Cu(POP)(6-tBubpy)][PFs] and

Table 1 Room temperature PL emission maxima, PLQY values and decay
lifetimes (1) for solid-state [Cu(POP)(Me,bpy)]™ and [Cu(xantphos)(Me,bpy)*
complexes

Complex cation Amax (Aexe)/nm PLQY/% t/us Ref.
Cu(POP)(bpy)]" 580 (390) 3.0 1.5 97
Cu(POP)(6- Mebpy)]*“ 567 (365) 9.5 2.6 63
Cu(POP)(6,6'-Me,bpy)]" “ 535 (365) 43.2 10.5° 63
Cu(POP)(S 5'-Me bpy)]*“ 585 (365) 2.7 2.3 98
Cu(POP)(4,4'-Me,bpy)["* 575 (350) 9 - 32
Cu(POP)(5,6'-Me,bpy)]" 553 (365) 12 6° 99
Cu(POP)(4,5,6- Me3bpy) 518 (365) 42.7 9.3 98
Cu(POP)(4,4,6,6’ bpy)]* 555 (350) 55 (74) 11 (13)? 32
Cu(xantphos)(bpy)] 587 (390) 1.7 1.3 97
Cu(xantphos)(6-Mebpy)]" “ 547 (365) 33.8 9.7 37
Cu(xantphos)(6,6'-Me,bpy)]"® 539 (365) 37.3 11.4 37
Cu(xantphos)(5,5'-Me,bpy)] ¢ 571 (365) 6.3 5.1 98
Cu(xantphos)(5,6’-Me,bpy)]" ¢ 555 (365) 11 5¢ 99
Cu(xantphos)(4,5,6-Me;bpy)]" ¢ 529 (365) 58.8 9.8 98

“ [PFe]™ salt
for details). ¢

[BF,]™ salt. 7 from a biexponential fit (see original work
The higher value is for a ground sample.

This journal is © The Royal Society of Chemistry 2022
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Table 2 Photoluminescence emission maxima and decay lifetimes (z) for
solid-state [Cu(POP)(Me,bpy)l* and [Cu(xantphos)(Me,bpy)]* complexes
at 77 K

Complex cation Aphax(Aexc)/Mm T/us Ref.
[Cu(POP)(bpy)]" * 610 (410) 16 97a
[Cu(POP)(5,5"-Me,bpy)]" “ 591 (410) 63 98
[Cu(POP)(4,5,6- Mesbpy)] 566 (410) 81 98
[Cu(POP)(4,4',6,6'-bpy)]" 575 (378) 87 32
[Cu(xantphos)(bpy)]+ 613 (410) 11 97a
[Cu(xantphos)(5,5'-Me,bpy)]* 594 (410) 44 98
[Cu(xantphos)(4,5,6-Me;bpy)]" * 559 (410) 75 98

“ [PFe]™ salt. ? [BF,]™ salt.

[Cu(xantphos)(6-tBubpy)][PF] are 1.1 and 9.6%, and 7 = 0.4 and
3.3 ps, respectively, values that are significantly lower than many
of the methyl-substituted derivatives in Table 1.%®

Some of the best performing copper-based LECs have been
achieved using electroluminophores comprising [Cu(POP)-
(N~N)][PF¢] salts in which N*N is a simple derivative of bpy
(Table 3). Most noteworthy is a LEC containing [Cu(xantphos)-
(4,5,6-Mesbpy)][PFs] with the device architecture shown in
Fig. 8c. This reached a maximum luminance of 462 cd m™>
and exhibited a device half-life of up to 98 hours. However,
turn-on times are typically of the order of minutes or hours
(Table 3). Faster turn-on times have been observed for LECs
containing [Cu(xantphos)(6-Phbpy)|[PFs] (6-Phbpy = 6-phenyl-
2,2'-bipyridine), but this is at the expense of luminance (Lum,,, =
5 ¢cd m~?).*” Included in Table 3 is a LEC containing [Cu(POP)-
(6-EtObpy)][PFs]. This is one of a series of [Cu(POP)(N"N)][PF,] and
[Cu(xantphos)(N"N)][PFs] Cu-iTMCs incorporating 6-RObpy or
6-RSbpy ligands (R = Me, Et, Ph, see Scheme 4) which are yellow
emitters. Powdered samples have PLQYs up to 38%, with emission
lifetimes <10.2 ps at ca. 298 K. Lifetimes are extended to between
11 and 48 ps at 77 K, consistent with TADF at ambient temperatures.
A noteworthy feature of the LEC with [Cu(POP)(6-EtObpy)][PFs] in the
emitting layer was the relatively long device lifetime; the time
for the EL to decay to half the maximum luminance was
200 hours.'® The electron-donating properties of the MeO
substituents have also been exploited by Barolo, Costa and
coworkers in LECs containing [Cu(POP)(6,6’-(MeO),bpy)][PFe]
in the emitting layer. Powdered [Cu(POP)(6,6’-(MeO),bpy)]|[PFs]
has a PLQY of 14%, and in thin-film, this increases to 20%
(Aexc = 370 nm); TADF behaviour was not investigated. However, in
terms of this review, this work is noteworthy for a change in LEC
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design aimed at minimizing the irreversible formation of Cu(u)
species. By using the bilayer LEC architecture shown in Fig. 8d, the
goal was to decouple hole/electron injection and transport.'®*

In 2017, Weber et al. published the results of an informative
investigation correlating the effect of the c-Hammett para-
meter, o;,, of the substituents in the N*N ligands 4,4’-Me,bpy,
4,4'-(MeO),bpy, bpy and 4,4’-(0,N),bpy (Scheme 4) on the PL
and EL properties of [Cu(xantphos)(N~N)]|[BF,]. The presence of
MeO groups (with the most negative ¢,,) leads to the highest
solid-state PLQY (18.9% compared to 9.7% for N*N = 4,4'-
Me,bpy, 0.51% for unsubstituted bpy, and no emission for
NN = 4,4’{O,N),bpy). The latter is attributed to the different nature
of the lowest excited state of [Cu(xantphos)(4,4’-(O,N),bpy)]" com-
pared to that of the other members of this series of Cu-iTMCs. The
absorption spectrum of [Cu(xantphos)(4,4'-(O,N),bpy)][BF,] exhibits
a broad band centred at 503 nm with a shoulder at 423 nm (not
present in compounds with 4,4'-Me,bpy, 4,4’-(MeO),bpy and bpy),
and these are assigned to combinations of d-d, MLCT and intra-
ligand transitions. There is a linear relationship between the o,
values of the 4,4’-substituents in the bpy ligand and the values
of Aax(PL) for solid [Cu(xantphos)(N*N)|[BF,] (Aexc = 376 nm):
545 nm for N*N = 4,4’-(MeO),bpy, 570 nm for 4,4’-Me,bpy, and
600 nm for bpy.'%* This latter value compares with 587 nm reported
for powdered [Cu(xantphos)(bpy)][PFe] (Jiexe = 365 nm).*" Critically,
Weber et al. note that the TADF effect in the Cu-iTMCs may
depend upon the o}, value of the 4,4’-substituents in the bpy
ligand. The structure of the [Cu(xantphos)(4,4’-(MeO),bpy)]"
cation is depicted in Fig. 9a and b and it is worth noting that
the m-stacking interaction between two phenyl rings of different
PPh, units is a common feaure in [Cu(xantphos)(N*N)]"
complexes. Testing of LECs with the architecture shown in
Fig. 9c and with [Cu(xantphos)(N~N)][BF,] (NN = 4,4’-Me,bpy,
4,4'-(MeO),bpy, bpy and 4,4’-(0,N),bpy) in the active layer (no
IL was added) led to the conclusions that (i) nitro groups
(positive ¢;,) gave no EL even though charge injection occurred,
and (ii) methoxy groups (most negative o},) resulted in the
highest luminance (54 cd m~?) and the most stable devices.'®*
The correlations established in this work may provide a basis
for further development of structure-property relationships in
Cu-iTMCs.

The effects of electron-withdrawing (CN, Cl, Br, CF;) and
electron-donating (OH) groups in the 6- and 6,6’-positions of
bpy (Scheme 4) on the PL and EL properties of [Cu(P),(N*N)]"
and [Cu(P"P)(N~N)]" complexes have been explored in a series

Table 3 Electroluminescence maxima and LEC performances (architectures as in Fig. 8c) measured using pulsed current driving. All complexes are

[PFgl™ salts

Complex cation Jtaax/nM Javg/Am 24 ton/min® Lum,,,/cd m™? Ref.
[Cu(POP)(4,5,6-Me;bpy)]* 571 50 11 92 98
[Cu(xantphos)(4 5,6- Me3bpy)]+ 570 100 13 462 98
[Cu(xantphos)(5,5"-Me,bpy)]” 589 100 19 130 98
[Cu(POP)(6-EtObpy)]* 585 50 60 63 100
[Cu(xantphos)(6- Cngpy)] 589 100 137 109 61
[Cu(POP)(2-Etphen)]* 582 100 25 451 98
[Cu(xantphos)(2-Etphen)]* 580 100 122 153 98

a.]avg =

This journal is © The Royal Society of Chemistry 2022

average current density. ” Time to reach maximum luminance (Lumy,qy).
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Fig. 9 (a) Structure of the cation in [Cu(xantphos)(4,4’-(MeO),bpy)I[BF4]

(CSD refcode VANYOB), and (b) illustration of the m-stacking interaction
between adjacent PPh, units. H atoms are omitted for clarity. (c) Architecture
of the LECs containing the Cu-iTMCs [Cu(xantphos)(4,4’-R,bpy)][BF.] with
R = MeO, Me, H. LECs were driven using a pulsed current.

of publications.®”"'** The Cu-iTMCs containing POP or xantphos
and 6,6'-Cl,bpy, 6-Brbpy and 6,6'-Br,bpy are orange/red emitters
in solution and yellow/orange emitters in the solid state. All the
halogen-substituted Cu-iTMCs showed longer emission decay
lifetimes at 77 K compared to ambient temperatures, consistent
with TADF. However, the anticipated red-shift in the emission
maximum on going from 298 to 77 K was not observed for
[Cu(POP)(6,6'-Cl,bpy)][PFs], [Cu(xantphos)(6,6'-Cl,bpy)][PFs] or
[Cu(POP)(6,6'-Br,bpy)|[PFs], and this was attributed to the
degree of relaxation attained by the emitting T, state in the
frozen Me-THF matrix. The emission behaviour of complexes in
this series was strongly dependent upon the halogen substitution
pattern, and DFT caculations revealed significant effects on the
geometry of the emitting triplet state. For this series of Cu-iTMCs,
the highest solid-state PLQY values were observed for [Cu(xantphos)-
(6-Brbpy)][PFs], [Cu(POP)(6,6'-Cl,bpy)|[PFs] and [Cu(xantphos)(6,6'-
ClL,bpy)][PFe] (16.3, 14.8 and 17.1%, respectively). Fig. 10a illustrates
that one chloro-substituent is accommodated in the ‘bow!l’ of
the xantphos ligand in [Cu(xantphos)(6,6’-Cl,bpy)]’, and this is
a common structural feature in [Cu(xantphos)(6,6’-R,bpy)]"
or [Cu(xantphos)(6-Rbpy)]" cations.'® Earlier, we noted that
effective EL does not necessarily follow from efficient PL.
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Fig. 10 (a) Structure of the cation in [Cu(xantphos)(6,6’-Clbpy)][PFel
(CSD refcode MEWXUK). (b) Architecture of LECs containing the Cu-
iTMCs with halogen-substituted bpy ligands. IL = [EMIM][PFg] and Cu-
iTMC: IL molar ratio = 4:1. LECs were driven using a pulsed current.
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Despite exhibiting solid-state PLQYs in the range 3.9-16.3%,
none of the LECs incorporating Cu-iTMCs with 6-Brbpy or
6,6'-Br,bpy showed any electroluminescence. In contrast, LECs
with [Cu(POP)(6,6'-Cl,bpy)][PFs] and [Cu(xantphos)(6,6’-Cl,bpy)][PF]
in the active layers (Fig. 10b) exhibited very short turn-on times
(<5 to 12 s) and orange EL (Aqa(EL) = 586 and 587 nm). Values of
Lumy,,, of 121 and 259 c¢d m™> were achieved for [Cu(POP)(6,6'-
ClLbpy)][PFs] and [Cu(xantphos)(6,6’-Cl,bpy)|[PFs], respectively, with
LECs driven using a pulsed current density of 100 A m~2.%"

Several Cu-iTMCs containing the CF;-functionalized bpy
ligands shown in Scheme 4 proved to be very promising, both
in terms of PL and EL. Fig. 11a shows the structure of the
[Cu(xantphos)(6-CF;bpy)]" cation and again we see the hosting
of the 6-substituent of the bpy ligand in the bowl-shaped cleft
of xantphos, as well as the face-to-face n-stacking of two phenyl
rings of different Ph, units of xantphos. As is typical, solid-state
PLQYs greatly surpassed solution emission behaviour. The highest
PLQY (50.3%) was found for [Cu(xantphos)(4,4’-(CF;),-6,6'-
Me,bpy)|[PF¢]. This compares with only 0.9% for [Cu(xantphos)-
(4,4’-(CF;),bpy)|[PFs]. However, it compares with 37.3% for
[Cu(xantphos)(6,6’-Me,bpy)][PFs], and once again emphasizes
the importance of substituents in the 6,6’-positions of bpy.
Both [Cu(POP)(4,4’-(CF3),bpy)][PFs] and [Cu(xantphos)(4,4'-
(CF;),bpy)][PFs] showed weak emissions, and, in keeping with
the trends observed by Weber et al.'® discussed earlier, it is
pertinent to note that the Hammett parameter, o, for CF; is
+0.54."°* Compounds containing 5,5'-(CF;),bpy were poorly
emissive, even in the solid state. As well as providing insight
into the effects of introducing CF; substituents, our study in
2018° returned to the simple [Cu(POP)(bpy)]" complex first reported
in 2011,”® and we demonstrated that [Cu(POP)(bpy)][PF,] is a TADF
emitter. We also looked again at the xantphos-containing com-
pounds [Cu(xantphos)(6-Mebpy)|[PFs] and [Cu(xantphos)(6,6'-
Me,bpy)][PF] (first reported in 2016),>” and showed that, along
with [Cu(xantphos)(bpy)][PF], they also exhibited TADF. LECs
(Fig. 11b) containing [Cu(POP)(6-CF;bpy)|[PFs], [Cu(xantphos)-
(6-CF3bpy)][PFs] and [Cu(xantphos)(4,4’-(CF3),-6,6'-Me,bpy)][PFs]
in their active layers exhibited orange EL (/jax in the range 589
to 595 nm). The shortest turn-on time (8 min) was for the LEC
with [Cu(xantphos)(4,4’-(CF;),-6,6'-Me,bpy)|[PFs] and this also
achieved the highest Lumy, (131 cd m?).**

N
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Fig. 11 (a) Structure of the [Cu(xantphos)(6-CFsbpy)]* cation in the [PFg]~

salt (CSD refcode VICQUW); the 6-CF3 bpy ligand is disordered over two
sites and only the major occupancy site is shown. H atoms are omitted.
(b) Architecture of LECs containing the Cu-iTMCs with CFs-functionalized
bpy ligands. IL = [EMIM][PF¢] and Cu-iTMC: IL molar ratio = 4: 1. LECs were
driven using a pulsed current.
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Jin et al. recently compared the PL behaviour of [Cu(POP)-
(6,6'-(HO),bpy)][ClO,] and [Cu(POP)(6,6’-(NC),bpy)][ClO,], and
also the effects of replacing the wide-bite angle POP by two
monodentate phosphanes. Room temperature PLQYs are
enhanced on going from two PPh; to POP: for solid samples,
PLQY = 10.4% for [Cu(PPhj3),(6,6’-(HO),bpy)][ClO,] vs. 16.5% for
[Cu(POP)(6,6'-(HO),bpy)][ClO4], and 9.2% for [Cu(PPh;),(6,6'-
(NC),bpy)][ClO,] vs. 13.5% for [Cu(POP)(6,6'-(NC),bpy)][ClO,].
A red-shift in the emission maximum on cooling to 77 K
accompanied by extended values of t indicate TADF at room
temperature for [Cu(PPh;),(6,6'-(HO),bpy)][ClO,] and [Cu(PPhs),-
(6,6’-(NC),bpy)[[ClO,]. The analogous POP complexes also show
longer 7 values at 77 K compared to 298 K. The focus of the study
was the ability to tune emission maxima through altering the
n-accepting ability of the phosphane ligand and electronic
properties of the diimine ligand, and the EL characteristics
were not explored.'®

The bpy-containing derivatives overviewed in this section
represent the largest group of N”N ligands in heteroleptic
Cu-iTMCs that exhibit TADF and have been tested in LECs.
Some of the best-performing LECS have been achieved with this
family of electroluminophores, in particular [Cu(xantphos)(4,5,6-
Me;bpy)][PFe], [Cu(xantphos)(6,6’-Me,bpy)][PF] and [Cu(xantphos)-
(4,4'-(CF3),-6,6'-Me,bpy)|[PF¢]. However, there is often a trade off
between fast turn-on of the device and maximum luminance.
Fig. 7-11 also reveal significant variability in the layer thick-
nesses and composition in the LECs; the extent to which these
factors affect LEC figures of merit has not been extensively
investigated.

1,10-Phenanthroline derivatives with POP and xantphos

Although heteroleptic copper(r) complexes incorporating phen
and its derivatives are well established (see earlier), investigations
of TADF behaviour and investigations of LEC performances appear
to be significantly fewer than for bpy-containing Cu-iTMCs. As part
of a wider study which provides critical insight into trends in
photophysical and electrochemical properties of heteroleptic
copper(i) complexes containing phen and 4,7-Ph,phen
(Scheme 5) including the role of intramolecular =n-stacking

< O O
—\ =
\ o

2,9-Me,phen
4,7-Phyphen X
NT N
\
o 7 N\ o 7 N\ o 7 N\
\ 7 N N\ /
N N=— N N= N N=
Br Br
2-Etphen 2,9-Bryphen X=8 4
X=Se 5

Scheme 5 Structures of derivatives of phen used in [Cu(PAP)(NAN)I*
complexes, and discussed here.
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interactions in improving PLQY, Leoni et al. reported the
emission spectra of powdered [Cu(POP)(phen)|[BF,] and of a
thin-film between 338 and 78 K. The red-shift in /eg(PL)
coupled with an increase in the excited state lifetime demon-
strate TADF at ambient temperatures. A general point of note is
that [Cu(P"P)(N*N)]" complexes containing 4,7-Ph,phen tend
to show red-shifted emission maxima compared to their phen
analogues, e.g. Jexe(PL) for solid [Cu(POP)(phen)|[BF,] and
[Cu(POP)(4,7- thphen)][BF4] are 566 and 581 nm, respectively.
For this pair of compounds, the introduction of the Ph groups
leads to slightly higher PLQY (11.3 vs. 15.0%) and longer t
(14.08 vs. 17.72 pus) in a PMMA thin-film, but has little effect on
the powdered material (36.6 vs. 35.3%, 12.75 vs. 11.72 ps).®°
In order to restrict the flattening of the [Cu(P~P)(phen)]*
coordination sphere upon excitation, substituents in the 2- or
2,9-positions of phen are required.®® In view of the known
relevance of intra-cation n-contacts (see above), it is pertinent to
summarize typical structural features of [Cu(P*P)(phen)]” complexes.
Fig. 12a displays the structure of the cation in [Cu(xantphos)(2,9-
Me,phen)][BF,]- Et,O-CH,Cl,.'* Several features are of note because
of their recurrence in other [Cu(xantphos)(phen)]" derivatives.
Fig. 12b shows that one substituent of 2,9-Me,phen is accom-
modated in the cavity of the xanthene unit (compare with
Fig. 10). In addition, the P*P and N*N ligands associate through
CH- - -m contacts (Fig. 12¢) between Ph units of xantphos and the
{Cu(phen)} unit. In keeping with [Cu(xantphos)(bpy)]" cations
(see earlier), [Cu(xantphos)(2,9-Me,phen)]" exhibits a n-stacking
interaction between adjacent PPh, units within the xantphos
domain (Fig. 12c). These interactions should be compared with
typical intramolecular interactions in POP-containing derivatives,
exemplified by [Cu(POP)(2,9-Me,phen)]". The CSD contains the
structures of several salts of the latter, and two face-to-face
n-stacking contacts recur, but appear to be mutually exclusive
(see the later discussion of [Cu(POP)(5)][BF,]). The first is between
the phen unit and one phenyl ring of a PPh, unit of POP. This
interaction occurs in the tetrakis(3,5-bis(trifluoromethyl)phenyl)-
borate salt of [Cu(POP)(2,9-Me,phen)]" (Fig. 13a).'°® The second
involves one PPh, phenyl ring and an arene ring of the POP
backbone as seen in [Cu(POP)(2,9-Me,phen)]|[BF,] (Fig. 12b,
compare with Fig. 6)."°” In [Cu(POP)(2,9-Me,phen)][BF,]- MeCN," %

5 7
NN - 4 /
/\V\/ %
) T
v
4/{‘—/__ 4 . _ /_ ""\7 w/\/
i 7
(a-) (b) ()
Fig. 12 (a) The structure of the [Cu(xantphos)(2,9-Me,phen)]™ cation in

the [BF4]™ salt (CSD refcode GOZDEH). (b) The same view of the cation as
in (@) showing the hosting of one Me substituent in the cavity of the
xanthene unit (space-filling representation), and (c) n-stacking interaction
between adjacent PPh, units in xantphos (space-filling representation) and
CH-.-m contacts (hashed green lines) between Ph units of xantphos and
the centroid of the Cu-phen chelate ring.
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the cation (Fig. 12¢) shows a n-stacking contact of the type shown
in Fig. 12b, but the metrics of the interaction are not optimal. The
same is true in [Cu(POP)(2,9-Me,phen)][PF¢]-0.5Et,O (CSD refcode
CAPZID)'® and in [Cu(POP)(2,9-Me,phen)][BF,]-CH,Cl, (CSD
refcode EDOCI))."*® These examples illustrate that in crystalline
materials, crystallization conditions and the nature of the anion,
play important roles in determining, not only lattice packing
interactions, but also intra-cation m-contacts. They also indicate
that structural data from a single-crystal structure may not neces-
sarily translate to, for example, a thin-film or frozen matrix.

The promising PL and EL performances of [Cu(POP)(2)][BF,]
(2 = 2,9-Buyphen, Scheme 1) were first reported by Armaroli
et al. in 2006 (see earlier discussion).’® Kato and coworkers
have reported the emission behaviour of [Cu(xantphos)(2,9-
Me,phen)][BF,]. In CH,Cl, solution, the complex has a PLQY
of 24% at 298 K, and on going to a PMMA thin-film, A3
undergoes a blue-shift (536 to 525 nm) and an increase in PLQY
to 29%. At 77 K, Amax red-shifts to 541 nm (PMMA film) and
7 increases from 18.5 to 182 ps (values are from a bi-exponential
fit to the decay), consistent with [Cu(xantphos)(2,9-Me,phen)]" being
a TADF emitter at room temperature.'® [Cu(POP)(2-Etphen)]|[PF]
and [Cu(xantphos)(2-Etphen)][PF¢] (see Scheme 5 for 2-Etphen) also
show TADF behaviour. The structure of the [Cu(POP)(2-Etphen)]
cation (Fig. 14a) shows the typical face-to-face n-stacking within the
POP ligand, and the ethyl group engages in a C-H-: - -n interaction
with an arene ring of the POP backbone (Fig. 14a). As in related
structures, the bowl-shaped cavity of the xanthene unit in
[Cu(xantphos)(2-Etphen)]" cation hosts the substituent on the
N”N ligand, and two phenyl rings of xantphos are m-stacked
(Fig. 14b). Powdered [Cu(POP)(2-Etphen)][PFs] and [Cu(xantphos)-
(2-Etphen)][PF¢] emit with Aqa(PL) = 558 and 550 nm, respectively,
and with PLQYs of 27.5 and 9.8%. Values of 7 of 8.7 and 10.2 ps at
298 K increase to 27 and 14 ps, respectively, on cooling to 77 K, but
only the emission maximum for [Cu(xantphos)(2-Etphen)][PFs]
undergoes a red-shift (to 557 nm). The blue-shift observed for
[Cu(POP)(2-Etphen)][PF,] was attributed to intermolecular matrix
effects in the frozen Me-THF glass. The 2-Etphen-containing
compounds were incorporated into the active layers of LECs
(Table 3) with the same architectures as shown in Fig. 8.
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Fig. 13 The structures of the [Cu(POP)(2,9-Mesphen)]* cation in (a) the
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate salt (CSD refcode ARURIP),
and (b) [Cu(POP)(2,9-Me,phen)][BF,] (refcode HOWQAO) with face-to-
face m-stacking interaction shown in space-filling representation. (c) The
structure of the cation in [Cu(POP)(2,9-Me,phen)l[BF4]-MeCN (CSD
refcode CAPLEN); the aromatic rings in black are poorly aligned for an
efficient n-stacking contact but nonetheless, the evolution of this inter-
action is evident.
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Fig. 14 (a) The structure of the [Cu(POP)(2-Etphen)]* cation in the [PFg]~
salt (CSD refcode PUTSAB) highlighting n-stacking within the POP ligand
(space-filling representation) and Et- - -POP CH- - - contact (hashed green
line). (b) The structure of the [Cu(xantphos)(2-Etphen)]* cation in the [PFg] ™
salt (CSD refcode PUTTAC) showing n-stacking within the xantphos ligand
(space-filling representation, bottom of diagram) and accommodation of
the Et group in the xanthene-bowl (space-filling, left). (c) The structure of
the [Cu(POP)(5)]* cation in the [BF4]™ salt (CSD refcode PUYBET) with the
n-stacking within the POP ligand shown in space-filling representation.

The LECs were driven by pulsed current and under an average
current density of 100 A m > The LEC with [Cu(POP)(2-
Etphen)|[PF6] gave instantaneous EL, with an initial luminance of
273 cd m™? increasing over 25 minutes to a Lumy,,, of 451 cd m™>.
Although the LEC continued to emit light for 24 hours, the EL decay
from Lum,y. to half this value was rapid (5.7 hours). Compared to
the latter, LECs based on [Cu(xantphos)(2-Etphen)|[PF,] were slower
to turn on (122 minutes to reach Lumyy,,,) and had less intense EL
(Lumpe = 153 cd m™?), but a longer device lifetime (up to
98 hours).”® These data should encourage further investigations
with [Cu(POP/xantphos)(phen)]’-based electroluminophores in
which the phen ligand bears a simple alkyl-substitution pattern.
The introduction of bromo-substituents leads to weak emitters
in solution, but powdered [Cu(POP)(2,9-Br,phen)][PFs] and
[Cu(xantphos)(2,9-Br,phen)][PFs] (Amax(PL) = 574 and 554 nm)
exhibit PLQYs of 24 and 45%, and excited-state lifetimes of 6.3
and 9.9 ps, respectively. The photophysical properties of the
complexes containing 2,9-phen are enhanced with respect to
analogues containing 3,8 or 4,7-dibromo-1,10-phenanthrolines.™*
More detailed investigations of these compounds have not been
carried out.

In [Cu(PPhs), (4)][BF.], [Cu(POP)(4)][BF,], [Cu(PPhs),(5)][BE]
and [Cu(POP)(5)][BF,], ligands 4 and 5 (Scheme 5) lack the
steric hindrance imposed by 2,9-substituents in phen, and
Farias et al. have assessed the effects of the chalcogen atoms
in 4 and 5 on the photophysical properties of the complexes.
The solid-state structure of [Cu(POP)(5)]" shows the expected
n-stacking of phenyl and arene rings in POP, and Fig. 14c also
reveals the close approach of one PPh, phenyl ring to the phen
domain. However, no n-stacking interaction is established. In
[Cu(POP)(4)][BF,] (CSD refcode PUXZUG), the dominant intra-
cation packing is again within the POP framework. Compared
to [Cu(PPhj;),(phen)][BF,] and [Cu(POP)(phen)][BF,], complexes
containing 4 and 5 exhibit lower PLQYs (4 and 8% vs. 11% for
the PPh; derivatives, and 6 and 8% vs. 13% for the POP
derivatives, all in PMMA films), and excited-state lifetimes are
shorter. Using steady-state and time-resolved spectroscopies,
Farias et al. confirmed that the compounds with 4 and 5 are
TADF emitters, and showed that the incorporation of the

This journal is © The Royal Society of Chemistry 2022
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Se atom contributed to decreasing the PL lifetime to ca. 800 ns.
This was claimed to be the lowest reported to date (2020)
among similar TADF materials."*?

Pyrazolyl pyridine derivatives with POP

Typically, the bpy and phen-containing compounds described
in the previous sections are orange, yellow or green emitters.
Moving from bpy or phen to an N”N ligand comprising
pyridine connected to a 5-membered N-heterocycle alters the
bite angle of the chelating ligand and increases its ligand-field
strength. This is a proven means of shifting emissions of
[Cu(P*P)(N"N)]" complexes towards the blue.

Series of strongly green/blue- or blue-emitting [Cu(POP)(N"N)]J-
[BF,] compounds have been reported in which N*N is pzpy,
3-Mepzpy or 3-CF3-pzpy (Scheme 6 and Fig. 15a)""* and ‘Bupzmpy,
Phpzmpy or Adpzmpy (Scheme 6)."** For the first series with pzpy,
3-Mepzpy or 3-CF3-pzpy, PLQYs of up to 45% were observed in
deaerated CH,Cl, solution, and for solid-state [Cu(POP)(N"N)][BF,]
(Ashax = 490, 465 and 492 nm for N*N = pzpy, 3-Mepzpy and 3-CF;-
pzpy, respectively), the PLQYs were 56, 87 and 75%, respectively.
The temperature dependence of the emission lifetimes and red-
shifts in Aqa.(PL) on going from 298 to 77 K, established TADF at
ambient temperatures with AEgr lying in the range 0.17-0.18 eV.
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Scheme 6  Structures of pyrazolyl pyridine derivatives used in [Cu(PAP)(NAN)I*
complexes.
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Fig. 15 (a) Structure of the complex cation in [Cu(POP)(3-Mepzpy)I[BF4]-

0.5CH,Cl, (CSD refcode VIZKEW) with Ph---arene n-stacking within the
POP ligand shown in space-filling representation. (b) Architecture of
solution-processed OLEDs with [Cu(POP)(pzpy)][BF,] derivatives in the active
layer. DPEPO = hole-blocking layer; active layer = 20 wt% Cu-iTMC in either
DPEPO or PYD2 as host.
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The highest solid-state PLQY (87% for N*"N = 3-Mepzpy) corre-
sponded to the shortest t value (12.2 ps). Solution-processed
OLEDs were fabricated using the three [Cu(POP)(N"N)][BF,] salts
with either DPEPO or PYD2 (also abbreviated in the literature to
26mCPy) as host materials (Fig. 15b). The best EL performance was
found for [Cu(POP)(3-CFs-pzpy)][BF,]: PYD2 with the relative
LUMO energies of [Cu(POP)(3-CFs-pzpy)|[BF.] (—2.49 eV) and
PYD2 (—2.2 eV) contributing to an efficient electron-hole recom-
bination pathway. A Lum,,,, of 2033 cd m™> was achieved for this
device."”® This work was extended to [Cu(POP)(N"N)][BF,] with
N~N = 6-10 (Scheme 6) and these are highly-efficient TADF
emitters. Structural characterization of all five compounds con-
firms that the steric requirements of the substituents in the pzpy
ligands do not preclude intra-POP m-stacking (Fig. 16a). Solid
materials were intense blue-green or blue emitters (Amax in the
range 464 to 481 nm at 298 K, PLQY = 82-99%) with a red-shift for
spectra recorded at 77 K (/max in the range 487 to 513 nm). On
doping in PMMA, all the Cu-iTMCs show sky-blue emissions, and
for all but [Cu(POP)(8)][BF,], t values increase with decreasing
rigidity of the matrix."*

Imidazolyl pyridine derivatives with POP and xantphos

The search for blue-emitting Cu-based LECs takes us from
pyrazolyl- to imidazolyl-containing Cu-iTMCs. Ligand 11
(Scheme 7) was incorporated into [Cu(POP)(11)][PFs] which
gave a deep-blue emission at ca. 450 nm in solution, thin-film
and the solid state. The structure of the [Cu(POP)(11)]" cation
showed typical features (Fig. 16b). Unexpectedly, LECs fabri-
cated with [Cu(POP)(11)][PF¢] in the active layer (Fig. 16c) were
yellow emitters (EL = 550 nm), with luminances which
depended both on the thickness of the active layer and on
the pulsed current (1, 2.5, 5 or 7.5 mA). Detailed studies
concluded that the origin of this large PL-to-EL shift lay in
the fact that [Cu(POP)(11)]" did not exhibit TADF because of the
exclusively ligand-centred character of the excited states. The
lack of any charge-transfer character in the excited states
resulted, respectively, in a blue-fluorescent and yellow phos-
phorescent PL and EL.'*® Ligands 12 and 13 were designed
to possess intra-ligand charge-transfer character. Each of
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Fig. 16 Structures of the complex cations in (a) [Cu(POP)(8)I[BF4]-EtOH
(CSD refcode JUFNOP) and (b) [Cu(POP)(11)][PFg] showing Ph---arene
n-stacking in the POP ligand (space-filing representation). (c) LEC
architecture for testing with [Cu(POP)(11)][PF¢] in the active layer; LECs
were driven with a pulsed current.
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Scheme 7 Structures of imidazolyl pyridine derivatives used in [Cu(PAP)-
(NAN)I* complexes.

[Cu(POP)(12)][BF,], [Cu(POP)(13)][BF,], [Cu(xantphos)(12)][BF,]
and [Cu(xantphos)(13)][BF,] exhibits TADF. In solution at room
temperature, values of A, lie between 514 to 537 nm (leye =
365 nm) with an N*N ligand-dominated excited state. Given the
steric hindrance of the ligands which militate against signifi-
cant flattening of the Cu(r) coordination sphere, the low PLQYs
(4.2-9.5%) were explained in terms of torsional dynamics of the
N~N ligand framework in solution. PLQYs (42-71%) and decay
lifetimes were significantly enhanced on going to thin films.
Emission data for [Cu(xantphos)(13)][BF,] were recorded from
77 K to ambient temperature and confirmed TADF with longer t
values at lower temperatures; the value of AEgy = 0.04 eV (ca.
300 cm™ ') is also consistent with TADF. Solution-processed,
multilayer OLEDs were fabricated with [Cu(xantphos)(12)][BF,]
or [Cu(POP)(13)][BF,] hosted in bis(9H-carbazol-9-yl)pyridine in
the active layer and using different doping levels. The max-
imum external quantum efficiency (EQE = 7.96%) was achieved
with [Cu(POP)(13)][BF,4].°

Tri- and tetrazolyl pyridine derivatives with POP, xantphos and
PPh,

The families of NN ligands with pyridine connected to a
5-membered N-heterocycle include a number of triazole and
tetrazole derivatives (Scheme 8), and, of course, the presence of
an NH unit gives the potential for deprotonation accompanying
coordination and the formation of a neutral rather than
cationic Cu(1) heteroleptic complexes. The pK, values of triazole
(pK, = 9.4) and tetrazole (pK, = 4.9) account for the fact that in

]
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Scheme 8 Structures of tri-

H15 16 17
and tetrazolyl pyridine derivatives used in
[Cu(PAP)(NAN)I™ complexes.
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the examples below, H15 binds to Cu(1) as the conjugate base
while 14 remains protonated.

Xu et al. have reported the TADF emitters [Cu(PPhj;),(14)]-
[BF,] and [Cu(POP)(14)][BF,]. The low intensity absorption
maxima at 362 and 342 nm, respectively, were assigned to
MLCT and ligand-to-ligand (LLCT) transitions. Solution emissions
were weak, but in the solid state, emissions with /s (PL) = 490
and 512 nm with PLQYs of 89.97 and 27.82%, respectively, for
[Cu(PPhs),(14)][BF,] and [Cu(POP)(14)][BF,] were observed. Inter-
estingly, it is the PPh;, and not the wide bite-angle POP, derivative
that performs the better of the two compounds. At 298 K, the
excited-state decay times are 23.6 and 13.0 ps and these increase to
269.0 and 210.1 ps at 77 K. Values of AEgy are 0.09 and 0.04 eV (ca.
700 and 300 cm '), and these data, accompanied by the red-shift
in Amax(PL) to 508 and 520 nm for [Cu(PPhj;),(14)][BF,]
and [Cu(POP)(14)][BF,], respectively, support TADF at ambient
temperatures. Multilayer OLEDs were processed using these
ionic complexes with 4,4',4"-tris(N-carbazolyl)triphenylamine
as the host material. The OLEDs with [Cu(PPh;),(14)][BF,] and
[Cu(POP)(14)][BF,] showed green emissions (Ama(EL) to 520
and 539 nm), and the POP-containing electroluminophore
yielded the higher Lump,,, (1871 vs. 1437 cd m™?), with the
smaller AEgp being a contributing factor.'® A small AEgr (ca.
0.18 eV, 1500 cm™ ') separation is also found for the neutral
compound [Cu(POP)(15)], and a detailed theoretical investiga-
tion demonstrated that low-frequency vibrational modes asso-
ciated with the torsional motion of the POP and N”N ligands
lead to substantial Huang-Rhys factors''’ and, thereby, to
rapid ISC and RISC (see Fig. 2)."'® Related studies which
address the effects of both intramolecular and intermolecular
interactions on photophysical properties, have been carried out on
the cationic TADF emitters [Cu(POP)(16)]" and [Cu(POP)(17)]".**°
These complexes exhibit both aggregation induced emission (AIE)
and TADF. For the former phenomenon, enhanced emission
in the solid state (as opposed to in solution) arises from
molecular aggregation that restricts intramolecular rotation.
[Cu(POP)(16)][BF,] and [Cu(POP)(17)][BF,] are virtually non-
emissive in CH,Cl, solutions, but thin-films spin-coated from
CH,Cl, solution were bright emitters (Ama(PL) = 533 and
572 nm for N*N = 16 and 17) with very short decay times. In
this form, the Cu-iTMCs were principally TADF emitters over a
320-170 K temperature range. Between 170 and 80 K, phos-
phorescence was the dominant decay path. A comparison of the PL
of thin-films made with [Cu(POP)(16)][BF,] and [Cu(POP)(17)][BF,]
in low- or high-molecular weight PMMA showed that the different
PMMA hosts were able to suppress molecular vibrations to differ-
ent extents. In low molecular weight PMMA, TADF contributed
little to the emission, with vibrational quenching being most
effective and ambient (rather than lower) temperatures. Moving
to the high molecular weight PMMA leads to greater suppression
of molecular vibrations within the Cu-iTMCs and opens up the
TADF pathway. Ligands 16 and 17 differ only in the position of the
methyl substituent in the tetrazole (Scheme 8). This leads to
significant differences in crystal packing with the inter-cation
interactions resulting in a 3D-supramolecular assembly in
[Cu(POP)(16)][BF,], but to 1D-chains in [Cu(POP)(17)][BF,].

This journal is © The Royal Society of Chemistry 2022
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It follows that there is less distortion of the excited state of the
complex with 16, and consistent with this notion is the fact that
the solid-state PLQY of [Cu(POP)(16)][BF,] (47.1%) is higher
than that of [Cu(POP)(17)][BF,] (9.4%). Both complexes are put
forward as potential candidates for lighting devices.'*°

Derivatives of di(pyridin-2-yl)sulfane and related N*N ligands
with POP

Scheme 9 shows a series of new N*N ligands incorporated into
heteroleptic copper(i) coordination compounds, and designed
with S in two different oxidation states. Unexpectedly, whereas
18 and 19 behave as N,N’-chelating ligands and form distorted
tetrahedral [Cu(POP)(N*N)]" complexes, ligand 20 gives a
dinuclear complex with three-coordinate Cu(i) and bridging
POP (Fig. 17a), while 21 behaves as an N,S-chelating ligand
(Fig. 17b), and 22 and 23 bind through N- and O-donors in
mono- and dinuclear complexes, respectively (Fig. 17c¢ and d).
All the compounds (as [BF,]” salts) are weakly emissive in
CH,CI, solution. Of the solution emissions, the most blue-
shifted is for [Cu(POP)(21)][BF,4] (Amax(PL) = 456 nm) and this
emission band is the only one to show structure; radiative decay
from a ligand-centred excited state was proposed. Thin-films
drop-cast from MeOH solutions of the complexes produced

AN S N o) )
L N\
— 5 = |\ S |\ |\ S |\
N N_.— _N N__—
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x-S S R R R R
‘/N N~ 20 R=Me
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22 R=Me
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\P/
‘ X e | AN
~N N =
[py,PMePh]*

Scheme 9 Structures of di(pyridin-2-yl)sulfane (18) and di(pyridin-2-
ylsulfone (19) and some functionalized derivatives, and the structure of
[py,PMePh]*. See also Scheme 16.

K
U <
ANS O
(a) (b)

Fig. 17 Structures of the complex cations (a) [Cu»(20),(u-POP)I2* (CSD
refcode SONBIJ), (b) [Cu(POP)(21)]* (refcode SONBOP), (c) [Cu,(POP),(u-
22)]?* (refcode SONBAB), and (d) [Cu(POP)(23)]* (refcode SONBUV). Each
was structurally characterized as the [BF4]™ salt, and in the figures, H atoms
are omitted for clarity.
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more intense emissions than in solution, with values of A{ha, in
the range 518-572 nm. For each pair of complexes with sulfane
and sulfone ligands, the emission undergoes a red-shift on
going from S to SO, unit. The highest solid-state PLQYs are for
[Cu,(POP),(u-22)|[BF,], (14%) and [Cu(POP)(23)][BF,] (20%).
With the exception of [Cu(POP)(21)][BF,], the emission maxima
are red-shifted on going from 298 to 77 K, and PL lifetimes
increase, consistent with TADF; in all cases, AEsr < 0.2 eV
(<1600 cm™"). For [Cu(POP)(21)][BF,], Atm(PL) = 526 nm at
298 K and 528 nm at 77 K, while 7 decreases upon cooling. As
with the solution emission (see above), the data point to a
ligand-centred emission. While not tested in LECs, the
TADF emitters are promising candidates for such application,
and also open up the possiblity of using sulfone-based
N,O-coordinated diimine ligands."**

Use of the N”N ligands 18 and 19 has been extended by
Gaillard, Costa and coworkers to include analogous ligands
with bridging CMe,, NH, O and PPh units. This series of
[Cu(POP)(N"N)][PF,] complexes along with [Cu(POP)(py,PMePh)]-
[PF], (see Scheme 9) are weak emitters in solution, and for N*N =
18 or 19, powdered samples also showed PLQY values <1%.
However, for the remaining compounds, solid-state PLQYs were
in the range 17-60%, with the maximum (also in thin film) being
for the copper() complex with N*N = py,O. With calculated
values of AEsy in the range 0.05-0.22 eV (ca. 400-1700 cm™ "),
the [Cu(POP)(N"N)]* and [Cu(POP)(py,PMePh)]** complexes were
expected to exhibit TADF, and this was confirmed experimentally for
representative examples. [Cu(POP)(py,PMePh)|[PF,], is singled out
from the series as exhibiting good electrochemical stability and high
ionic conductivity, and a red-shifted emission (Aqa(PL) = 606 nm
in the solid state). LECs with [Cu(POP)(py,PMePh)|[PF], as the
luminophore showed a yellow emission with a Lum,, of ca.
60 cd m~? and an efficacy of 0.2 cd A~"."**

Complexes with wide-bite angle bis(phosphanes) other than
POP and xantphos

The commercial accessibility of POP and xantphos contribute
towards their being the most popular wide-bite angle bis-
(phosphanes) in heteroleptic copper() compounds. However,
the pool of ligands that fall in this category is large,”® and in this
section, we focus on other sterically demanding P*P ligands
(Scheme 10) that have been used to stablize [Cu(P*P)(N"N)]"
complexes.

Earlier, we described the small AEgy (ca. 0.18 eV, 1500 cm™ )
separation in the tetrazole-containing [Cu(POP)(15)], and theo-
retical studies indicate that introducing methyl substituents
into the backbone of POP to give Me,POP (Scheme 15) has little
effect on the T,-S; energy gap.''® There appear to be no
experimental investigations of the effects on the properties of
[Cu(POP)(N~N)]"-type complexes of modifying the POP ligand,
and there are only limited studies on complexes incorporating
modified xantphos ligands. In 2019, we reported the use of the
‘Bu,xantphos ligand (Scheme 15). The strategy behind introducing
tert-butyl groups was to produce greater spatial separation of
Cu-iTMC cations in the active layer in a LEC. Across the series
[Cu(*Bu,xantphos)(bpy)][PFs], [Cu(‘Bu,xantphos)(6-Mebpy)][PFe]
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Scheme 10 Structures of wide-bite angle bis(phosphanes) used in
[Cu(PAP)INAN)I™ complexes. See Scheme 1 for POP and xantphos.

(Fig. 18a) and [Cu(‘Bu,xantphos)(6,6'-Me,bpy)][PFs], the Cu"
oxidation moves to higher potential (+0.76, +0.83, +0.85 V vs.
Fc/Fc') in keeping with the increased steric demands of the bpy
ligand. Both the solution and solid-state emission maxima for
[Cu("Bu,xantphos)(N~N)|[PFs] are blue-shifted on going from
bpy to 6-Mebpy to 6,6-Me,bpy: in solution, Ajax(PL) = 652,
605, 566 nm, and for powder, A (PL) = 584, 552, 522 nm.
Emission spectra at 77 K exhibit maxima at 597, 578 and
555 nm, all red-shifted with respect to the solids at 298 K. This,
and the extended t values on going from 298 to 77 K (1.95 to
27.6 s for N*N = bpy, 6.32 to 56.3 us for 6-Mebpy, 13.8 to 92.1 pis
for 6,6’-Me,bpy) are consistent with TADF behaviour. Both
solid-state and frozen matrix emission decays were fitted biex-
ponentially. The room temperature solid-state PLQYs for these
[Cu(*Bu,xantphos)(N*N)][PFs] compounds range from 3 to 59%,
although in thin-films, values are lower. The trend of increasing
PLQY with increasing steric demands of the N*N ligand are
replicated in the luminances of LECs fabricated as shown in
Fig. 18b. The LECs had a fast turn-on times (1-4.5 minutes) to
reach Lumy,,, of 20, 230 and 370 cd m~> for N*N = bpy, 6-Mebpy
and 6,6'-Me,bpy, respectively. However, the low EQE of 1.0% for
the brightest LECs indicates that non-radiative losses dominate
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Fig. 18 (a) Structure of the cation in [Cu(‘Bu,xantphos)(6-Mebpy)l[PFel
(CSD refcode HIJRAW). n-Stacking between phenyl rings of different PPh;,
groups (space-filling representation) and C—Hgneny - -bpy interactions
(green hashed lines) are highlighted. (b) Architecture of the LECs containing
[Cu(‘Buyxantphos)(NAN)I[PFg] and [Cu(xantphosMes,)(NAN)I[PFgl; IL =
[EMIM][PF¢l, and Cu-iTMC: IL molar ratio = 4:1; LECs were driven using
a pulsed current. (c) Structure of the cation in [Cu(xantphosMes,)(6-
Mebpy)I[PFgl] (refcode YITSOM); H atoms omitted, and (d) a space-filling
representation of the [Cu(xantphosMes,)(6-Mebpy)]* cation in the same
orientation as in (c).

in the recombination of injected electrons and holes, and a
comparison of the performances of LECs containing [Cu(‘Bu,-
xantphos)(6,6'-Me,bpy)][PFs] and [Cu(xantphos)(6,6’-Me,bpy)|[PFe]
reveals with the ‘Bu groups have a negligible influence.'*?
Modification of the xantphos ligand has also involved repla-
cing the PPh, units by PMesPh and PMes, (Mes = mesityl). The
wide-bite angle ligand xantphosMes, (Scheme 10) proved to be
too sterically demanding to form [Cu(xantphosMes,)(N*N)]"
even for unsubstituted bpy. For xantphosMes, (Scheme 10), it
was possible to isolate [Cu(xantphosMes,)(N*N)][PFs] with
N~N = bpy and 6-Mebpy (Fig. 18c), but not 6,6’-Me,bpy. The
combined steric demands of the xantphosMes, and 6-Mebpy
ligands can be appreciated by looking at Fig. 18d. Comparisons of
PL data for [Cu(xantphosMes,)(bpy)|[PFs] and [Cu(xantphosMes,)(6-
Mebpy)|[PFs] at 298 K (powder) and 77 K (frozen matrix) confirmed
red-shfiting of emission maxima (589 to 594 nm for bpy, 547 to
587 nm for 6-mebpy) and increased decay times (1.19 to 20.0 ps for
bpy, 6.62 to 19.7 ps for 6-Mebpy), indicative of TADF behaviour
at ambient temperatures. LECs with the architecture shown in
Fig. 18b were tested with [Cu(xantphosMes,)(bpy)][PFs] and
[Cu(xantphosMes,)(6-Mebpy)|[PF¢] in the active layer, but no
EL was observed for the former device. This correlates with the
low PLQY (1.9%) of solid [Cu(xantphosMes,)(bpy)]|[PFe] at room
temperature. The LEC with [Cu(xantphosMes,)(6-Mebpy)][PF]
exhibited a fast turn-on time (it reached Lum,,,x in <1 minute)
but only a moderate Lumy, (50 cd m~?)."** Thus, the modifica-
tions of xantphos, either with bulky peripheral groups, or with
P-substituents more sterically demanding that phenyl, do not

This journal is © The Royal Society of Chemistry 2022
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appear to enhance PL or EL properties, and these latter investiag-
tions tend to suggest that, with xantphos at least, the choice of
N”N ligand is the dominant factor.

Despite being commercially available, HN-xantphos (Scheme 10)
has received far less attention than xantphos, especially with respect
to heteroleptic copper(r) coordination compounds.””*"** We focus
on those studies directed towards applications in LECs. We have
already seen that among some of the best performing LEC-emitters
are [Cu(xantphos)(6-Mebpy)|[PFs] and [Cu(xantphos)(6,6'-Me,bpy)]-
[PFe], and we reported a comparison of the PL and EL behaviours
of their HN-xantphos analogues in 2020, along with the effects
of replacing the NH by an N-benzyl group (BnN-xantphos,
Scheme 10). The crystal structure of [Cu(HN-xantphos)(6-
Mebpy)|[PFs] reveals an inter-ligand face-to-face w-stacking
interaction between a phenyl ring of a PPh, unit and the bpy
domain (Fig. 19a). A similar intramolecular interaction occurs
in [Cu(BnN-xantphos)(6,6’-Me,bpy)][PF]. In solution, [Cu(BnN-
xantphos)(N~N)][PF] with N*N = bpy, 6-Mebpy and 6,6’-Me,bpy
are weakly emissive; the analogous compounds containing
HN-xantphos are unstable in CH,Cl, with respect to ligand
redistribution. The emission data for powdered samples are
given in Table 4 and show similar trends to those for
[Cu(xantphos)(N~N)|[PFs] with N*N = bpy, 6-Mebpy and 6,6'-
Me,bpy in Table 1 with /f3(PL) undergoing a blue shift,
and PLQY and 7 increasing on going from bpy to 6-Mebpy to
6,6'-Me,bpy. Although the calculated values of AEg; (0.14-
0.20 eV, ca. 1100-1600 cm ') are small enough to allow RISC
to occur (Fig. 2), an analysis of the oscillator strengths for
electronic transitions suggests that the RISC process leads
to non-radiative decay rather than TADF. Because of the high

7>
] 100 nm
A - ] 100 nm

v( . AN A Electroluminophore : IL 4 ] 80 nm
y
i - - ‘:MDOT"’SS ~~ PEDOT : PSS
¥ ™ 2 Glass / ITO anode wtratio=1:60r1:20
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Fig. 19 (a) Structure of the cation in [Cu(HN-xantphos)(6-Mebpy)l[PFl
with the Ph- - -bpy n-stacking interaction shown in space-filling represen-
tation (CSD refcode TUHXEC). (b) Architecture of the LECs containing
[Cu(BnN-xantphos)(6,6’-Me,bpy)l[PFel; IL = [EMIM][PF¢], and Cu-iTMC: IL
molar ratio = 4: 1; two compositions of the hole-injection layer were used;
LECs were driven using a pulsed current.

Table 4 Room temperature PL emission maxima, PLQY values and decay
lifetimes (z) for solid-state [Cu(RN-xantphos)(Me,bpy)]" complexes (R = H,
Bn; n = 0, 1, 2). Data from Arnosti et al.*?’

Compound Jmaxmm?  PLQY/%  1t/us
[Cu(HN-xantphos)(bpy)][PFs] 555 5 1.77
[Cu(HN-xantphos)(6-Mebpy)]|[PFs] 535 17 10.8
[Cu(HN-xantphos)(6,6’-Me,bpy)][PF¢] 518 14 14.2
[Cu(BnN-xantphos)(bpy)][PFs] 575 2 1.8
[Cu(BnN-xantphos)(6-Mebpy)]|[PFs] 550 8 7.5
[Cu(BnN-xantphos)(6,6'-Me,bpy)|[PFs] 520 55 17.4

% Jexe = 365 nm.
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solid-state PLQY of [Cu(BnN-xantphos)(6,6'Me,bpy)]|[PF¢], this
compound was selected for inclusion in the active layer of LECs,
the latter being fabriacted as shown in Fig. 19b. An interesting
aspect of this investigation was the effect of using commercial
PEDOT: PSS with different weight ratios in the hole-injection
layer. The time to reach a luminance of 100 cd m™~> was only 7 s
with 1:20 PEDOT: PSS for LECs driven using current densities
of 50 or 100 A m 2. In contrast, this turn-on time was 185 s (at
50 Am~*) or 12 s (at 100 Am™?) for the 1:6 PEDOT: PSS. It is the
latter composition that is most commonly employed in LECs.
Values of Lum,,, also depended on the PEDOT: PSS composi-
tion, reaching 203 or 355 cd m > Overall, the LECs with
[Cu(BnN-xantphos)(6,6’-Me,bpy)|[PFs] showed good lifetimes,
intense EL and EQE >1%, making them some of the best
performing devices with [Cu(P*P)(N*N)[" emitters."?”

The chiral BIPHEP ligand (Scheme 10) is also commercially
available and the racemic form was used to prepare [Cu(BIPHEP)-
(N“N)][PF¢] in which N*N = bpy, 6-Mebpy, 6-Etbpy and 5,5’-Me,bpy.
As we have seen, [Cu(P"P)(6,6’-Me,bpy)][PFs] compounds are some
of the most emissive of this family, but attempts to synthesize
[Cu(BIPHEP)(6,6'-Me,bpy)][PFs] gave only inseparable mixtures of
homo- and heteroleptic complexes, presumably due to excessive
steric demands of the two ligands within the four-coordinate
environment of copper(l). Although in the solid state, the steric
demands of the ligands in the [Cu(BIPHEP)(6-Etbpy)]" cation protect
the Cu(r) centre, there are no face-to-face n-stacking interactions
(Fig. 20a). In contrast, in [Cu(BIPHEP)(bpy)], [Cu(BIPHEP)(6-
Mebpy)]” and [Cu(BIPHEP)(5,5'-Me,bpy)], one PPh, phenyl ring
engages in a stacking contact with one ring of the BIPHEP
backbone. As is typical of most [Cu(P"P)(N"N)][X] salts, solution
emissions of the BIPHEP derivatives were very weak, but in
the solid state, PLQYs are 3-14%, the highest being for
[Cu(BIPHEP)(5,5’-Me,bpy)|[PFe]. The yellow emitters have emission
maxima at 566 nm for N*N = bpy, 568 nm for 6-Mebpy, 582 for
6-Etbpy, and 558 nm for 5,5'-Me,bpy. On going from 298 to 77 K,
these shift to 615, 595, 590 and 600 nm, respectively, and the decay
lifetimes increase from 3 to 45 ps for [Cu(BIPHEP)(6-Mebpy)][PFs],
1 to 53 pus for [Cu(BIPHEP)(6-Etbpy)][PFs], and 8 to 49 pus
for [Cu(BIPHEP)(5,5'-Me,bpy)|[PFs], consistent with TADF at
ambient temperatures. Despite the large increase in t for
[Cu(BIPHEP)(6-Etbpy)][PFs], this complex showed only a small

(a) (b)

Fig. 20 (a) Structure of the cation in [Cu(BIPHEP)(6-Etbpy)l[PFe] in space-filling
representation (CSD refcode WOXHEZ). (b) Structure of [Cu(dppnc)(2,9-Me,-
4,7-Phyphen)] (CSD refcode MUJIXOG) with H atoms omitted.
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red-shift in Afax (583 to 590 nm) on going from 298 to 77 K,
suggesting that, for example, non-radiative decay is operative.
For NN = bpy, despite the red-shift in Aga(PL) from 566 to
615 nm (298 to 77 K), there was little change in the decay
lifetime (3 to 7 us). With the highest PLQY of the series,
[Cu(BIPHEP)(5,5-Me,bpy)][PFs] was used as the electrolumino-
phore in a LEC of configuration glass-ITO/PEDOT:PSS/Cu-iTMC/
Al but the highest Lumy,,, even with a current density of
100 A m ™2, was only 12 cd m~> and the maximum EQE was
0.03%."%° Since bpy, 6-Mebpy, 6-Etbpy and 5,5-Me,bpy have
proven promising with POP, xantphos and BnN-xantphos, it
might be concluded that BIPHEP is not a high priority wide-bite
angle ligand for further exploration in these types of lumines-
cent compounds.

Several [Cu(dppnc)(N~N)] compounds have been reported
with the 7,8-dicarba-nido-undecaborate [dppnc] (Scheme 10).
Although these are neutral complexes, we include them because
of the promising PL and EL characteristics of complexes which
are stucturally related to [Cu(POP/xantphos/HN-xantphos)(N*N)]"
cations. The PL behaviours in solution, thin-film and solid and at
298 and 77 K of [Cu(dppnc)(6,6’-Me,bpy)], [Cu(dppnc)(phen)],
[Cu(dppnc)(2,9-Me,phen)], [Cu(dppnc)(2,9-Me,-4,7-Ph,phen)]
(Fig. 20b) and [Cu(dppnc)(4,7-Ph,phen)] (see Scheme 11 for phen
ligands) were studied in detail, including by time-resolved
emission spectroscopy. As previously discussed, the presence
of the methyl substituents in the 6,6’-positions in bpy or 2,9-
positions in phen are essential for preventing large structural
distortions in the excited state and consequential non-radiative
decay. [Cu(dppnc)(6,6’'-Me,bpy)], [Cu(dppnc)(2,9-Me,phen)] and
[Cu(dppnc)(2,9-Me,-4,7-Ph,phen)] are TADF emitters, and
solution-processed OLEDs using [Cu(dppnc)(2,9-Me,phen)]
and [Cu(dppnc)(2,9-Me,-4,7-Ph,phen)] as emitting dopants gave
maximum EQEs of 16.57 and 15.64%, respectively. A combi-
nation of the orange emitting [Cu(dppnc)(2,9-Me,-4,7-Ph,phen)]
and a Zn(u) blue-emitter was used to achieve a white OLED with
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Scheme 11 Structures of phen-based ligands combined with [dppnc]™
(see Scheme 10) in heteroleptic copper(l) complexes.
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an EQEq. of 6.88%."*' The enhanced PL on going from
[Cu(dppnc)(6,6’-Me,bpy)] to [Cu(dppnc)(2,9-Me,phen)] inspired
further extension of the n-conjugation in the N*N domain as well
as a theoretical investigation and comparison of [Cu(dppnc)(6,6'-
Me,bpy)], [Cu(dppnc)(2,9-Me,phen)], [Cu(dppnc)(2,11-Me,bphen)]
and [Cu(dppnc)(7,10-Me,pyrphen)] (see Scheme 11 for N*N ligands).
The additional rigidity of the phen unit compared to bpy leads to a
higher allowedness of the S; — S, transition, greater efficiency of
RISC (Fig. 2) and a higher stability of the T, state; all factors lead to
favourable TADF. Of the compounds studied, [Cu(dppnc)(7,10-
Me,pyrphen)] proved to exhibit the best combination of small
AEsp (1380 em ™, 0.17 eV), high and low rates, respectively, of
fluorescence and phosphorescence decays, fast RISC, and a short
lifetime of the delayed fluorescence. Zou and coworkers recommend
[Cu(dppnc)(7,10-Me,pyrphen)] as a candidate for synthesis."*

Judicious functionalization of the phen-based N*N ligands
24-26 (Scheme 11) resulted in [Cu(dppnc)(N*N)] complexes
with EL in solution-processed OLEDs spanning from green
for [Cu(dppnc)(24)] to red for [Cu(dppnc)(26)]. Although the
differences in [Cu(dppnc)(24)], [Cu(dppnc)(25)] and [Cu(dppnc)(26)]
lie in peripheral functionalities and, therefore, the Cu(y)
coordination environment is essentially the same in each
compound, the solution emission lifetimes vary from 1.0 ps
for [Cu(dppnc)(26)] to 5.5 ps for [Cu(dppnc)(24)]. Che and
coworkers relate this difference to the values of AEgr which
are calculated to be 1121 cm ™" (0.14 eV) for [Cu(dppnc)(24)],
1629 cm ™! (0.20 eV) for [Cu(dppnc)(25)] and 2073 cm ™" (0.26 €V)
for [Cu(dppnc)(26)]. The AEgy separations are therefore in line
with TADF, which is further supported by extended solid-state
decay lifetimes on going from 298 to 77 K, e.g. 15.3 to 1145.7 pus
for [Cu(dppnc)(24)]. The compounds were incorporated as
dopants in solution-processed OLEDs, and the green-emitting
device with [Cu(dppnc)(24)] achieved an EQE of 15.20%."*

The aminophosphane derivatives P,pip and P,Me,en
(Scheme 10) have been incorporated into the emissive com-
pounds [Cu(P,pip)(phen)][BF,] and [Cu(P,Me,en)(phen)][BF,].
At 298 K, values of A, (PL) are 573 and 617 nm, respectively,
and a red-shift is observed on going to 77 K (to 587 and 647 nm,
respectively), consistent with TADF. This is also supported by
the temperature dependence of the decay lifetimes. No device
data were reported.'**

Mononuclear [Cu(P)(tripodal-Nz)]* and
[Cu(P)(NAN)(N)I*

While [Cu(P*P)(N*N)]" compounds dominate the families of
Cu-iTMC TADF emitters investigated to date, variations on this
coordination pattern also lead to some promising emissive materi-
als, with TADF being established in a number of cases. In this
section, we summarize progress made with [Cu(P)(tripodal-N;)]" and
[Cu(P)(N*N)(N)]" coordination motifs, and in the next section, we
look at softer donor sets involving sulfur.

Earlier, we described the PL and EL behaviours of [Cuy(tri-
phos),(i-4,4"-bpy)][BE,], (Fig. 3).*° This complex contained {Cu'(N)-
(tripodal-P3)} coordination motifs. In contrast, {Cu'(P)(tripodal-N3)}

This journal is © The Royal Society of Chemistry 2022
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28
Scheme 12 Structures of the tripodal ligand 27 and bidentate ligand 28.

motifs are represented in [Cu(PPh;)(27)][X] (X~ = PFs , BF,  and
BPh, )"*® and [Cu(PAr;)(27)][PF¢] (Ar = Ph, 2-MeCgH,, 2-"BuCgH,)
(see Scheme 12 for 27)."*® These are deep-blue emitters, and in the
first series, the counter-ion has a significant impact on the solid-
state emission properties of [Cu(PPh;)(27)][X]. TD-DFT calculations
show that AEgr is 810 cm ™" (0.10 V) for [Cu(PPh;)(27)]", consistent
with TADF behaviour. Indeed, red-shifted emission maxima are
observed for powder samples on going from 300 to 77 K (466 to
478 nm for X~ = PFy , 449 to 462 nm for X~ = BF,, 452 to 462 nm
for X~ = BPh, ) and decay lifetimes increase (14 to 26 ps, 7.5 to
19 ps, and 5.4 to 25 s for PF, , BF, and BPh,  salts, respectively).
The counter-ion also affects the solid-state PLQYs with 43% for
[Cu(PPh;)(27)][PFs] and 7% for [Cu(PPh;)(27)][BPh,]."*> Changing
the aryl groups in [Cu(PAr;)(27)][PFs] from Ph to 2-MeCgH, or
2-"BuCgH, has a dramatic effect on the PLQY, even in solution.
Upon excitation, [Cu(PPh;)(27)]" undergoes significant distortion
leading to non-radiative deactivation and emission quenching; the
solution PLQY for [Cu(PPh;)(27)][PFe] is <1%. When the steric
demands of PAr; increase, the non-radiative pathways decrease,
and the solution PLQY values increase dramatically to 58% for
[Cu{P(2-MeC¢H,)3}(27)][PFe], and 76% for [Cu{P(2-"BuCeH,)s}-
(27)][PF¢). Fig. 21a shows the structure of the [Cu{P(2-MeCeH,)5}(27)]"
cation, and illustrates that the Me substituents of the tolyl groups
provide additional steric protection for the Cu(i) centre. On going
from CH,Cl, solutions of [Cu(PAr;)(27)][PF] to powders, Afax
(PL) blue-shifts, and a blue-shift is also seen along the series PPh; to
P(2-MeCgH,); or P(2-"BuC¢H,);. Both trends are consistent with
greater rigidity of the system. The solid-state PLQY is highest for

V o7 4

v/
( >
J ;

S
)

(a)
(a) Structure of the cation in [Cu{P(2-MeCgH,4)3}(27)1[PFg] (CSD
refcode HIRJEA). (b) The structure of [Cu(PPhz)(28)(NCMe)]* in the [BF4]~
salt (refcode NAVFUO) showing m-stacking between one phenyl ring of
PPhz and the phenyl ring of 28.

-
__\"_'\
(b
Fig. 21
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[Cu{P(2-MeC¢H,)3}{27)][PFs] (86%). A thorough investigation of this
complex reveals a notably fast phosphorescence decay rate (5 X
10* s7") and although TADF takes effect above 160 K, phosphores-
cence of [Cu{P(2-MeC¢H,);}(27)][PFs] prevails over TADF (60% vs.
40%) at 298 K."*® This is a very promising family of Cu-iTMCs and
one that deserves further investigations in emitting devices.

In [Cu(PPh;)(28)(NCMe)][BF,], the crystal structure reveals
inter-ligand m-stacking (Fig. 21b) and significant steric protection
of the Cu(1) centre. The powdered compound exhibits a blue-green
emission (Ama(PL) = 492 nm) with PLQY = 27.9% and t = 235 s,
and it is proposed that this originates from ILCT excited states.
The variable temperature emission behaviour supports a TADF
mechanism at ambient temperatures.**’

Mononuclear [Cu(PAP)(NAS)]* and
[Cu(PAP)(PAS)]*

We recently investigated the effects of replacing the N*N donor
set by the N~S ligands 29-34 (Scheme 13). [Cu(P"P)(29)][PFs]
and [Cu(P"P)(30)][PF,] with P P = POP and xantphos'*® and
[Cu(POP)(N”S)][PF,] with N*S = 31, 32, 33 and 34"*° are very
weakly emissive in the solid state. Powdered samples of
[Cu(xantphos)(N”S)][PFs] with NS = 31, 32, 33 and 34 are
yellow emitters with PLQYs in the range 4.7-10.8%, the highest
value being for [Cu(xantphos)(31)][PF¢]. This compound was
incorporated as the electroluminophore in a LEC, but exhibited
poor EL and poor charge transporting properties.'°

The neutral complex [Cu(dppb)(35)] (dppb = 1,2-bis(diphenyl-
phosphano)benzene, H35 is shown in Scheme 13) is a green
emitter. In the solid state, Zmax(PL) = 521 nm and PLQY = 52% at
293 K, and the corresponding values at 77 K are 534 nm and 73%,
with an increased decay lifetime on cooling. With a value of AEgy
of 309 cm™" (0.038 eV), [Cu(dppb)(35)] shows efficient TADF
behaviour at room temperature. The strong electron-donating
character of the [35]  ligand reduces the Cu contribution to the
highest occupied MOs of [Cu(dppb)(35)], and as a result, LLCT
rather than MLCT character in the excited states becomes
important. Solution-processed OLEDs with an active layer
comprising 4,4’-bis(9-carbazolyl)-2,2’-dimethylbiphenyl doped
with 10% [Cu(dppb)(35)] were fabricated. Additional doping
with  di-[4-(N,N-ditolylamino)phenyl]cyclohexane contributed
to the best OLED current efficiency of 21.3 cd A™" and EQEay

of 7.8%."°
=N SR =N s =N s
31 32
N O
NS PhF  SH
Ha5

29 R=lpr
34

30 R='Bu
Scheme 13 Structures of chelating NAS and PAS ligands.
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Di- and polynuclear complexes with
PAP, NAN and PAS metal-binding
domains

We first consider species in which the Cu(i) centres are bridged
by bis- or tetrakisphosphano ligands. We have already discussed
the dinuclear complexes [Cu,(20),(1-POP)]** (a rare example in
which POP is in a bridging mode) and [Cu,(POP),(n-22)]** (in
which the sulfone 22 coordinates to two Cu(1) centres through
two N,O-donor sets)."” A number of dinuclear complexes
feature N”N ligands of the types previously discussed and
bridging bisphosphanes. [Cuy(2,9-Me,phen),(p-dppa),|[BF4],
(dppa = bis(diphenylphosphano)ethyne) is poorly emissive in
solution (PLQY = 1%); in a PMMA film at 298 K, the PLQY is 6%
and this increases to 56% at 77 K. However, the emission
maximum at 77 K has vibrational structure, indicative of *mn*
character of the emission, and this behaviour for the dinuclear
species contrasts with that of the related mononuclear
[Cu(xantphos)(2,9-Me,phen)]" which is a TADF emitter (see
earlier)."® [Cu,(36),(u-dppe),] (H36 is shown in Scheme 14,
dppe = bis(diphenylphosphano)ethane) is unusual in that the
CH,Cl, solvate exhibits luminescent vapochromism with a
yellow to cyan PL colour change; when the desolvated crystalline
material is exposed to CH,Cl, vapour, PL cyan emission returns
to a yellow emission. The effect is selective to CH,Cl, and is
attributed to the accommodation of each CH,Cl, molecule
within a pair of pyridine rings of adjacent [Cuy,(36),(n-dppe).]
complexes in the lattice. The desolvated solid [Cu,(36),(p-dppe)s]
has Aqa<(PL) = 493 nm at room temperature and the emission
shifts to 509 nm at 77 K, with the value of 7 increasing from
24 ps at 350 K to 164 us at 50 K. These data and the value of AEg =
0.097 eV (780 cm™ ') are consistent with TADF behaviour.
[Cu,(36),(p-dppe),] is readily sublimable and was incorporated

CF;
72N\
_ _N
N
N H
H36
CF;
FsC a
_N
N —N
H 39 R=
H40 O
®
Cu(POP)
(-0
o 72/
7N _
N N
®
Cu(POP) n
[41]2m-

Scheme 14  Structures of some NAN or bis(NAN) ligands in dinuclear Cu()
complexes, and the structure of metallopolymer [41]2™.
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into vapour-deposited multilayer OLEDs with 4,4"-bis(9-carbazolyl)-
2,2'-dimethylbiphenyl as the host material in the active layer. Of the
doping concentrations used, the best OLED performance was
found for 6 wt% of [Cu,(36),(i-dppe),] with values of Lum,,, =
7217 c¢d m~ > and EQE . = 7.5%."""

Earlier, we described the seminal work of Yersin and co-
workers in which the TADF behaviour of [Cu(POP)(pz,BH,)],
[Cu(POP)(pz,BPh,)] and [Cu(POP)(pz,B)] (Fig. 6 and associated
discussion) was revealed.®” Related dinuclear compounds are
[Cu,(pz4B),(p-tpbz)] (Fig. 22a) (tpbz = 1,2,4,5-tetrakis(diphenyl-
phosphano)benzene), [Cu,(pz,BH,),(u-tpbz)] and [Cu,(tz,-
BH,),(p-tpbz)] ([tz,BH,]~ = bis(1,2,4-triazol-1-yl)borohydrate).
Solids samples exhibit yellow-orange PL with A5;.(PL) = 580,
569 and 540 nm, respectively, with PLQYs of 7, 28 and 45%,
respectively, at 298 K. Extended decay lifetimes upon going
from 298 to 77 K are observed (e.g. 11.9 to 29.1 ps for
[Cuy(pzaBH,),(p-tpbz)]). With estimated values of AEgr in the
range 0.06 and 0.09 eV (ca. 500-700 cm ', corrobated by
TD-DFT calculations), the compounds are likely to be TADF
emitters at ambient temperatures. However, atypically for
TADF, the emission maxima undergo small blue-shifts of
between 6 and 10 nm on going from 298 to 77 K.'** 1,2,3,4-
Tetrakis(diphenylphosphano)cyclobutane (dppcb) and 1,2,3,4-
tetrakis{di(2-methoxyphenyl)phosphano}cyclobutane (MeOdppcb)
act as bis(chelating) ligands in [Cuy,(5,5"-Me,bpy),(1-dppcb)][PFs),
[Cu,(2,9-Me,phen),(-MeOdppceb)|[PFg], and  [Cuy(15),(pu-MeO-
dppcb)] (see Scheme 8 for H15). In terms of emission behaviour,
[Cu,(2,9-Me,phen),(1-MeOdppcb)][PFe, is the most interesting of
this series, exhibiting TADF behaviour. The combined steric effects
of 2,9-Me,phen and the PP metal-binding domain (Fig. 22b)
contribute to a PLQY of 49% for a deaerated MeCN solution
(Asmax = 554 nm, 7 = 13.8 us at 298 K). The emission is red-
shifted on going to 77 K, and t increases to 634 ps. [Cuy(2,9-
Me,phen),(1-MeOdppcb)][PFs], was used in the active layer of a
simple LEC (Fig. 22c) and the EL maximum corresponds to the

] 100 nm ’
D et V)
Electroluminophore | ] 40 nm \/A\
PEDOT : PSS 4 d= \O
Glass / ITO anode N~
~
v
(c) (d)

Fig. 22 Structures of (a) [Cu,(pz4B)(n-tpbz)] (CSD refcode KURCAD), and
(b) the cationic complex in [Cux(2,9-Me,phen),(n-MeOdppch)l[PFgl,
(refcode VOZQAE). (c) Architecture of a LEC containing [Cux(2,9-
Mezphen),(i-MeOdppcb)l[PFel, in the active layer; the LEC was driven
under a bias of 4 or 5 V. (d) Structure of the dinuclear cation in
[Cu,(POP),(1-37)][BF4], (refcode MAMXUW). H atoms are omitted from
the figures for clarity.
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Jmax(PL) of a pristine thin-film (ca. 554 nm). Under a driving
voltage of 5 V, the LEC had a fast a turn-on to reach a Lumyy,x of
108 cd m 2. However, the decay of the EL was rapid. A longer EL
lifetime was achieved at the expense of brightness with a 4 V
driving voltage. This contribution from Briiggeler and De Cola
in 2014 is noteworthy for being a relatively early report of TADF
heteroleptic copper(1) emitters proven to function in LECs."*?

We now move to polynuclear copper(1) complexes featuring
bridging N-donor ligands. The majority are neutral compounds
and are included because of some notable PL and device
performances. [Cu,(POP),(11-37),] (Fig. 22d), [Cu,(POP),(11-38),]
and [Cu,(POP),(u-39),] differ in the functionalization of a
phenyl ring in the bis(N~N) ligand (Scheme 14). As is typical,
relatively low solution PLQYs are enhanced on going to a more
rigid matrix. In PMMA films (20% weight concentration),
PLQYs of 20, 16 and 26% (/max(PL) = 514, 506 and 512 nm)
for [Cu,(POP),(1-37),], [Cu,(POP),(1-38),] and [Cuy(POP),(u-
39),], respectively, are observed, and further improvement in
PLQY is seen when moving from PMMA to PYD2 (see Fig. 15 for
PYD2). The compounds are TADF emitters at ambient tempera-
tures. On going from 298 to 77 K, values of Ajya(PL) for solid
[Cuy(POP),(1-37),], [Cu,(POP),(11-38),] and [Cu,(POP),(1-39)s]
red-shift from 509, 519 and 503 nm, respectively, to 523, 546
and 516 nm, and decay lifetimes increase (5.5, 16 and 5.5 ps to
158, 356 and 209 ps, respectively). The experimentally deter-
mined S,-T,; separations, AEgr, are 0.089, 0.132 and 0.094 eV
(ca. 700, 1060, 800 cm™ ") for [Cu,(POP),(1-37),], [Cuy(POP),(u-
38),] and [Cu,(POP),(11-39),], respectively. The promising PL
properties of these compounds led to them being used as
electroluminophores in solution-processed, multilayer OLEDs
with PYD2 (see Fig. 15) as the host material. The OLED with
[Cuy(POP),(1-39),] exhibited the highest values of EQE (8.3%)
and Lumy,,, (2525 cd m™?), with the hole-transporting properties
of the carbazole group in 39 contributing to the performance.'**
In 2019, Titov et al. reported the first example of a cyclic tricopper(i)
pyrazolate displaying TADF behaviour.'*®> [Cu,(dppm)(40);]
(Scheme 14 shows H40, and dppm = bis(diphenylphosphano)-
methane) contains two Cu(i) centres bridged by both N*N and
P*P domains and one two-coordinate Cu(i) bound only by
N-donors (Fig. 23a). The authors comment that the photophysical
properies are influenced by intramolecular structural features
rather than by intermolecular interactions. It is worth noting,
therefore, that the crystal structure of [Cus(dppm)(40);] exhibits
n-stacking between two Ph rings of dppm (Fig. 23b), reminiscent
of the intra-POP interactions described earlier. On going from
298 to 77 K, the solid-state emission of [Cu;(dppm)(40);] shifts
from 514 to 554 nm, and t increases from 32.7 to 148.6 pus,
consistent with TADF behaviour. The value of AEg; derived
from experimental data is estimated to be 1080 + 60 cm ™"
(0.13 £ 0.01 eV). The PL properties suggest that this and related
trinuclear species may find applications in lighting devices, but
no relevant OLED data are yet available.

The metallopolymer [41][BF,],, was prepared by condensation
of [3,3'-bipyridine]-6,6'-dicarbaldehyde and 1,1’-biphenyl-4,4’-
diamine in the presence of Cu(BF,), and POP. A DMF solution
of the polymer gave an emission with Aa«(PL) = 780 nm, but after

This journal is © The Royal Society of Chemistry 2022
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(b)

Fig. 23 (a) Structure of [Cuz(dppm)(40):] (CSD refcode NOGZOB) with H
atoms omitted, and (b) view of the same molecule showing the n-stacking
within the dppm ligand.

heating at 160 °C, a yellow gel formed for which Aja(PL) =
580 nm; cooling reversed the sol-gel transition. The changes were
attributed to reversibie dissociation of the complex. LECs were
fabricated using an architecture similar to that shown in Fig. 22c,
with a 100 + 20 nm active layer and 100 nm Al cathode layer.
With an onset voltage of ca. 4 V, a value of Lumy,,, = 3 cd m™ > was
reached. At low bias, the EL was in the IR region, but an increase
in voltage produced a blue-shift eventually giving yellow EL. The
process was reversible and, by analogy with the solgel transition,
was explained in terms of reversible dissociation of [Cu(POP)]"
domains from the organic polymer backbone. Although TADF
was not demonstrated in this system, the investigation is of
relevance for this review in terms of establishing the effects of
heat on PL and of higher bias in LECs containing heteroleptic
copper(r) emitters."*®

Copper(l) complexes with
N-heterocyclic carbenes

N-Heterocyclic carbenes (NHCs) are characterized by exhibiting
strong o-donating and weak m-accepting properties. The
potential for employing NHC ligands in emissive three-coordinate
copper(1) compounds was described by Thompson and coworkers
between 2010 and 2014."*77*° In 2019, Danopoulos et al. provided a
thorough overview of the field of NHC copper complexes including
cyclic alkyl-amino carbenes (cAACs),**® and we have therefore
chosen to focus on early pivotal investigations, and then on
Cu-iTMC:s (i.e. ionic complexes) which incorporate NHC ligands.

Three-coordinate copper

With respect to TADF, a comparison of the properties of
[Cu(42)(py.BMe,)] and [Cu(43)(py.BMe,)] is highly instructive;
NHCs 42 and 43 are shown in Scheme 15, and [py,BMe,]|~
(dimethyldi(pyridin-2-yl)borate) acts as an N”N ligand in an
analogous fashion to [pz,BH,]” (see Fig. 6). At 300 K, solid
[Cu(42)(py,BMe,)] and [Cu(43)(py.BMe,)] are blue and yellow
emitters, respectively, with A72(PL) = 475 and 575 nm and
PLQYs of 76 and 73%. At 77 K, Amax(PL) = 490 and 585 nm,
respectively, and values of 7 are 34 and 21 s, compared to 11
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Scheme 15 Structures of NHC ligands 42—-48.

and 18 ps at 300 K. For [Cu(42)(py,BMe,)], AEsy is 740 cm™"
(0.092 eV) allowing this complex to exhibit TADF behaviour at
ambient temperatures. [Cu(42)(py,BMe,)] shows two radiative
decay paths: 62% TADF vs. 38% phosphorescence. In contrast,
on going from 42 to 43, expanding the conjugation and replacing
the 2,6-isopropyl by 3,5-dimethyl groups lead to a significantly
increased value of AEgy in [Cu(43)(py,BMe,)] (3000 cm ™, 0.37 V)
which militates against RISC and, therefore, TADF. The different
Nync-Cnuc—Cu-Ny,y torsion angles of 5° in [Cu(42)(py.BMe,)] vs.
70° in [Cu(43)(py.BMe,)] are key to the different photophysical
behaviours, and lay the foundations for rational structural design
within this family of copper(i) emitters.*® Thus, NHCs containing
2,6-isopropylphenyl substituents (e.g. 42, 44-48 in Scheme 15) are
popular choices for NHC copper(1) complexes.

Replacement of the [BMe,]|™ unit in [py,BMe,]” by CR,, NR
or PR leads to neutral N*N ligands and an entry into NHC-
containing Cu-iTMCs for LECs. This strategy complements
the investigations of the luminescent three-coordinate com-
plexes [Cu(phen)(42)]","*”"*"'** [Cu(bpy)(42)]" and [Cu(4,4"-
Me,bpy)(42)]".">""** Attempts to isolate [Cu(2,9-Me,phen)(42)][PFg]
led only to the homoleptic complexes [Cu(2,9-Me,phen),][PF] (four-
coordinate Cu) and [Cu(42),][PF,] (two-coordinate Cu), indicating
that the combined steric demands of the Me groups in 2,9-Me,phen
and the ‘Pr substituents in 42 are too great for a three-coordinate
Cu(i) centre."" [Cu(phen)(42)][OTf],"*” [Cu(phen)(42)][PF¢], [Cu(bpy)-
(42)][PFs] and [Cu(4,4'-Me,bpy)(42)][PFe]">* are weakly emissive in
solution, with some enhancement seen for [Cu(phen)(42)]OT{] in
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Scheme 16 Structures of di(pyridin-2-yllamine NAN ligands.

frozen 2-MeTHF at 77 K.*” In contrast, use of di(pyridin-2-yl)amines
py.NH, 3-Mepy,NH, 4-Mepy,NH and 5-py,NH (Scheme 16) lead to
the respective [Cu(N"N)(42)][PFs] complexes which are blue-emitters
in the solid state (max(PL) = 436-488 nm) with PLQYs in the range
5-86%, the highest being for [Cu(3-Mepy,NH)(42)][PFs]. Decay life-
times are between 17 and 44 ps.**>*** The emission properties of
[Cu(py,NH)(44)][PFs] (Amax(PL) = 484 nm, PLQY = 88%, T = 51 ps) are
similar to those of [Cu(3-Mepy,NH)(42)][PF,]. This series of com-
pounds represented the first [Cu(N"N)(NHC)]" species with high
PLQYs and blue emissions. Critically, use of a di(pyridin-2-ylJamine
rather than a planar (e.g bpy or phen) N*N domain modifies the
structure (Fig. 24) such that there is an increase in the HOMO-
LUMO separation. An important structural feature of this series of
heteroleptic complexes is intramolecular, inter-ligand CH---nt
interactions between pyridine CH and N-phenyl substituents
(Fig. 24¢).">" This interaction appears to be especially important
in improving the air and moisture stability of the compounds
in the solid state.'”® The investigations of [Cu(N~N)(NHC)]" Cu-
iTMCs were extended to a wider range of NHC (Scheme 15) and
py.NH-type N*N (Scheme 16) ligands in order to establish
structure-property relationships and to demonstrate TADF in
three-coordinate [Cu(N~N)(NHC)]" complexes."* In respect of
the N”N ligands, the presence of electron-donating groups
(Me, OMe) leads to a blue-shifted emission, whereas electron-
withdrawing groups (CF;) cause a red-shift; going from
py-NH to py,NMe leads to a small blue-shift in A7 (PL)
of [Cu(N"N)(NHC)]". A correlation between the presence of
Hyne - -Fanion contacts and enhanced PLQY was also proposed. It
was also noted that along the series [Cu(py,NH)(NHC)][PF,] in
which NHC = 42, 45, 46, 47 and 48 (Scheme 15), an increase
of the o-donation of the NHC corresponds to an increase in the
solid-state PLQY (e.g. 17% for [Cu(py,NH)(47)][PF¢]), 22% for
[Cu(py,NH)(42)][PFs] and 64% for [Cu(py,NH)(48)][PFq].

This journal is © The Royal Society of Chemistry 2022
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Electroluminophore ] 100 nm
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Fig. 24 Comparison of the structures of the [Cu(NAN)(NHC)]* cations in
(a) [Cu(phen)(42)1[BF4] (CSD refcode SORNOE) and (b) [Cu(5-Mepy,NH)-
(42)][PF¢] (refcode SORPIA). (c) Intramolecular CH---m interactions in
[Cu(py2NH)(42)][PFg] (refcode SORPOG). (d) Architecture of the LECs
containing Cu-iTMCs with NHC and py,NH-type NAN ligands; LECs were
driven using a pulsed current.

This correlates to a trend in the Cu-Cypc bond length: the
shorter the Cu-Cygc, the higher the PLQY. LECs have been
fabricated with the configuration shown in Fig. 24d with
[Cu(py,NH)(42)][PF], [Cu(py,NH)(48)|[PE,], [Cu(4-CF;py,NH)-
(42)][PF¢] or [Cu(3-Mepy,NH)(42)][PF,] in the active layer. LECs
with [Cu(py,NH)(42)][PFs] and [Cu(3-Mepy,NH)(42)][PF,] exhibited
Lum,,, = 56 and 310 cd m™ >, respectively, and use of [Cu(3-
Mepy,NH)(42)][PFs] provided the first blue-emitting copper-
based LEC (/max(EL) = 490-500 nm). Gaillard, Costa and coworkers
note that one difficulty is that the [Cu(py,NH)(NHC)]|[PF,] complexes
slowly degrade in solution (see later).">*

Gaillard, Costa and coworkers have extended the use of
py.NH-type ligands to py,CH,, py,CMe, and py,PPh (Scheme 16),
each combined with NHC 42 in [Cu(N"N)(NHC)|[PF,] salts. Along
the series [Cu(N"N)(42)][PFs], the solid-state emission Aqa(PL) at
298 K is red-shifted for N*N = py,CH,, py.CMe, and py,PPh (473,
474 and 503 nm, respectively) compared to 463 nm for py,NH.
PLQYs are lowest for [Cu(py,CH,)(42)][PFs] (15%) and highest for
[Cu(py,PPh)(42)][PFs] (86%). On going from 298 to 77 K, all com-
pounds show a red-shifted emission and extended 7 values, e.g. 503
to 519 nm, and 13 to 87 ps for [Cu(py,PPh)(42)][PF¢], consistent with
TADF. The nature of the bridging group in the py,X ligand does
not have a significant effect on AEsy, values of which were
determined as 0.095 eV (ca. 760 cm™ ") for [Cu(py,NH)(42)][PF],
0.12 eV (ca. 1000 cm™ ") for [Cu(py,CH,)(42)][PF¢], 0.10 eV (ca.
800 cm ") for [Cu(py,CMe,)(42)][PF¢], and 0.10 eV (ca. 800 cm™ )
for [Cu(py,PPh)(42)][PFs]. This series of TADF-emitters was
incorporated into LECs with an architecture similar to that shown
in Fig. 25d, but with layer thicknesses of 70 nm PEDOT:PSS, 90 nm
electroluminophore, and 90 nm Al. Compared to the complexes
containing py,NH and py,CH,, [Cu(py,CMe,)(42)][PFs] and
[Cu(py,PPh)(42)][PFs] showed enhanced ionic mobilities which
allowed the LECs to be driven under lower pulsed currents.

This journal is © The Royal Society of Chemistry 2022
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(a) (b) ()
the [Cu(POP)49)]*

and (b)
[Cu(POP)(50)]" cation in their [PFg]~ salts (CSD refcodes QAKPIE and

Fig. 25 Structures of (a) cation, the

QAKPUQ). H atoms are omitted for clarity. (c) Structure of the
[Cu(POP)(52)]* cation in the [PF¢]~ salt (refcode ZIKTEV) showing (space-
filling representation) the n-stacking between the Ph ring in 52 and one
arene ring of the POP backbone; there is a second mn-stacking contact
within the POP ligand (top of figure).

2 and

Fast turn-on with values of Lum,,,, = 6.2 and 13 ¢d m™
efficacy = 0.19 and 0.39 cd A™ ", respectively, were achieved at the
lowest applied current (0.5 mA).">> The development of NHC
Cu-iTMCs for blue- and green-emitting LECs has gained
momentum, but as previously mentioned, degradation of
[Cu(N~N)(NHC)]" species during solution processing is proble-
matical. An important contribution which addesses device
optimization demonstrates the use of ionic additives, as well
as a hole transporter. With such modifications, the Lum,,,, of
LECs containing [Cu(py,NH)(42)][PF¢] could be boosted from 20
to 160 cd m~ 2, and the efficiency from 0.17 to 1.2 cd A~ %133

Two-coordinate copper

In 2019, Marian and coworkers reported the TADF behaviour of
a series of two-coordinate Cu-iTMCs. Initial findings were that
[Cu(py)(42)][BE.], [Cu(2Mepy)(42)][BF.] and [Cu(2-Phpy)(42)|[BE]
(py = pyridine, 2-Mepy = 2-methylpyridine, 2-Phpy = 2-phenyl-
pyridine) were poorly or non-emissive in single crystal form or in
solution, although in powder form or thin films, the cation-anion
pairing through the formation of Cu-F-B interactions turned on a
blue or blue-green PL."*® This was followed up with a theoretical
investigation of [Cu(py)(42)][BF,], [Cu(2-Mepy)(42)][BF,] and [Cu(2-
Phpy)(42)][BF,] which showed that the PL is quenched by locally
excited triplet states if, as in 42, the NHC ligand carries two
diisopropylphenyl substituents. Replacement of 2,6-'Pr,CeHj in
the NHC ligand 42 in [Cu(py)(42)]" by adamantyl groups sup-
presses emission quenching and the theoretical study predicts
that TADF will then be efficient. Further, introducing electron-
withdrawing or -donating substituents into the 4-position in the
py ligand should lead to emission tuning over the UV, blue and
green regions.'® Although these results should motivate syn-
thetic investigations, the predictions do not yet appear to have
been experimentally established. Extensive calculational studies
from Marian and coworkers in 2020, should provide ground
rules for structure design in NHC copper(i) coordination com-
pounds. One pertinent conclusion relevant to two-coordinate
(linear) complexes is that only species with S; and T, states with
LLCT character have sufficiently small values of AEsy to facilitate
TADF. Complexes in which MLCT character predominates in the
S, and T, excited states tend to decay by phosphorescence.*!
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Four-coordinate copper

In this final section dealing with NHC-containing Cu-iTMCs,
we focus on four-coordinate [Cu(POP)(NHC)]" complexes, in
which the NHC ligand carries a substituent which acts as an
N-donor (Scheme 17). [Cu(POP)(49)][PF,] and [Cu(POP)(50)][PF]
both contain distorted tetrahedral Cu(i) centres. Both complex
cations (Fig. 25) exhibit the characteristic n-stacking interaction
within the POP ligand (see earlier discussion), but there are no
efficient intramolecular n-stacking contacts between the NHC
and POP ligands. The Cu-Ccapene bonds are longer (1.966(6)
and 1.957(4) A) in [Cu(POP)(49)][PFs] and [Cu(POP)(50)][PF]
than in the typical three-coordinate [Cu(N~N)(NHC)]" complexes
described above, consistent with greater steric demands within
the copper(r) coordination spheres in the four-coordinate
species. In solution, [Cu(POP)(49)][PFs] and [Cu(POP)(50)][PF]
are non-emissive, but in the solid state they are green and yellow
emitters, respectively, with PLQY values of 56 and 35%. The
values of Ainax(PL) of 520 nm for [Cu(POP)(49)][PF¢] and 570 nm
for [Cu(POP)(50)][PFs] at 298 K red-shift to 553 and 612 nm,
respectively, on cooling to 77 K, and values of t increase. For
[Cu(POP)(49)][PFs], the emission decay was monoexponential at
298 K, and a biexponential fit was used at 77 K. In contrast,
bi- and triexponential fits were applied for the emission decays
of [Cu(POP)(50)][PF,] at 298 and 77 K, respectively. Analysis of
the solid-state emission behaviour leads to the conclusion that
both compounds are predominantly TADF emitters at 298 K,
with a phosphorescence component.’® This first contribution
from Wang et al. focused on the effects of extending the
n-conjugation in the NHC ligand (49 vs. 50)."*® In a later
investigation from the same group, the effects of introducing
electron-donating Me and OMe or electron-withdrawing F or Cl
substituents (NHCs 51-54) were explored.'® Structurally,
[Cu(POP)(51)]", [Cu(POP)(52)]", [Cu(POP)(53)]" and [Cu(POP)(54)]"
are similar to [Cu(POP)(49)]" (all characterized as [PF,] salts), and
exhibit the typical m-stacking contact within the POP ligand.
Additionally, in the solid-state structures of the methoxy and fluoro
derivatives [Cu(POP)(52)][PFs] and [Cu(POP)(53)|[PFs], there is a
n-stacking between the Ph ring in 52 or 53 and one arene ring of

- =
oo

NN
—N
49
50
o ~ O
_
§ Y
X 51 X=Me —N
52 X=0Me
53 X=F 55
54 X=Cl

Scheme 17 NHC ligands used in [Cu(POP)(NHC)][PF¢] emitters.
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POP (Fig. 25¢). These interactions are not discussed in detail by
Wang et al, but we highlight them here in view of the known
importance of such intramolecular interactions in heteroleptic
[Cu(P*P)(N*N)]" complexes (see earlier discussion).?® This series
of compounds displays strong blue-green or green emission
(Amax = 489-539 nm) in the solid state, with PLQYs of 61%
for [Cu(POP)(51)|[PFs], 69% for [Cu(POP)(52)][PFs], 42% for
[Cu(POP)(53)][PFs] and 58% for [Cu(POP)(54)][PFs]. The correlation
of Amax with the electronic properties of the NHC ligands is not
straightforward. However, DFT calculations indicate that both
HOMO and LUMO contain NHC character giving a rationale as
to why the observed trends in emission maxima do not follow
directly from the electron-withdrawing/donating properties of the
Me, OMe, F and CI substituents. At 77 K, Jmax values are red-
shifted with respect to 298 K and emission decay times are longer.
As for the parent compound [Cu(POP)(49)][PF¢], it is concluded
that emission at ambient temperatures has both phosphoresence
and TADF components."*

More recently, this family of compounds has been extended
by Zhao and coworkers to [Cu(POP)(55)][PFs] (Zmax(PL) =
493 nm at 298 K), and the photophysical properties were
compared to those of [Cu(POP)(51)][PF,] (Amax(PL) = 487 nm),
again with the conclusion that both phosphorescence and TADF
contribute to emission at ambient temperatures.*®® We note
that the solid-state emission behaviour of [Cu(POP)(51)][PF]
has been independently reported by Wang, Xu and coworkers'*®
and by Zhao and coworkers."®® In the initial report, the room
temperature PLQY of solid [Cu(POP)(51)][PFs] was reported as
61%."° In contrast, Zhao and coworkers determined a PLQY of
100%."®° Whether this is a consequence of different sample
morphologies®” remains unclear. No applications of this family
of four-coordinate [Cu(POP)(NHC)]" emitters in LECs have been
reported to date, despite the rather promising photophsyical
behaviours.

Conclusions

Over the last ten years, there has been growing interest in the
development of luminescent heteroleptic copper(1) coordination
compounds. These developments encompass both neutral com-
pounds which may have applications in OLEDs and cationic
complexes with potential use in either LECs or OLEDs. This review
has focused mainly on Cu-iTMCs, but we have included neutral
coordination compounds such as the series of [Cu(POP)(pz,BH,)],
[Cu(POP)(pz,BPh,)] and [Cu(POP)(pz,B)]** which were pivotal along
the road to recognizing that heteroleptic Cu(r) complexes could
exhibit TADF. Among the families of emissive Cu-iTMCs, the most
commonly encountered are distorted tetrahedral [Cu(PP)(N"N)]"
complexes in which P*P is a large-bite angle bis(phosphane) and
N”N is a diimine or related ligand. Although initial investigations
demonstrated high PLQYs and promising performances in LECs, it
was not until low temperature PL measurements became routine
that the widespread nature of TADF in Cu-iTMCs was recognized.
Thus, in some cases, Cu-iTMCs were not described as TADF
emitters even though the phenomenon was present.

This journal is © The Royal Society of Chemistry 2022
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There have been a number of endeavours to develop structure—
property relationships to assist the synthetic chemist in ligand
design,>”®%19%154 byt often, simple ligands such as 6,6'-Me,bpy or
2,9-Me,phen have proved to be the best performing. It is critical
that the N*N ligand possesses appropriate substituents to prevent
flattening of the coordination sphere excited state. As far as wide-
bite angle bis(phosphanes) are concerned, POP and xantphos
remain the most popular, but RN-xantphos ligands (derived from
the commercially available HN-xantphos) deserve further exploita-
tion in [Cu(RN-xantphos)(N*N)]" coordination compounds.

Most of the heteroleptic copper(i) complexes incorporating
N- and P-donor ligands are red, orange or yellow emitters.
Colour tuning into the blue region of the spectrum has been most
notably achieved by moving to NHC-containing compounds. This
area remains a valuable playground for the synthetic chemist.

Our longstanding interest in structural chemistry has led us
to put an emphasis in this review on solid-state structural
features such as n-stacking interactions and other inter-ligand
interactions which may impact on PLQYs. Since it has been
established that, for [Cu(P*P)(phen)]" derivatives, there is a direct
relationship between the number of intramolecular m-interactions
in the ground state and the PLQY value,® it is invaluable to
correlate crystal-structural features with solid-state photophysical
behaviour.

Finally, although we have, where possible, reported LEC
performances, it is difficult to compare device figures-of-merit
because of the differing LEC configurations and operating
conditions. There are only a few investigations that focus on
device optimization for a given Cu-iTMC electroluminophore,
and we conclude that this is one area that is ripe for future
development.

Author contributions

C. E. H. and E. C. C. contributed equally to the writing of this
review.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We are grateful to the Swiss National Science Foundation
for support of our research into Cu-iTMCs over the last
decade (grant numbers 200020_162631, 200020_144500, 200020_
182000) and to the European Research Council (Advanced Grant
267816 LiLo) and also the University of Basel to financial support.
Our own progress in this area has only been possible with
the dedicated work of members of our research team, and
they are duly acknowledged in the references, as are our
collaborators in the Instituto de Ciencia Molecular, Universidad
de Valencia, in particular Henk Bolink, Enrique Orti and
Michele Sessolo.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Journal of Materials Chemistry C

References

1 United Nations, 2015, https://sdgs.un.org/2030agenda.

2 United States Department of Energy accessed 25.08.2021
https://www.energy.gov/articles/rise-and-shine-lighting-world-
10-billion-led-bulbs accessed 25.08.2021.

3 A. Buckley, Organic Light-Emitting Diodes (OLEDs), Wood-
head Publishing (Elsevier), Oxford, 2013.

4 Light-Emitting Electrochemical Cells, ed. R. D. Costa,
Springer International Publishing, Cham, 2017.

5 S. B. Meier, D. Tordera, A. Pertegas, C. Roldan-Carmona,
E. Orti and H. J. Bolink, Mater. Today, 2014, 17, 217.

6 E. Fresta and R. D. Costa, J. Mater. Chem. C, 2017, 5, 5643.

J. Xu, A. Sandstrom, E. M. Lindh, W. Yang, S. Tang and

L. Edman, ACS Appl. Mater. Interfaces, 2018, 10, 33380.

8 B. Pashaei, S. Karimi, H. Shahroosvand, P. Abbasi,
M. Pilkington, A. Bartolotta, E. Fresta, J. Fernandez-Cestau,
R. D. Costa and F. Bonaccorso, Chem. Soc. Rev., 2019, 48, 5033.

9 T. Teng, ]J. Xiong, G. Cheng, C. Zhou, X. Lv and K. Li,
Molecules, 2021, 26, 1125.

10 H. Xu, T. Yang, F. Wang, J. Zhang, X. Zhang, H. Wang and
B. Xu, J. Lumin., 2019, 205, 82.

11 Q. Pei, G. Yu, C. Zhang, Y. Yang and A. ]. Heeger, Science,
1995, 269, 1086.

12 K. M. Maness, R. H. Terrill, T. J. Meyer, R. W. Murray and
R. M. Wightman, J. Am. Chem. Soc., 1996, 118, 10609.

13 J. D. Slinker, J. Rivnay, J. S. Moskowitz, J. B. Parker,
S. Bernhard, H. D. Abrufia and G. G. Malliaras, J. Mater.
Chem., 2007, 17, 2976.

14 C. E. Housecroft and E. C. Constable, Coord. Chem. Rev.,
2017, 350, 155.

15 R.D. Costa, E. Orti and H. J. Bolink, Pure Appl. Chem., 2011,
83, 2115.

16 R. D. Costa, E. Orti, H. ]J. Bolink, F. Monti, G. Accorsi and
N. Armaroli, Angew. Chem., Int. Ed., 2012, 51, 8178.

17 T. Hu, L. He, L. Duan and Y. Qiu, J. Mater. Chem., 2012,
22, 4206.

18 J. Emsley, The Elements, Oxford University Press, 1998.

19 M. T. Buckner and D. R. McMillin, J. Chem. Soc., Chem.
Commun., 1978, 759.

20 G. Blasse and D. R. McMillin, Chem. Phys. Lett., 1980, 70, 1.

21 R. A. Rader, D. R. McMillin, M. T. Buckner, T. G. Matthews,
D. J. Casadonte, R. K. Lengel, S. B. Whittaker, L. M.
Darmon and F. E. Lytle, J. Am. Chem. Soc., 1981, 103, 5906.

22 J. R. Kirchhoff, R. E. Gamache, M. W. Blaskie, A. A. Del
Paggio, R. K. Lengel and D. R. McMillin, Inorg. Chem.,
1983, 22, 2380.

23 C. O. Dietrich-Buchecker, P. A. Marnot, J.-P. Sauvage,
J. R. Kirchhoff and D. R. McMillin, J. Chem. Soc., Chem.
Commun., 1983, 513.

24 D. ]. Casadonte and D. R. McMillin, Inorg. Chem., 1987,
26, 3950.

25 C. E. A. Palmer and D. R. McMillin, Inorg. Chem., 1987,
26, 3837.

26 P. A. Breddels, P. A. M. Berdowski, G. Blasse and D. R.
McMillin, J. Chem. Soc., Faraday Trans. 2, 1982, 78, 595.

~N

J. Mater. Chem. C, 2022, 10, 4456-4482 | 4479


https://sdgs.un.org/2030agenda
https://www.energy.gov/articles/rise-and-shine-lighting-world-10-billion-led-bulbs
https://www.energy.gov/articles/rise-and-shine-lighting-world-10-billion-led-bulbs
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tc04028f

Open Access Article. Published on 12 October 2021. Downloaded on 12/6/2025 6:08:37 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

27
28

29

30

31

32

33

34
35

36

37

38

39

40

41

42
43

44

45

46

47

48

49

50

51

52

N. Armaroli, Chem. Soc. Rev., 2001, 30, 113.

N. Armaroli, G. Accorsi, F. Cardinali and A. Listorti, Top.
Curr. Chem., 2007, 280, 69.

A. Barbieri, G. Accorsi and N. Armaroli, Chem. Commun.,
2008, 2185.

M. K. Eggleston, D. R. McMillin, K. S. Koenig and A. J.
Pallenberg, Inorg. Chem., 1997, 36, 172.

C. Gourlaouen, A. Hamano, K. Takano and C. Daniel,
ChemPhysChem., 2021, 22, 509.

C. L. Linfoot, M. J. Leitl, P. Richardson, A. F. Rausch,
O. Chepelin, F. ]J. White, H. Yersin and N. Robertson, Inorg.
Chem., 2014, 53, 10854.

H. Yersin, R. Czerwieniec, M. Z. Shafikov and A. F.
Suleymanova, ChemPhysChem., 2017, 18, 3508.

R. Czerwieniec and H. Yersin, Inorg. Chem., 2015, 54, 4322.
R. Czerwieniec, M. J. Leitl, H. H. H. Homeier and H. Yersin,
Coord. Chem. Rev., 2016, 325, 2.

A. Stoianov, C. Gourlaouen, S. Vela and C. Daniel, J. Phys.
Chem. A, 2018, 122, 1413.

S. Keller, A. Pertegas, G. Longo, L. Martinez, J. Cerda, J. M.
Junquera-Hernandez, A. Prescimone, E. C. Constable,
C. E. Housecroft, E. Orti and H. J. Bolink, J. Mater. Chem.
C, 2016, 4, 3857.

C. A. Parker and C. G. Hatchard, J. Phys. Chem., 1962,
66, 2506.

M. J. Leitl, V. A. Krylova, P. L. Djurovich, M. E. Thompson
and H. Yersin, J. Am. Chem. Soc., 2014, 136, 16032.

M. Y. Wong and E. Zysman-Colman in Thermally Activated
Delayed Fluorescence Emitters in Light-Emitting Electro-
chemical Cells, ed. R. D. Costa, Springer International
Publishing, Cham, 2017, 237.

N. Lidtke, J. Foller and C. M. Marian, Phys. Chem. Chem.
Phys., 2020, 22, 23530.

L. Lv, K. Yuan and Y. Wang, Org. Electron., 2017, 51, 207.
L. Lv, K. Yuan and Y. Wang, Phys. Chem. Chem. Phys., 2018,
20, 6548.

L. Lv, K. Liu, K. Yuan, Y. Zhu and Y. Wang, RSC Adv., 2018,
8, 28421.

L. Lv, K. Yuan, Y. Zhu, G. Zuo and Y. Wang, J. Phys. Chem.
A, 2019, 123, 2080.

L. Lv, K. Yuan, C. Si, G. Zuo and Y. Wang, Org. Electron.,
2020, 81, 105667.

M. J. Leitl, D. M. Zink, A. Schinabeck, T. Baumann, D. Volz
and H. Yersin, Top. Curr. Chem., 2016, 374, 1.

L. Bergmann, G. J. Hedley, I. D. W. Samuel, T. Baumann
and S. Brase, Sci. Adv., 2016, 2, e1500889.

Y.-M. Wang, F. Teng, Y.-B. Hou, Z. Xu, Y.-S. Wang and W.-
F. Fu, Appl. Phys. Lett., 2005, 87, 233512/1.

C. R. Groom, 1. J. Bruno, M. P. Lightfoot and S. C. Ward,
Acta Crystallogr., 2016, B72, 171.

I. J. Bruno, J. C. Cole, P. R. Edgington, M. Kessler,
C. F. Macrae, P. McCabe, J. Pearson and R. Taylor, Acta
Crystallogr., 2002, B58, 389.

C. F. Macrae, 1. Sovago, S. J. Cottrell, P. T. A. Galek, P. McCabe,
E. Pidcock, M. Platings, G. P. Shields, J. S. Stevens, M. Towler
and P. A. Wood, J. Appl. Crystallogr., 2020, 53, 226.

4480 | J Mater. Chem. C, 2022, 10, 4456-4482

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

View Article Online

Review

Z.-C. Fu, Q. Yin, Z.-F. Yao, C. Li and W.-F. Fu, J. Coord.
Chem., 2015, 68, 3282.

V. Pawlowski, G. Knor, C. Lennartz and A. Vogler, Eur.
J. Inorg. Chem., 2005, 3167-3171.

J. D. Slinker, A. A. Gorodetsky, M. S. Lowry, J. Wang,
S. Parker, R. Rohl, S. Bernhard and G. G. Malliaras,
J. Am. Chem. Soc., 2004, 126, 2763.

P. C. Kamer, P. W. van Leeuwen and J. N. Reek, Acc. Chem.
Res., 2001, 34, 895.

S. Keller, M. Alkan-Zambada, A. Prescimone, E. C. Constable
and C. E. Housecroft, Crystals, 2020, 10, 255.

N. Armaroli, G. Accorsi, M. Holler, O. Moudam, ].-F.
Nierengarten, Z. Zhou, R. Wegh and R. Welter, Adv. Mater.,
2006, 18, 1313.

R. D. Costa, D. Tordera, E. Orti, H. ]J. Bolink, J. Schoenle,
S. Graber, C. E. Housecroft, E. C. Constable and
J. A. Zampese, J. Mater. Chem., 2011, 21, 16108.

E. Leoni, ]J. Mohanraj, M. Holler, M. Mohankumar,
I. Nierengarten, F. Monti, A. Sournia-Saquet, B. Delavaux-
Nicot, J.-F. Nierengarten and N. Armaroli, Inorg. Chem.,
2018, 57, 15537.

S. Keller, F. Brunner, J. M. Junquera-Hernandez, A. Pertegas,
M.-G. La-Placa, A. Prescimone, E. C. Constable, H. J. Bolink,
E. Orti and C. E. Housecroft, ChemPlusChem, 2018, 83, 217.
R. Czerwieniec, J.-B. Yu and H. Yersin, Inorg. Chem., 2011,
50, 8293.

S. Keller, E. C. Constable, C. E. Housecroft, M. Neuburger,
A. Prescimone, G. Longo, A. Pertegas, M. Sessolo and
H. J. Bolink, Dalton Trans., 2014, 43, 16593.

B. Jiao, J. Wang, J. Huang, M. Cao, C. Liu, G. Yin, Y. Zhu,
B. Zhang and C. Du, Org. Electron., 2019, 64, 158.

M. Klein, N. Rau, M. Wende, J. Sundermeyer, G. Cheng,
C.-M. Che, A. Schinabeck and H. Yersin, Chem. Mater.,
2020, 32, 10365.

A. Schinabeck, M. J. Leitl and H. Yersin, J. Phys. Chem. Lett.,
2018, 9, 2848.

A. Verma, D. M. Zink, C. Fléchon, ]J. Leganes Carballo,
H. Fliigge, J. M. Navarro, T. Baumann and D. Volz, Appl.
Phys. A: Mater. Sci. Process., 2016, 122, 1.

M. Wallesch, A. Verma, C. Fléchon, H. Fliigge, D. M. Zink,
S. Seifermann, J. M. M. Navarro, T. Vitova, J. Goettlicher,
R. Steininger, L. Weinhardt, M. Zimmer, M. Gerhards,
S. Braese, T. Baumann and D. Volz, Chem. - Eur. J., 2016,
22, 16400.

M. J. Leitl, F.-R. Kiichle, H. A. Mayer, L. Wesemann and
H. Yersin, J. Phys. Chem. A, 2013, 117, 11823.

A. V. Artem’ev, M. R. Ryzhikov, I. V. Taidakov, M. L
Rakhmanova, E. A. Varaksina, I. Y. Bagryanskaya, S. F.
Malysheva and N. A. Belogorlova, Dalton Trans., 2018,
47, 2701.

A. V. Artem’ev, M. P. Davydova, A. S. Berezin, M. R.
Ryzhikov and D. G. Samsonenko, Inorg. Chem., 2020,
59, 10699.

F. Bappler, M. Zimmer, F. Dietrich, M. Grupe, M. Wallesch,
D. Volz, S. Braese, M. Gerhards and R. Diller, Phys. Chem.
Chem. Phys., 2017, 19, 29438.

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tc04028f

Open Access Article. Published on 12 October 2021. Downloaded on 12/6/2025 6:08:37 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

A. Y. Baranov, A. S. Berezin, D. G. Samsonenko, A. S.
Mazur, P. M. Tolstoy, V. F. Plyusnin, I. E. Kolesnikov and
A. V. Artem’ev, Dalton Trans., 2020, 49, 3155.

L.-P. Liu, R. Zhang, L. Liu, X.-X. Zhong, F.-B. Li, L. Wang,
W.-Y. Wong, G.-H. Li, H.-J. Cong, N. S. Alharbi and Y. Zhao,
New J. Chem., 2019, 43, 3390.

J. M. Busch, D. M. Zink, P. Di Martino-Fumo, F. R. Rehak,
P. Boden, S. Steiger, O. Fuhr, M. Nieger, W. Klopper,
M. Gerhards and S. Brise, Dalton Trans., 2019, 48, 15687.
Y.-J. Gao, Z.-R. Wang, W.-K. Chen, W.-H. Fang and G. Cui,
Chem. Phys., 2018, 515, 692.

X.-L. Chen, R. Yu, X.-Y. Wu, D. Liang, J.-H. Jia and C.-Z. Lu,
Chem. Commun., 2016, 52, 6288.

T. Gneuss, M. ]. Leitl, L. H. Finger, N. Rau, H. Yersin and
J. Sundermeyer, Dalton Trans., 2015, 44, 8506.

F. Farinella, L. Maini, P. P. Mazzeo, V. Fattori, F. Monti and
D. Braga, Dalton Trans., 2016, 45, 17939.

J. Nitsch, C. Kleeberg, R. Froehlich and A. Steffen, Dalton
Trans., 2015, 44, 6944.

P. Liang, A. Kobayashi, W. M. C. Sameera, M. Yoshida and
M. Kato, Inorg. Chem., 2018, 57, 5929.

B.-L. Chen, L. Liu, X.-X. Zhong, A. M. Asiri, K. A. Alamry,
G.-H. Li, F.-B. Li, N.-Y. Zhu, W.-Y. Wong and H.-M. Qin,
J. Coord. Chem., 2017, 70, 3907.

X. Hong, B. Wang, L. Liu, X.-X. Zhong, F.-B. Li, L. Wang,
W.-Y. Wong, H-M. Qin and Y. H. Lo, J. Lumin., 2016, 180, 64.
X. Li, J. Zhang, Z. Zhao, X. Yu, P. Li, Y. Yao, Z. Liu, Q. Jin,
Z. Bian, Z. Lu and C. Huang, ACS Appl. Mater. Interfaces,
2019, 11, 3262.

Q. Wang, Y.-J. Gao, T.-T. Zhang, J. Han and G. Cui, RSC
Adv., 2019, 9, 20786.

Q. Wei, H.-T. Chen, L. Liu, X.-X. Zhong, L. Wang, F.-B. Li,
H.-J. Cong, W.-Y. Wong, K. A. Alamry and H.-M. Qin, New
J. Chem., 2019, 43, 13408.

M. Osawa, M. Hoshino, M. Hashimoto, I. Kawata, S. Igawa
and M. Yashima, Dalton Trans., 2015, 44, 8369.

M. Osawa, M. Hashimoto, I. Kawata and M. Hoshino,
Dalton Trans., 2017, 46, 12446.

C. Forster and K. Heinze, J. Chem. Educ., 2020, 97, 1644.
B.-K. Guo, F. Yang, Y.-Q. Wang, Q. Wei, L. Liu, X.-X. Zhong,
L. Wang, J.-K. Gong, F.-B. Li, W.-Y. Wong, K. A. Alamry and
Y. Zhao, J. Lumin., 2020, 220, 116963.

A. Schinabeck, J. Chen, L. Kang, T. Teng, H. H. H.
Homeier, A. F. Suleymanova, M. Z. Shafikov, R. Yu,
C.-Z. Lu and H. Yersin, Chem. Mater., 2019, 31, 4392.

Q. Wei, R. Zhang, L. Liu, X.-X. Zhong, L. Wang, G.-H. Li,
F.-B. Li, K. A. Alamry and Y. Zhao, Dalton Trans., 2019,
48, 11448.

W.J. Zhang, Z.-X. Zhou, L. Liu, X.-X. Zhong, A. M. Asiri,
K. A. Alamry, F.-B. Li, N.-Y. Zhu, W.-Y. Wong and
H.-M. Qin, J. Lumin., 2018, 196, 425.

K. Xu, B.-L. Chen, R. Zhang, L. Liu, X.-X. Zhong, L. Wang,
F.-Y. Li, G.-H. Li, K. A. Alamry, F.-B. Li, W.-Y. Wong and
H.-M. Qin, Dalton Trans., 2020, 49, 5859.

J. Guo, Z. Zhang, P. Wu, J. Zhu, D. Dou, Z. Liao, R. Xia,
K. Wang and Z. Wang, J. Lumin., 2021, 239, 118354.

This journal is © The Royal Society of Chemistry 2022

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

View Article Online

Journal of Materials Chemistry C

C. Sun, L. Llanos, P. Arce, A. Oliver, R. Wannemacher,
J. Cabanillas-Gonzalez, L. Lemus and D. Aravena, Chem.
Mater., 2021, 33, 6383.

(@) S. Keller, A. Prescimone, H. Bolink, M. Sessolo,
G. Longo, L. Martinez-Sarti, J. M. Junquera-Hernandez,
E. C. Constable, E. Orti and C. E. Housecroft, Dalton Trans.,
2018, 47,14263; (b) S. Keller, A. Prescimone, E. C. Constable
and C. E. Housecroft, Photochem. Photobiol. Sci., 2018,
17, 375.

S. Keller, A. Prescimone, M.-G. La Placa, J. M. Junquera-
Hernandez, H. J. Bolink, E. C. Constable, M. Sessolo,
E. Orti and C. E. Housecroft, RSC Adv., 2020, 10, 22631.
F. Brunner, A. Prescimone, E. C. Constable and C. E.
Housecroft, Molecules, 2020, 25, E2760.

M. Alkan-Zambada, S. Keller, L. Martinez-Sarti, A. Prescimone,
J. M. Junquera-Hernandez, E. C. Constable, H. J. Bolink,
M. Sessolo, E. Orti and C. E. Housecroft, J. Mater. Chem. C,
2018, 6, 8460.

E. Fresta, G. Volpi, M. Milanesio, C. Garino, C. Barolo and
R. D. Costa, Inorg. Chem., 2018, 57, 10469.

M. D. Weber, M. Viciano-Chumillas, D. Armentano, J. Cano
and R. D. Costa, Dalton Trans., 2017, 46, 6312.

X.-X. Jin, T. Li, D.-P. Shi, L.-J. Luo, Q.-Q. Su, J. Xiang,
H.-B. Xu, C.-F. Leung and M.-H. Zeng, New J. Chem., 2020,
44, 13393.

C. Hansch, A. Leo and R. W. Taft, Chem. Rev., 1991, 91, 165.
S. Yanagida, M. Yoshida, W. M. C. Sameera, A. Kobayashi
and M. Kato, Bull. Chem. Soc. Japan, 2019, 92, 1684.

C. S. Smith, C. W. Branham, B. J. Marquardt and K. R.
Mann, J. Am. Chem. Soc., 2010, 132, 14079.

Y. Ma, Y. Dong, P. She, S. Liu, M. Xie, Y. Yu, Y. Li, Q. Zhao
and W. Huang, Adv. Opt. Mater., 2018, 6, 1801065.

K. Kubicek, S. T. Veedu, D. Storozhuk, R. Kia and
S. Techert, Polyhedron, 2017, 124, 166.

L. Yang, J. K. Feng, A.-M. Ren, M. Zhang, Y.-G. Ma and X.-
D. Liu, Eur. J. Inorg. Chem., 2005, 1867.

D. G. Cuttell, S.-M. Kuang, P. E. Fanwick, D. R. McMillin
and R. A. Walton, J. Am. Chem. Soc., 2002, 124, 6.

I. Nohara, A. Keller, N. Tarassenko, A. Prescimone,
E. C. Constable and C. E. Housecroft, Inorganics, 2020, 8, 4.
G. Farias, C. A. M. Salla, R. S. Heying, A. ]J. Bortoluzzi,
S. F. Curcio, T. Cazati, P. L. dos Santos, A. P. Monkman, B. D.
Souza and L. H. Bechtold, J. Mater. Chem. C, 2020, 8, 14595.
X.-L. Chen, R. Yu, Q.-K. Zhang, L.]J. Zhou, X.-Y. Wu,
Q. Zhang and C.-Z. Lu, Chem. Mater., 2013, 25, 3910.
C.-H. Huang, M. Yang, X.-L. Chen and C.-Z. Lu, Dalton
Trans., 2021, 50, 5171.

Q. Zhang, J. Chen, X.-Y. Wu, X.-L. Chen, R. Yu and C.-Z. Lu,
Dalton Trans., 2015, 44, 6706.

M. D. Weber, C. Garino, G. Volpi, E. Casamassa,
M. Milanesio, C. Barolo and R. D. Costa, Dalton Trans.,
2016, 45, 8984.

M. F. Gelin, L. Chen, R. Borrelli and E. Thyrhaug, Chem.
Phys., 2020, 528, 110495.

Y.-J. Gao, W.-K. Chen, Z.-R. Wang, W.-H. Fang and G. Cui,
Phys. Chem. Chem. Phys., 2018, 20, 24955.

J. Mater. Chem. C, 2022, 10, 4456-4482 | 4481


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tc04028f

Open Access Article. Published on 12 October 2021. Downloaded on 12/6/2025 6:08:37 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

119

120

121

122

123

124

125

126

127

128
129

130

131

132

133

134

135

136

137

138

139

140

J. Fan, Y. Zhang, K. Zhang, J. Liu, G. Jiang, L. Lin and
C.-K. Wang, Org. Electron., 2019, 71, 113.

G. Li, R. S. Nobuyasu, B. Zhang, Y. Geng, B. Yao, Z. Xie,
D. Zhu, G. Shan, W. Che, L. Yan, Z. Su, F. B. Dias and
M. R. Bryce, Chem. - Eur. J., 2017, 23, 11761.

C. M. Brown, C. Li, V. Carta, W. Li, Z. Xu, P. H. F. Stroppa,
I. D. W. Samuel, E. Zysman-Colman and M. O. Wolf, Inorg.
Chem., 2019, 58, 7156.

G. U. Mahoro, E. Fresta, M. Elie, D. di Nasso, Q. Zhang,
J. F. Lohier, J. L. Renaud, M. Linares, R. Wannemacher,
J. Cabanillas-Gonzalez, R. D. Costa and S. Gaillard, Dalton
Trans., 2021, 50, 11049.

F. Brunner, A. Babaei, A. Pertegas, ]J. M. Junquera-
Hernandez, A. Prescimone, E. C. Constable, H. ]. Bolink,
M. Sessolo, E. Orti and C. E. Housecroft, Dalton Trans.,
2019, 48, 446.

S.-P. Luo, E. Mejia, A. Friedrich, A. Pazidis, H. Junge, A.-E.
Surkus, R. Jackstell, S. Denurra, S. Gladiali, S. Lochbrunner
and M. Beller, Angew. Chem., Int. Ed., 2013, 52, 419.

X. Liu, Y. Shan, J. Xu, X. Zhang, S. Shang and X.-L. Li,
Polyhedron, 2019, 164, 152.

S. Saeedi, C. Xue, B. J. McCullough, S. E. Roe, B. ]J. Neyhouse
and T. A. White, ACS Appl. Energy Interfaces, 2019, 2, 131.

N. Arnosti, F. Brunner, I. Susic, S. Keller, J. M. Junquera-
Hernandez, A. Prescimone, H. ]J. Bolink, M. Sessolo,
E. Orti, C. E. Housecroft and E. C. Constable, Adv. Opt.
Mater., 2020, 8, 1901689.

S. Saeedi and T. A. White, Inorg. Chim. Acta, 2020, 512, 119876.
Q.-A. Wu, C.-C. Ren, F. Chen, T.-Q. Wang, Y. Zhang, X.-F. Liu,
J-B. Chen and S.-P. Luo, Tetrahedron Lett., 2021, 72, 153091.
S. Keller, M. Bantle, A. Prescimone, E. C. Constable,
C. E. Housecroft and S. Keller, Molecules, 2019, 24, 3934.
G. Cheng, G. K.-M. So, W.-P. To, Y. Chen, C.-C. Kwok,
C. Ma, X. Guan, X. Chang, W.-M. Kwok and C.-M. Che,
Chem. Sci., 2015, 6, 4623.

T.-F. He, A.-M. Ren, Y.-N. Chen, X.-L. Hao, L. Shen, B.-H.
Zhang, T.-S. Wu, H.-X. Zhang and L.-Y. Zou, Inorg. Chem.,
2020, 59, 12039.

G. K.-M. So, G. Cheng, J. Wang, X. Chang, C.-C. Kwok,
H. Zhang and C.-M. Che, Chem. - Asian J., 2017, 12, 1490.
J. Toigo, G. Farias, C. A. M. Salla, L. G. T. A. Duarte, A. J.
Bortoluzzi, T. D. Zambon Atvars, B. Souza and I. H. Bechtold,
Eur. J. Inorg. Chem., 2021, 3177.

T. Gneufs, M. ]J. Leitl, L. H. Finger, H. Yersin and
J. Sundermeyer, Dalton Trans., 2015, 44, 20045.

A. Schinabeck, N. Rau, M. Klein, J. Sundermeyer and
H. Yersin, Dalton Trans., 2018, 47, 17067.

D. Liang, J.-H. Jia, J.-Z. Liao, R.-M. Yu and C.-Z. Lu, Chin.
J. Struct. Chem., 2017, 36, 82.

I. Nohara, A. Prescimone, C. E. Housecroft and E. C.
Constable, Inorganics, 2019, 7, 11.

I. Nohara, A. Prescimone, D. Haussinger, C. E. Housecroft
and E. C. Constable, RSC Adv., 2019, 9, 13646.

M. Osawa, 1. Kawata, R. Ishii, S. Igawa, M. Hashimoto and
M. Hoshino, J. Mater. Chem. C, 2013, 1, 4375.

4482 | J Mater. Chem. C, 2022, 10, 4456-4482

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

View Article Online

Review

X.-W. Chen, H.-L. Yuan, L.-H. He, J.-L. Chen, S.-]. Liu,
H.-R. Wen, G. Zhou, J.-Y. Wang and W.-Y. Wong, Inorg.
Chem., 2019, 58, 14478.

J. Chen, T. Teng, J.-Y. Wang, L. Kang, X.-L. Chen, L.-J. Xu,
R. Yu and C.-Z. Lu, Eur. J. Inorg. Chem., 2016, 3036.

C. Bizzarri, C. Strabler, ]J. Prock, B. Trettenbrein,
M. Ruggenthaler, C.-H. Yang, F. Polo, A. Iordache,
P. Brueggeller and L. De Cola, Inorg. Chem., 2014, 53,
10944.

L. Lin, D.-H. Chen, R. Yu, X.-L. Chen, W.-]. Zhu, D. Liang,
J.-F. Chang, Q. Zhang and C.-Z. Lu, J. Mater. Chem. C, 2017,
5, 4495.

A. A. Titov, O. A. Filippov, A. F. Smol’yakov, I. A. Godovikov,
J. R. Shakirova, S. P. Tunik, I. S. Podkorytov and E. S.
Shubina, Inorg. Chem., 2019, 58, 8645.

D. Asil, J. A. Foster, A. Patra, X. de Hatten, J. del Barrio,
O. A. Scherman, J. R. Nitschke and R. H. Friend, Angew.
Chem., Int. Ed., 2014, 53, 8388.

V. A. Krylova, P. I. Djurovich, M. T. Whited and M. E.
Thompson, Chem. Commun., 2010, 46, 6696.

V. A. Krylova, P. I. Djurovich, J. W. Aronson, R. Haiges,
M. T. Whited and M. E. Thompson, Organometallics, 2012,
31, 7983.

V. A. Krylova, P. 1. Djurovich, B. L. Conley, R. Haiges,
M. T. Whited, T. J. Williams and M. E. Thompson, Chem.
Commun., 2014, 50, 7176.

A. A. Danopoulos, T. Simler and P. Braunstein, Chem. Rev.,
2019, 119, 3730.

R. Marion, F. Sguerra, F. Di Meo, E. Sauvageot, J. F. Lohier,
R. Daniellou, J. L. Renaud, M. Linares, M. Hamel and
S. Gaillard, Inorg. Chem., 2014, 53, 9181.

R. Marion, F. Sguerra, F. Di Meo, E. Sauvageot, J. F. Lohier,
R. Daniellou, J. L. Renaud, M. Linares, M. Hamel and
S. Gaillard, Inorg. Chem., 2016, 55, 4068.

M. D. Weber, E. Fresta, M. Elie, M. E. Miehlich, J.-L.
Renaud, K. Meyer, S. Gaillard and R. D. Costa, Adv. Funct.
Mater., 2018, 28, 1707423.

M. Elie, F. Sguerra, F. Di Meo, M. D. Weber, R. Marion,
A. Grimault, ]J.-F. Lohier, A. Stallivieri, A. Brosseau, R. B.
Pansu, J.-L. Renaud, M. Linares, M. Hamel, R. D. Costa and
S. Gaillard, ACS Appl. Mater. Interfaces, 2016, 8, 14678.

M. Elie, M. D. Weber, F. Di Meo, F. Sguerra, J.-F. Lohier,
R. B. Pansu, ]J.-L. Renaud, M. Hamel, M. Linares,
R. D. Costa and S. Gaillard, Chem. - Eur. J., 2017, 23, 16328.
A. Liske, L. Wallbaum, T. Hoélzel, J. Foller, M. Gernert,
B. Hupp, C. Ganter, C. M. Marian and A. Steffen, Inorg.
Chem., 2019, 58, 5433.

J. Foller, C. Ganter, A. Steffen and C. M. Marian, Inorg.
Chem., 2019, 58, 5446.

Z. Wang, C. Zheng, W. Wang, C. Xu, B. Ji and X. Zhang,
Inorg. Chem., 2016, 55, 2157.

Z. Wang, X. Sun, W. Fu, C. Xu and B. Ji, J. Lumin., 2018,
204, 618.

J. Wang, H. Chen, S. Xu, Q. Su, F. Zhao and H. He,
J. Photochem. Photobiol., A, 2020, 387, 112104.

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tc04028f



