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ABSTRACT: A series of ten cationic complexes of general formula [(C*C)Au(P"P)]X, where
C"C = 4,4'-di-tert-butyl-1,1'-biphenyl, P*P is a diphosphine ligand and X is a non-coordinating
counter-anion, has been synthesized and fully characterized by means of chemical and X-ray
structural methods. All the complexes display a remarkable switch-on of the emission properties
when going from fluid solution to solid state. In this latter, long-lived emission with lifetime 1t =
1.8-83.0 pus and maximum in the green-yellow region is achieved with moderate to high
photoluminescence quantum yield (PLQY). This emission is ascribed to an excited-state with
mainly triplet ligand-centered (°LC) nature. This effect strongly indicates that rigidification of the
environment helps to suppress non-radiative decay, which is mainly attributed to the large
molecular distortion in the excited state, as supported by density functional theory (DFT) and time-
dependent DFT (TD-DFT) computation. In addition, quenching intermolecular interactions of the
emitter are avoided thanks to the steric hindrance of the substituents. Emissive properties are
therefore restored efficiently. The influence of both diphosphine and anion have been investigated
and rationalized as well. Using two complexes as examples and owing to their enhanced optical
properties in the solid state, the first proof-of-concept of the use of gold(Ill) complexes as
electroactive materials for the fabrication of light-emitting electrochemical cell (LEC) devices is
herein demonstrated. The LECs achieve peak external quantum efficiency, current efficiency, and
power efficiency up to ca. 1%, 2.6 cd A!, and 1.1 Im W', for complex 1PFs and 0.9%, 2.5 cd A"
!, and 0.7 Im W', for complex 3, showing the potential use of these novel emitters as electroactive

compounds in LEC devices.

Introduction



Light-emitting electrochemical cells (LECs) are optoelectronic devices that are attracting a
growing attention in the recent years due to their potential application in large-area and low-cost
display technology.}* LECs consist of a layer of a light-emitting material sandwiched between a
low work function metal cathode and a transparent anode (typically indium tin oxide, ITO). Owing
to their easier, solution-processed fabrication and overall simpler architecture that employ air-
stable cathodes, LECs are considered a valuable alternative to more expensive organic light-
emitting diode (OLED) technology. However, the device efficiency and lifetime of LECs are still
inferior to OLEDs. Especially, blue emitters for LECs are much less stable and efficient than those
with lower energy gap. In addition, dynamically extending doped layers also affects the device
stability of LECs. Irreversible electrochemical reactions in charge transporting are suggested to be
responsible for the reduced lifetime of blue LECs.> One of the feasible approaches to improve the
device stability is incorporating carrier-transporting materials into the emissive layer.®” Therefore,
the blue emitters are free from transporting of charge carriers, rendering better electrochemical
stability. Tailoring carrier balance to reach centred recombination zone improves not only the
device efficiency but also the device stability.8® Optimizing driving mode is another feasible way
to improve the device stability. Pulsed-current driving for LECs has been shown to offer superior
device stability than constant-voltage and constant-current driving.X® With these continuously
developing technologies to improve device performance, simple solution-processable fabrication,
advantages of great tolerance to emissive-layer thickness, substrate roughness, and electrode work
function render LECs competitive in low-cost light sources for flexible displays.

LEC operating mechanism requires mobile ions to form the electrochemical p-i-n junction upon
the application of a suitable electrical bias. Hence, ionic transition metal complexes (iTMCs) are

typically employed as electroluminescent materials in LECs where they act as both charge carriers



and photoactive compounds. Undoubtedly, cyclometalated iridium(lll)-based iTMCs play a
leading role in the field and they warrant efficient both singlet and triplet excitons harvesting,!
although examples involving Pt(11),22 Ru(11)!3 and Cu(1)}**° are also reported. Since the first report
on the iridium-based LEC in 2004, Ir(111) complexes have been shown to be the most promising
candidates among other iTMCs.}” A wide variety of LECs employing iridium complexes
delivering blue, green, yellow, orange, red, near infrared (NIR), and white emission have been
published. With judicious molecular design and device engineering, some reported iridium-based
LECs have reached high external quantum efficiencies (EQES) up to or higher than 20%.18-2! The
ruthenium complex was the first iTMC used for LECs,?? but the ruthenium-based LECs generally
showed red to NIR electroluminescence (EL) spectra and the maximum EQEs were around only
1%.%2 The LECs employing a Pt porphyrin,* a Pt(ll) dimer,2® and a dinuclear Ir(111)/Pt(11)
complex?® exhibited red to NIR EL and the maximum EQE achieved with the host-guest strategy
was up to 2.7%.2° The EL from the platinum-based LECs turned into green when the carbazole-
appended carbene ligand was utilized.?” Recently, copper complexes have attracted much research
attention due to their relatively higher abundance than other iTMCs in Earth’s crust.?® A high EQE
up to 16% was achieved in the LECs based on a copper complex.?® The use of other metal
complexes is much less explored and largely overlooked to date, yet highly sought. Surprisingly,
no example reports on the use of luminescent gold complexes in LECs, to the best of our
knowledge.

The chemistry of gold compounds mainly involves the +I oxidation state of the metal centre;*
whereas complexes featuring gold in its +I11 valency are less common.3! This is because the
synthesis of these latter requires harsh synthetic conditions and strong donor ligands to improve

the chemical stability of the resulting complexes and suppress their tendency towards reduction.



Despite this, gold(111) complexes are attracting an increasing interest in the recent past driven by
their emerging applications as active compounds in several fields including antitumoral®**® and
antiviral agents in medicine,* catalysis®® and, more recently, as emitters in OLEDs.%

Achieving satisfactory emission properties in gold(I11) complexes requires strict conditions.
Firstly, the high oxidation potential that characterizes gold(l11) complexes pulls HOMO levels
deep down and pushes typically radiative metal-to-ligand charge transfer (MLCT) states to much
higher energy compared to the widely investigated d® Pt(1l) counterparts. As consequence, the
photochemistry and photophysics of gold(l11) complexes is often detrimentally dominated by
energetically low-lying states with metal-centred (d-d) and/or ligand-to-metal charge transfer
(LMCT) character that can be easily populated. Secondly, their square-planar geometry is prone
to Doy geometrical distortion of the excited state and greatly favour the establishment of
intermolecular interactions.

Overall, these features make easily available radiationless relaxation pathways back to the
electronic ground state. Hence, the vast majority of Au(l1l) complexes display no luminescence in
either solution or solid state. Luminescent gold(l11) derivates with efficient emission properties
requires judicious chemical design of the coordination sphere of the metal and their synthesis is
still particularly challenging.

Yam and co-workers firstly reported on the photoluminescence in stable Au(l11) complexes at
room temperature by employing ligand design strategies based on strong c-donating ligands.3"3
The same group further extended such strategies demonstrating the use of C-based bis-
cyclometalated Au(l1l) complexes as emitters in organic light-emitting devices. These complexes

feature alkynyl to phenylpyridine electron density displacement with ligand-to-ligand charge



transfer (LLCT) states.®® More recently, biphenyl Au(l1l) complexes have been investigated in
fundamental organometallic chemistry,*%4! catalysis,*>*3 photoluminescence**6 and biology.*’

Achieving fine control of the supramolecular aggregation and effectively managing with
intermolecular interactions is of paramount importance for avoiding significant spectral
broadening and improving device performances in particular when high concentration of
electroluminescent dopant is required, as it would be in the case of LEC devices. The management
of intermolecular interactions can be particularly cumbersome for square-planar complexes, such
as Au(lll) complexes, that have high tendency to establish intermolecular interactions via n-n
stacking as well as to phase segregate due to strong aggregation, with detrimental implications for
both optical properties and device outputs. Increase of the steric hindrance has shown to be a
suitable way to improve emitter processability, limit its aggregation and related quenching
phenomena in light-emitting devices.?®

We herein aim at efficiently suppressing intermolecular interactions in luminescent biphenyl
Au(lll) complexes in view of their use in optoelectronics. The synthesis, structural,
electrochemical and photophysical properties of a series of cationic bis-chelated Au(l11) complexes
are therefore comprehensively presented. The compounds possess general formula
[Au(CrC)(PMP)]*, where CAC is a biphenyl chromophoric ligand and P"P is a chelating
diphosphine. Remarkably, these complexes display photoluminescence in the solid state with
quantum yield up to 0.39, and the effect of the nature of the PP ligand and counterion onto the
photophysical properties are investigated in detail. Their optical properties are further elucidated
by means of computational investigation at (TD)-DFT level that helped to provide fundamental

insights on the lack of photoluminescence in solution at room temperature. Finally, the most



promising compounds have been tested as emitters in proof-of-concept LEC devices, which is

unprecedented for Au(l11) compounds.

Results and discussion

Synthesis and characterization

The mononuclear cationic [(C*C)Au(P"P)]X complexes 1-5 were synthesized by the reaction of
two equivalents of the corresponding diphosphine ligands with a [(C*C)AuCI]. dimer under N2
atmosphere to prevent diphosphine oxidation, followed by anion metathesis using either potassium
or silver salts. The overall synthetic strategy was adapted from a previously reported protocols.*#’
In both cases, only the cationic mononuclear complexes with the corresponding chelating
diphosphine were obtained in good yields (Scheme 1). The formation of the mononuclear
structures was assessed by *H NMR showing only one set of symmetrical signals for both the
(C~C) and (P7P) ligands in a 1:1 ratio. Moreover, the signal of H? (see Scheme 1 for labelling)
appeared between 7.10 and 7.30 ppm thus more shielded than in [(C*C)Au(N”~N)]BF4 complexes
(6H? between 7.50 and 7.60 ppm).*” This shift is due to the shielding cone of the phenyl groups of
the PPh. ligands in cis position with respect to the aryl ligand. Moreover, these signals appear with
a strong 3Jp-n coupling constant of 8 Hz demonstrating the coordination of the diphosphines onto
the [(C*C)Au]* moiety. In the same way, the 3*P{*H} NMR spectra of the different complexes
showed a single singlet signal for the two phosphorous atoms of the (PP) ligands deshielded with

respect to the corresponding diphosphines.
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Scheme 1. Synthetic variation of the chelating diphosphine ligand and counteranion.

In order to estimate the impact of the charge on the structures and of the Au(lll) cation in the
photoluminescence properties, a dicationic Au(lll) and a monocationic Pt(ll) complexes were
synthetized for sake of comparison. The [(C*N)Au(P"P)](PFs). complex 6 was synthetized by the
reaction of the corresponding [(C*N)AuClI] with diphenylphosphinoethane (dppe) followed by
the abstraction of the two chlorides by a silver salt according to a protocol established by Cinellu
and colleagues affording 6 in excellent yield (Scheme 2).%° The [(C~N)Pt(P"P)]PFs complex 7 was
synthetized by the reaction of the [(C*"N)Pt(DMSO)CI] precursor with diphenylphosphinoethane
followed by the abstraction of the chlorido ligand by a silver salt following a reported procedure

leading to the isolation of 7 in excellent yield (Scheme 2).
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Scheme 2. Schematic synthetic pathway employed for the synthesis of complexes 6 and 7.

The formation of 6 and 7 was assessed by 3!P{*H} that showed two sets of signals integrating for
one each due to the presence of the unsymmetrical (C*N) chelating ligand. Furthermore, in the
case of 7, two different 1Jpep coupling constants of 1830 and 3780 Hz corresponding to the P in
trans position with respect to the C and N respectively, were observed. This corresponds to the
data obtained for similar complexes.®® The *H NMR spectra of 6 and 7 also showed the expected

1:1 ratio between the (C*N) and (P"P) ligands.

Solid state structures

Single crystals suitable for X-ray diffraction were grown by slow evaporation of a solution in a
mixture DCM/petroleum ether (1Cl and 2-5), DCM/toluene (1PFs), and chloroform (7). The
crystal structures are depicted in Figure 1 and S1-S4 of the ESI. For all the complexes, the
crystallographic data unambiguously confirmed the expected structures. All the complexes present

the typical four-coordinated square-planar geometry of the Au(lll) and Pt(ll) cations with small



distortions due to the bite angle of the (C~C), (C~*N) and (P"P) chelates. As one could have
expected, the smaller the spacer between the two PPh, moieties the sharper the P1—M-P> angle.
Indeed, in complex 2 with a diphenyphosphinomethane (dppm) ligand the P1—Au—P- angle has a
value of 69.8° while the same angle in complex 5 with a diphenyphosphinobutane (dppb) ligand
has a value of 95.1° (Table 1). However, these differences in metallacycle tension did not affect
the Au—P bond length as for all complexes both Au-P bonds appeared to have similar length
around 2.39 A. Moreover, it appeared that the P1—M-P, value seems to be influenced only by the
number of carbons between the PPh> ligands and not by the nature of the linker (alkyl or aryl) or
the coordinated metal (Au or Pt) as can be seen for complexes 1Cl, PFg, 3 and 7 that all show a

P1—M-P angle between 80.2 and 84.4° (Table 1).

Figure 1. A) Crystal structure of one complex of the asymmetric unit of 1PFe. Ellipsoids set at

50% probability. Hydrogen atoms and toluene have been omitted for clarity. Selected bond
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distances [A] and angles [°] measured at 200 K: Au—P; 2.3901(12), Au-P, 2.3866(12), Au-C;
2.086(5), Au-C1 2.084(5), P1—Au-P; 81.28(4), P.—~Au-C> 98.55(13), C.—Au-C;1 80.72(18), Co—
Au-P1 98.49(13). B) Crystal structure of complex 3. Ellipsoids set at 50% probability. Minor
position of complex is omitted for clarity. Only hydrogens atoms involved in the P(CH>)2P bridge
are depicted. Selected bond distances [A] and angles [°] measured at 200 K: Au—P1 2.3637(16),
Au-P; 2.3760(16), Au-C;1 2.074(6), Au—-C> 2.077(6), P1—Au—P2 84.38(6), P>—Au—C, 98.63(17),
C>—Au-C; 81.5(2), C>—Au—P1 95.78(19). C) Crystal structure of complex 7. Ellipsoids set at 50%
probability. PFe anion is disordered over two positions with an occupancy rate of 60/40.
Chloroform molecules have been omitted for clarity. Only hydrogens atoms involved in the
P(CH2)2P bridge are depicted. Selected bond distances [A] and angles [°] measured at 200 K: Pt—
P; 2.3175(6), Pt-P, 2.2350(5), Pt-C; 2.063(2), Pt-N 2.1048(19), P1—Pt-P, 84.43(2), P»-Pt-C;

96.69(7), C1—Pt-N 80.03(8), N-Pt-P; 99.15(6).

Table 1. Selected geometric data for monomeric complexes 1Cl, 1PFs, 2-5 and 7 measured by X-

ray diffractometric analysis.

M-P1 bond length M-P> bond length P1—M-P2 angle
Complex
[A] [A] [°]
1CI 2.3871(8) 2.3897(8) 80.17(3)
1PFs 2.3901(12) 2.3866(12) 81.28(4)
2 2.399(3) 2.401(3) 69.84(11)
3 2.3637(16) 2.3760(16) 84.38(6)
4 2.3814(7) 2.3811(8) 89.14(3)
5 2.3926(8) 2.3970(8) 95.11(3)
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7 2.3175(6) 2.2350(5) 84.43(2)

Photophysical investigation

Firstly, the archetypal complex 1PFs was investigated in dilute CH3CN solution at room
temperature. The corresponding spectrum is displayed in Figure 2 and the data are listed in Table
2. The intense (¢ = 5.25x10* Mt cm™) high-energy band at Aaps = ca. 262 nm is ascribed to a singlet
intraligand (*IL) transition with 7—n* nature involving the biphenyl moiety, in accordance with the
spectrum of the biphenylene proligand,® and with fact that it is little dependent on the nature of
the ancillary diphosphine ligand. At longer wavelengths the lower intensity band (g = 5.0x10% M-
L em™ at haps = 318 nm) can be ascribed to a singlet-manifold electronic transition with mainly
metal perturbed ligand-to-ligand charge transfer (*LLCT) and ligand-to-metal charge transfer
(*LMCT) character. The CT character of this latter band is corroborated by the bathochromic shift
observed upon increasing solvent polarity (see Table S2 and Figure S5). Overall, this band
attribution is in agreement with those reported previously for related complexes**#>°! and with the
computational data (see below). For this class of chromophores, singlet metal-to-ligand charge
transfer (!MLCT) states are expected to lie at much higher energy compared to related
cyclometalated square-planar platinum(ll) complexes due to the higher oxidation potential of the
gold atom in its +111 valency when compared to the former. This is indeed confirmed by analysing
the spectral feature of complex 7 that displays a more intense band in the region at 330 nm with
IMLCT character (see Figure 2). On the other hand, the higher intensity of the band at 310 nm
observed for the related complex 6 can be ascribed to a transition with admixed intraligand charge

transfer (*ILCT) and !LLCT character (see Figure 2).
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The anion seems to exert little effect on both energy and intensity of the electronic absorption
bands as shown in Figure 2 and S6 of the ESI. Similarly, variation of the diphenylphosphine seems
to have a little impact on the absorption spectral feature and the comparison of the UV-visible
spectra for derivative 1PFs and 2-5 is displayed in Figure 2. See Table 1 for data.

No detectable emission was observed for any of the samples in solution when recorded in either
air-equilibrated or degassed condition upon irradiation in the range Aexc = 260-320 nm. This
finding is indicative of the very efficient non-radiative deactivation channels in solution, and it is
in agreement with data on related [(C*C)Au(L~L)]* derivatives reported previously.* The lack of
emission is most likely due to the rapid thermal population of quenching d-d states that takes place
at room temperature as well as to high degree of structural distortion occurring at the excited states

that favours efficient non-radiative vibrational coupling with the electronic ground state.

150

100

g (10°M".cm™)

r I ;
250 300 350
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Figure 2. Electronic absorption spectra in the UV region in diluted CH3CN at room temperature.

Compounds 1PFs (blue), 2 (brown), 3 (green), 4 (lilac), 5 (grey), 6 (yellow) and 7 (purple).
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Lowering the temperature is expected to efficiently reduce population of thermally accessible
quenching states, vibrational motion and structural distortion, thus restoring the emission
properties from the lowest-lying state radiative deactivation. For all the derivatives, going from
room temperature to glassy matrix at 77 K in 2-MeTHF is accompanied by the appearance of
intense photoluminescence indeed. The corresponding emission spectra are displayed in Figure 3,
S7 and S8 of the ESI and the data tabulated in Table 2. Low temperature emission spectra display
a structured profile in the blue-green region with vibronic progression of spacing in the range
1500-1250 cm™* that can be with confidence ascribed to the stretching modes of aromatic scaffolds
and are in agreement with intramolecular vibrational modes observed for the biphenyl (1050-1275
cm™).44% Time-resolved emission decays shows (average) excited-state lifetime in the order of
30-148 ps for all the Au(l11) derivatives investigated, corroborating the formally triplet nature of

the emitting state with mainly 3IL character (T1 — So transition).
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Figure 3. Emission spectra in 2-MeTHF glassy matrix at 77 K upon excitation at Aexc = 360 nm.

Compounds 1PFs (blue), 2 (brown), 3 (green) and 4 (lilac).

Rigidification of the environment at room temperature helps in restoring the emission properties
as well. Indeed, remarkable switch-on of the photoluminescence is observed in the solid-state
sample for all the derivatives. Such enhancement of the emission properties is most likely due to
the reduced structural distortion and population of quenching excited states that would act as
efficient radiationless pathways. A slow irradiation time-dependent decomposition is observed for
compound 2 and, to a minor extent, derivative 5 in the solid state attributable to the non-optimal
bite angle of diphenylphosphinomethane (dppm) and diphenylphosphinobutane (dppb) ligands
that reduces chemical stability. The complete set of photophysical data recorded for samples in the
solid-state as neat powder is listed in Table 3 and the emission spectra are displayed in Figure 4—
o.

In sharp contrast with optical data in solution, the nature of the counterion clearly exerts a major
effect on the photoluminescence properties of these emitters in the solid state (see Figure 4 for
comparison of emission spectra of complexes of series 1). The nature of the counterion seems to
influence the emission spectra both in terms of wavelength and spectral profile. It is reasonable to
think that the crystal packing and the soft vs. hard nature of the anion influences the local polarity
of the microenvironment around the Au(l11) emitters. Thus, the counterion is playing a role in the
stabilization of the lower-lying 1*CT excited state and, in turn, the mixing of these latter with the
emitting 3IL state. Amongst the compounds of series 1, derivative 1CIl and 1NOs display the most
hypsochromically shifted spectra with a highly structured profile closely resembling the

corresponding low-temperature emission. Moving to 1BFs, 1PFs, 10Tf and 1BPhs the
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corresponding emission maximum shows a bathochromic shift that is accompanied by a partial
loss of the vibronic structure, indicative of an energetic stabilization of the emitting excited state
and an increased degree of CT mixing of the latter. Remarkably, all the compounds of series 1
display intense emission in the solid-state with PLQY in the range 0.07-0.39, being the highest
value within the set of derivatives recorded for compound 1Cl. Interestingly, this high value of
PLQY in condensed phase may point toward the fact that triplet-triplet annihilation (TTA)
phenomena are not very efficient in the solid state for this class of emitters despite their very long-
lived excited states (vide infra).

The nature of the diphosphine plays a role as well in modulating the emission in the solid state
as shown in Figure 5. The maximum of the emission spectra varies from 484 nm to 580 nm, being
the most hypsochromically shifted spectrum observed for compound 6. Given the rather similar
electronic effect exerted by the various diphosphines investigated, the observed spectral changes
should be mainly ascribed to change of the local environment due to slightly different
arrangements of the luminescent metal complexes in the solid state. Nevertheless, excited state
lifetimes are comparable instead with values in the range 93.3-148.3 ps, clearly indicating the
similar nature of the emissive excited state within the series of complexes. Compound 5 shows the
emission profile peaking at the longest wavelength value of the series. PLQY are lower than the
archetypal derivative 1PFs and shows moderate values falling in the range 0.06-0.13. It is
interesting to notice that those values are slightly higher than the corresponding phenylpyridine-

based derivatives 6-7.
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Figure 4. Emission spectra in the solid state of compounds of series 1 upon excitation at at Aexc =
360 nm. Compounds 1PFs (blue), 1ClI (red), INO3 (violet), 10Tf (orange), 1BPh4 (dark green),
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Figure 5. Emission spectra in the solid state of compounds 1PFs (blue), 2 (brown), 3 (green), 4
(lilac), 6 (yellow) and 7 (purple) upon excitation at Aexc = 360 nm. Compound 5 (grey) was excited

at Aexc =420 nm.

For all the investigated derivatives, the structured emission spectra observed in the solid state
closely resemble those recorded at low temperature, pointing towards an excited state with mainly
3LC characters with some degree of admixing with the close-lying CT states involving the biphenyl
C~C ligand. Analysis of the crystallographic arrangement (see above) rules out the establishment
of any Au(III)--- Au(IIl) short contacts or extended n-m stacking that might give rise to broader,
lower-energy, bands with either metal-metal to ligand charge transfer (MMLCT) or excimeric
character. Although the formation of the former is debated in spite of short Au(lll)---Au(lll)

contacts is in some cases observed,>? a few studies reports on this latter possibility.*>-33-34

Table 2. Photophysical properties of complexes 1-7 in dilute CH3CN solution at room temperature

in air-equilibrated condition and at 77 K in 2-MeTHF frozen matrix.

amax (€) Jem Tobs Tobs
compound [nm, (10° Mt cm™)] [nm] [us] [us]
room temperature 77K
490, 111.9 (54%)
1PFe 262 sh (52.5), 318 (5.0) 530, 168.1(46%) 1434
571

492, 1575 (47%)

1Cl 261 sh (47.5), 317 (4.5) 530, 992(53%) 1333
570
209 sh (133.6), 243 (73.5), 258 492,143 6 (81%)
1NOs 529, ' 139.9

(62.4), 316 (7.4) 73.1 (19%)

567
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241 sh (77.6), 259 sh (62.9), 317

10Tf (7.0)
LBPh 239 sh (85.1), 258 sh (63.2), 318
4 (5.0)
LB 208 (119.7), 243 (71.8), 260 sh
4 (60.2), 317 (5.6)
2 254 (67.9), 318 (3.9)
3 247 (61.3), 318 (5.1)
4 247 (60.6), 316 (4.8)
5 250 sh (56.7), 315 (4.6)
6 224 sh (55.1), 265 (12.3), 305 (8.0)
7 221 sh (62.8), 269 (32.2)

489,
525,
567

490,
527,
569

491,
527,
570

489,
524,
568

494,
533,
575

496,
534,
575

500,
533,
570

480,
508,
546

476,
512,
551

117.9 (54%)
170.4 (46%)

101.9 (44%)
161.8 (56%)

110.4 (53%)
170.3 (47%)

143.7 (47%)
83.6 (53%)

100.2 (38%)
150.8 (62%)

160 (43%)
92.0 (57%)

54.5 (65%)
124.7 (35%)

18.0 (84%)
51.4 (16%)

67.07

146.9

148.4

145.0

119.9

136.2

130.6

93.3

29.8

sh denotes a shoulder.
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Table 3. Photophysical properties of complexes 1-7 in the solid state at room temperature.

compounds

1PFe

1ClI

INOs3

10Tf

1BPh4

1BF4

Aem

Tobs fobs Kr Knr
[nm] PLQY  CIE (x,y)
[1s] [us] [10%s?] [10%s7]
5.2 (19%)
0.9 (81%
510,543 159, 036 055 O09(1%) 34 46 244
39.5 (17%)
490,523,560 39% 029 054 S71(83%) g30 047 073
51.2 (68%)
487,524,565 18% 030 051 220(32%) 492 036 17
497,540 7% 033 043 175 039 53
523,558  13% 039 050  36.7 035 24
15.8 (31%)
505,530,578 11% 0.33 050 45.0(69%) 410 026 2.2
9.9 (65%)
516,550,500 6% 030 040 30(32%) 89 067 104
40.0 (78%)
524,556,602 11% 038 050 15.4(22%) 37.6 029 24
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35.4
4 519, 552 13% 0.37 0.48 - 0.36 2.4

22.6
5 570 11% 0.40 0.43 - 0.49 3.9

22.1 (30%)

9.7 (42%)

6 484,517,551 5%  0.23 0.30 168  0.29 5.6
1.4 (28%)
0.6 (51%)

7 495,523,560 2% 024 030 22(49%) 18 1.1 52.7

The bulkiness of both biphenyl C*C and chelating P*P ligands that feature two tert-butyl and
diphenyl-based phosphines, respectively, effectively helps to suppress emitters aggregation and to
avoid significant spectral broadening in condensed phase. Time-resolved analysis of the
photoluminescence helps to shed a better light onto the nature of the emissive excited state (see
Table 3 for data). Deactivation kinetics show (average) lifetime in the order of 3.4-49.2 s, clearly
indicating a sizeable triplet nature of the emitting excited state. No detectable rise time is present,
ruling out any excimer emission. A shorter lifetime is observed for Pt(1l) derivative 7, expectantly,
indicating that likely a more efficient spin-orbit coupling (SOC) process for this latter compound.
Indeed, the very long-lived excited state corroborates the idea that single-triplet mixing via SOC
is inefficient in these biphenyl-Au(l11) complexes. This is the consequence of the highly stabilized
d orbitals of the Au(Ill) that do not mix efficiently with the m-system of the conjugated

chromophore. Hence, the metal atom helps to perturbate the excited state character, but only minor
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contribution is expected to the overall orbital composition of the low-lying excited state. This
picture is further corroborated by the analysis of the kinetic constant characterizing the emissive
excited state. Radiative (k) and non-radiative (knr) rate constants can be estimated from lifetime

and PLQY values by using the following equations (egns. 1-2):

kr=PLQY /1 (egn. 1)

an=(1-PLQY)/1 (eqgn. 2)

providing for all the derivatives similar kr values in the order of 0.26—4.9x10* s%, characteristic of
a moderately allowed radiative process. Hence, excited state deactivation processes are largely
dominated by radiationless pathways, with the exception of compounds of series 1 that display

better emission properties within the whole set of investigated molecules.

Thermal analysis

Thermal stability is an important parameter for evaluating the suitability of organometallic
compounds in view of their application in light-emitting devices. To evaluate the thermal
properties of these class of emitters, melting point determination and thermogravimetric analyses
were carried out and the corresponding thermograms are displayed in Figure S9-S12 of the ESI.
All the analysed biphenyl-based compounds possess melting point >250°C, much higher than that
recorded for the ppy-Au(lll) analogue compound 6 and in the same order of that of the Pt(Il)
counterpart 7. Interestingly, thermograms show a wide thermal stability range with 5% weight loss

temperature (Tse%) well above 200°C for all the investigated derivatives. Overall, these finding
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confirm the superior thermal stability of this class of organometallic emitters and prompted their

further use in light-emitting optoelectronic devices.

Electrochemical characterization

The electrochemical properties of complexes 1PFs, 3, 6 and 7 were assessed by cyclic voltammetry
(CV) recorded in acetonitrile with 0.1 M of tetra n-butylammonium tetrafluoroborate at room
temperature and are referred to saturated calomel electrode (SCE). Data are reported in Table 4
and Figure S13 of the ESI. Both (C"C)-based complexes 1PFs and 3 show a similar
electrochemical behaviour with an irreversible cathodic wave peaking at —1.42 and -1.53 V,
respectively. The platinum(ll) complex 7 shows a reversible cathodic process peaking at —1.65 V
at a similar potential than its [(C*C)Au]-based analogue 3. The dicationic (C*N)-based gold(I1I)
complex 6 shows a different electrochemical behaviour with a reversible cathodic peak at +0.17

V and two irreversible peaks at —1.61 and —1.73 V respectively.

Table 4: Reduction peaks for complexes 1PFs, 3, 6 and 7 in MeCN with 0.1 M TBABF4 vs SCE.

Complex Epc (V)
1PFs —1.42 (irreversible)
3 —1.53 (irreversible)

+0.17 (reversible); -1.61
6 (irreversible); —1.73
(irreversible)

7 —1.65 (reversible)
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Computational investigation

The structures of complexes 17, 2%, 3", 47, 5, 6" and 7* were optimized by mean of DFT in CH3CN
as the solvent. The computed geometric parameters (Table S2—S8 of the ESI) agree well with the
experimental data (Table 1). We present in Figure 6 the frontier orbitals of 3", as an example of
this series of complexes. The highest-occupied molecular orbital (HOMO) is located on the
biphenyl ligand and is an orbital with a pure m character. On the other hand, the lowest unoccupied
molecular orbital (LUMO) has a ¢ antibonding nature (do*) localized between the gold atom and
the four coordinated atoms of the ligand with a minor contribution of the phosphine phenyl rings.
On the contrary, the LUMO+1 is a ® bonding orbital involving the gold and the two ligands with
contribution of the m system of the biphenyl scaffold and very small contribution of the phenyl
rings of the PAP moiety. The nature of the FMOs in 6" are rather similar in nature as those
computed for derivative 3* (Figure S14), but the LUMO of the former compound is much lower
in energy than that of the latter (Table S8). In 7*, the HOMO is still mainly located on the
phenylpyrdine ligand but with some contribution from the metal (Figure S14), however the nature
of the LUMO is rather different compared to the series of Au(lll) complexes, being now also
located on the phenylpyrdine ligand with contribution from the platinum atom. This change in the
LUMO nature of 7* is reflected into the different behaviour towards reduction observed via
electrochemistry (see Table 4). The presence of a phenyl ring in 17 as a linker between the two
phosphorus atoms slightly modifies this picture (Figure S15). This phenyl ring contributes to both
LUMO and LUMO+1. The HOMO remains purely localized on the biphenyl in 1*. For all the
complexes, the HOMO-LUMO gap is in good agreement with the estimated E(0,0) value

calculated using the maximum of absorption at the longer wavelength flank (Table S8).
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Figure 6. Isodensity surface plot of the FMOs of complex 3*: HOMO (bottom), LUMO (middle)

and LUMO+1 (top).
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The computed absorption spectra are reported in Figure 7. The computed spectra of 1* exhibits a
shoulder around 300 nm and an intense peak centred at 260 nm in good agreement with
experimental data (Table 2, Aaps = 262 and 318 nm for complex 1PFs, for example). A very weak
absorption band is also present at 409 nm. This band is generated by the first computed singlet for
1* (1S4, Figure 8), which is a transition with intraligand character localized on the biphenyl (*ILcc)
(CC = biphenyl) admixed with a charge transfer process from the biphenyl towards the gold
(!LccMCT) and from the biphenyl to the diphosphine ligand (*LccLeeCT), where PP =

diphosphine.
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Figure 7. Computed absorption spectra of 1* (blue), 2* (brown), 3" (green), 47 (lilac), and 5* (grey)

in acetonitrile.
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Figure 8. Nature of the computed singlet (top) and triplet (bottom) states at Franck-Condon (FC)
geometry of 1%. Subscript CC and PP stands for the biphenyl ligand and diphosphine ligand,

respectively.

The computed intense band at 260 and 300 nm is the result of the contribution of several
electronic transitions (Table S9 of the ESI). The shoulder around 300 nm is mainly due to the
eighth singlet state (1Sg), which has a largely mixed nature with a major contribution from *ILpp.
The band at higher energy (260 nm) is generated by several singlet states, the most important being
1S13, 1S15, 1S16, 1S17, 1S22, 1S26, 1S28, 1Sa1, 1Sa4, 1S36 and 1Sa0. All these electronic transitions
have similar oscillator strength (Table S9) and are mainly ILpp and LccLeeCT with minor
LepLccCT, MLpeCT and Lcc contributions.

The absorption spectra of complexes 2%, 3%, 4" and 5" are similar both in nature and energy to
that of 1" (Figure 7 and Table S10-S13). Especially the nature of the frontier molecular orbitals
(FMOs) is similar for all complexes (Figure 6).

To gain deeper insights into the luminescence properties of the investigated complexes the
lowest triplet state (T1) of the different structures were optimized. The potential energy surface
(PES) of the state T, exhibits several local minima. A first optimization leads to a structure (T1a)
originating from the HOMO-LUMO transition (Figures S16 and S17 of the ESI). This implies the
population of the do* orbital between the metal and both ligands. Upon geometry optimisation,
distortion of the coordination sphere around the gold atom from a roughly square-planar to a
flattened tetrahedral environment is observed. This can be illustrated by the increase of the C-C—
P-P dihedral angle from 1.4° in the ground state of 1" to 22.0° in the Tia geometry (Table 5).

Similar trend is observed in the other complexes.
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A second minima of the T1 PES, namely Tib, corresponds to a highly distorted structure. In
Tib, the complexes adopt a cis-divacant arrangement (Figure S18). This state has a very mixed
nature (see Figure 9) with some degree of metal centred (MC) character.

For 1%, a third minimum of the T1 PES (T1c) is obtained and can be described as roughly issued
from the HOMO to LUMO+1 excitation. This state corresponds to the T, at ground state geometry.
Upon geometry optimization, the overall shape of the complex remains the same as illustrated by

the «/C—C—P—P dihedral angle of —0.1°.

1.0 BNC
., 08} ~MTLcc
Z06) {S1Lpp
g B MLccCT
=04 | EMLppCT
“ 021 1 0LeecMCT
0.0 ELppMCT
’ ELppLceCT
T1(GS) T2(GS) Tla T1b Tlc O LecLppC'T

Triplet states of 17
Figure 9. Nature of the T1 and T, states at Franck-Condon geometry of 1%, namely T1(GS) and

T2(GS), and of Tia, T1b and Tic at their optimized geometry. Subscript CC and PP stands for the

biphenyl ligand and diphosphine ligand, respectively.

In complex 1%, the most stable minimum of the T1 PES corresponds to the structure of Tib
according to the Estn energies (see Figure S16 in ESI for details on definition). The associated
emission wavelength computed at 4733 nm is far in the IR domain, corresponding to a quenching
state in agreement with the experimental data in solution. The lowest emissive state is T1a, which
emits at 639 nm in solution, also deviates from the experimental values recorded in solid state at
510 and 543 nm (Table 3). The origin of such discrepancy can have a two-fold origin. On one
hand, the above values are computed in solution whereas the experimental emission are recorded

in solid state. On the other hand, the nuclear flexibility associated to T1a has been neglected so far.
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Indeed, the evolution of the coordination sphere due to the out-of-plane distortion generates two
formally degenerate minima (Figure S17) associated to a positive and negative value of the C—C—
P—P dihedral angle. Using GAUSSIAN, we were able to locate the transition state separating the
two conformers of Tia of 1*. The energetic barrier has AG* as small as 2.7 kcal/mol, which is
negligible at room temperature. Nevertheless, at this stage we cannot conclude whether an ultrafast
hopping process between these two isoenergetic localized minima or a delocalization between
these two triplet states takes place. In both cases, computed wavelengths are in reasonable
agreement with the experimental value recorded in the solid state. This point requires further

investigation, but it is out of the scope of the present manuscript.

Table 5. Energetic and structural parameters computed for complex 1*. Energetic and structural
parameters calculated for ground and different triplet exited state geometries. Distortion (Eaist),
emission (Eem) and stabilisation energies (Eswn) are given in eV. Emission wavelength (em) IS
given in nm. Distances are expressed in A and dihedral angles in [°]. ® GAUSSIAN calculations;

b) structure of the transition state.

GS Tia Tib Tic Tia? T1a2b
Edist 0.481 2.019 0.338 0.493 0.378
Eem 1.941 0.262 2.273 1.957 2.187
Estab 2.422 2.281 2.610 2.450 2.565
Aem 639 4733 545 634 567
Au-C 2.086 2.136 2.307 2.066 2.124 2.071
Au-C 2.087 2.114 2.100 2.067 2.140 2.071
Au-P 2.425 2.474 2.405 2.423 2.459 2.431
Au-P 2.432 2.428 2.502 2.418 2.494 2.431
Co—Cp 1.463 1.424 1.471 1.384 1.426 1.384
Z/C-C-P-P 1.4 22.0 71.7 -0.1 -21.3 0.0
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The PES of T; for the complexes 2%, 3%, 4" and 5" present a Tia state similar to that of 17,
associated to an out-of-plane dihedral angle ranging from 15 to 30° (see Table S2-S7). As for 17,
several conformational minima are associated to Tia connected by almost planar transition state.
That computed for 3%, following the same method as for 1*, leads to a barrier of 4.0 kcal/mol. For
all these complexes, a T:b minimum lower in energy than T1a, was also found, which is most likely
responsible of the emission quenching in solution. Finally, another minimum (T1d) was found for
2", which is a conformer of Tia. The nature of the state is the similar, but one of the Au-P bonds
is broken with a distance of 3.743 A (see Supplementary Information).

The anion effect observed on series 1 complexes was explored as well. The same study as for
1* was performed on the complex 1Cl with an explicit chloride anion included in the calculation.
The effect on the absorption spectra is small and especially the nature of the frontier orbitals remain
the same as in 17 (Figure S15). However, the optimization of the potentially emitting states T1a
and Tc put in evidence a significant effect on the luminescence properties. Especially in 1Cl, the
emission wavelength of T.a display a sizeable hypsochromic shift, being computed at 557 nm (vs.
639 nm for T1ain 1%). This shift is associated to a reduction of the C-C—P—P out-of-plane distortion
which is reduced to —10.6° in 1CIl compared to 22.0° in 1*. This highlights the crucial role played
by the out-of-plane distortion in the emission properties of the investigated series of complexes
and the origin of the anion effect which is due to its influence on this distortion.

From all these data, we can rationalise the experimental emission properties as follows. In
solution, the complexes are not luminescent since excitation energy is funnelled into the lowest-
energy quenching structure T1b, which is computed to emit in the IR domain. Hence, strong non-
radiative vibronic coupling is expected between this state and the ground state. However, the

presence of free coordination sites in the coordination sphere, which corresponds to a cis-divacant

30



octahedron, paves the way for further radiationless mechanisms, such as complex-solvent exciplex
formation, solvent coordination and ligand de-coordination. This latter case would be most likely
associated to the neutral diphosphine de-coordination.

In solid state, such detrimental and large structural changes are prevented by the crystal packing
effect and rigidification of the environment, thus the emission properties of the complexes are
restored. After relaxation of the excited state, the square-planar arrangement around the 5d2 Au(lI1)
centre becomes highly distorted due to the population of the anti-bonding do* Au-—L orbital
(HOMO, Figure 6). This population leads to a flattened tetrahedral structure as shown by the values
computed for the C—C—P—P dihedral angle and generates two minima connected by a transition
state. The computed values for the energetic barrier are rather small and the computed emission
wavelength fairly agrees with the experimental values. This is further supported by the calculation
effect on 1CI complex compared to the free cation 1*. We observe a strong blue shift of the
emission wavelength associated to a reduction of the out-of-plane distortion. This suggests that the
anion effect is not due to a change in the state nature, but to constraints imposed on the structure
distortion. Furthermore, we propose that the difference observed between the complexes excited
state lifetime is linked to interconversion barrier between the minima and the value of the C-C—
P—P angle. Furthermore, the state Tic being close to Tia can contribute to the emission. Finally,
we attribute the loss of emission of complex 2* to the presence of the T1:d minimum that leads to a

partial de-coordination of the phosphine ligand.

Electroluminescent characteristics of LECs

The LECs employing complexes 1PFs and 3 were fabricated and measured to test their EL

properties. The EL characteristics of these LECs are summarized in Table 6. The EL spectra of the
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LECs based on complexes 1PFs and 3 with various emissive-layer thicknesses are shown in Figure
10a and 10b, respectively. To realize better device performance, constant currents and constant
voltages were employed for measuring the LECs based on complexes 1PFs and 3, respectively.
For each LEC with certain device thickness, the current or voltage was chosen to achieve the best
device efficiency. Since complexes 1PFs and 3 possess similar molecular structures, the LECs
employing both complexes exhibited similar yellow EL spectra. In addition, the EL spectra of
LECs resemble the PL spectra of their emissive layers. It confirms that similar mechanisms are
responsible for both EL and PL emission. However, the EL spectra of the LECs with thicker
emissive layers showed EL spectra deviated from the PL spectra slightly. It can be attributed to
the modified microcavity effect induced by the adjusted device optical structure.>>>’

The time-dependent voltage, brightness, and EQE of the LECs based on complex 1PFs with
various emissive-layer thicknesses are depicted in Figure 11a, 11b, and 11c, respectively. When
the LEC was operated under a constant current, the device voltage was initially high because of
the high carrier injection barrier into the undoped emissive layer. With the gradually established
electrochemically doped layers, the device voltage then decreased due to the subsequently reduced
carrier injection barrier. When reaching a steady state, a lower voltage was required to maintain a
lower device current. Since the initial voltage was high to enforce the target current to be injected
into the device, the brightness increased rapidly after the current was applied owing to improved
carrier balance. The brightness then decreased with time gradually due to the material degradation
and/or the exciton quenching by the extending doped layers.>® Under a constant current, the EQE
followed the same temporal evolution trend as brightness. The peak EQE reached ca. 1% for the

LEC based on complex 1PFs with the optimized emissive-layer thickness (158 nm). These data
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reveal that moderate device efficiency can be obtained from the LECs based on the proposed ionic

gold complex 1PFe.

Table 6. Summary of the EL characteristics of the LECs based on complexes 1PFs and 3.

i B
Concentrati -, . _ max  Text —
TP, max
Complex on (mg mL- Thicknes Operation ELmax CIE 1931

s(nm) condition® (nm)¢ (x,y) (cdm?) ma)xe (cd AL) f (lm;N'l)

1) a d (%

40 100 15puA 559 (5’5453) 1601 034 107 042
1PFe 60 158 luA 561 (5’543?) 256 098 256  1.10
80 236 3pA 521 93T 27 083 250 082

0.58)
80 235  10v  ss0 OAL 097 057 177 o056

0.56)
3 100 289 11V 570 (5)5417) 064 088 248 071
120 357 11V 561 (5’5425) 050 068 158 045

2Solution concentration for spin coating at 2000 rpm. ® Constant current or constant voltage. ¢ Stabilized
EL emission peak wavelength. ¢ Maximal brightness. ¢ Maximal external quantum efficiency. f Current

efficiency. 9 Power efficiency.

On the other hand, the time-dependent current, brightness, and EQE of the LECs based on
complex 3 with various emissive-layer thicknesses are shown in Figure 12a, 12b, and 12c,
respectively. After a constant bias was applied, the mobile ions in the emissive layer of the LEC
drifted toward electrodes and lead to gradually formed electrochemically doped layers, leading to

increasing device current with time. However, the device turn-on speed of the LECs employing
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complex 3 was lower than that of the LEC based on complex 1PFs since the 1-butyl-3-
methylimidazolium hexafluorophosphate [BMIM*(PFs)~] concentration was lower. The
brightness and the EQE also increased gradually with device current due to improved carrier
balance. After reaching the peak value, the brightness and the EQE decreased with time gradually
because of the material degradation and/or the exciton quenching by the doped layers. The peak
EQE reached ca. 0.9% for the LEC based on complex 3 with the optimized emissive-layer
thickness (289 nm). Compared with complex 1PFs, slightly lower EL efficiency of complex 3 may
be attributed to the lack of phenyl ring for steric hindrance. In spite of many reported organic light-
emitting diodes (OLEDs) based on neutral Au(l) and Au(lll) complexes,'* the published LECs
employing ionic gold complexes are still scarce. To the best of our knowledge, this work
demonstrates the first LECs based on ionic gold complexes. It shows the potential of gold
complexes for use in LECs and opens a new avenue for this type of materials.

Based on the solid-state PLQY's shown in Table 3 (16% and 11% for complex 1PFs and 3,
respectively), the EQEs obtained from the LECs based on complex 1PFe and 3 reached ca. 30 and
40%, respectively, of their theoretical maximum values when considering the following equation

(eqn. 3) to determine the theoretical device EQE.

Nege™ Nout XV X Nsr X Noy eqn. 3
In this equation, 7eqk is the device EQE, 7out is the light outcoupling efficiency, y is the factor of
carrier balance, #s T is the emissive exciton generation efficiency and 7qy is the thin-film PLQY.
Nout 1S ca. 20% for a bottom-emitting device and s, is 100% for phosphorescent complexes. If the
carrier balance is perfect, y would be 100%. Measured EQEs were lower than the theoretical
maximum values due to imperfect carrier balance of the LECs. The degree of carrier balance of

the LECs based on complex 1PFe and 3 (y = ca. 30 and 40%, respectively) was significantly lower
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than that (y >70%) reported for the state-of-the-art LECs employing iridium complexes (EQE
>10%).>%° However, the device efficiencies of the proposed LECs based on gold complexes were

6162 or comparable with®%* those of the reported LECs employing copper

either higher than
complexes exhibiting similar emission spectra and PLQYs. Compared with ruthenium complexes,
the proposed gold complexes showed comparable EL efficiencies, but the yellow EL emission
spectra of gold complexes were beneficial in obtaining higher current efficiencies (cd A™') and
power efficiencies (Im W) due to better spectral overlap with the spectral sensitivity of human
eyes.566 These comparison results indicate that similar to iTMCs other than the iridium
complexes, more sophisticated studies on enhancing the PLQY's of gold complexes and improving

the carrier balance of the LECs based on gold complexes would be required for them to reach the

device performance of LECs based on iridium complexes.
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Figure 10. Thickness-dependent EL spectra of the LECs based on complexes (a) 1PFs and (b) 3.
The device thickness and driving current/voltage of each device are shown in the inset. The PL

spectra of the emissive layers are also shown for comparison.
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Figure 11. Time-dependent (a) voltage, (b) brightness, and (¢) EQE of the LECs based on complex

1PFs. The device thickness and the driving current of each device are shown in the inset.
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Figure 12. Time-dependent (a) current density, (b) brightness, and (c) EQE of the LECs based on

complex 3. The device thickness and the bias voltage of each device are shown in the inset.

Conclusions

The synthesis of a series of ten novel organometallic gold(l11) complexes of general formula

[(CrC)AuU(P~P)]X is described by varying the nature of the chelating diphosphine ligand and the
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counterion. The dicationic [(C*N)Au(P*P)](PFe)2 and platinum(Il) [(C*N)Pt(P*P)]PFs analogues
have also been synthesized for comparison purposes. Among these, the single-crystal structure and
packing of seven complexes was unambiguously assessed by means of X-ray diffractometric
analysis that confirmed the absence of intermolecular interactions, e.g. Au—Au short contacts
and/or rt-stacking. The complexes appeared to be strongly luminescent in solid state as neat powder
samples. The influence of the nature of both the diphosphine ligand and the counteranion was
investigated with 1CI showing the highest quantum yield (39%). The nature of the emission was
ascribed to a 3LC localized on the formally bis-anionic C~C ligand as also confirmed by TD-DFT
calculations. Due to their favourable thermal and electrochemical stability and strong
luminescence properties, complexes 1PFs and 3 were selected for the fabrication of solution-
processed LECs. The device made using 1PFs displayed a gree