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Abstract: The photophysical properties of a series of T-
shaped coinage d'° metal complexes, supported by a bis-
(mesoionic carbene)carbazolide (CNC) pincer ligand, are
explored. The series includes a rare new example of a tri-
dentate T-shaped Ag' complex. Post-complexation modifi-
cation of the Au' complex provides access to a linear cat-
jonic Au' complex following ligand alkylation, or the first
example of a cationic square planar Au"—F complex from
electrophilic attack on the metal centre. Emissions ranging
from blue (Cu') to orange (Ag') are obtained, with variable
contributions of thermally-dependent fluorescence and
phosphorescence to the observed photoluminescence.
Green emissions are observed for all three gold complexes
(neutral T-shaped Au!, cationic linear Au' and square
planar cationic Au"). The higher quantum yield and longer
decay lifetime of the linear gold(l) complex are indicative
of increased phosphorescence contribution. )

In the development of efficient organic light emitting devices
(OLEDs), basic requirements of phosphorescent emitters in-
clude high external quantum efficiencies (EQE) of the emission,
coupled with appropriate radiative lifetimes in the order of mi-
croseconds to facilitate the intersystem crossing (ISC) from the
triplet to the singlet state." These specifications have been
amply met using iridium(lll) and platinum(ll) emitters,” with an
increasing number of reports detailing the utility of the lesser
explored gold(lll) complexes. Indeed, CNC-* and CCN-* cyclo-
metallated gold(lll) complexes excelling in emission color
tuning, solubility and thermal stability have recently yielded

OLEDs with very high EQEs and similarly long device opera-
tional half-lifetimes.*” Lower oxidation state gold(l), and the
other d" coinage metals, copper(l) and silver(l), have also been
the focus of concurrent investigations into their use in OLEDs.
One of the more successful design strategies on this front em-
ploys the linear bonding geometry of carbene-metal-amides
(CMAs), in which all three d'° metals (Cu', Ag' and Au'), have
similarly accomplished excellent EQE performance and/or high
brightness OLED operation, notably employing carbazolide de-
rivatives as the donor amide partners with the acceptor car-
benes.”! These CMAs can display particularly short (ns) emis-
sion lifetimes in thermally assisted delayed fluorescence
(TADF), based on the rapid triplet-to-singlet ISC, unlike the
heavy atom (metal) phosphorescent emitters relying on spin-
orbit coupling."™®

The dependency of photoluminescence on the coordination
geometry of d'° coinage metal complexes is well-known,” for
example, 3-coordinate trigonal planar copper(l) complexes
showed tunable behavior from pure phosphorescence to TADF
depending on the carbene-metal-amine dihedral angles.” Ex-
tending 3-coordinate systems beyond trigonal planar geome-
tries to a ground state Jahn Teller-distorted T-shape has been
an early theoretical target for photophysical tuning of the sin-
glet-triplet gap.” However, the availability of ligand scaffolds
allowing such geometry is limited, and reports of T-shaped
group 11 metal(l) complexes are still very rare”' We
have previously reported a monoanionic CNC-pincer ligand
([HsCNC]PF¢Cl, Figure 1), comprising a central carbazolide
flanked by two diarylated 1,2,3-triazol-5-ylidenes (trz),">' as a
strongly donor ligand capable of stabilizing such a three coor-
dinate geometry with a ‘vacant’ coordination site, for both Cu'
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Figure 1. Precursor bis(triazolium)carbazole ligand salt [H;CNC]PF4-Cl and neutral (1-3) and cationic (4, 5) metal complexes employed in this study.

(M® and Au' 3)"7 (Figure 1). Moreover, the unique remote
basicity of the Au' (occupied d-orbital) enabled by both the
strained T-shape geometry and the strongly electron donating
nature of the ligand, could be exploited for reactions with elec-
trophiles at either the nucleophilic carbazolide amido (4,
Figure 1) or the gold(l) center to vyield the cationic
[(CNMeC)AU'T* or oxidized [(CNC)Au"R]™ (R=H, Me, CH,Cl) com-
plexes, respectively.""? Thus, having a CANAC pincer ligand
scaffold that allows for both T-shape d'® coinage metals and
square planar cyclometallated gold(lll) complexes, we decided
to expand the series of complexes to include also Ag' (2,
Figure 1) and Au"—F (5, Figure 1) for a preliminary investigation
of their photophysical properties. These complexes combine
the established luminescent motif of donor amides (especially
carbazolide), mesoionic carbenes and 3-coordinate T-shape/cy-
clometallated square planar complexes of the coinage metals.
The strong o donor and poor m acceptor properties of the
1,2,3-triazol-5-ylidenes, as an example of the class of mesoionic
carbenes, are increasingly being utilized in studies exploring
their photoluminescent applications.'

Complex 2 was prepared directly from the reaction of the
ligand precursor [H;CNC]PF-Cl with excess Ag,O in the pres-
ence of KBr in CH,Cl,, in the absence of light (Scheme 1, see
also Supporting Information, Section S2). The dark orange 2 is
both thermally and atmospherically stable, and was character-
ized by NMR, HRMS spectroscopic and single crystal X-ray dif-
fraction techniques. Disappearance of the acidic carbazole and
triazolium protons of [H;CNC]PF.-Cl in the "H NMR spectrum of
2 (Figure S2), as well as the appearance of the carbene carbon
atom doublet of doublets (6. 177.4, J=185.3 Hz, 13.2 Hz) in
the ®*C NMR spectrum (Figure S3), confirm the formation of 2.
A T-shape geometry is unambiguously shown in the molecular
structure obtained for a single crystal of 2 (Figure 2); only the
third known example of a T-shaped silver complex."” Both the
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chemical resonance observed for the carbene carbon atom, as
well as the carbene carbon-silver bond lengths fall within
range with that reported for known silver(l) triazolylidene com-
plexes,"* " whereas the rigid carbazole backbone deviates
from planarity as seen also for rhodium(l) complexes of carba-
zolide-pincer ligands."®

The facile chemical oxidation of complex 3 by reaction with
electrophilic protonating or alkylating agents,"'? prompted us
to determine the oxidation potential of this complex with
cyclic voltammetry (CV). The CV experiments were carried out
in solvent THF and ["Bu,N][PF4] as supporting electrolyte under
inert atmospheric conditions, and referenced to the [Cp,Fe]” ™!
couple (Figure S1). A single two-electron oxidation event was
observed. Remarkably, the potential for the Au™ couple was
determined to be E°=-039V, and at least quasi-reversible
with E,,—E,.=97 mV to confirm viability of mild chemical oxi-
dation, in line with quantum theoretical studies."” Thus, 5 was
prepared by in situ deprotonation of [H;CNC]PF-Cl and metal-
ation to vyield, after purification and isolation, complex 3
(Scheme 1). Subsequent treatment of 3 with a stoichiometric
amount of the fluorinating agent Selectfluor in THF yielded 5
(37 % yield) (see Supporting Information, Section S2).

Agy0 (4 eq.)
KBr (10 eq.)
[H3CNC]PF¢.Cl m 2 (CNC)Ad'
e 3%
(tht)AuCl
KN[Si(CH3)3]
THF — al
F—+N\/\N+—/
3 (CNC)AU' BF4~ BF,~ 5 [(CNC)AU"F]IBF,
25 % THF 37 %

Scheme 1. Preparation of new complexes 2 and 5.
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Figure 2. Solid-state structure of 2. Atomic displacement ellipsoids shown at
the 50% probability level. Hydrogen atoms omitted for clarity. Selected
bond lengths [A], bond angles [°] and torsion angles [°] for 2: AGg—C,pene
2.0988(12) and 2.1002(13), respectively; AQ—N,ipazor 2.2870(11); Neapazo—AG—
Cearbene 85.57(4) and 85.90(4), respectively; Ceupene—A9—Cearpene 171.35(5);
Cearbazo~Nearbazo~AG—Ceabene —177.6(1) and —174.8(1), respectively.?”

Well-defined, isolable gold(lll) fluorido complexes are not
common, although they have been implicated as transient cat-
alytic intermediates." In these reports, preparative conditions
have not included the use of mercuric reagents and initial lu-
minescence properties were investigated. Complex 5 was iso-
lated as a lime-green solid and is the first example of a stable,
monomeric cationic gold(lll) fluoride. The disappearance of the
gold(l) carbene carbon resonance of 3 (5 176.0 ppm) is consis-
tent with an Au”" oxidation event, although the expected up-
field shifted Au" carbene carbon atom resonance was not de-
tected. The "°F NMR spectrum displays fluorine resonances at
O —299.9 and —153.2 ppm, respectively, for the Au—F~ and
BF,” counterion. The fluoride resonance of —299.9 ppm is sig-
nificantly upfield from neutral gold(lll) fluorides (J¢
—255 ppm),""® most likely due to the cationic gold centre.

A single crystal X-ray diffraction study unambiguously con-
firmed the formation of 5 (Figure 3). The short Au—N bond
length of 2.000(6) A resembles the short bond lengths of other
gold(lll) CANAC complexes, with a gold(ll)-carbene carbon
bond length of 2.033(5) A. The Au—F bond length (1.947(5) A)
is comparable to the known bond lengths of the neutral gold-
() fluorides.™®

Again, distortion of the ligand scaffold (Figure 3) is observed
to accommodate both the increased steric hindrance in the
pincer pocket by the fluoride ligand, as well as the near-perfect
square planar geometry around the metal centre.

Photophysical data™® for the precursor [H;CNC]PF.Cl and
complexes 1-5 are summarized in Table 1, and their UV-Vis
and emission spectra in various media are presented in Fig-
ures 4, 5 and 6 and the Supporting Information, Figures S6-
S26. Both THF and acetonitrile have been used to explore the
nature of the excited states at room temperature, and the cor-
responding analogous 2-MeTHF and butyronitrile are used for
the emission measurements at 77 K. Only complexes 2-4 were
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Figure 3. Solid-state structure of 5. Atomic displacement ellipsoids shown at
the 50% probability level. Hydrogen atoms and counter ion BF,~ are omit-
ted for clarity. Selected bond lengths [A], bond angles [°] and torsion angles
["] for 5: Au—Capene 2.033(5); AU—Neybazol 2.000(6); Nearpazo=AU—Cearpene
89.61(14); Ceypene=AU-Cearpene 179.2(3); CearpazoNearbazo~AU-Cearpene 167.7(1).2%

6 |
——1(CNC)Cu

5 ——2 (CNC)Ag'
——3 (CNC)AU'

—— 4 [(CNMC)AU'IOTS
——5 [(CNC)Au"IBF,
—— [H,CNC]PF,.CI

300 400 500 600 700 800 900
Wavelength [nm]

Figure 4. Electronic absorption spectra of ligand precursor and com-
plexes 1-5 in THF at 298 K.

investigated in acetonitrile due to their insufficient solubility to
reach concentrations appropriate for measurements at room
temperature. The UV-Vis absorption spectra for the complexes
in THF are shown in Figure 4. The lowest energy absorption
bands correspond to the intraligand charge transfer (ILCT)
transitions.”®" The nature of the electronic transitions were as-
signed by means of time dependent density functional theory
calculations (TD-DFT),"™ which indicates that, in all cases, the
vertical transition leading to the lowest energy absorptions in-
volves the one-electron promotion from a m-molecular orbital
localized on the carbazole moiety to m* orbitals localized on
the carbene ligands, that is —x* transitions (Supporting Infor-
mation, Table S1 and Figure S36). For the T-shaped complexes,
the absorption energies follow the trend Cu > Au > Ag, which
does not correspond to the trend of the extinction coefficients
of the metal complexes, nor does it follow the trend of stron-
ger bonding of the metal favoring the carbene over the carba-

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Photophysical data of [H;CNC]PF4-Cl and complexes 1-5.
Complex Medium TIKl Electronic absorption A, [nm] (e [dm*mol™" cm™']) Emission A, [nm] (7, [us)  @p ™
1 THF@ 298 334 (20,780), 367 (13,500), 402 (12,560), 464 (2,310) 460 (<0.1) 0.008
butyronitrile glass 77 440, 560 (1720)
2-MeTHF glass 77 432, 455, 487 (0.1)
2 THF@ 298 265 (52,100), 320 (12,200), 337 (11,880), 372 (8,040), 451 (8,820), 506 (7,520) 640 (2.0) 0.024
acetonitrile 298 258 (53,190), 362 (10,800), 439 (8310), 502 (6,600) 654 (0.4) 0.003
butyronitrile glass 77 590, 634 (4750)
2-MeTHF glass 77 595, 642, 703 (3440)
3 THF 298 270 (48,950), 326 (15,480), 373 (10,480), 443 (8,360), 498 (8,150) 510, 550, 592, 652 (4.6) 0.006
acetonitrile 298 239 (48,740), 261 (41,160), 372 (9,050), 417 (5,570), 489 (3,490) 527 (0.4) 0.003
butyronitrile glass 77 492, 530, 569 (2410)
2-MeTHF glass 77 492, 523, 560 (0.3)
4 THF@ 298 264 (46,250), 333 (9,140), 366 (6,280), 399 (5,530) 545 (170) 0.14
acetonitrile 298 247 (58,540), 263 (50,790), 332 (10,660), 364 (7,520), 397 (5,940) 552 (51.4) 0.061
butyronitrile glass 77 528 (810)
2-MeTHF glass 77 505, 536, 579 (616)
5 THF@ 298 265 (31,080), 302 (7,420) 346 (5,460), 372 (6,480), 405 (5,340) 506, 542, 590 (6.7) 0.009
butyronitrile glass 77 491, 531, 575 (2000)
2-MeTHF glass 77 491, 529, 570, 617 (0.1)
[H;CNCIPF-Cl  THF 298 294 (11,140), 333 (9,780), 378 (7,630) 500 0.020
butyronitrile glass 77 500
2-MeTHF glass 77 433, 481, 512, 554
[a] Measured at concentration =1x107° M. [b] The relative luminescence quantum yield was measured by the optical dilute method with a degassed
aqueous solution of quinine sulfate in 1.0 N sulfuric acid (? =0.546, excitation wavelength at 365 nm) that was used as the reference.

zolide ligand (illustrated by the ratio of C—M/M—-N bond
lengths decreasing in the order Cu (0.95)">Ag (0.92, see
Figure 2) > Au (0.86)"') 51

In all cases, the TD-DFT calculations indicate that the most
stable excited state of the complexes is a triplet (T,), with the
first singlet S, resting above, but close to T,, which is compati-
ble with an efficient S,-T, ISC (ISC = intersystem crossing).""”
The computed spin densities (Figure S37, Supporting Informa-
tion) on the optimized structures of these triplet states indicate
that the unpaired electrons in the T, states are mainly located
on the M—N bond, regardless of the nature of the transition
metal. The lowest contribution of the metal is found for Cu', in
agreement with the significantly lower extinction coefficient
found for 1, compared to 2 and 3.

Normalized Emission Intensity

600 700 800

Wavelength [nm]

400 500

Figure 5. Normalized emission spectra of ligand precursors and com-
plexes 1-5 in degassed THF at 298 K.
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Figure 6. Normalized emission spectra of 1-5 in butyronitrile glass at 77 K;
the asterisk represents an instrumental artifact.

The emission band of the ligand precursor in THF at 298 K is
broad and featureless, which is typical of emissions of [rt(carba-
zole)—mt*(triazolium)] ILCT origin. The emission spectra record-
ed for complexes 1, 2 and 4 show similar band shape to that
of the ligand precursor, and therefore the emission bands are
tentatively assigned as originating from metal-perturbed
[7t(carbazolide)—m*(carbene)] ILCT excited state.

The emission of the two-coordinated complex 4 is red-shift-
ed when compared to the ligand precursor, owing to the coor-
dination of Au' metal centre to the carbene moieties. On the
other hand, complex5 showed a vibronic emission band,
which is tentatively assigned as originating from an intraligand
CIL) excited state, probably arising from the higher oxidation

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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state of the Au" centre that reduces the ease of donation from
the carbazolide, leading to a higher-lying ?ILCT state. For com-
plex 3, vibronic-structured °IL emission is observed in THF,
whereas structureless *ILCT emission is found in acetonitrile,
showing that the °ILCT and ®IL excited states are close in
energy, and their energies are affected by solvent polarity. The
observation of the structureless emission can be attributed to
the stabilization of the °ILCT state by the polar acetonitrile,
which leads to the ’ILCT state becoming the lowest energy ex-
cited state responsible for emission. In glass matrices at 77 K,
the complexes in general showed vibronic emission bands,
originating from the ’IL excited state, probably due to the de-
stabilization of the *ILCT state in glass matrices. The photolumi-
nescence quantum yields of the compounds are low, ranging
from 0.6% for 3 (T-shaped Au') to 14% for 4 (linear Au'). The
emission wavelengths range over 180 nm (~6100 cm™') with
the use of different metals for color-tuning in the T-shaped
complexes® (1 Cu' 4,,=460; 3 Au' A,,=510-652 nm; 2 Ad'
Aem=640 Nnm), and the copper(l) complex displaying uncom-
mon blue emission.”<?"

The luminescence lifetimes of the complexes were measured
at 298 K and 77 K. The lifetime of complex 1 is too short to be
determined with certainty in THF at 298 K, and the emission
may be fluorescent in nature.”? In acetonitrile, for com-
plexes 2-4, the decay lifetimes are in the microsecond range
for 2 (7,=0.4 ps), 3 (1,=0.4 us) at room temperature, but in-
crease to 7,=4.75 ms and 2.41 ms, respectively, upon cooling
to 77 K in butyronitrile glass. The increase in excited state life-
time is in line with the assignment of a change in emission
origin from predominantly 3ILCT to °IL excited state, the latter
of which typically shows longer lifetime. Such increase in 7, at
lower temperatures by four orders of magnitude may also sug-
gest the occurrence of TADF, with thermal population of S, al-
lowed due to fast reversible or equilibrium ISC (rISC) if
AE(T,—S,) <0.37 eV (Table S2, Supporting Information)."®¢7< 23!
This corresponds to the known efficiency trade-off in which
smaller AE(T,—S,) leads to lower radiative rates and @; "
However, to confirm the occurrence of TADF, temperature-de-
pendent lifetime measurements at more data points would be
required to determine the contribution of radiative and non-ra-
diative decay rates.

Comparing the gold complexes 3-5, the calculated energy
transitions (both AE(T,—S,) and AE(T,—S,) (Table S2)), match
that of the experimental emission energies, with 3<5<4
(Table S2). In this case, all three gold complexes have green
emissions. For the linear Au' complex 4, AE(T,—S,)=0.419 eV,
which is prohibitive for rISC (T,—S;) and should suppress
TADF. Greater phosphorescence contribution to the photolumi-
nescence leads to longer decay times in THF at 298 K (7,=
170 ps for 4, compared to 7,=4.6 and 6.7 s, for 3 and 5, re-
spectively). A significantly lesser increase in decay time for 4
upon cooling to 77 K in butyronitrile glass (t,=810 us, com-
pared to 7,=2410 and 2000 ps, for 3 and 5, respectively), to-
gether with the highest @, observed for 4, supports such in-
creased phosphorescence contribution. In conclusion, the bis-
(mesoionic carbene)carbazolide CNC pincer ligand allows for
modulation of the photophysical properties of complexes,
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either with the introduction of different metals to access emis-
sions from the blue to orange spectrum (d'® metals 1-3), or by
modification of the complex with electrophilic attack at either
the carbazolide-N (4) or at the nucleophilic metal centre (5).

Experimental Section

The precursor [H;CNC]PF4Cl and complexes 1,°9 3% and 4™
were prepared following literature procedures, whereas the synthe-
sis and characterization of 2 and 5 are given in the Supporting In-
formation for this paper. The molecular structures of 2 and 5 were
determined by single crystal X-ray crystallography.”” The details of
the data collection and structure solution are given for each com-
pound in the Supporting Information.
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