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Abstract: The employmentof N-heterocyclic carberse(NHCs) to design luminescent metal
compoundshavebeen the focus of recent intense investigatioecause of their strong-donor
properties, whicltbring stability to the whole system and tend to push toeddrk states so high
in energy that it renders them thermally inaccessiltkeereby generating highly emissive
complexes foruseful applicationssuchas organic lightmitting diodes (OLEDs)or featuring
chiroptical propertiesa field which is still in its infancy Among theNHC-complexes those
containing organic chromophoresich as naphthalimide, e and carbazolexhibit rich
emission behaviorand thushave atracted extensive interest the past fiveyearsespecially
carbene coinage metal complexes with carbazalgdeds In this review, the design strategies of
NHC-based luminescent platinum and iridium complexg large spinorbit-coupling (SOC)
are described firstSubsequent paragraplhilustrate the recent advances of luminescent coinage
metal complexes with nucleophilic and electrophilic based carpbeassd on silver, goldnd
copper metal complexeshich have the ability to display richexcited stateemissios and in
particular viaThermally Activated Delayed Fluorescence (TADH)e luminescence mechanism
and excited state dynamics aiso describedWe then summarize the advance of NHC metal
complexes in thaforementionedields in recent years. Finally, we propafie developmd trend
of this fastgrowing fieldof luminescentNHC metal complexes
1-Introduction, purpose and scope

In the past two decades, a great deal of interest has been devdtesl design of
luminescent complexes containibgheterocyclic carbene ligand$These ligands are strong
donors and can stabilize metal complexes with high or low oxidation states, which make ther
universal ligands in organometalimdcoordination chemistras well as in material chemisfty/
They tend to push the neradiative metatentered (MC)d-d transitions to higher energy

rendering the target metBlIHC complexes strongly luminescefigure 1)°*®
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Figure 1. Simplified excited states diagramneétatNHC complexes highlighting the effect of
NHCs as strongj-donor ligands on destabilizing of tPdd metal centered states.

Moreover they bring robustness timesecompounds and thus may provide leegm
functional materials The great versatility of these ligands arises from their @aseodular
synthesis andnodifications®® For instance this can be achieved by functionalization of the
imidazolium ring at the nitrogeoenter with different organic groums the extension of thé -
system in the backbone of the carbstracture leading to a variety of NHC ligands with different
forms and geometrie$®* Traditionally NHC ligands are employed in organomtathemistry
and catalysisand there are several reports devoted to their synthesis, electronic properties, ar
applications in these field$? In contrast onlya few reviews were reported where such ligands
were used toanstruct luminescent compountdsThe aim of this review is to cover the recent
developmert since 2015in this fast growingareato demonstratehe thrust richnessand
broadnessf the fieldof luminescent complexes with NH@ands For instance, the choice of the
NHC ligand and the geometry of the metal are important to design the target luminescent comple
andto tailor the emission energy which eventually justifies the kind of applicafiiwnastance
for biological appications where complexes emittingtire NIR region are requiredVe will also
highlightthe chiroptical properties eécent examples of luminescaftiral NHC complexesThis
field is still in its infancy but is expected to expagréatlyin the near futureMoreover we wish to
highlight the importance of luminescent carbene complexes in the field of OOBEBgjuantum

efficiency of an OLED device depends on the formation of ele¢tode pairs known as excitons,



which upon relaxation relesa energy in the form of light. However, electrically generated
excitons can be either singlets or triplets, created in a 1:3 statistical ratio. While the use c
fluorescent materials has limited efficiency because only 25% of the generated excitons can |
used for light emission, these of phosphorescent materiaiginly those based otransition

metal complexes that enable the access to triplet excited states due to-thbispwupling of the
metal luninophore allows insteadhe potential use of lagenerated excitonsvhich quadruples

the internal quantum efficiencies compared to fluorescent enfittelsreover one would expect

that carbene ligands stabilize luminescent complexes, which make them mosblanaanlong

lived emitters for optical devices.

Furthermorewe wish tofeaturethe research activitiesvolving luminescentNHC-metak
contairing an organic chromophorsuch as naphthalimig&® pyrene>** and carbaale™*’ in their
chemical structuresA special treatment will be given to thige of compoundbecause they have
beenneglectedin previous reviews. In facthe presence o&n organic chromophorén close
proximity to an inorganic chrowphore with NHCligand brings additional propé&s by promoting
rich excited states in this class of compourféels instancein the past five years carbeneinage
metal complexes with carbazolate ligaridsse attracted much attention due to their remarkable
luminescent properti€§°A comparative presentation between those Witheterocyliecarbenes
and those with electrophilic carben&AAC, MAC and DAC)will be presented, highlighting the
need of a timely review to underscore this recent class of luminescent carbene complexes.

Indeedcarbenduminescent complexes displaying an organic chromophore in proxionity
a heavy metal ion with large spambit coupling (SOC) should facilitate intersystem crossing (ISC)
to the triplet manifold of the organic dy&s? In fact intesystem crossing is favored by suirbit
couplingwith anefficiency approximatg proportional taz* (whereZ is the atomic numberj.As a
consequence this type of compound wibmotenovel excited statproperties, whichmakethem

ideal molecules for displaying dual emissionsufsefulpotential applicationg”>



Thus in this review, we will first present recent advances in the preparation of luminescent NHC
platinum and-iridium complexeswith 5d and 54 electront configurationwhich possess planar
and octahedral coordination geomedrand displaylarge spin orbit couplingThey also display
very large ligandield splitting due to the good metbdland overlap.Eventually these carbene
metal compounds tend to @mia *MLCT/?LLCT excited states. In addition the planar platinum
complexes at high concentration tend to aggregaté-Vimr M!!!M interactions, which generate
low energy emissia(vide infra). In complexes involving predominantly MLCT transitipns
photoexcitation changes theetectron configuration, leading to Jafeller-type distortions in the
excited state, which can enhance ‘nadiative decay. In others, operating by LLCT mechanisms,
geometric distortion in the excited state can still plagla but there is no change iretectron
count and the metal center is much less involved.

Thesubsequent paragraph describes those with coinage Ift&aldg, Au) which display linear
two-coordinate,three coordinate and four coordinageometies Coinage metal complexes
display closeeshell d° ground state configuration. As a consequence the deamtiveia MC
dark states is absent however other-rahiative mechanisms involvingxcited state distortion
occurs,for instance tetrahedral complexes rearraogerds a more planar geometry fact this
explairs why certain complexes can be luminescent in solid state or is didwhy in solution
the same complex is ndiminescent. Te flattening of the excitedatesrenders the coinage ions
accessible for coordination to solvent molecules or counter ions ancbasequence the formed
excited complexesare noAluminescent> Moreover the abundantcoppercomplexesdisplay a
small energy gapE (*MLCT-*MLCT) less than 1000 chwhich enable thento emit viaprompt
fluorescence or thermally activated delayed fluorescence (TAD)om temperature. Therefore
copper in particular and other coimagnetal complexes are capableharvesing singlet and
triplet excitons for OLEDs applicatioi®*'Finally, we propose the development trend of NHC

metal complexes, whighresentattractive research prospect theaforementionedields.



2-Luminescent platinum(ll) complexes withN-heterocyclic carbene ligands

2.1 Platinum (II) complexes with phosphines

Cyclometalategblatinum(ll) complexes containing NH&e currently considered as important class
of compoundsfor multiple reason$®® For instance they showich optical propertieswith high
quantum vyieldsand long lifetimes*** Moreover thesecompoundsdisplay stable squarelanar

geometrywith a d® electronic configuration, as a consequetiig allow them tdorm metatmetal

and"B' interactions at the supramolecular level, whitipact profoundly the properties of the

electronic excited states (Figuzg®* ™

MO of monomer MO of dimer MO of monomer

Energy

Figure2. Simplified molecular orbital diagram for square planar platinum complexes involving
monomer and dimeshowing therelativeelectronictransitions
On the other handupon modification of thesubstituentswhether onthe aryl unit of the

cylometalated ligath or at thecarbeneunits or evenreplacingthe ancillary ligandanduce dramatic



changes in the excited state energy asda consequenashanges the color of theseattractive
complexes As mentioned previouslycyclometalated platinum(ll) complexes d&ypl strong
phosphorescenoeith high quantum yieldswhich make them attractivemoleculesfor variety of
applicationsasoptical devices anih OLEDstechnology”

To this end, Sicilia and coworkers describedmaily of blue phosphorescent platinum(ll) emitters,
(2-5) in PMMA films (PMMA = Poly(methylmethacrylat®) The authors designed a series of
conplexes where an NH@nit is linked to either a naphthyl gro(p-extended systengr a phenyl
ring to whicha variety of functional groups wemtached(Figure 3).”*”” They also varied the
ancillary ligands in order tetudytheir effecton the photophysical propertien solution at room
temperature the complexes were not emisdn@vever in a rigid matrix (Cil,, 77K), these
molecules show bright and lotiged luminescenceCompoundsdl-5 acted as blue or greeniblue
emiters in PMMAfilms with high quantum yields varyingom 68%(1) to 93%(2). As mentioned
previously square planar Pt(ll) complex@a® known toaggregate vid-" or M!!!M interactions.
Indeed the authors demonstrated the complexes Wikxtended systenf3, 5) in solid-state
displayedyellowish-orange emission attributable'tg' * excited states formed by intermolecular

" interactions Electroluminescent devices were prepared from neat films of the compounds actir
as emitting layerdor instanceconplex 2 behaved as blukght emitter while comple8 displayed
yellow orange emissiorinterestinglya mixture of both compousd®-3 behaved as white light

emitters.
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Figure3. Cycloplatinated NHC complexes containing phosphine and diphosphine ligands.
In order to obtain warnwhite light emitting devices, the authors described the synthesis of
cycloplatinated Nheterocyclic carbene compoundsl2 by exchanging the ancillary ligander
chelating diphosphines (P7P)? The presencef two chelating ligands around the Pt(ll) center
confersrobustness and thermal stability these compound€omplexes7-9 displayed different
optical properties when compared to those vathaphthyl groupl0-12 ("-exterded system)
suggesting that emissions in these compounds arise from different kinds of excitedFsiates.
instance in solution the emission of complex&9 did not vary with concentration. In contrast
complexesl0-12 at higher concentration displayedavelengthdependent emission®Vhite light
remote phosphor devices were achieved by combirsatibplatinum complexe§ or 9 acting as
blue emitters with the neutral compound [Pt(bzq)(CN)(CNXyD] (bzg = benzolguam Kyl = 2,6
dimethylphenyloehavingasared emitter using a 365nm LED #ee pumping source. By changing
the blue/red ratio, the authors were able to obdamarm white light with optimal CRI anD,,
values and a great range of nominal CCT (4R000K)®
2.2 Platinum (lI) complexes with bidentate acac ligands
Strassner and coworkers designed a family of newlyaloplatinated Nheterocyclic carbene
compounds containing-diketone chelates as ancillary ligar(@sgure 4).%°%> Again the choice of
a cyclometation with a strong donating carbene unit (C"C*) is made in order to obtain

phosphorescent blue emittefsr use in organidight emitting diodes (OLEDs)This type of



compound vasthoroughly investigated by theithors, whereystematic changegere madeo the
substituents of the {deterocyclic carbene unit as well as the functional groups on the chetating

diketone moietyFigure4).

Q / / / N /
N R B L ) s
@]\]»\Pt//o_ (N»\Pt 0= N)\Pt 0= (NTN»\Pt 0= (N /\[N»\Pt/o—
l/\o/ ~o 4 ~o_4 ~o4 ~o_4
sl O > >
15 16

13 14
Figure4. General motif of the cycloplatinated NHC complexes. Boxes indicate relevant

modifications made on this type of complexes.
For instance the authors demonstrated that modification of tlearacter of the NHC ligand
improves the quantum yield of the Pf(tlomplex. More interestingly a significant improvement of
the quantum yield was achievegbon the introduction of a heteroatom in the backbone -of N
heterocyclic carbene moietyndeed, while complex 14 displayed a 45% quantum yield, the
platinum compound5 with imidazopyridine showed 68% while compl&& with imidazopyrazine
provided 84%quantum yield*® This increase in quantum vyield is angeanied by a decrease in
the lifetime from 19.6us to 3.6us, whichis appropriate for applications as OLED deviCElse
authors attribute the remarkabhigh quantum vyield observed for the imidazopyrazine based
complexto the fact thatMC dark statebemmeless accessible than those compouhdslack a
heteroatom in the backbone of théneterocyclic carben@.
Moreover, attachmenod the carbene unif organic chromophores with extendedystens such as
dibenzofuran and dibenzothiophene was successfully achiguigdre 5). Depending on the

auxiliary ligand, these complexes displayed emissions in the deep blue or therethpg# of the
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Figure5. Cycloplatinated NHC (acac) containihgextended organic chromophore.
visible spectrumFor instancecomplex17in PMMA at 2 wt %displays vibronic emission bands at
463 nm, 497 nm with high quantum yield (90%) arldetime of 23us. Replacement of the methyl
group by a CEaffords complexl8, whichis nonemissive Complexesl9 and 21 acted as blue
emitters asvell with high quantum yields (83%) and (91%) and lifetimmegheorder ofus. As for
complex20 containing a phenyl groyp redshifted structureless emission at 530 nm was observed.
DFT calculations suggested that the phenyl ring rotates in the plane of theoaedacac =
acetylacetonatah the triplet state and hence extending'tf@njugation Complex17 was useds
a greersh-blue phosphor for OLED device. The electroluminescence spectra shgyedi80 nm
with structuredemission bansl The maximum luminance depends on the doping concentration, fo
instance at 4900 cdf{13V, 6% doping) to 6750 cdf{13.2 V, 12% dopig. The maximum EQE
(6.2%) isachievedat the highest doping concentration of 129 he analogouscycloplatinated
NHC-dibenzothiophene compleX2 showed lower performance when compared the
dibenzofuran congendr7: the emission spectra recorded in thin film at 2 wt % emitter displayed
vibronic bands at 474, 507 and 537 nm with a quantighd wf 63% and lifetime 081 ps.?® The
authors attribute the high quantum yietitsserved in these complexesthe extended heterocyclic
"-system due to the preserafethe organic chromophores.
The cycloplatinated NH@ibenzofuran containingestyl-acac as auxiliary ligand was obtained as
a mixture of two isomers complé&8 andlso-23 (NHC = benzimidazolir2-ylidene)?” The optical

properties of theegioisomericcomplexes weréound to bedifferent. Both compounds displayed

10



emissionsin the blue regiorat 475nm for 23 with vibronic progressionwhile Iso-23 showeda
broader bandat 479 nmwith comparable quantum vyields 84% for 23 and 80%for Iso 23
Howevertheir lifetimes showed marked differescevith a 10.8 s lifetime for Iso 23 which is
50% shorter than that obtained for compP@with %= 22.4us?’ Structure modifications made on
substituted#-diketone ancillary ligands brought changes in the optical properties of the relate
platinumcompounds. For instance, increasing the steric hindrance, upon moving from methyl gro
to larger substituents such '8si, phenyl, mesityl and tetramethyhenyl provokedan increase in

the quantum yieldand decrease in the lifetiméairthermorewhile alkyl-substituted#-diketonates
complexes displayed structured emission, those containing aromatic auxiliary ligands displaye:
singlestructureles®road emissio.

2.3 Platinum (II) complexes with alkynyl ligands

Venkatesan and coworkers designed another classtable cycloplatinated NHC complexes

containing dianionic biphenyls as auxiliary ligands (Figg)&

F F
we N we KL, Yoy
Pt Pt NHC = JI »: @: P [)>=
e O e O F FsC )N\ )N\ )N\
F .

Bipheny | 24 25 26

24-26 27-29 F8-Biphenyl 27 28 29

Figure6. Cycloplatinated NHC containing biphenyl ligands.

Complexes24-26 displayed high quantum yields up to 91% in thin films of PMMA at 3wt %
emitter and showed vibronic emissions in the area5880nm with lifetimes in the range 13.8 to
15.4ps. The related compoun@3-29 containing the octafluorobiphenyl auxiliary ligand exhibited
lower performance with quantum yields up to146. Moreoverthe profile of the emission band is
different, showing a broad band centered at 513 wiich is hypsoderomically shifted when

compared to the nonfluorinated series. This difference is attributed to the electron deficie

character of the FBiphenylligand, whichtends to stabilize the HOMO and eventually increases

11



the HOMOLUMO gap. TGA measurements caed out on compound®6 and 29 to evaluate the
thermal stability of these compounds revealed the aofsttermal degradation fa26 occurs at
309j C and fo29 at 374{C highlighting their high robustness.

On the other hand the authors prepared a series of-pNi@ine platinum complexes30-33,
containingbis-acetylide ligands (Figur&).?® Such compounds behave as single compondrite

light phosphorescent emitterd. should be mentioned that most thie other materials reported
require multicomponent emitters that emit in the red, green and blue regions to cover the en
visible electromagnetic spectrunowever disadvantage are that such white light emitting
systems involve complicated mixing or doping proessand drawbacks related to device

engineering.
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Figure7. Cycloplatinated NHC with bisacetylides
Complexes30-33 displayed modulable high-energy triplet emissionattributed to monomeric
speciesin solution however at higher concentratigghosphorescencemissionwas observed
assigned to excimer formatioAs mentioned previousjysquare planar Pt(ll) complexes tend to
aggregate vid-" or M--M interactions As a consegence, low energy excited states gemerated
and they are often concentration dependerAt room temperature in solutionhd platinum
compounds30-33 werenontluminescenthowever at 1wt% in PMMA they exhibited structureless
emission bandwith $,_, in the range of 45480 nm and emission quantum yield& of 51-59%
Upon increasing the weight percentage of the complex in PMMA films, a low energy emission ba
at around 57%95 nm appeared. The maximum emission quantund ywals obtained a@0wt%;

higher concentrationsinduced selfquenching. These compounds showed bright white

12



photoluminescence covering the entire visible spectrum due to the presence of monomeric
excimeric emissiog For instance, comple33 ata concentration of 20wt%miPMMA, emittedwith

CIE (Commissionnternationale deHclairage)color characteristic coordinate$x = 0.31 and y =
0.33, which are very close to the intended pure white light (x = 0.33, y = O\@B)ation of the
alkyne substituentsllows fine-tuning of the emissiodeading to high quantum yieldghus
rendering these compounds as promising candidates for single component triplet emitter ba
WOLEDs.

On the other hand Schanze and coworkers designed some luminescent square planaymidl) alk
displayingtrans N-heterocyclic carbene ligan@-44 (Figure 8).”>°°* Such compounds acted as

) centerednainly in thealkynyl-aryl
moiety (-C( C-Ar), with a minor contributionfrom *MLCT transitions The platinum complexes
display emissioms at $,,,, = 431-483 nm and lifetimesn the microsecond regim&ith quantum
yields up to 45%. The authors demonstrated that variations of-theteocyclic carbene ligands,
whether imidazole or benzimidazole, have little effect on the photophysical propédresersely
when the acetylidaryl ligand was changed, dratitavariationsin the emissiorenergy, lifetime

and phosphorescenegreobserved It should be mentioned that the presence of stredgnating
ability of the NHCs allows them to push thal dtates to higher energy and make these compounds
luminescentjn contrast to their analogues containing phosphine ligands. However, the study «
these compounds shows thdgspite NHC ligands increasing thel stateenergy,yet it remains
thermally accessibl¢/ E = 1000 cm') andtherefore contributegignificantly to the deactivation

processat room temperature
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Figure8. Pt(Il)-bisacetylides containingansNHC-ligands.
In THF, the quantum yield of platinum compl&4 with imidazolin2-ylidene was found to be
0.029, which increases by -160ld when doped into a PMMA matrix along with a longer triplet
excited state lifetime) (pyua = 0.3,%,s = 9.41S). Varying the doping concentratiomer the values
1, 10, 20, 50, 90100% shows qualitatively the same emission, suggesting no indication of excims
formation. The authors suggest that lack of excimer formation is likely due to the large cyclohex
groups oriented orthogonally to the plane of théigaind bonds. Comple84 was used as a blue
phosphor for OLED devices. The electroluminescence spectrum showed a maxifamdt nm.
The CIE coordinates of the device emission are (0.2, 0.2) with a maximum EQE of 8%.
Moreover, the platinum complexes displaying-hBterocyclic carbene with benzimidazole
backbones display better performance as blue emitters. For instance, the platinum damjitiex
benzimdazolin2-ylidene in THF displays a quantum yield of 0.08. When doped in PMMA matrix,
the quantum vyield increases tpy{(u. = 0.56,%,, = 21us) much higher than that obtained for
complex34. Given the efficient phosphorescence in the solid state, comfileas used as a blue
emitter for OLED devices. The electroluminescence spectrum exhibits an emission maximm at

439 nm, with 14% EQE, the highest performance within this class of compounds. The CIE col
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coordinates of the device emission are (0.16, 0.13) which is close to that of the National Televis
System Committee CIE color coordinate for ideal blue ((D12B).

24 Platinum (II) complexes with pincer ligands

Gray and coworkers constructed another family digterocyclic carbene Pt(Il) complex45-53
displaying a BIMCA pincer ligand (BIMCA =bis-imidazolylcarbazolatge and isonitrile or
acetylidesas andlary ligand (Figure 9). The BIMCA ligand containsan organic carbazole
chronmophore, towhich are directlyattached twd\NHC units generating a rigid (C*N”C) pincer
ligand around the Pt(Il) centéf® Owing to stericfactors around the metal centethe X-ray
structuresof these complexes showed tliae meadl is tetracoordinated displaying a distorted
tetrahedral geometry instead of a sqyaemnarstructure

Complexest5-49 were weakly emissive in solution at 298at 77K in CHCI, they show emission
maxima in the range of 86475 nm. In the solid state they are moderately emissive displaying
values up to 22%. Replacing the isonitrile by acetyliginds, which are stronig-donoss, provided

the related platinum alkynyls compleX&%$53, displaying higheoptical performarce.

- BPh,
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t-Bu \=/ 45 46 47
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Figure9. CycloplatinateeNHC with (C*N~C) pincer ligand.
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In the solid state,amplexes50-53 acted as blue/green emittesdth $.,, = 496523 nm.As for
complex51, an intense green emission was obsemw#t CIE 193%coordinateq0.29, 0.65)and

) = 93% with %= 11ms TD-DFT calculations werperformedto rationalize theptical properties

of this kind of compoundsuggesting that therigin of the excited states #MLCT/LL) with high
contributionfrom the®'BIMCA pincer ligand in the HOMO and théJMO as well.

On the other hand, Peris and Poyatos described the synthesis of some cyclometalated F
complexe$4-55 containing (C*N”C) pincer ligand, (C*N"C = 2diphenylpyridine) supported by
pyrenebased monoor bis ENHC-ligands* The authorsintended to prepara novel class of
emissive complexes by combining the benefits of an organic chromophore andahatarfjanic

Pt(CAN~C) luminophore within the frame of stable complexes provided by the NHC ligands (Figui

tBu 7 N\ tBu
SUEat _ v Oy _
VPN N PPN/
b giobas
O tBu O
55

10).

tBu

54

Figure10. CyclometalatedPt(ll) complexe$4-55 supported by pyrenkased NHGEigands.
The UV-vis spectraof the moneNHC-Pt(ll) and bisENHC-Pt(ll) complexe$H4 and55 recorded in
CH,CI,, showed intense absorption bands between2®%6nm and 23&62 nm respectively.
Additional less intense bands are visible up to 352fanb4 and 394 nm for55. The related
pyreneazolium salts (free ligands) displayed intense vibfstrcictured bands at 31310 nm with
bandsspacing of 1488 and 1443n¢. These absorption bandse dtributedto pyrenecentered' -
" * transitons.
At room temperature,amnplexesb4 and 55 were emissivein CH,CN. Both complexes displayed

similar emission pattern in the range of 37237 nm with short biexponential decays featureng
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long component 70.9sand shortontribution 6.5 ndifetimes for54 and42.6 ns and 3.2 ns f&5
with comparable quantum yields = 3.5% and 3.1% respectivelyt should bementimedthat the
monc and bispyreneazolium saltglisplayedsimilar emissiongorm but displayedigher quantum
yields) = 32% and 42% respectivelyith short lifetime in the nanosecond regifte monc
azolium(78.8 ns) andbis-azolium (43.1 ns) suggesting the fluorescence character of the observec
emissions.This data suggesta minor contributionfrom the Pt(ll) center on the pyrefased
excited statesn the above complexes.

2.5 Platinum(Il) complexes with bis carbene (NHC) chelating ligand

Chi, Chan and Hung described the synthesis of s@mgeare planaPt(ll) complexesof general
formula [Pt(C"C)(X"X)] (56-63) displaying biscarbene chelating ligan@"C) associated to three
functional dianionic azolate chelate§*X = 5,5-di(trifluormethy}3-3-bypyrazolate §6-58); XX

= 5,54di(trifluormethyt3-3-bi-1,2-4triazolate  (59-60); X*"X = 3-trifluormethyt5-(4-

(trifluoromethyl)phenylpyrazolate §1-63) (Figure11).*
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Figurell. Cycloplatinated complexes withseNHC chelating ligands.
Complexes56-63 were found to be neamissive in solution at room temperature, in contrast in
powder formthey exhibited strong emissiomarying from purple to skyblue emissiorwith high
guantum yields approaching unitary for comples6<57 with lifetimes of 2933 us respectively.
The authors alsmoticed thatthe size ofthe linkage between the two carbene units afféhe
emission properties of thke compounds. For instance the biscarbene complg&emd 60 with
propylene linkage are weakly emissive with quanturngields of 6% and 2% respdeely. The
authors explain this behavido be a consequence of the propylene spawgrich forces the
dicarbene chelate tdisplay a perpendiculaorientation to the squagganar Pt(ll) architecture
resulting in destabilization of the emitting excited state and hence quenching the emmBdRIAT
calculations were employed and showed that these compounds display a combination

3LLCT/ALMCT/IL emission excited statesinlike relatedsquare planar tRl) compounds which
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usually emit from a combination 3MLCT and’®IL "-"* electronic transitiorstates Compounds
61-62 were found to be amenable to prepare OLED devices. In particular codiserwed better
performance, displaying high efficiency (8919.4 cd.A, 22.5Im.W") with a sky blue emission
andCIE, ,coordinates of (0.18, 0.32).

On the other han@he and coworkerdesigned another class of squalanarPt(Il) complexeg64-

69) supported B bis-carbene cHates anca combination of bidentaterphenytliacetylide ligands
(Figure D). It is believedthat suchatype of chelating ligands should bring rigidity to the system,

in addition the nature of stronglydonor ligands tend to enhance their photophysical propétties.
<\N/\ \\ g\
= N R1=nBu,R2=H (64) n=1 (67)
R{ R
R! = nBu, R2 = CF; (65) n=2 (68)

R?2

Figure 2. Pt(ll)-bisacetylides with bisNHC chelating ligands
Compound$4-69 were found to be emissive in @El, solution at room temperature. For instance
those containing carbazole substitestt the terphenyldcetylide 67-69 are more emissive) (=
23-27%) with lifetimes(%= 2842.6us) thanthe nonsubstituteccompound$4-66 () = 3.45.4%)
and displaying shorter lifetimes (2471 ps). Moreover all complexes displayed vibronically
structurel emissions profile and were assigned to originatagrily from metalperturbedfIL (" -
alkynyl-" *alkynyl excited statesWithin the same serie&7-69, the authors note a minor variation

in emission quantum yields (Z¥%), when the spacer lengtdCH,-)n of the biscarbene ligands is

varied (n= 1 to 3)Furthemore in solid stateat 298 K these compounds were also emissive
displaying again structured emission bands ranging fromdreen to yellow emission with, .=

470533 nm andat 77K they dis@y emission bands &,,,= 470530 nm.In glasy media at 77K,
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complex65 displays a structureless emission banl at477 nmwith full width at half maximum,

(FWHM) of 75nm. In contrast complexe®4, 66-69 exhibited structured emission &imax = 448
497 nm. The vibrational progressive spacing for complewas estimated to be 1470 ¢mvhich
indicates the skeletal vibration is assigned to the diacetylide ligand.

The upcoming paragraph will present recent advances on luminescent cahyptexes containing
N-heterocyclic carbenes.

3-Lumin escent iridium(l1) complexes with N-heterocyclic carbene ligands

3.1 Homoleptic cyclometalated iridium complexes facial versus meridional regioisomers
Octahedrakyclometalatedr(lll) complexes possess a rangeiiportantproperties such as rigid
configurational stability, higremissive quantum vyiel@&), microsecondegime phosphorescence
lifetime (% andhigh electrochemical stabilit§?"*°> Moreover they act as high efficiency emitters in
OLED devices?'*®** This field of study has attracted much attention and coes to be highly
investigatedthus we intend t@resenthe most recent work in thewea As mentioned previously,
the presence of NHCs, which act as strbagonor ligandscanserve as a tool tpushthe metal
centered l transitions tchigher energy in order to make thémermally inaccessible''*'*°

The firstcyclometalatedridium complexes/0-71 containing NHC liganslwere reported ir1982
by Lappert and coworke(&igure13).*° Forrest,Thompson and cowvkers investigatechbroughly
this type of compounah order to construct bluemitters The choiceof NHCsin the coordination
sphere ottyclometalatedridium complexes is cruciabecausegheytend to emit fromhigh-energy

triplet states:™**
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R= Q (70) ; "'@OMG (71) fac-72 mer-72

Figure13. Homoleptic cyloiridated NHC complexegisplaying facial and meridional
regioisomers.

More recently the group designeduaninescentyclometalatedNHC iridium complex in which the
backbone of the imidazole ring containBiaedpyridine moiety. The two geometrical isora¢ac-
72 andmer72 were isolated and charaeized(Figure 13).1” The electrochemical properties were
investigatedor both compounds and allowed tdiemte the HOMGLUMO gaps, for instancthe
mer72 isomer displayedhe smaller gap. At room temperature in {H, both complexes are
highly emissive in the blue region &t= 418 nm, Y = 76%,%= 1.2us) forfac-70 and at$ = 465
nm, () = 78%,%= 0.8us) former72. This result indicates that the emission of compte+72is
red-shifted comparedo the other geometrical isomen line with the electrochemical properties.
The studyalso shows more dominanifgand-centeredLC transitions relative ta*MLCT excited
states irfac-72, while the emission in complerer72 stemsmore from thé MLCT emissionrather
than theligand-centerecfLC excited state.Due to their high optical performance in solution and
solid state both compoundswere employedas blue emitters for OLED devices. The
electrolumirescace spectra dac-72 andmer72, measured a current density of J = 10 mzn?,
displayedemission in the deep blue with CIE coordinates of (0.16, 0.09) and (0.16, 0.15) wit
maximum external quantunffieiencies EQE = 10.1 and 14.4 respectively.
ZysmanColman Samueland coworkers, preparethe homoleptic meridional cyclometalated
iridium complexs73 and74 containing NHC ligansl(Figure #).'* To enlarge the HOM@Q.UMO

gap, theelectronwithdrawinggroup CE- was attached to the phenyhgs in thepara- and meta
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positionsrelative to the carbenenit, which permis sufficient stabilization of the HOMO energy of

the emissive triplet state

N CF N
B 3 (] SR
~ 2 CF,
F3
mer-73 mer-74

Figurel14. Homoleptic cyloiridated (NHGtrifluoromethylphenyl) complexes displaying

meridional regioisomers.

Both complexes act as blue emitter€id,Cl, solution and in RIMA film at 10% emitter. At 298K
in solution complex73 displayed structured emission®&t 414 nm with moderate quantum yield
) = 25%, complex’4 behaved similarly = 412 nm) but showekigher quantum yiel)l = 72%.
Both complexes exhibited biexponentdgcay lifetime %with longer%at 7K in deaerated 2
MeTHF, when compared to those at 298 K in degassedCCHDue to theirinterestingoptical
propertiescomplexes/3 and74 were used as blue emitters fOLED devicesThe optimal device
consisted in using complex4 as the emitter and complex’3 as an efficient exciton/electron
blocker, andthe deviceprovided blue emission with CIE coordinates (0.154, 0.052) with external
quantum yield EQE of 13.4%his value decreases slightly to 12.5% at 100n¢d This data
fulfills the requirement fora deep blue OLED applicatiorror instancethe television display
criterion is of (0.14, 0.(8) as specified by the EuropeaBroadcast Union (EBU)It should be

mentioned that mostyclometalatedridium complexes do nomeetthe deep blue chromaticity

22



requirementsthey exhibit CIE coordinates greater than 0.1 because their triplet energies are n
sufficiently high { 2.8 eV)

The development of blue triplet @ers for OLED devices with high EQE continues to be a
challenging objective. As mentioned previoustyclometalatediridium complexes containing
NHC ligands are among the most promising candidates. To this end, Jin and coworkers prepart
series of hormleptic cyclometalatedridium complexesr5-78, and isolated the meridional kinetic
isomers (Figure 8)."* Complexes/5-77 were designewith different electrorwithdrawing groups
being introduced at the phenyl ring=( O=PP}) in order to obtain pure blue phosphoresce by
elevating the Tenergy of these emitters. As a consequence, comflexith a pyridylcarbene
ligand exhibits pure blue phosphorescence Wwigh quantum yield (95%), and short lifetinfé~
0.116us), the electroluminescence (EL) spectrunvofdisplays emission band with = 430 nm

with the CIE color emission (0.16, 0.08) where the CIEy perfectly matches the NTSC standard bl
However, comple 77 shows slightly a lower maximum EQE (7.1%) than thalsfEQE = 8.6%,

CIE (0.16, 0.12)}, but higher than that displayed by com@@fEQE = 3.8%, CIE (0.17, 0.13)}.
The authors attribute this downfall to the intermolecular interactions at higher doping concentratic
To overcome this obstacle, the authors prepared the meridional kinetic i8®me65% vyield in
which a benzyl unit intead of a methyl was introduced to the pyridgtbene unit.

The presence of a benzyl unit suppresses intermolecular interactions andripleteannihilation
(TTA) of the cyclometalatediridium complex 78 at high doping ratiospwing to the steric
hindrance. Moreoveplacemenbf a benzylgroupon the pyridylcarbenanit reduces concentration
guenching of thenerIr complex78. The electrochemical and photophysical properties of complex
78 were investigated. At room temperature, compl@xlisplays a lue emission a$ = 450 nm in
2-MeTHF. This emission band is sensitive to sloésent polarityin use; for instance in CEl,, this

band is red shited to$ = 470 nm. When doped in diphenyl(4
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(triphenylsilyl)phenyl)phosphineoxide (TSPO1) film at 10vol% aaimplex, the emission band

appears & = 442 nm with very high quantum yield at)(= 95%.

mer-76

mer-77

Figure B. Homoleptic cyloiridated NH&omplexes displaying meridional regioisomers

Due to its excellent optical properties, compk&was used as a blue emitter for OLED devices.
The manufactured device with high dopant ratio (40 vol%) of comp&xives a deep blue
emission with CIE coordinates (0.149, 0.085) and a very high EQE of 2%.8#e authors suggest
that these important results hiigfint the role of the Noenzyl substituted pyrimidazole carbene
based Ir(lll) complex for the fabrication of high performance deep blue OLEDs.

The impact of the geometrical isomers whether meridional or facial on the optical properties
cyclometalatediridium complexes was investigated by Kang, Son and cowolkefhus the

complexes fac-tris(N-dibenzofuranyiN-methylimidazole)r(lll) (fac-79) and mertris(N-
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dibenzofuranyiN-methylimidazole)r(lll) (mer79) were prepared and their photophysical
properties were investigated and compared (Fig6yé*Compounds79 were originally reported
by Sasabe and Kidd’ These compounds contain in their structure a dibenzofuranyl, which acts &

an organic chromophore.

fac-79 mer-79
Figure . Homoleptic cyloiridated NHC conkgxes contaimg organic chromophore, displaying
facial and meridional regioisomers

The electrochemical progers were first studied in CEl, solution. The cyclic voltammogram
(CV) of mer79 shows a lower oxidation potentidt (= 0.17 Vvs.Fc/F¢) thanfac-79 (E,, = 0.26
V vs. Fc/F¢) while the reduction potentials &ic-79 andmer79 are almost similarg,. = 2.37 V
and 2.64 Ws.Fc/F¢). This data indicates thater79 has a smalleenergy gap thafac-79, which
eventually affects their relative photophysical properties. Indeed at 298 K the photoluminescer
spectrum ofmer79 showed a bathochromic shifith $,,, = 450nm when compared to the
emission offac-79 ($,,., = 443 nm), with quantum yield3 of 53%and 68% and lifetime%= 11.0
pMs and%= 11.2 ps respectively. Both isomers displayed structured emissions, suggesting th
emissions originate ndrom pure *MLCT states but from the mixedL.C/*MLCT transitions,
although mer79 displayed a higher ®*MLCT contribution, as evidenced by solvent polarity

dependence emission spectra and lifetime. Due to their high optical properties, these compot
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were irvestigated as dopants for OLED devices. Both compounds act as blue emitters when do
in in diphenyl(4(triphenylsilyl)phenyl)phosphineoxide (TSPO1) film at 10% of either complex.
The electroluminescence spectra display blue emissions with the CIE dbityniait fac-79 device
(0.14, 0.11) and EQE of 18.5% and foer-79 device(0.14, 0.14) anEQE of 18.2%.
3.2 Heteroleptic cyclometaied iridium complexes
3.2.1 Containing acyclic diamino carbenes (ADC) ancillary ligands
Teets and coworkers prepared solmainescentheteroeptic cyclometalatedridium complexes
containingacyclic diaminocarbene (ADC) ancillary ligan@Sigure I7). These compounds are
formed via metatmediated nucleophilic addition to a metalordinated isocyanide, with
subsequentrthametdation of the ADC under mild conditiori&***°
X . O O<0
C/\N N/©/ NR1

/|r< NHRIR?2 / /&NH
\, N \/ N X

Cl CH.Cl,, RT c
| I > R? i Sp 2
X = CF3, R1= H, R2 = Pr, (80) X = CF3, R2=Pr, (84)

w
F /\NH X = CF3, R1= H, R2 = 4-OMeCgH,-CH,,(81) ‘/NH X = CF3, R2= 4-OMeCgH,-CH,, (85)

X =NO,, R1= Et, R2 = Et, (82) ‘ X =NO,, R2 = Et, (86)
X =NO,, R1= Pr, R2 = Pr, (83) X = NO,, R2 = Pr, (87)

Figurel7. Cyclometalatedridium complexes containing acyclic diamino carbenes.

Two sets of complexes wepeeparedthose containing theyclometalatedigand "F2ppy" 80-87)
and those with -phenylbenzothiazole "bt(84-87). Unlike thosewith NO.-functionality (82-83;
86-87) al other compoundswere emissivein fluid solutions of deaerated CECI, at room
temperatureAt low temperature when doped into PMMA films, these compldexome more

luminescentComplexes80-81 with difluorophenylpyridinedisplay blue emissiorin CH,CI, with
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$..x = 498 and 495 nm, and quantum yields) of 0.22 and 0.18 respectively. The related
compounds34-85 with bt "C~N" (bt = 2phenylbenzothiazoldjgands exhibit yelloworange broad
emissions a8, = 588 and 585 nm respectively with significgntbwer quantum yields)() of
0.049 84) and 0.047 &5). All complexes exhibita biexponential decay lifetim&owith longer
weighted averag#in the range of 0.9Q.1 ps for the F2ppy complexé®-81 and smaller values of

0.500.60 us for bt complexe84-85. The four CE-substituted emissive complexe481; 84-85)
when doped into PMMA thin films (2 wt%) show dramatic 9@ in the quantum yieldsfor
instance complexe®0-81 act as bluggreen emitters with quantum yields of 79%, while compounds
84-85 display quantum yields of 388% and behave as orange emittitrshould be mentioned that
the acyclic diaminocarbene (ADC) ancillary ligands are even Hettienor thartheusual NHCs as
demonstrated by the electrochemical properties of these compeurare the oxidation potentials
are cathodically shifted when compared to related compounds MHE ligand (NHC =
Imidazolin2- or benzimidazoli?-ylidene) The authorshave compared theX-ray solidstate
structure of theacyclic diaminacarbene compie80 and the NHC:yclometalatedridium complex
[(F2ppy)Ir(C*C)] (CMC = 4CF;-CH,-benzimidazolir2-ylidene). The comparisonrevealed a
notable difference between the carben€-N angles, for instanca the NHC complexhe N-C-N
angleis 105.2(4)j, whié in complex80 this angle is wider (116.4(5)j). The authors sugdlesat
ADC complexes display carbenes with higher donor ability becauseitleming of the carbene
bond angle allows for greater NC_,... " -donation. As a consequencehe iridiumcentered
HOMO energesin complexes80-81 are strongly destabilizedue to the strong donation character
of the ADC ligands. On the other handhe grouppreparedother heterolepticcyclometadted
iridium complexes 8890 with mixed carbene ligation, i.econtaining both NHGderived
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cyclometdating ligands as well as th&DC ancillary ligandgFigure B).
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Figure B. CyclometalateeNHC iridium complexes containing acyclic amino carbenes.
The electrochemistry and the qtbphysical properties 088-90 were investigated. In Cgl,
solution at room temperature, these compowands/eakly emissivavith emissionobservedat$ =

420 nm for89, and at$ = 511 nm for comple®0 while 88 is non-emissive However in PMMA
films at 2vt%, they behave as Buemitterswith higher quantum yield$or instancecomplexe<38
and89 display emissiosat $ = 418 nm for both compounds but with different quantum yiélds
of 0.13 and 0.31 respectivel@gomplex90 emit at$ = 459 nm blue-shifted significantly in PMMA
film with respect to CECl, andwith a higher quantum yield of) () = 0.48.Complex90 gives sky
blue coloration with the€ClIE coordinates of (0.16, 0.18), whitemplexes88 and 89 display deep
blue emissios with CIE coordinags of (0.16, 0.07) and (0.16, 0.1@¢spectively The authors
suggest that these mixed carbene complexes can be used as dogpamebfae OLEDs

3.2.2 Containing naphthalimide chromophore

Naphthalimide (NI) is a versatilerganic chromophoreand hasbeen widely used in fluorescent
molecular probesand as DNA targeting, anticancer and cellular imaging agéfft&:** More
recently efforts were devoted to prepare metathplexes containg this organic chromophor&:'*
Amouri and coworkergrepareda seriesof phosphorescenteterolepticcyclometalatedir(lll) -
complexedisplayingN-heterocyclic carbersdinked directly to a naphthalimiddluorophore(NI =
naphthalimide}®** Two sets of compouts were preparedontaining NHGderived naphthalimide

ligands (NHC = Imidazolin-2-ylideng (91-93); Benzimidazolin2-ylidene (94-96)) (Figure B).**
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These compoundsrevery stable in solution and isolid state, due tthe presence of the NHEI

(C"C) ligands.
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Figure B. CyclometalatedNHC iridium complexes containing naphthalimide chromophore.
All complexesact as deep red emitte®E (0.71, 0.29)in fluid solutionand solid state at roo
temperatureand display long lifetimes in the microsecond regime with good quantum yields. It
solution broad bandemissions are visible which exteméyond 700 nm. It is well know that
cyclometalatedridium of the type Ir(C*N) without organic chromomrescommonly emit from a
MLCT state. In the above compountise art of linking directly the organic naphthalimide
chromophordo the carbene unit, induce a dramatic changeemature of the excited states from
*MLCT to mostly naphthalimideenterec’LC, thanks to the iridium centavith large spirorbit
coupling (SOC) which facilitates the intersystem crossing (ISC) to the triplet manifold of the
organic dye
Complexes92 and 95 containing thecyclometalatedigand 2,4-difluorophenylpyridine (dfppy)

provideda morevibrationalbandpattern structure. These emissions were hypsochromically shiftec
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by 4508650 cn¥" relativeto the othercompoundsMoreover he radiative rate constark € “ / #)

was determined for all these compounds and was found ito the order ofl(0* s suggestinga
predominantly’LC excited stateAt room temperature in Ci&l, complexe92 and95 alsohave the
highest quantum yields (18% to 11%respectively and the longest lifetime@& 17.5us to 26.4

us) of the series.

Figure 20. Plot of nonradiative rate constantk,, as a function of the energl, of the emissive
excited state of Ir(IIBNHC complexes (NHC = Imidazolg-ylidene, ©1-93); Benzimidazolir2-

ylidene, 04-96) in CH,CI, at room temperature.

The influence of the NH&erived naphthalimiddigand on the optical propertiesf these
complexesvas examined by plotting, = (1D ") / # vs.the excited statenergyE, measured at the
maximum of the emission (Figure 20). The data obtained provided us thvithe following
informations (i) For both class of complexes whether with imidazolyl or benzimidazolyl carbenes
the k,, constant increasdinearly as the TB5, gapenergy diminishes. This is line withe energy
gap law (ii) Moreover,thesechanges ardasterin case ofthe complexe91-93 with NHC =
Imidazolin-2-ylidene (iii) The benzimidazolir2-ylidene derivatives 94-96, on the other hand

exhibits lower k., valuesrelative to the analogous imidazolyl carbene complex&dVe feel that
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extending the' -conjugation at the backbone of the NHH@ands shouldigidify the system, which
reduces the rate of ngadiative deactivationand eventuallyncreases the quantum yield.

On the other handdmouri and coworkerssuccessfully preparethe related opticdy active
compounds -91;, $-91;,and’-92;, $-92;, by replacing the methyl group at the nitrogen of
the carbene bgn n-butyl chainto improvethe solubility of theseompoundgFigure 21) At room
temperature they act as emitters in the red andNIR regions. Their optical and chiroptical
properties were investigated. Remarkaltie Vibrational Circular Dichroism (VCD) technique and

TD-DFT allowed us to ascertain their stereochemistry.

Figure 21.CD spectra of -91;, (green) and -91, (red) and!/-92 g, (green) and -92, (red)

recorded in CECN at 0.19 mM and 0.2mM respectively.

3.2.3 Containing helicenes and chiroptical properties

Another important property displayed lyclometalatedNHC Ir(lll) complexes containing three
chelating ligands is chirality?’**° Thus efforts wes devoted to merge chirality and luminescence in
the hopesof establising a novel class of compounds with dual properfig¥’ For instance

Crassouset al. designeda uniquetype of chiral meridional cyclometalatedir"

-compounds
containing NHGhelicene derivedC*C:) ligands(Figure22).'*'*2 These complexes were obtained

in (70:30) yieldas four diasteeomers mer(P, $,)-97/(M-!,)-97 andmer(P, !,)-98/(M-$,)-98.
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Each pair comprises twoenantiomers,with the chirality arigsng from a combination of the
stereochemistry at thgdium center (, $) and the helicity of the NH®elicenederivedligand (P,

M). The X-ray molecular structure of the pure diastereo®eérwas obtained.The emission
properties ofcomplexes97 and 98 were studied and showedlight green phosphorescence
Structured vibrational bandare visible with $.,, at 525 nm red-shifted relative to the model
complex99, and quantum yieldsf 9-13% suggesting that emissions originate from the mixed
3LCPMLCT transitionsand not from only®MLCT state as observeith the model compleX@9
without a heliene moiety(Figure22). Remarkaly complexe®7 and98 display long lifetimes%of
around 30Qs, which are much longer #m that doserved for the model complé39 %= 3.1us.
These results also confirm the contribution of th€-centeredtransitiors originated from the

NHC-helicene derived ligany:

Figure22. Cyclometalated {NHC complexes with helicene ligands.
These complexes were successfully resolved usimigal column chromatography into their

corresponding single enantiomeis.should be mentioned that the [&Elicenic carbene ligand
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displayed high configurational stability (inversion barrier > XJ5mol™), thus refluxing of the

isolated pure samplés chloroform for several hours did not lead to apymerization

Figure 23. CPL tracesof mer(P, $,)-97/(M-!)-97 and mer(P, /,)-98/(M-$,)-98 containing

NHC-heliceneligands and the model complexaser($,)-99(/ )-99. Adaped with permission

from ref'*". Copyright 207 Wiley.

The CPL (Circularly Polarized Luminescencg@yoperties of the fouenantiopure stereoisomers
complexeamer(P, $,)-97/(M-! )-97 andmer(P, ! ,)-98/(M-$,)-98 containing the NH¢&helicene
derived ligand and those of the model compleres-($,)-99(/ ,)-99 were investigatedn
deoxygenated CJ)EI, (Figure 23). The authors demonstrate that the stereochemistry of the NHC
helicene ligand controls the sign of the CPL signal with a value of dissymmetry {ggtor +3.7 x

10°) at 530 nm forR, $,)-97, much higher than that obtained fa, ( ,)-98 (g, = +1.5 x 10).
Moreover the presence of the NHh€licene ligand amplifiesthe dissymmetry factor when
compared with the model compléx-99 (g,,,, = +9x 10% at 493 nm*

Moreover the authors prepared another type of coyr@bmetalatedridium compoundcontaining

NHC-derived helicene ligan{C"C:), which was resolved into its corresponding enantionrers
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($,)-100andme-(! ,)-100. In this type of complex the [4jelicenemoietyis not fused to the NHC
unit as in the precedg examplebut attachedto the nitrogen centeand cyclometalatedo the

iridium (lll) (Figure 2).**

mer!" ,-100 mer/# ,-100
Figure 2. Cyclometdated iridiumNHC complexes cdaining [4}helicenes.

Again, the" -extended helicene ligarthangeshe photophysical properties of complE80 when
compared to the modelclometalatedHC compoundd9 without the heltene moiety In CH,CI,
solution at room temperature, complE30 disdays structured emission bands wighat 510, 549,
660 and 690m and quantum yield = 5% witha very longlifetime of 140us. The emission of
100 is redshifted relative to comple®9 which shows a broad bandt $ = 483 nm with much
shorte lifetime %= 1.8us. The authors suggest that the excited stal®@is highly centeredn the

" -systenr’IL with some participatiorirom *MLCT, which is in accord with the long luminescence
lifetime 140 ps observed fol00. While in complex99 the short luminescenddgetime as well as

the different form of the mission bands is in accord witktrongcontribution from theMLCT
state'*®

At this stage a commerg requiredon the effect of NH&lerived organic ligand (C/C:, helioe,
naphthalimideetc) on the photophsical properties of tisecyclometalatedridium complexesAs

mentioned previous|ycyclometalatedridium complexes commonly emit from®®ILCT state The

presence of the organic chromophoré -extended system directly linked to the Nid@amatically
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modifies the nature of the excited states fréMiLCT to mostly°LC, triplet manifoldcentered on
the organic dye
On the other hanthe authors investigated the CPL properties of the enantiopure comyiigyes

100andmer(/ ,)-100relative to the enantiomers of the model com@6x The CPLactivity was
found to be similar in botkypesof compoundslt should be mentioned that [4]helicene moiety in
these complexes is configurationally unstable in solution and therefore do nat itmgia CPL
properties as observed for compouBdand98 described previously.

3.3 Cyclometalated iridium complexes with tridentate ligands

Throughout tle previoussectionwe have presented several examples of octahegthimetalated
NHC iridium complexes witla variety of appealing structurgsropertiesand useful applications
Howeverall of theseexamples displayed trsidentatd2+2+2] chelating ligands coordinated to the
Ir(1ll) center. More recently efforts were devoted to #weo class of octahedrayclometalated
NHC iridium complexeswhich display bistridentate [3+3] chelating ligandsinstead These
investigations are motivated by the fact that only one isomer could be isolated, when comparec
the previous iridium triSbidentate family wherat least twogeometrical isomers are expected to
form. Moreover tridentate chelating ligands tend to strongly chelate the iridium center and henc
deliver highy stable complexes for device applications. However duehéonature of the
coordination modef the bistridentate ligands around the iridium center, a strong distortidmeof
ideal octahedral geometry is expected when compared to those containing tris(bidentate) ligar
As a consequenceightends to stabilize the MC dekcited state and reducéee HOMO-LUMO
energygap Again the use of ancillary NHC ligandestabilizegshe MC centred excited states and
provides entry tdighly emissive compounds.

Williams and coworkerdgescribeda synthetic approach to obtatyclometlatediridium complexes
displaying the (N*C”N) tridentate chelate. The authors chose-di(3-pyridyl)-4,6-dimethyl

benzene (dpyxH), to react with [(G3H,0, for which two methyl substituents are attachedhi®
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central phenyl rig in order to directhe cyclanetdation at the Czposition of the central phenyl
ring to afford the dimer[lr(dpyx-NAC~N)(u-CI)CI],.*** This dimer reagent and analogous
compounds serveds key-intermediatesto prepare neutratyclometalatedbis(tridentate)iridium
complexesby coupling monoanionidN*C”N), whether (C*"N*C) or (C*C"Q and dianionic
tridentate chelating ligand$'*®

For instance Chi, Chou and coworkemnbined thanonoanioniq C*N”C) containing NHC ligand
with the dianioniacchromophoridridentate pyrazolybasedigandaround the coordination sphere of
the Ir(lll) center in orderto obtain the neutral bis tridentdt@+3] coordinatedridium complexes
101-103'° Their emission properties ranged from cyHdl, green102 and to orangeed 103

respectively(Figure ).

R =F, (101); R = CF3, (102) (103)

Figure 5. [3+3]-Iridium-NHC complexes displayingisEtridentate ligands.
The authors demonstrated using-DBT calculations that the observed emissions largely originate
from the*MLCT processesl( represents théianionic chromophoricchelate)with contributiors
from ligandcentered" +"* transitiors. The emission color is also influenced by the dianionic
chromophoricchelate pyrazolyl ligandanging from 473 to 608 nnThese compounds were later
used as OLED devices. For instangeeen OLEDs using complek02 give a peak external

guantum efficiency ©018.8% a luminanceefficiency of 58.5cd/A and a power efficiency of 57.4
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Im/W. As for complex103 the designed OLED device exhibisaturated red emission with
maximum efficiencies of 12.5%, 10.4 cd/A and 9.0 Im/W.

On the other hand, the authors prepared another series of complexes by replacing the monoan
(CAN~C) ligand with the tridentate (CAC)digand bearingan NHC pincer ancillary?®!4**® The
modification is inspired by the belief thagreater 1¥C bond strength athe NHC fragment (versus
anlr-N dative bond) would exert the strongdsstabilizatiorof the MC dd and hence enhartbe
luminescent properties of the target complek@$107 (Figure B).

Me

»N
1

N/
Me” \)

R; =F R, =CF3 (104)
R, = CF4 R, = CF4 (105)
Rl = CF3, RZ =t-Bu (106)

Figure &. [3+3]-Iridium- bis(NHC) complexes featuring bisdentate(C*N"*N)/C"C"C) ligands.
Complexesl04-107 were strongly luminescent in GEl, solutionand also in thin films of 43-
(9H-carbazol9-yl)phenyl)-9H-carbazole3-carbonitrilie (MCPCN) and exhibitetearly 100% high
guantum yieldswhich confirmthe elimination of the neradiative decaylue to the grater skeletal
rigidity. As mentionedin the previous paragraphhe emission propertiesf these compounds
follow a similar trend rangng from blue (04), cyan (05, green {06 and red 107), and
displaying " -conjugation at the central isoquinmo}l moiety. These compounds werésa used to
design OLED devicesFor instance,a blue OLED based orl04 was obtained withEL
(electroluminescencdQE efficiency up to 27%and(69.5 cd/A, 68.2 Im/W), whila cyan OLED
based ori05exhibited 30%efficiency with(100 cd/A, 92 Im/W)andagreen OLED based dt06,

had anefficiency of 31.4%with (110.8cd/A, 108.7 Im/W)andfinally ared OLED based ot&Q7
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with 27.4% (36.9 cd/A, 36.2 Im/Wyas obtainedThe authors considénatthese Ir(lll) phosphis
display among the highest EL efficiencies.

Moreover Chi, Fox and Wu designed othertoidentate[3+3] coordinatedr(lll) phosphors108-
112 in order to obtain deeblue OLED devices(Figure 27)."**° In order to achieve their
objectives, the designed molecules displayed larger HQMMO gaps compared to those
described previously. The synthetic approdohows that described pveously, combining a
monoanionic tridentatéC*"C"C) ligand bearing two NHC units artie chromophoric dianionic
ligand 6-pyrazolyl2-phenoxy pyridine around the Ir(lll) center. A major differencelative to the
preceihg complexeshowever resides iaupressing thé-conjugation between thehenylgroup

and central pyridine unit by placiragn oxygermatombetween them

Me\ Me\ Me\
FsC N@ F3C N FsC N/\§
N

o \o
< =N < =N N < =N N
N, N, N,
& “Ir R ah “Ir R Bu—<__N “Ir tBu
=5 St Rt
F Y7 Fyh F Y7

N

N
Me/N \) Me/N \Q Me/N j

R = CF; (108) R = CF; (110) 112
R = t-Bu (109) R =t-Bu (111)

Figure 2. [3+3]-Iridium- bis(NHC) complexesvith bis-tridentate (C*N”~N)/C~CC) ligandsand
lack of" -conjugation betweeR-phenyl group and central pyridine unit

All complexes were luminescent in solution and in thin filamel displayed high quantum yields
For instance in CKCl,, complexesl08-112 displayedstructuredblue band with $..,! 472 nm.
Compoundl109, displayed a different behavior. For instance a broader emission band which
bathochromic shiftetb $,., = 478 nm isobserved In this series of compounddl emissionsvere
blue-shifted relative to complexX04 described in the previous paragrafue to their high-
performanceoptical propertie§) = 82-91%; short lifetimée= 4.4us and 8.71s) and highstability,

complexesl09 and 112 were used to prepare deep bDEEDs. The electroluminescence spectra
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displayed blue emissions with the CIE chromaticitydaomplex109device (0.5, 0.29 and EQE
of 19.7%, 33.5 cd/A, 26.3Im/Mand foracomplex112device (0.5, 0.17) and EQE oR0.7%, 28.8
cd/A, 22. 6 Im/W,

Esteruelas and coworkers also investigditedoptical properties of bisidentate metal complexes
Their approach consists of preparitie NHC pincer tridentate (CAC”™Cligand, isolatedas an
iridium dimer complex [Irlg-1)(C*C"C)],. The latter represents the key molecukcessaryto
attain thetarget bistridentate [3+3] coordinatedridium complexesSubsequent treatmewith the

dianionic tridentate ligands based on imidazegbylenyl pyridine and benzimidazolylphenyl

151

pyridine provides the neutral bisdentate iridium complexekl3and114(Figure B).

113

Figure B. [3+3]-Iridium- bis(NHC) complexes featuringiidazolytphenyl pyridine and

benzimidazolyiphenyl pyridine ligands

Complexes113 and 114 acted as green and greenish yellow emittersnuphotoexcitation in
PMMA film and MeTHF solution and exhibited quantum yields between 0.73 to 0.49. Thes
compounds were later used as iridium phosphors to prepare OLED devieas.instancethe
electroluminescence spectra displayed emissiof, at= 552 nm with the CIE chromaticity for
complex114 device (0.458, 0.530) and EQE of 12.0%.

On the other hand Yand;heng and Wei reported a novel series of phosphorescent iridiun

complexes(115137) by combining the advantage of tridentate bis(NHC) ligands, bidentate
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cyclometalated (C”N) ligands and monodentate anionic ligands (L = Br, I, OCN and CN). The
[3+2+1] coadinaed iridium complexes are strorggnitters and depending on the nature of the
(C~N) bidentate ligand a fine control of the emission properties was established along the UV &

visible light spectrh range'*

Thus, all Ir(lll) complexes displayed structured phosphoent
emission profiles assignguimarily to *LC/’LLCT transitions and in the range of 3669 nm.

The X-ray molecular structures of complexE&3, 128 and 129, were deternmed and showed that
the nitrogercenterin cyclometalatedigands isdisplayedtransto the carbon in the benzene ring of

the tridentate bis(NHC) ligandswhile the carborcenterin cyclometalatedigandsadopta trans

configurationto the monodentate ligand(Eigure29).

S~ N
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< S .
@,N /Ir
L \,N
/4
NS
tBu
woNG e
]T\) | J L=Br, 115; L = CN, 116; X=CH,L=8Br 121; L=CN, 122; L= Br, 126; L=CN, 127;
o / = N L =OCN, 117. L =0OCN, 123. L= OCN, 128.
[ S >
- | J L=Br, 118; L = CN, 119; X=N, L=Br 124;L=CN, 125.
L = OCN, 120.
tBu tBu tBu

L N N L /N
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N ./ ,N\/ 'N\/
tBU' tBu tBu
PNEN L NENT
L =Br, 129; L = CN, 130; L =Br, 132; L =CN, 133. =\ R=CF; L=1, 134
L =OCN, 131. a0 R = CF3 L =CN,135.
e yANT
N R=H,L=I, 136
N\ R=HL=CN, 137

Figure29. A wide range of [3+2+1Ir" compundsdisplayingtridentate bisarbendigands
bidentate cyclometalated (C*N or C*C) ligands and monodentate anionic ligands.
For instance (Ir(IIBCN)-complexes 135, 137) containing (C"¢ with strong ligand field of the

NHC increaseghe energy gap by pustg higher the LUMO levels, and hence display ultraviolet

40



to deep blue emissior{$ = 385 nm and = 410 nm) respectively with quantum yielf}s = 14
20%; short lifetimée= 1.73ps and 0.7@s). The presence of electramthdrawing groups (FCF;)

on the Cchelating (C”*N) ligands lowers the HOMO levels. For instance the emission peak is bl
shifted from 454 nm inl16, to 440 nm in122. Furthermore replacinghe phenyl ring with a
fluorinated pyridine ring contributes to a more blue shift emisgsid25to 436 nm.

In contrast Ir"

-cyanide complexes with(C”N) ligands containing extended" -conjugation or
electrondonating thiophendigands displayedbathochromic shiftin thar emissions toward the
red regionfor instance complexe$29, 130 and 133 emit at$ = 568 nm, 517 nm and 545 nm
respectivelylt should be mentioned that complieidil) -CN (127) exhibited the lower red emission
at$ = 591 nm.The related Ir(IIIHJOCN (128) emitted even further in the red regiorfsat 609 nm.

The authors also demonstrated ttie Ir(111) -CN complexes shown in figur28 displayed blue
shifted emissions when compared to related iridium compowittis[2+2+2] coordination mode
containing the same cyclometalated (C”N) bidentate ligands. Fa@naesthe fac-Ir(F2ppy),
display emission a$ = 468 nm,with ) = 0.43 whilecomplex [Ir(F2ppy)(C*"C*"Q(CN)] (122
emits at$ = 441 nm, with ) = 0.67), highlighting the importance of their synthetic strategy to
prepareblue emissive [3+2+1] coordinated iridium complexdaurthermore due to itkigh
emissionperformance complex 122 was used asn emitter in the design of blue OLED with
maximumexternal quantum efficiency of 22.948t6d CIE coordinates of (0.14, 0.24Yloreove
therelatedir(lll) -OCN complex [Ir(F2ppy)(C*"CMEOCN)] (123 acted as sky-blue OLED device

at 20wt%in 4,4',4"tris(carbazol-yl)triphenylamine (TCTA) used as host material and showed
comparable performanceelative to the well studied [2+2+2] skyblue iridium complex
[Ir(F2ppy),(picolinate)] Elrpic) *****° OLED deviceunder similar experimental conditiarBut, &

a high luminance of 1006d m?, complex123 displayed improved efficiency retiffs.

3.4 Cyclometalated iridium complexes with bis carbene (NHC) chelating ligands
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CyclometalatedNHC iridium complexes emitting in the deepd and NIR region were also
developed by the group of Mao for their anticancer properties. For instance the authors designec
heteroleptic cationicyclometalatedr(lll) complexes [(C*N)Ir(C*C)][CI] (138139 containing a

bis-NHC ligand and two dibenzo[a,c]phenazine (dbpz) ancillary ligands (F3fu'e’

' )

v
coR . ?W

Figure30. Bis(NHC) cyclometalated iridium complexes containing dbpz ancillary ligands
At room emperature in C}KCl, complexesl38-139exhibited red emission bands$t,, around 650
nm, while inphosphateébuffered saline®RBS they behaved as NIR emitters with emissiat$,,.,

= 765 nm and$, ., = 812 nm. These complexes displayed lifetiri@s the nanoseconcegime,
which also variedfrom 273ns to 674nsipon moving from PBS buffer medium to ¢H, and
CH,CN. Under similar conditions the quantuields) also variedfrom 0.95% to 14.3%and was
found to be depndent on the solvents polariffhese compounds show interesting mitochondria
targeting anticancer properties and potential use as photodynamts.ajee authors indicate that
complexesl38-139show highercytotoxicity against cancer cells when compatethe benchmark
cisplatin andhey alsadisplay highephotacytotoxicity under4d50nm and 630nm LED light.

Che and coworkerdesigned a novel class cdtionicphosphorescent iridium complex@siO-148
supported by b{tNHC) ligands containing a variety of cyclometalated (C"N) ligafwat a multiple
useful appcationsspanningrom photocataysis driven by radical cyclization, to,€€uction and
alsofor cellular imaging(Figure 3).'°° Again as mentioned previously ihi$ document, its the

kind of emission energsand lifetimedurationsthat justifythe kind of applications.
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Figure 31. An exhaustive range of luminescent bis(NHC)Ir(ddmplexes containing a variety of
cyclometalated (C”N) ligands for usefapplications.

The bis(NHC) ligands bring great stability to these molecules, and variation of tigeoRp on the
nitrogen atonof the carbene ligandsR = Me, nBu, Glu: Glucose) affects the solubility of these
compounds and make them soluble in water< Glu). On the other hand the naturedhef (C"N)
ligands impact their photophysical properties and the nature of the excited states WNLIGET,
3LCPLLCT and eventually thdurationof the lifetimes of the excited state$’

The authors investigated first the photostability of these compounds in solution. Thus up
irradiation of a representative complexes of the above family mad{fb and #5'b in degassed
CD.CN for five days using blue light (12 W blue LED&)d monitomg their'H-NMR spectra,
only 5% of decomposition was observed, suggesting the high photostability of these compounds
due to the bigarbene ligands chelating ligands. For comparison purposes the @atptexes
[Ru(bpy)][Cl],, fac-Ir(ppy)s, and [@FCFEppy)Ir(dtbbpy)][PF] (dFCFEppy = 3,5difluoro-2-[5-

trifluoromethyl)}2-pyridinyl]phenyl; dtbbpy = 4,4bis(1,kdimethylethyl}2,2-bipyridine), under
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similar conditions were found to decompose after only 10h of irradiation as demonstrated by th
'H-NMR spectra.

Owing to their high photostability, and good quantuelds andlong lifetimesin the microsecond
regime complexesl40b () = 89%, %= 2.1us), 143"b () = 75% %= 28.2us),and145'b () =
78%, %= 6.4 us) were used as photocatalysts tbe formation of pyrrolidinederivativesvia
visible-light induced radical cyclization of arylboromides and aryliodiq€sheme1l). Using
sutstrate Al, with DIPEA (diispropylethylamine) the photocataly$#3“b showed excellent
(97%) substrate conversiomd 64% product yield. This yield increased72% when DBU was
used asan amine. Complexe440b and 145'b when used as photocatalysts afforded the desired
product with 67% and 64% yiedespectively. For comparison purposes, under similar conditions
the rutheniuncomplex][Ru(bpy)][Cl], provided no product formation, while the iriditsampound
fac-Ir(ppy), led to onlya 16% yield of product®

Scheme 1. Visible light induced radiasiclization at room temperature in GEN.

R Blue LEDS R
N \/\ N
Photocatalyst (2 mol%), Amines (5 equiv.)
X HCOOH (2.5 equiv.), 10h
CHLCN, RT
Al (R = Ac, X =Br) Pa1
A2 (R=Ts, X=Br) P
A3 (R =Ac, X=1) Pas

It is noteworthy thatsuch chemicaltransformation was also performed in aqueous media
(H,O/MeOH:; 3/1)using complexi45ic () = 66%,%= 5us), which is soluble in water thanks to the
glucose substituents on thes-carbendigands(see Schemg). The targetproduct wadormedin

87% vyield with 99% substrate conversion.
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Scheme 2. Visible light induced radical cyclizatiormatbienttemperature in aqueous media.

Blue LEDS

Br
i j 129Hc (2 mol%), Reductants (5 equiv.) \E>
N
Ts

NBu,ClI (5 equiv.), HCOOH (2.5 equiv.), 10h ¥
S

Aqueous solution, RT
Moreoverthe authors also investigated the catalytic properties of corig&b in the presence of

a cobalt catalysf(Co(TPA)CI][CI] (TPA = tris(2pyridylmethylamine)for CO, reduction, and
obtainedexcellent turnover number§©N > 2400 with selectivity (CO/H in gas phase > 95%).
The performance df43"°b againexceededhat of the well known photocatalyfstc-Ir(ppy), which
under similar experimental conditions ledotaly (TON>900) (CO) anda selectivity of 85%

Finally the authors also demoreted that suchis-carbene cyclometalated iridium complexdgh

a variety of (C”N) ligands can be used as luminescent probes for biocimaging applications a
display high cytotoxicity againgiela cancer cells witN-butyl bis-carbene ligands when compdre
with the related compounds with Me and glucose functional gréups.

The next section deab with recent advance#n luminescent coinage metals containiig
heterocyclic carbenes

4-Luminescent coinage metals withN-heterocyclic carbene ligands

4.1 Coinage metal complexes with alkynyl ligands

Coinage metal complexeatisplay low-dimensional coordination geomies As aconsequence
theytendto form noncovalent metametalinteractionsthebestknown are complexes containing
Au(l) metal center$®™ These kinds of interactiors, which impact the photophysical
propertie*** of the desired compoundsavebeen coined aaurophiicity by Schmidbaur'’®*"*
and were investigateith theoretica studies performedby Pyyki§.**'"® Unlike luminescent
complexes with iridium and platinunwhich dependon strong spirorbit coupling (SOC) to
generatetriplet metal to ligand charge transfMLCT emission, thetwo-coordinatedcoinage

metal complexes emit vigprompt fluorescence or thermally activated delay#abrescence
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(TADF).'"* Their fast radiative lifetimes amainly relatedo two factors (1) the small energygap
between their lowedinglet andriplet excitedstates { Es;) and (2)spin-orbit coupling displayed
by the metal centefThese particular propertienablethemto beimportantphosphordo act as
optical devices anfbr awide rangeof applications ="

Poyatos and coworkers designsoime gold alkynyl complexesl49-152 attached to a central
pyrene organic chroaphore (Figure32).'”” Complexesl49-151 were found to be luminescent in
solution at room temperatureln particular compourgd149 and 150 display high luminescent
guantum yield = 90%92%and lifetimein the nanosecond regiméile complex151 exhibits a
lower quantum yieldof 38% and %= 1ns. For comparisopurposes, the monometallgold
complex152 was also prepared and was found to be nonluminescent. The emission spectra
NHC gold complexes150-151 recorded in degassed GH, display pyreneentered vibronic
bands a$ = 481, 507, 543 nrand$ = 481, 508, 54@espectively.

tBu

149 150 tBu 151

149-151

Figure32. Gold-NHC complexed.50-151 supported by pyrenkased tetracetylideligands.
Complexesl50-151 displayed broadand emissions &, = 585 nm, () = 2.2%) and a$, =
541 () < 1%) respectivelyn the solid state at room temperature. This kind of emissions was
assigned to the formation of pyreagcimas. The authors attribute this behavior'td stacking
interactions occurringn the solid statewhich is responsible for thaggregation quenchingf the
emission. At low temperaturdT = 77K), the emissiorcolor of complex150 switches from blue
to yellow, which also might originate from forrtian of aggregatesf 150. The '*H-NMR spectra

of 150 recorded at variable concentration (@OmM) showvs that the aromatic protons of the
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pyrene moietyare shifted downfield upon decreasing the concentration of the complex. The
authors suggested that aggregation thraughstacking is occurring at high concentration. The
association constait= 48M™ was determined.

Due toits high optical propertiecomplex150 was tested agbioimaging probe in healthy cheek
cells. After 30 min, intense luminescence was observed in the nyateusmg the efficient uptake

of 150into the cell interior.

Gray and coworkers described the synthesis and photophgsiqeerties of several mononuclear
Au(l) complexes 153-155) attached through a AG !-bond to a benzothiazefeuorenyl
chromophore and displaying either a phosphine or NHC as ancillary ligand (RBguré&or
comparison purposes they also prepareddlaed alkynyl Au complexed%6-158), in which the
organic chromophore is now attached to the acetylide unit, acting as a linkage between the org:

chromophore and the gold centér.”®

TEPHD e B

L = PPh, 153 156
PCys 154 157
55 158

[\ 1

Figure33. Gold NHGacetylide complexes containing fluorenyl organic chromophores.
Compounds153-155 exhibit dual emissions at room temperature, i.e. both fluorescence an
phosphorescence. The corresponding ancillary ligand (NHC, organophosphine) affects the exc

state dynamics of the complexes. For instance, in toluene at room temperature, cob®3dsds
behaved similarly and displayed fluorescence emissiofg at388 nm with = 79.3 ps,) , =
0.08) and at$, = 389 nm with %= 89.4 ps,) ; = 0.09) respectively. The phosphorescence

emissions for both complexes appearefi.ats = 538 nm with §= 810us,) pos= 0.09) and %=

47



766 Us, ) puos = 0.07) respectively. In both compounds the fluorescence and phosphorescer
guantum yields are similaas a consequence, the resulting dual emission provides white light. Th
gold carbene compleiss behaves differently, displaying a longer fluorescence lifetime of 229 ps,
with ($;, = 397 nm,) , = 0.22), while the phosphorescence emission appear®gat= 541nm
with (%= 872 ms,) pnos= 0.11).Complex155, displayed a phosphorescence quantum yield, which
is one half that othe fluorescencas a consequence a violet emission is observidee alkynyl
gold complexed56-158 also display dual emissienwith fluorescence lifetime in the ps regime,
with emission bands in the ran§jg= 366:37| nm and quantum yields, in the range of 0.28.44,
higher than those observed for the previous complé%8<l55. The phosphorescence emissions
occur in the rang&,,,os= 555560 nm with lifetime in the microsecond regime but with lower
guantum vyields 0.6R.04 compared to the previous complexesT and TDDFT calculations
carried out on these complexes revealeak intersystem crossing occurs faster wittbonded
Au(l)-aryl complexes when compared to those containing alkynyl linkage which is in line with th
experimental photophysical datdoreover, the HOMO and LUMO of the complexes are localized
on the aryichromophore forl53-155 and on the alkynyl chromophore f@66-158 with small
contribution from the gold.

As mentioned in the beginning of this sectitmp-dimensional coinage metal complexes form

non-covalent metametal interaction$&®18?

thusLu, Chen, Che and coworketsok advantage of
this property and catructed several phosphorescent supramolecular 1D coordination polyme
containing biscarbene gold (I) cations [Au(NHG]) associated to anionic [MXcomplexes(M =

Au(l) , Cu(l) X = arylacetylides, cyanide or halides) and displaying metallogiat&bones (Figure
34).'® Depending on the natudé the cation complex and the anion species, rtolor emissions
spanning the entire visible region and extending into the NIR were obtained. For instance 1

assembly I60][A1] shown in(Figure34) displayed a red emission &t 630 nm, with lifetime)s=

0.2us and quantum yield of 19%. The [Au(NB[DTuCl,] double salts displayingu,,,Au

48



metallophic interactions showed the highest quantum yields close to unity. For ins&ghceLL]

displayeda blueemission a$ = 488nm, withs= 4.2us and) = 99%.
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Figure34. Supramolecular 1D coorditian polymers containing bisabene Au(l) cations

[Au(NHC),]* associated to biacetylides Au (1) anions and displaying aurophilic iatd#ons.

TD-DFT calculations were carried out pI60][ A8], allowed the rationalization of the nature of the
excited state transitions involved in thgdesphorescerdompounds. For instance, the HOMO is
localized on the dicyanoaurate anions with contribution from the atbital of the Au!llAu
displayingaurophilic interaction. The LUMO is localized on this-carbene A(NHC)," species.
Thus, low lying electronic transitions can be ascribed to admixture of L(anion)L'(catioa)@T
MMCT (d! * -P!') Au!lAu interactions.Remarkably, the authors were ablegenerate muki
emissive species hudiciously combining two anionandone Au(NHC)" species. For instance the

cocrystalization ofl60:A8:A10 with molar ratio 2:1:1, provided the triple sa80-A8/A10. Single
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crystals of the latter displayed dual emission bands=a68thm and$ = 652xm. Upon changing

the ratioof both anions in the assembtiie luminescent properties of the resulting triple salt were
altered for instance at a ratio di60-A8/A10: 200198:2), white lightemitting species with CIE
coordinates (0.37, 0.31) and a quantum yield of 73% were obtadihegde results highlight the
importance of the aurophilic interactions on the luminescent properties of the coordinatic
assemblies of coinageeatals.Indeed the authors have uséds tapproacho construct chiral gold
complexes featuring aurophilic interactions, which enable them to act as smart luminesct
materials. The work is mentioned on section 4.3 of this review.

Tunik and coworkerglesigned some luminescent gold alkynyl complexes supported by NHC

ligands and displaying aurophilic interactions (Figstsg'®*

o Q9 : o

N—N Ph Ph N_—_N N_N Ph
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AU Au--------Au
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@— 163 @— n=1,166; n=2,169; n=3,172. O PFg 175
HO HO
M— 164 M— n=1,167:n=2,170; n = 3, 173. HO>— Br 176

HO>‘ 165 HO>— n=1,168,n=2,171; n=3,174.

Figure35. Monomeric and dimeric Au(l) alkyh complexes supported by NHC ligands. B)
Supiamolecular cationic trinuclear Au(l) complexes showing aurophilic interactions.
The authors obtained these compounds starting from the-@dHC halogenated precursors
followed by treatment with the approgte alkyl or arytacetylene in the presence of a base. The
dinuclear gold complexed66-174 were obtained ina short period of time, however the
mononuclear species required 5 hours to obtain mamemuclear gold specie’63-165. When the

reaction was left to proceed for only 1 hour followed by crystallization a rare class of cation
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trinuclear specied75-176 was isolated in which the anionic [ARC,),]* acetylide complexs
sandwiched by twacationic biscarbene [(NHCAuU]™ speciesdisplaying aurophilicAu!!!Au
backbonesThe crystal structure df75 shows shorAu!!!Au interactions of 2.9375 (7) similar to
those reported in the previous secti®erhaps due to steric hindrance around the gehters
discretecationic species ®&re obtained instead of a 1D supramolecular coordination pol/mer
displaying alternate armac/cationic motif.

The luminescent properties of these compounds were investigdtad imediaand solid staten
generalthe NHGAu-alkylalkynyl complexes whether mononuclear or binuclear wereenaissive

in solution, unlike the related pherglkynyl complexes.In solid state, tte mononuclear
alkylalkynyl complexed64-165 were also nofemissive, while their dinuclear congené&6¥-168,
170-171, 173-174 were luminescent, however in the absence of crystal structures no correlatic
between their structural organization and emission properdaemade.The mononuclearamplex
phenylalkynyl 163 was isolated in three differepolymorph forms and a pseudopolymorph and
their crystal structures were determinadlue emissivepolymorph163”¢, with no aurophilic or

" -stacking interactions, two green emissive species de@mst&giz’e" and 163"°"°“M displaying
similar aurophilic interactionsAU!!!Au = 3.3603(4) « and Au!llAu = 3.4190(3)  respectively
The only difference between two crystals is the presence of 0. 88Chbolecule per formula unit
in 163°"°M " The third yellowemitting polymorphl63°"*, showeda long aurophilic interaction
distanceof 3.6164(3) . Furthemore, the molecules are disposed in he¢aill fashion with" -
staking between two adjacent NHC ligands with distance of 3.390e room émperature
emission spectrof complex163©in solution and solid state were similar andptayed weH
resolved vibronicstructurewith spacing of 1100, 1600 and 2100 tascribed to phenyl and
acetylideBC( C- stretchingmodes. Thus the doserved emissions is thus assigned to a-getturbed
3"* "](C(CPh) state, the phosphorescence character is confirmedeblfetime %= 3.9 ps.

Unlike complex163”“¢, the emission band forms 463" 163¥°"°M and 163" were broad
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structurelessuggesting that the excited state may be localized oAuhBAuU aurophic interactions
and not on the phenylalkynyl moietl. should be mentioned thahe complexexhibiting longer
AulllAu interaction(163°""d, 1 », = 36164(3) *) displayedthe lower emission energy &$,.., =
573 nm, relative to the green polymorph§3 ", 163°"°“™ possessing shorteAu!!!Au
interactionswith $,,, = 524 nm and$,,, = 527 nm.In general, it is expected that complexes
displaying shorter Au!!Au aurophilic interactions usually display lower energy emission
bands'®***%9%° The authors ascribetieir counterintuitive structuruminescence behavior to the
different extents of distortion of th&u!!'!Au interactions triplet in the excited statégiomalous
structureluminescence behavior has been repofted Similar behavior was observed for the
dinuclear gold phenyl alkynyl compléx2 and also to the cations trinuclear compl&s as well.
4.2 Coinage metal complexes containing naphthalimide chromophores

Amouri et al.set up a novel synthetic approach to obtain coinage metal carbene complexes
which an organic chromophore (naphthalimide) is attachea darbene unitFigure 36). Two
families of compounds were prepared, one class featuring direct linkageNéi@enit [(L*)-M-
Cll, M =Cu @77, M = Ag, 178 and M = Au (79 while in the second class the naphthalimide
fluorophore is distal from the metal center by an alkyargihe bridgg(L?)-M-Cl], M = Cu (180),
M = Au, (181)."* The purpose of this sy is to probe theffect of the chromophore on the optical

properties of this kind of compounds.
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Figure36. Two classes of etalcarbenecompundsdisplayingnaphthalimiddluorophore
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The solidstate molecular structure df79 determined by single crystal-pay diffraction
revealedthe presence af weakAu® Au contact at d = 3.407(1) =. At room temperature complexes
177-179and 180181 displayed structureless broad bands in the blue region (420 to 451nm) whe
recordedin dichloromethanelt is noteworthy that the coinage carbene complexe§-MI-Cl],
exhibited bathochromic shifts when compared to the starting maltértdll- (Figure 36). Those
with extended"' -system[(L?-M-CI] (180, 181) displayed a similar behavioFurthermorethey
were found to be more emissjweith ) =(0.01-0.07) for complexed79, 177and) =(0.21-0.29)
for compound4.80-181 respectively.

Jamali and coworkersdescribed the synthesis of some coinage metals containing fou

naphathalimide unitattached to NHdigand through an ethylene chdlfigure37). '

N\ ° ¢ 4 Oz '
N—2\ ) \/_N::‘ N [ NN M=CuR=H, (185)
R—g:io_\/gvl\l g O R R OleN o) Q .
= o}
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PFe = Ag, R = NH,, (187)

o
b
R= H, 182; NO,, 183; NH,, 184. . N—"N"N"N M=AuR=H, (188)
Q)R
o

O
Figure37. Coinage metal complexes containing four naphthalimide chromophores

The X-ray molecular structures of complex#35-186 and 188 were determined and showed the
presence of intramolecularstacking between the two adjacenapithalimide units. All attempts
to obtain the crystal structure of trelver congenerl187 containing anENH, group at the
naphthalimide ungwere unsuccessfullThe emissive properties of the azolium sa82 and184 as
well as the coinage metal complexE#5-188 were investigated in Cj&l, solution and in solid
state In general all compounds were emissamd their quantum yields greatly increased in
solution. In particular, howey complex187 was noremissive in solid state but showed high
guantum vyield of 91.9% in solution. Moreover thifetimes were found to ben the nanosecond

regime.These emissions are fluorescence from liglaased local states and not connected to the
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metal or the MIC ligand. The emission spectrum B2 shows a broad structured emission with
$..x = 385 nm, which the authors assigned to monomeric and excimeric emissions. While t

azolium salt184 with the amine functional group displayed a broad banfi at500 nm.The
authors assigned this band to a mixture of excimeric and also to ICT (internal charge transfer fr
the amine to naphétimide unit)emissionsTo rationalize the observed emission properties, DFT
and TDDFT calculations were uséd calculate the optimized geometries of the ground si8fs

188, as well as theisinglet excited state:wo main parameters were found to have significant
effecs on the plotophysical properties adhese NHGcoinage metal485-188 with naphthalimide
chromophoes. (i) The intramolecular distanatbetween the two adjacent naphthalimide rings to
assure interchromophoric interaction which is enhanced in sol@ijomhe dihedral angle between
the long axes of the two adjacent ndgaltimide units.In solid state this interchromophoric dipole
moment is at maximum for angle of 38;. Moreover, thseinterchromophoric’ -interactions
increase from solid state to solution and also with metal ion radius on moving from Cu(l) to Ag(
and Au(l). In soluion complex187 shows in addition strong intramolecular hydrogen bonding
between the two amine substituents whidndprigidity to the systenmn light of the high quantum
yield of 92% observed in solution.

4.3 Coinage metal complexes with chiral ligaads chiroptical properties

Chenand coworkers prepared some chiral gold (I) dimgiR, R)-189|[A] and [(S, §-189[A],
displayinga meallophlic interaction The synthetic approach follows the one described in section
4.1, however in these examples taionic carbendu complexes contain chiral functionalities

tethered to the backbone of the NH&)-unit (Figure38).*%°
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Figure.38 Chiral Au(l) NHC complexes displaying short Aurophilic inteactions.
Due to thechiral bulky NHC-units, only dimer complexes were obtained. The crystal struofure
[(R, R)-189[A] determined byX-ray diffraction study shows the presenack strong Au!!l!lAu
interaction with d,ga, Of = 2.998 ¢, suggesting strong aurophilic interactidffs®**® Similar
results were obtained ¢S S)-189[A].
The optical properties of theseomplexeshave beennvestigated in crystalline and amorphous
forms and provided distinct behavior (Figu88). For instance when crystals iR, R)-189[A]
were excited at 365 nm,\abrant greenish blueemission was observed (CIExy = 0.17, 0.36), the
emission spectrum displayed a ban® gt = 500 nm with%= 1.29us, () = 65%)anda shoulder
at 450 nm with liféime in thenanosecondegime. Thus the highnergy emissionanbe ascribed to
a fluorescence while the low energy emission with slow decay in the orgdsicah be assigned to
a phosphorescence emissigvhen theexcitationwavelengthwas changeétom 320 nm to 400 nm,
the fluorescence and phosphoresceecgssion aergies remain unchanges can be expected
following Kashds rule'®® In contrast, en a single crystal of [R, R)-189][A] w as mechanically

ground the photoluminescenceproperties were found to be dynamically dependent on the

55



excitation wavelengthinterestinglythe emissiors,,, = 440 nm shifted té,,, = 526 nm upon
changing the excitation wavelength fr@&d0 nm to 400 nmThis interesting phenomenon is known
as excitation wavelengtdependent photoluminescen@@x-De PL) and might haveimportant

applicationsas anticounterfeiting, in optoelectronics and also in the fieldiomedical imaging

Figure 39. a) Uniform Au!!!Au interactions displayed in single crystal form {R, R)-189[A] or

[(S 9-189|[A]. b) Mechanical stimulus generates dimers with differAnt!!Au interactions. c)
Schematic drawing showing different emissions depending oAuhB\u contacts.

Similar behavior wasbtainedwhen the luminescent properties[(§, S)-189|[A] were studied in
thin film of PMMA (poly(methyl metlacrylate). The excitation spectnaere red shifted with
increasing emission wavelengtuggesting theexistenceof different emission origins in the
groundstate Moreover the emission spectra remain unchangdten the concentration of the
complex in PMMA was increased from¥&o 40% These results preclude the presence of different
oligomeic speciesvhose composibn is concentration dependent asupporithe presence ainly
dimeric speciesdisplaying different Au!'!lAu aurophilic interactions in amorphousrm.
Experimental evidence was provided by the Raman spectra recordesirigte crystal of[(R, R)-
189|[A] and the correspondg amorphous powder. In crystalline form the Rasspectrunshows a
band at value 0f88 cml, upon grinding the crystalline material to amorphous state, the spectr
evolved and shoeda broad band that spans from 70 to 91" amdicative ofthe presencef myriad
AullAu interactions These various dimeric species are at the ondithe excitation wavelength
dependent photoluminescenda contrast a uniformAu!!!Au bond distance is displayed the

singlecrystal form (Figure39).
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The circularly polarized luminescence (CP&pectraof [(R, R)-189[A] and [(S §-189|[A] were

investigated and were also excitation wavelength dependent (Bi@ure

Figure40. a) CPL spectra of R, R)-189][A] and [(S, §-189[A] recorded in PMMA and varying
the excitation wavelength from 300 to 400 nm through 10 nm incrent@riddéssymmetryg-factor
versus wavelength curve$,,. = 340 nm.Adapted with permission from rét’. Copyright 2020

Wiley.

Upon changing thé&,,.from 300 to 400 nm,hie CPL properties of[(R, R)-189[A] and [(S, 9-
189|[A] display mirror-image polarization emissions with, ., shifting from 450 nm to 540 nm.
The gfactor measured dhe emission maxima of both compounds showed opposite mirror image
curves with values up to 1.6x16or [(R, R)-189][A] and +1.45x 1C for [(S, 9-189[A].

Owing toits excitation dependent luminescent properties, ground powdeRoRJ{189|[A] was
usedas solid inkto reveal paintegpanda and TIP@nageson a filter paper (Figurdl). The image
color changed from blue to green in a dark rograruchangindghe excitation wavelength frorf =

245 nm to$ = 365 nm.
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Figure 41. Photoluminescence images of screeimtpd panda and TIP@ith [(R, R)-189|[A] as
solid ink, changing fronblue to greemupon varying the excitation wavelength from 245 to 365 nm

Adapted with permission from r&¥. Copyright 2020 Wiley.

4.4 Coinage metal complexes containing carbatligands

Carbazole derivates are important organic chmophores:ithey display rigid planar structure,
strong donor ability and rich photophysical and kodmsporting properti€$?® 4421 Qwing to
these properties, extensigention hadeen devoted to prepag fluorescent molecules based on
carbazoles for variety of applicatiffsincluding bioimaging probe¥:" In recent years efforts
were devoted to construct novel class of luminescent metal complexes containinglatasmad
amidesas ligands in which the anionNd-atom is bondedlirectly to the metal centéf>*® As
mentioned in this review, such molecules provide a platform where orgadidnarganic
chromophores are merged to generate novel excited states andt ieegpected to bringighly
importantelectronic properties

In 2005, Lin and coworkers preparedseveral carbazolateAu(l)-NHC complexs (190-193
(Figure 42).°" The crystal structure of 190 was reported andhows that the carbene and

carbazolate ligands are coplanar with Au!''Au interaction (gm,= 3.94¢) between two

adjacent moleculesnoreoverthe individual molecules form aggregates throtigh interactions
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of 3.42 « between the carbene ring and the carbazolate aimdjthey displayweak Au--H

contacts.

N N N
190 191 R = Me, (192); Et (193)
Figure 2. Au(l)-NHC complexes containing carbazolateomophore

The UV-vis spectra ofl90-193 performed in CHCI, displayabsorptionsn the range of 20370
nm ascribed mainly to the carbazole ligand. DFT andDHT calculations suggested that the
HOMO and LUMO of the singlet ground state are predominately of ligands. The HOMO is
localizedon the Au and carbazolate ligand with 95% parentage of the latter, and the LUMO is
situated on the carbene ligandihe solid state emission of these compounds displayed structured
emission bands with HE (high energy) bsid the area 0404438 nm andLE (low energy)
bands in the range of 5B®2 nm with lifetimes in the microsecond regime. The authors assigned
thesebandgo the intraligand transition of the carbazolate ligand perturbeldddu(l) center.

Liu and coworkers designed some copper cexgs displaying a two coordinate structure around

the metal center containing a carbazole ligand at@tdrocyclic carbenel®4-195 (Figure43).?®

8%

Figure43. Cu(l) NHC complexes containing carbazoleteomophore
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Compoundg 94 and195 were faind to be luminescent and exhibit dual emission. For instance, at
room temperature comple®4 exhibits structured emissive peaksbat= 406550 nm which are
insensitive to @ with %= (16, 24 ns) identified as fluorescence emission and alied
emission @= 55ms) with vibronic structure & = 550750 nm denoted as phosphorescence.
Similar behavior was obtained for compl&95. The authors suggest that there exist singlEt

and triplet’LE excited states localized at the carbazole ligand in the crystal. In order to highlight
this behavior, the authors selectively deuterated the carbazole unit in cd@gl&ke deuterated
complex (IPfCu-dChz) (194-deuterated) displayed longer lifetimerfthe room temperature
phosphorescence (t = 140 ms) and enhancement of the phosphorescence PLQY = 22.8% comps
to that of the (IRICu-Cbz) (194) which is only 7.9%.

Nolan, Steffen and coworkedgscribed a noveyntheticprocedure to prepare a variety
NHC-coinage metals196-207 containing carbazolatdigands (Figure44).”® The synthetic
procedure involves the use of the weak base strategy (bageG;, NEL) in acetone or ethanol
under mild conditions for 241%#'* It should be mentioned that,80, provided better yielsland
is the base of choice for this reaction procediines synthetic approach was also used to obtain
the halogenated precursors in good yields. The authors suggest based on DFT calculations that

reaction pathway to therget molecules involves a concertadtalationdepotonaton process.
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Figure 4. Variety of coinage metal NHComplexes containing carbazolateomophore

The X-ray molecular structures of the NHOmplexes oftopperl196, silver 197, 202 and gold
200, 206-207 were determine®® As expectedthe coordination geometry around the metal is
almost linear withangle/ values varing from 1740to 179.8; moreover the carbazolataad the
carbene ligands are coplanar.
The optical properties of these compounds wareestigatedn fluid andin solid state. In general
the gold compounddisplayed the higher stability in solution relative to the copper and silver
congenes and due to their strong SO€pinorbit coupling) intesystem crossing (IST):S T,
occurs with higher efficiency. For instance, in THF solution the silver coni@iéshowed dual
emission (i) a fluorescence emission between 880 nm assigned to metal perturd&@BZ LC
state and(ii) a weak phosphorescenegnission from the’CBZ state at$ = 437 nm with
significant longer life timé&o= 1-10 us. The presence of a fluorescence ban& at 343 & 13.5
ns) which is assigned to free carbazole as a photodecomposition product because the excitat
emission does not correspond to the absorptiatD@f In contrast to copper and silver the gold
compoundsl98 and 200 in THF solution displayed only pkphorescencemissionsfrom high

3CBZ transition states & = 430 nm and)( = 0.32) and lifetimes of%= 332 and 266us
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respectively.Due to the fasksc > 10'° s’ in the gold complexes, the fluorescence emission is
quenched irfavor of thephosphorescencé®n the other handhar low Khos = 10° s* value
allows them to act as gabphotecatalysts because they posskssgyrlived triplet states. Thus
their properties as photmatalyss were explored in particular for compl@g0 (vide infra).

The emission of the silver complexe®7-199 in the solidstate exhibiteddual emissionsa
fluorescence broad band from !CBZ at$i, = 390 nm with nanosecond lifeme regimeand
phosphorescence emission betw&gns = 480700 nm @o= 451s and 35%is for 197 and 199).

The tripletstatebandis structured bubroad and the excitation spectra in the ramigé00 to480

nm different from the absorption observed in solution, suggesting that aggregation in solid stal
affects their luminescent goerties.

The gold compound498-200 display phosphorescence emissions similar to those observed in
solution Bpnos = 424nm) but with shorter lifetimed= 74 and 38us respectivelylnterestingly a
second lower energy phosphorescence structured emission is obsérwef5it nm with%—= 885

pus and 347us respectively. The excitation spectra of the phosphorescence emissions of the go!
complexes corroborate with their absorption aluson, however the longer phosphorescence
excitation spectra show additional bands between4400nm. These results suggest again that
aggregatioraffects the luminescent properties in the solid statethe change in liféBme suggest

that aggregatioexists alreadyn the grounestate and not only the result of excimer formation in
the solid state.

The Au-complex(200) displayed a longjv ed triplet state in the blugreen range with the highest
photostaiity, hence it was selected by the autl®ras a photeatalyst for the[ 2+ 2]
intramolecular cycloaddition of (E, E)-dicinnamy ether to give the corresponding fused
cyclobutane Upon irradiation at$ = 365 nm with18 W LED, at 5% catalyst loading, total

conversion (> 99%io the desired product was achieved after 4 hours (see S&amaeTablel).
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These data suggest thatomplex 200 is highly efficient for the photocatalysiseaction and
represent proofof-principle where two coordinate NHEuU-carbazolate complexes witbrg
lived triplet state can based asnefficient photocatalyst®

Scheme 3. Photocatalysis(&, E')dicinnamyl ether antbrmation of fused cylobutane.

Table 1. i) Entry 1: catalyst amount was weighed. Entries 3 to 7, a stock solution in THF w.
employed. ii) Conversions were calculated uSHNMR spectroscopy by determining the ratio of
the product and reactant. i@Qontrol reaction carried out in the dark.

Entry Catayst Loadmol%] Time [h] | Conversioh [%]
1 50 21 >99%

2 10 21 >99%

3 5 21 >99%

4 10 4 >99%

5 5 4 >99%

6 none 21 12

7" 10 21 0

As will be shown in section the related compouna®ntainingelectrophilic carbenes (CAA=
cyclic (alkyl)(amino) carbene (MAC = monoamideamino carbenes)(DAC = N, N-
Diamidocarbeng display short triplet lifdimes which make them efficient emitters for OLED
application?* We feel a eview on luminescent carbene complexes will be incomplete without
mentioning this novel class of highly emissive compoumts work is presented section5.
4.5Three and fourcoordinate coinage metal complexes.

Thompson and coworkers reported sompkosphorescenthreecoordinate carbene copper
complexes 209212 containing anionic nowxonjugated (N*N) ligand mainly di(2

pyridyl)dimethyl borate 208 (Figure 45.*°Complexes209-211 were found to be emissive in
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solid-state and providesky-blue, yellow and orange emissions with quantum yields varying from
0.8, 0.7 and 0.16 respectively with fifienes in the microsecond reginjelus, 15us and 7.5us

respectively)

TNa*

SR/ cas VQ A0
% et Orpeie: EI e H e
PRSI\ R Q o O O

208 209 210 211 212
Figure 45 Copper NHGcomplexes containing di{gyridyl)dimethyl borate.
At low temperature (77K) complexeé¥9211 displayed modest increasm the emission life
times (36us, 17us, 21us respectively)suggesting that theobserved emission atambient
temperature is phosphorescemtnatureand not aThermally Activated Delayed Fluorescence
(TADF). TADF proces®ccurs often with marked increase in emissiontlifees upon coolingf
at least one order of magnitude.
TD-DFT calculations demonstrated that the HOMOs are mostly located on the anionili@and
and on the metal center while the LUMOs are mostly located on the NHC {igdmdubstantial
contribution from the carbene carbon, Zpbital. Thus functionalizabn of the backbone of the
NHC ligand by" -extension or addition of heteroatoms lower the LUMO and hence reduces the
HOMO-LUMO gap which explain the observed emissions fromldky to orange for complexes
209211 For compaative purposs complex212 wasdesignedoy expanding thé-system of the
NHC ligandbackbonewith a perinaphthyl group. Unlike 209-211, complex212was found to be
nonremissivein solid-state at room temperature aaid/ 7K. TD-DFT calculations carried out on
212 demonstrated that the HOMO levels are not changed relatR@dtd11 however the LUMO
is now located on the aromatic system of the naphthyl group and has no electron density pn the .
orbital of the NHC carbon centelthus the triplet spin density oR12 is located on the

acenaphthyl moiety and in contrast 209211, who display a node across \-Cu. As a
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consequencéor 212 this reduces effectively the interaction with MLCT states responsible for
promoting fast radiative decay.

Another class of three coordinate Cu(l) comple2ds3-217) was reported b€isnettj Steffenand
coworkers (Figure 46** The dimer complexes were characterized byaX diffraction studies
and showed sho€u---Cu interactionsfor instance213 with 2.5226(8)e, 214 with 2.5638(4)e,

2152.5668(8)s, and216with 2.5744(9)s.

R — —
—_— “N —
\ N - Cl:l N \
N e (e
| »—-cu® | »—Cu—-cCl
[N l|J\ N
"G A
R - —n
R = Cl, (213); H, (214); R = Me, (215); R = OMe, (216) (217)

Figure 4. Cu(l) NHGpicolyl dimer complexe213216and the related Cu(l) polymad.7.

All complexes wereluminescent in solktate under argon and displayed greenish
emissios. The dimer complexe®13-216 with cuprophilic interactionsvere more emissive than
the polymeric compoun@17, which displays no Cu-Cu contact. All complexes in soliestate
and at anbienttemperatureexhibitedbroad bands in the range 5280 nm with quantum yields
ranging from) = 0.31 to 0.59 and Kimes in the microsecond regime. The tengbure
dependent emission liiemes measurements @13 and 214 provided sigmoidalcurves with
increase of lifetimgat 77 K byfactor of8 to 9 timessuggestinga TADF process is occurring at
room temperatutelhe resultin@E (S,-T,) was found to benly 710-740 cm'. On the other hand
at low temperatureomplexe216 (%= 15.3us ;% = 187 ps) and217 (%= 14.6us ;%. = 19.515s)
showedminor increass in lifetimes which favors that the emissions observed2bé and217 at

room temperatur@are phosphorescent in natufi@-DFT calculations suggesor the T, states

65



involved in the TADF emitter@13 and214 can beascribedas®*MLCT involving only one Cu(l)
center However the Tstateof 216 which is an efficienpure triplet emittercan beattributedto
the two Cu(l) centers as*(Cu,)LCT transition with %, = 18.7 ys. Interestingly complex215
displayed both behaviea TADF and phosphorescence originating from tigtincttriplet states
mainly a*MLCT transitionwith a longlifetime (%, = 113 ps) as observed fa213and214and a
}(Cuw,)LCT state withshort lifetime(% = 23 ps) similar to216. As it might be expectedhe
strongestmetallophilic contactsinvolved in the T state should increase the SOC and hence
decreases the, Tifetimes The authors suggedtdt the presence of short cupidic contactsin
the dimer complexes might serve as a synthetic approach to design highly efficierteSedl)
emitters. Thesenetallophilicinteractions camsecurestrong SOC for fast IST,Z S, and T* S
transitions which provide fastadiative rate constast k. either by TADF or by fast
phosphorescence

Roesky and coworkerdescribed the synthestf cationic bimetallic Cu(l) and Ag(l) carbene
complexes218-219 (Figure 473.2*The mesitytNHC is tethered to a bipyridyl ligandwhich
chelates the metal center generatihgee coordinate metal compix The rgidity of the
tridentate ligandbrings the two metal centeclose, generating a metatmetal interaction as

confirmed by Xray diffraction study, whiclprovidesa tetra coordinaé geometry arounédach

/_\ N —| 2+ 2CIO, _ SN 2+ 2Clo,
N /Q/NVN NSNS
T | i N

metal center.

219

Figure 47Bimetallic copper and silver carbene complexes supported by dipyridyl ligands.
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Crystallization of themetal complees provided red crystal$or the copper218 and colorless
crystals forthe silvercompound219. The X-ray structurs of 218and219showed that the Gu-

Cu contact is aB.2168(9) and for Ag---Ag is at3.1034(11) The copper complex displayed an
absorption band & ~ 450 nmin acetonitrile and exhibiteda weakbroadbandemissionin the
NIR zone at $ ~ 800 nm. As for the silvercompound the authors indicated that the
photoluminescence behavior was complicatedwangual. For instance the lifene decay traces
were temperaturdependent and could be With at least three exponential componeAtsl6 K a
long lifetime %= 23 mseadn the millisecond regimevas measured which upon increasing the
temperature shoms to the tensof microsecond at 295K. The authors suggest that
phosphorescence proces®csurring which tentativelinvolvesAg-bpy groups and also the Ag
-Ag argentophilidnteraction At room temperature the quantum yield 2a8wasfoundto be) =
0.4%, and increases to 9% at 15IKthe absence of TDFT calculationso details on the nature
of the excited states involved were discussed.

Dinda and coworkers described somsitver and goldcarbenecationic complexesdisplaying

trigonal geometryround the metal cent@figure 48.7°%'

17 PFg 17" PFe i
Q Q C\—( 17 PFe
N_N N—N \-N_N
SLo olb L=
/Ag\ Ny / /Au\ N\\_// Ag .
220 221 222

Figure 48 Silver and Gold carbene complexes displaying trigonal geometry.

The X-ray molecular structure of compl@20 was determinednd the crystal packing showtu
individual molecules display a head to tail fashion With and Ag-3g (3.130 ¢) interactiors
betweentwo adjacent molecule€ompound220 and221 were emissiven solution and in solid

state at rom temperature. The photoluminescenpectra recaed for 220 and221 in CH,CN
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provided a broad band $t, = 430 nm and,,, = 440 nm respectivelyln solid state these bands

are red shifted t8,,, = 540 nm and,,,= 567 nm. The lifetimes and the quantum yields were not
determined DFT calculations suggested that the HOMOs are mostly located on the metal and th
NHC ligand whle the LUMOs are situated on thmpyridyl ligand. As for 222 the complex
displayed absorptiomaximain CH3CN,at 284-330 nm. Moreover the complex displaystfong
emission in solution at ambiem¢mperature with$,,,= 407 nm and) = 16.9% with short
lifetime %= 3.25 nsDFT calculations suggested again that the HOMOs are mostly on the metal
and carbene ligand while the LUMOs are on the bpy ligand. Despite the very short lifetime of ths
observed emission, the authors suggest thatdamission might be due MLCT and (IL)
transitions?’

Steffenet al. preparedsome phosphorescent tricoordinate Culjiinine complexes containing
cyclic(alkyl)amino carbene (CAAC|Figure 49. CAAC ligandsare stronger! -donor and better

" -acceptor than NHdIgands(seenext paragrapi)?

|Pr—| PFG |Pr—| PFG Ph
| IPr iPr
/S\
N

N
m </_z S_\> Pr A iPr F|)h
223 224 225
Figure 8. Three coordinate Cu(l) coropndsdisplaying cyclic(alkyl)amino carbene ligands.
The trigonal dimine complexe223-225 were emissiven the far red andear infrared regions.
Complex223displayedvery weakemissionat $ = 670 nmwhile complex224 displayed a similar
broad band a = 672 nm with low quantum yield = 0.01andbiexponential decay lifetimes. In
contrast the dimer compleX25 was found to be strongly emissive and displayed

phosphorescence emissiatth = 612 nm tailing into the NIR region with = 0.39 and= 36 ps.
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The authorsalso noted in comparison with relatedgonal dimine compounddeaturing NHG
ligand [Cu(phen)(IDipp)][OTf], complexeg23 and 224 displayed a reghifted emission by 50

nm into the NIR region. This behavior is attributed to the stnodgaor capacity ofCAAC,
which destabilizes théilOMO copper d orbitalsvhile the LUMO remains uohangedandlocated

on the dimine ligand.

Thompson and coworkersparted another class of three and four coordinate Cu(l) complexes

containing CAAC and anionic trispyrazolborates (Tigand (Figure 50. **°

-
iPr iPr )
T
N Cu<N'N>B—H >5<c /N N>B H [ >— /NN\B —H
N-N N-N
(J () ﬁ $

Figure 50 Tri- and tetracoordinatecarbeneCu(l) complexesontaining trispyrazolylborates.
Complex 226 was obtained as a tricordinate species due to the stedcance of the bulky
adamantyl substituenton the CAAC ligand which forces onepyrazolyl arm to remain
uncoordinated.Complex226 displayed a weakly orange emissid (= 616nm,) = 0.02) with
biexponential lifetime decayf = 0.4us, 40%;% = 1us, 60%).At low temperature this complex
displayed stronger emission with concomitant increase in its biexponential lifetimes.

Upon rephcing the bulky adamantgroup with smaller ethyl groups the tetracoordinate Cu(l)
complex227 was obtainedComplex227 provided bright yellow phosphorescence$at, = 550
nm with good quantum yielg = 0.46 and lifetimé&6= 12us. It is plausible tasuggest that the free
pyrazolyl ligand might contbute to deactivatinghe radiativedecay in 226, via a PET
mechanism, whiclshows a dramatic decrease in the PLEMpared td227. DFT calculations
carried out on these compounds suggested that the HOM®sastly Cdbased and the LUMOs

are largely located on the carbene ligand.
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For comparison purpos#se tetracoordinate Cu(tpomplex228 was prepared in which the CAAC
ligand was replaced by NHC ligand orderto probe the carbene effect on the lumieesc
properties of the related complexeSompund 228 exhibited blue phosphorescence emission at
$ax = 462 Nnm,%= 29s and) = 0.25.DFT calculations performed o828 demonstratedhat

E uwo = -0.37eVwhile for complex227 with CAAC ligand, E, .o = -0.74eV which is highly
stabilized providing a smaller HOMOUMO gap and eventually the expected yellow
phosphorescence but with higher PLQY and lower lifetime when compa228.to

This example highlights the importance of CAAC ligands and theiringgepamg efficient
phosphorescemomplexesThis type of complexs detailed in the next paragraph.

5-Lumin exent coinage metals with CAAC, MACand DAC carbene ligands

In the previous section we described a variety of luminescent complexes conk&imaterocyclic
carbene (NHC) with appealing structures, and demonstrated their useful applications. It
noteworthyto mentionthat in the past five years there has been a great interest to investiga
another class ahetalcarbene complexetue to theiremarkable luminescent propertigbere the
carbenes display moré-acceptingcharacter compared to thé-heterocyclic carbenes (NHCSs).
These carbenes are designated by Cyclic (alkyl) (amino) carbene (CAAN)diamidocarbene
(DAC) and monoamidamino @arbenes (MAC). For instance, the classNdieterocyclic carbene
contains twad -electran-withdrawing and" -donor N-atornrs, while in CAAC, a! -donating carbon
centeris now visibleinstead ofone N-atom As a consequencéhe CAAC displaysonly one! -
electronwithdrawing and"-donatingN-atom, whichgeneratesa smaller HOMO-LUMO gap in
CAAC when compared to the classical NHRZET calculations on CAAC revealed that the LUMO
is lowered,concomitant with a rise in thdOMO relativeto NHC.?**?** This kind of carbenevas
coined by Bertrand and coworkers in 2665.

Two othernonconventional carbenes are DAC and MAich also show high electrophilicity,

comparable to CAACThey includeamido groupsn their chemical structure, which increase the
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electronwithdrawing propertiesof the carbenend consequentlyjower the energyevel of the
LUMO.?#*2®

Bochmann, Romanov, Linnolahteand Credgington prepared and studied the photophysical
properties of some luminescent coinage metal complexes containing cadsemnell asamide
ligands and displaying linear twooordinate geometryFigure 51).48:204205212226232 p|ike the
precedhg examples, in this newlass of luminescentadenemetatamide(CMA) complexe229-
233 the anionic amide ligand is thedonorligand andupon photeexcitation an electron from the
" -system of the amide is promotido the CAAC carbenebased LUMG?* These carbenmetat
amide complexes display high quantum vyieldls, (up to 98%) and very short excited state
lifetimes (< 1us). The authors highlight the importance of rotational flexibility along thl-Gl
axis of the carbenmetatlamide complexes for photoemission efficiendyor instance, the SI1
energy gap converges to zerb lagh torsion anglesas a consequencthis accelerates the

intersystem crossing aniovidesluminescence witlshortlifetimesin the submicrosecond regime

R, LA R

M = Cu (229), Ag, (230) Au (231) 232 233
Figure51. Coinage metal complex&ath cyclic (alkyl)(amino) carbene (CAAC) ligands and
featuring carbazolate chromophore
Due to their high optical properties, compourg®$®-231 were used as green emitters to design
efficient OLEDs. For instangeéhe Cucarbene comple229 and the Au carbene compoun2izl-
232, dispersed in PVK hogsprovide efficient green electroluminescenge OLEDs with (EQE

max) = 9.7%, 26.3% and 27.5% respectivdlQE performancewas also measured at different
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brightness (100 cd ®Y 1000cd mfor 229 (8.9%/9.2%)and 231 (26.1%/25.2%)and 232 (26.6% /
24.5%)*2 Moreover OLEDs basedn Ag-carbene complexe230, 233 were also manufactured
and displayedEQE ma) = 4.3% and 13.7% respectively. EQE values at low brightnessdLO6
were also obtained f&30 (2.7%) and for233 (12.9%)%*® At ambient temperature both complexes

emit via TADFtype process with short lifetimes in the suixrosecond regime280, %= 358 ns

and 233 %= 368 ns in PVK matrix)The lower EQE observed for the silver compg38 when
compared with the gold compledB1 is consistent with PLQYof the silver complexwhich is
around 74% compared to the PLQY of the gold conmglwhich is around 98%"”

While these examples featdr&ve-membered rings in the carbene liggnthe Bochmann group
repotedalsoseveraluminescent carbermetatamide (CMA) complexeéM = Cu, 234 Ag, 235;

Au, 236) displaying sixmembered rings in the cyclic (alkyl)(amino) carbeftégure 52)
Interestingly the related bicyclzarbene metal amide complexes displayetdngerformancehis

was attributed to an increase in the rigidity of the carbene ligand which minimizes the nonradiati
deactivation processegenerating CMA complexes with 100% quantum yields and shextéted

statelifetimeson the order of 0)8s*

RS S G
oD D oD

Figure 52 Bicyclic carbenecoinagemetal amide complexes
Thompson and coworkeedso investigatedhe optical properties of luminescent coinage
metal complexes displaying linear coordination geom®twith only a two-coordinate
arrangementaround the metal cent&f?** The authors took advantage of the steric hindrance
displayed bythe ligands to bring rigidity to the desired molecules and to avoid structural

deformation in solution, which shouleventuallyimpact their photophysical properties. These
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compounds comprisgterically bulky benzimidazolyl carbene (B4B37-239), unconentional N
heterocyclic carbenes suchrasnoamideamino cabenegMA C) (240-242) and diamidocarbenes
(DAC) (243-245) or cyclic (alkyl)(amino)carbenes (CAAQR46-248) and carbazolatéCbz) as
the anionic ligand (Figure 53). “%2%2%2% |n these compounds, the authors highlight the
electrophilic character of the carbeA®3* Hence, as in the previoussection, these
(carbene)M(amidecommunds display intramolecular charge transfer "ICT" emission, with
electron transfer occurrinfjom an amideN (Donor) to carben€ (Acceptor). Thigransitionis
also known as lgandto-ligand charge transfer "LLCT"The luminescence color of these
complexes to be tuned from deep blue to deep red by changing the elgcitpphthe carbenes
as wellas the nu@ophilic propertiesof the amidedound to the metalenter Moreover they are

highly emissive with quanturyields () » > 80%).

// \ Carbene = MAC
Carbene = BZI o)

iPr iPr

iPr iPr N _N
T T
@ip”\ﬂ iPr Prap

|
| N

R, R
M=Cu (237);M=Ag (238);M = Au. (239) Ry, R =CN (240); R; =CN, Ry =H (241); Ry, R, = H (242)

Carbene = DAC Carbene = CAAC
i iPr /’.' iPr
iPr N ﬁ?N
&ipr Cu ipr

R, R»

R1, R2=CN (243); Ry =CN, Ry =H (244); Ry, R = H (245) M=Cu (246); M =Ag (247); M = Au. (248)
Figure53. A variety of coinage ntal complexes with NHC, MAC, D& and CAAC carbenes and

featuring carbazolate chromophore.
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For instance, complexegith BZI carbeneshowed similar behavidstructures, redox potentials,
and photoluminescence quantum yielils, = 80%100%) to those with MAC carbenesbut
displayed different excited state dynamice&ind are reported to have efficient blue
photoluminescence ano give gad efficiencies as dopants in OLED=or instancethe gold
carbene239 in 1,3bis(triphenylsilyl)benzene host, wased asa dopant for OLED devicand
displayedan external quantum efficiency of 12%ith narrow deegblue emission with CIE (0.16,
0.06)."°

The coinage metal complexestivMAC and DAC carbenes display narrower HOMOMO gaps
compared to the other series, because of the more electrophilic character of the carbene lig:
which contain carbonyl functions in their cyclic structure that tend to lower the LURD
instancethereduction potentials for the DAC complexes arereanodically shifed relative to the
analogous MA compoundsHence emission in these derivativ43-245 is bathochromically
shifted to the lower energy of the ligeppectrumHowever substitution of the carbazole ligand with
cyano groups tendwo stabilize the HOMGnd blueshift the emission as observeat tomplexes
240 and 241. In general, he absorption spectra ahese compoundglisplays negative
solvatochromismwhile the emission spectra underggd shift in polar solventsvith decreasen
guantum yields and lifetimes. For instancemplex242 displays () » = 0.90,%= 1.551s) in MeCy
(methylcyclohexane) and) ¢, = 0.18, %= 0.41us) in CH,CN. At ambient temperature in
polystyrene thin film, the observed emissiohcomplex242 is attributed to thermally actived
delayed fluorescen&®?® (TADF), because of the large increase in emission lifetime upon cooling
to 77K andto the small energy separation between the sifngle€T and triplet®LLCT transition
states The TADF procesften occurs at room temperatwgh short emissionifetimes. This is
due to spirallowed emission from the, State upon thermalSC (reverse intersystem crossing) T
* S,. At lower temperatureBowever,the emission lifetimégecomes much longer up tme or

three orders of magnitude dueitopedimentof rISC ard less efficient emission from thg 3tate,
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which leads to a sigmoidal lifetime curve typical of TAB#Due to its high optical performance
the coppercomplex(MAC)Cu(carbazole)(242) wasdopedat 40%into 3,3-di(9H-crabazol9-yl)-
1,1-biphenyl (MCBP) for greenOLED device and providd a maximumEQE =19.4%?%* On the
other hand the copper comlex (CAAC)Cu(carbazole) Z46) was doped into 1,3
bis(triphenylsilyl)benzen@JGH3) at 20 volume % to generadm efficient blue OLEDdevicewith
EQE = 9% and 16cd/A at 2mA/éit It should be mentionethat EQE and emission energies of
OLEDs strongly depend on the structure of the OLED and the chosen host material. A critic
assessment is only possible if these factors are taken into a¢€étint

The importance of luminescent carbenetalamide (CMA) complexes has also
stimulated theoretical chemists and physicists to perform computational studies in order to suppc
the experimental observations and to ratizeathe obtained result§*’ For instancethe Shuai
group employedx hybrid quantum mechanics and molecular mechanics (QM/MM) approach to
investigate the TADF pathways of two CMA complexes in solution and solid state. The author:
demonstrated that intersystem crossing (ISC) and reverse intersystem crossing (rISC) a
enhared by two to fourordes of magnitude upon aggregatioe. by close proximity of
individual molecules in solid state but without formatidaM contacts discussed earlier in this
manuscript. The steric hindrance provided by the CAAC ligand employed dogemmit close
intermolecular contactsAs a consequence this aggregatieads to higher TADFefficiencyin
the solid staté”® The Cui group used DFMRCI (Multireference Coffiguration Interaction)
methodgo investigate the TADF pathways of a CMA copper compound displaying a bicyclic six
membered ringn the CAAC ligandFigure54). The authors suggettat a model witlonly three
states (S,, S, and T,) is sufficient to describe the TADF mechanism, bec#élus&2 and T2 states
are located at higher energy, and thus play a negligible role. The calculatdde®&rgy gap is
only of 0.1lev which is small and due to sphorbit cowlings, this facilitate the reverse

intersystem crossing from T1 to S1 at room temperature calealatedconstantk .. = 8.81x1.0°
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s*is more than three order of magnitude larger than tgh@sphorescenaatek;,,= 1.11 x10°
s' consequently TADFpathwayoccurs. At77K the rISC is very slow witk,s. = 6.42 x10" s*,
which is much slower than the, phosphorescence rate ahdncethe rISC procesdhecomes

thermodynamically unsupportivé&.

Figure 54. ProposedTADF pathways in CMA copper compourigased on DFT/MRCI
computational widies Adapted with permission from ré¥’. Copyright 2022American Chemical
Society.

Steffen and coworkers prepared sonopper complexesontaining cyclic amino aryl
carbene (CAArClHlisplaying different geometrical forms suasplanar, lineaand displayindalf
sandwichorgananetallic moieties249-254 in order to obtaincopper complexesxhibiting red

emissiongFigure55).24
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Figure55. Cu(l) withcyclic(amino)(aryl) carbend CAArC) ligands.
In these compounds the use of CAAcGntaining an organit-fluorophoreinstead of CAAC
promotes ared shift in the UV-vis spectra where absorption bands with strong extinction
coefficient are displayed at lowest energy of the visible speandmainlyfor complex254. At
room temperature in THF solution only compl2%0 was found to be emissivd8he authors
suggest that in polar THF solution the nonradiative decay is very efficient in these Cu(l) CAArC
complexes. Howevetin solid state these complex249-250 are bridgntly emissive in the red
region with$,,, = 621 nm 249) and651 nm 250) with quantum yieldsip to 32%. The trigonal
complexe251, 252
as well as the haandwich CpCicomplex253 were emissive with displaying emissionsbat, =
760nm, 772nm and 700 nm respectively. Compl@s4 was not emissive. The
(CAArC)Cu(carbzole) comple250 was found beéhe most emissive in this class of compounds.
On the basis of experimental studies involving VT luminescence, transient absorption
fluorescence upconversion, and theoretical calculatibesauthors suggestatin the solid state a

very efficient thermby activateddelayed fluorescence (TADF) process involving singleCT
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and triplet’LLCT excited states is taking place in a similar fashion to that reported by Thompson
and coworkers in the previous section.

Linnolahti andBochmann and coworkers designed another classatoordinate coinage metal
complexes featuring a CAAC carbene and an anionic carbene lgesed on methylmalonde
derived NHC fhaloNHC).*° These complexes can be describedzwaiterionic mixed carbene
coinagecompound®55-257 (Figure 56) This type of anionic carbene ligand was first isolated by
Cesar, Lavigne and coworkergnd demonstrated that such carbeaes strongly donor ligands

and form stable metal complex@s

iPr iPr

N + N
/ >—-M M = Cu, 255; Ag, 256 ; Au, 257
N

Figure 56. Mixed carbe&coinage metal complexes
These compounds showed blue wAptesphorescenda the solid state with low quantum yields
(255 ) =1.7%; 256, ) = < 0.1%;257, ) = 2.7) whereas in toluene thegisplay very weak
emissions In the solid state he broadand emissions with large fuNidth-half-maximum
(FWHM) are suggestive ghulti-emissive processes described by the authoffie excited state
lifetimes showbiexpmential decay with short component assigned as charge transfer transition
from CAAC to the metal 255 %= 3.7 ps; 256, %= 4 ps; 257, %= 4.4 ps) while the long
componentnvolves transition frormaoNHC to the meta{255 %= 409us; 256, %= 353us; 257,
%= 49.9s). The decrease of the excited state lifetimes is in line with the increase of SOC of the

metal centersuggesting the observed emissions are phosphorescence in nature
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In contrast to the carbemeetatamide complexes described earlibiese complexes show
low PLQY with long lifetimes (406 50 ps) highlighting the importance and the nature of the
ligandsbound to the coinage metaihich impact the photophysical properties of the designed
complex. h this caseit involvesthereplacemat of a carbazolate ligand by aniomn@ldNHC.
On the other hand, Ung and coworkers prepared recently the chiral carbene Cu(l) complexe
displaying CAAC ligand$* Starting with L-menthol as chiral auxiliary, the C,-symmetrical
Cu(l)-Cl complex "™*"CAACCuCI (258) containing cyclic(alkyl)(amino)carbene wastained
following the synthetic procedure reported bgitBand and coworker$®*** The otherunknown
enantiomer®*"CAACCuUCI| (258) was obtained fromb-menthol (Figure 57). The crystal

structures of both enantiomers were obtaireedi confirmed the formation of the target

compounds
iPr
HO :
(1R, 25, 5R) LMent CAACCUCH
L-(258)
(1)-L-Menthol
iPr ]
HO,, IPr N DMentCAACCUCI
(1S, 2R, 5S) ipp |1PT
(+)-D-Menthol Cl

Figure57. Chiral Cu(l}Cl with cyclic (alkyl)(amino) carbene (CAAC) ligandsd their chiral
auxiliary precursors

Both complexes acted as yellow emittefsr instanceupon excitatiorof "M*"CAACCuCI (258)
at$ = 350 nm in THF solution a broad emissimendcentered a$ = 555 nm was observesith

guantum yield = 1.8 %was observed
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The circular dichroism spectra of botompoundswere recorded and showegposite image
absorptionbands confirming the enantmeric relationship (Figur&8) The circularly polarized
luminescence (CPLproperties of"M*™CAACCuCl (258) and "M*"CAACCuCI (258) display
opposite polarization emissiongith dissymmetry factord,, = +1.1 x 1¢) at 555 nm for

tMeCAACCuUCl and @, = +1.2 x 10°) for the other enantiomé&*"CAACCuCI (Figure58).

Figure 58. CD and CPL spectra ¢f*"CAACCuUCI (258) and "M*"CAACCuCI (258) complexes.

Adapted with permission from rféf Copyright 2020 Wiley.

It is worth mentioning that the "*"CAACCuCI 58) and "*"CAACCuCI 258) complexes
displayed a significant circularly polarized emission despite the fact theyHaghresence of a
helical group or axial chiralityhowever the authors believe that suocbmpoundsdisplay
significantspin-orbit coupling which increases the rotary strength of the transition and eventually
increases the chance of observing a circularly polarized emission Sfgitals such compounds
with chiral (CAAC) ligands pave the way to the preparation of a newsatd enantiopure
luminescent complexes displaying interesting CPL properties field which is still in its

infancy.
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6- Summary, autlook and perspectives

Throughout this documeniwve have shown viamany examples that NH@Based ligands are
adequate tools to construct stable luminescent complexesfadhéhatthe structure of NHE
based ligands can bEasly modified andfunctionalizd brings important modifications to the
photophysical properties dhe final compounds. As mentioned throughout this reyvidgeir
strong! -donor poperties tend to pughe metalcentered el transitions to higher energy in order
to make them thermally unattainabl&arious luminescent carbemeetal complexes with diffent
geometries based on platinum, iridium and coinage metals were included in this Mereaver

the luminescentproperties of these compounds were discussed as well as the dynamic of th
excited states, whichmpact their luminescent properties the molecular and supramolecular
level and hence detmine the nature gbotentialapplicatiors. Moreover a special treatment was
given to coinage complexes with carba#elligands this field has been the focus of intense
investigations in the past fivgearsbecause of their remarkable luminescent properties. For
instance coinage complexes with NH@ands tend to show long lifetimes and hence they are
more appropriatéo actas photoredox catalyst®n the other hand, the discovery by Bertrand and
cowakersof CAACs--carbens which display loweHOMO-LUMO gap compared to NHCand

are moe electrophilic carbene ligandsvith more" -acceptor carbene ligands have enabled the
constructionof highly emissive compoundwith PLQY > 99%. These electrophilic chenes
including DAC and MAC generate luminescent compounds witbhmicrosecond lifetimes
regime, which make them appropriate for OLED applicatidimsis remarkableemitting OLED
devices with EQE,, of 9.0% (blue) and 26.3%green)were achievedlt should be mentioned
however,that blue emitting coinageased OLEDs display lower efficiges whencompared to

the yellow or orangeemitting metalbased OLEDSEQE >20). In this respecg novel generation
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of coinage metal carbene compouncen be egineered to achieve higher EQE with blue
emissions to reach the industrially competitive requirements.
We also demonstratefbr the iridium complexesthat the presence of organic chromophores
(naphthalimide, psene) in the structure of the NHBased ligandrings important modifications
to the final optical properties dhesecommunds For instancewhile cyclometalated Ir(C*N)
generally emit from®MLCT excited stats, the above compounds display emissfoms °LC (*" -
"*) centered at the organahromophoreln other examples dual emissions are observed and the
designed complexes behave as white phosphBnsally interesting examples of chiral
luminescent complexes were also presented and desplatgresting CPL properties. This field is
still in its infancy and is expected grow rapidly in the futurdor variety of devices such as
displays, sensing, for bioimaging aimformation storagé®

Moreover,the challengen this areas to master the factors that control struc@irdoonding

2 property in order to engineer very stable and highly luminescent systems based on abundant
cheap metals such asoppet®**%*° silver®® and morechallenging iron complexe§: The
understanding of these factomsll permit us to manipulate the rich and various excistdtes
energies, which proceed via different radiative decay mechanisms (fluorescence, phosphoresce
TADF mechanisms).

Apartfrom that goaljridium, platinum and gold complexes will continue to be explorezl du
to their intrinsic and high spiarbit coupling thateads to highly luminescent complexes. Perhaps
the coinage metdlased examples illustrate the importance of the carbene ligands to prepa
efficient luminescent complexes with useful applicationss Bmd many other results summarized
in this review hold promise for future developnseint the area of luminescent NH@Getal
complexes.

All in all, one would expect that luminescent Nhi@tal complexes willfemaina very

important fieldin which a lage panebf functionalzed carben@assembhg ligandswith structural
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diversity will be prepared angidiciously attached to variety of metal centers to generate novel
class of luminescent complexes with intriguim@perties to beliscoveredHowever it fiould be
kept in mind that such future compounds should present high stability and EQE efficiency to me

the standard industrial requirements.
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Abbreviations

acac acetylacetonate

bpy 2,2-bipyridine

bt 2-phenylbenzothiazole

CAAC cyclic (alkyl)(amino)carbene

CD circular dichroism

CBz carbazolate

CIE commission internationale de |'Zclairage

CMA carbenemetal amide

CPL circularly polarized luminescence

DAC diamidocarbenes

DFT density functional theory

EQE external quantum efficiency

fac facial

F2ppy 2,4-difluorophenylpyridine

HOMO highest occupied molecular orbital

IPr 1,3-bis(2,6diisopropylphenyl)imidazol2-ylidene

IDipp 1,3-bis(2,6diisopropylphenybl,3-dihydro-2H-imidazol2-
ylidene.

IL intraligand

ILCT intraligand charge transfer

ISC intersystem crossing

LC ligand-centered

LED light-emitting diode

LLCT ligand-to-ligand charge transfer

LMCT ligandto-metal charge transfer
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LUMO
MAC
mCPCN
MeCy
mer
MLCT
MMCT
NHC
N
OLED
PET
pic
PLQY
PMMA
ppy
SIPr
TADF
SOC
TD-DFT
TGA
THF
Tp

UV" vis

lowest unoccupied molecular orbital
moncamido-carbenes
9-(3-(9H-carbazol9-yl)phenyl)}9H-carbazole3-carbonitrile
methylcyclohexane

meridional

metatto-ligand charge transfer
metal"metalcharge transfer
N-heterocyclic carbene

naphthalimide

organic lightemitting device
photoinduced electron transfer

picolinate

photoluminescence quantum yield
poly(methylmethacrylate)
2-phenylpyridine
1,3-bis(2,6diisopropylphenyl)imidazolifR-ylidene
thermally activated delayed fluorescence
spinorbit coupling

time-dependent density functional theory
thermogravimetric analysis
tetrahydrofuran

trispyrazolborate

ultraviolet"visible
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