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/Abstract: Highly tunable and rich phosphorescent emission
properties based on the stable monocyclometalated gold(lll)
monoaryl structural motif are reported. Monochloro com-
plexes of the type cis-[(NAC)Au(C¢H,(CF;);)(Cl)] NAC=2-phe-
nylpyridine (ppy)] (1), [INAC=benzo[hlquinoline (bzq)] (2),
[NAC=2-(5-Methyl-2-thienyl)pyridine (5m-thpy)] (3) were
successfully prepared in modest to good yields by reacting
an excess of 2, 4, 6-tris(trifluoromethyl)phenyl lithium
(LiFmes) with the corresponding dichloride complexes cis-
[(NAC)AuUCL,]. Subsequent replacement of the chloride ligand
in 1 with strong ligand field strength such as cyanide and
terminal alkynes resulted in complexes of the type cis-
[(ppy)Au(Fmes)(R)] R=CN (4), | (5), =C—C4H; (6) and C=C—
CeHuN(CeHs)-p (7). Single crystal X-ray diffraction studies of
all the complexes except 7 were performed to further cor-
roborate their chemical identity. Thermogravimetric analysis
(TGA) studies of the uncommon cis configured aryl alkyne

\

complex 7 confirmed the high stability of this complex. De-
tailed photophysical investigations carried out in solution at
room temperature, at 77 K (2-MeTHF) in rigidified media,
solid state and 5 wt% PMMA revealed the phosphorescent
nature of emission in these complexes. Additionally, their be-
havior was found to be governed based on both the nature
of the cyclometalated ligand and the electronic properties of
the ancillary ligands. Highly efficient interligand charge
transfer in complex 7 provides access to a wide range of
emission colors (solvent-dependent) from deep blue to red
with phosphorescence emission quantum yield of 30%
(441 nm) and 39% (622 nm) in solution and solid state, re-
spectively, and is the highest reported for any Au" com-
plexes. DFT and TDDFT calculations carried out further vali-
dated the observations and assignments based on the pho-
tophysical experimental findings.

/

Introduction

Luminescent molecules based on gold(lll) complexes have re-
cently gained tremendous significance owing to their potential
applications in the field of phosphorescent organic light emit-
ting diodes (PHOLEDs) and photocatalysis.! Owing to the
huge potential in solid-state lighting and full color display ap-
plications, PHOLEDs have gained increased attention over the
years. The attractiveness is due to the leveraging of 100% in-
ternal quantum efficiency facilitated by the efficient intersys-
tem crossing, which is enabled by the presence of the heavy
atom.” In contrast to the vast investigations on Ir" and Pt
complexes,® exploration into phosphorescent emitters with
other metal centers are quite scarce. In particular, gold(lll) com-
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plexes which are isoelectronic to the Pt' complexes have been
less common in spite of the attractive properties such as low
toxicity, inertness and its environmentally benign nature.”
Also, in comparison to the rich luminescent properties of Au'
complexes, Au" complexes that display intense luminescence
both at room temperature in solution and in solid state are un-
common.*! The lack of large number of luminescent gold(lll)
complexes can be attributed to the non-radiative excited-state
deactivation caused by the low lying d-d states that are ener-
getically close to the potentially emissive intraligand (IL) or
metal-to-ligand charge transfer (MLCT) states.™™ A successful
strategy developed by the groups of Yam and Che pertains to
the use of strong field ligand such as alkynes and N-heterocy-
clic carbenes (NHC) with good o-donating properties in order
to decrease the probability for thermal population of non-
emissive d-d states.'*'" Recently, Yam’s group demonstrated
a maximum external quantum efficiency (EQE) of 11.5% for an
OLED device employing biscyclometalated Au" complex as
a dopant with an emission quantum vyield of 34% (2 wt%
PMMA).'*? Aside from this isolated example, there are no re-
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Nearly all of the reported luminescent Au" complexes con-

sist of the biscyclometalated tridentate ligand scaffold in order
to avoid molecular distortions. These distortions could lead to
symmetry decrease from D,, to D,, which is known to facili-
tate non-radiative excited state decay and decrease the stabili-
ty of organogold(lll) complexes, since they readily undergo re-
ductive elimination to give carbon-carbon coupling products
and gold(l) species, especially in the presence of light.*® In
view to overcome the stability issues, we recently reported the
first luminescent bidentate monocyclometalated Au" com-
plexes stabilized by pentafluorophenyl ligands.” Following this
work, Yam’s group and our group independently reported the
first examples of luminescent monocyclometalated Au" com-
plexes bearing dialkynes as ancillary ligands in cis configura-
tion.""” We had also shown that functionalized alkynes bear-
ing even one fluorine group showed marked improvements in
stability. In comparison to the Au" dialkyne complexes, com-
plexes ligated with pentafluorophenyl ligands were found to
be more stable. Although the monocyclometalated complexes
provide one additional substitution/coordination site in com-
parison to the biscyclometalated complexes, the former also
shows greater tendency for reductive elimination when two
aryl ligands or alkyne ligands are coordinated cis to each other
due to the highly oxidizing nature of the gold. Despite the
considerably improved stability and the luminescent properties
of Au" complexes, significant improvements in emission quan-
tum efficiency is still lagging behind the isoelectronic Pt" ana-
logues. A recent study highlights the challenges associated to
obtain stable Au" complexes in spite of using a tridentate
ligand core.”™ In order to obtain monocyclometalated Au"
complexes with highly tunable emission properties and good
emission quantum yields, we have explored a promising strat-
egy in this work that involves the use of 2, 4, 6-tris(trifluorome-
thyl)phenyl or fluoromesityl (Fmes) as a primary ancillary
ligand. The introduction of the ligand into the coordination
sphere was thought to result in stable complexes due to the
strong electron withdrawing nature of the fluorine atoms in
the ligands, which could increase the metal m-back bonding
and as a consequence strengthening the gold-carbon bond. In
addition the sterical demand and the electronic nature of the
ligand should deactivate the Au" center from the substitution
of the second chloride ligand upon binding and also Fmes
being a strong field ligand would raise the energy of the non-
emissive d-d states with respect to the emissive states consid-
erably and render the resulting complexes emissive. This
would further allow for the second chloride to be replaced by
other secondary ancillary ligands having different ligand field
strengths and electronic properties to tailor the emission prop-
erties and increase emission efficiency of the complexes.
Herein, we report the synthesis, structural and photophysical
investigations of novel monocyclometalated Au" monoaryl
complexes that display phosphorescence emission at room
temperature in solution, neat solid and in PMMA. The emission
wavelength energies were highly tunable depending on the
cyclometalating ligand and replacement of the chloride ligand
with electronically different ligands such as cyanide and al-
kynes allowed successfully to achieve good quantum efficien-
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cies. The quantum efficiencies achieved in the solid state and
solution at the red and deep blue region, respectively, are
among the highest reported for monocylometalated Au" com-
plexes reported until now. To the best of our knowledge, this
work also represents the first report of highly stable Au" com-
plexes bearing a monodentate aryl and alkyne ligand cis to
each other and successful utilization of Au" complex to ach-
ieve widely tunable emission properties across the visible spec-

trum depending on the microenvironment of the complex.

Results and Discussion

Syntheses of complexes

Owing to the successful preparation of Au" diaryl complexes

starting from cyclometalated Au" dichlorides by addition of
lithiated aryl carbanions,® we chose to adopt a similar synthet-
ic strategy to obtain the desired monoaryl complexes. Treat-
ment of the in situ generated Fmesli (6equiv) with
[(ppy)Au"Cl,] in Et,0 at 45°C for 24 h gave the corresponding
Au" monoarylchloro complex [(ppy)Au(C¢H,(CF;)5)(CN] 1 after
purification in 77% yield (Scheme 1). Reactions carried out

N Cl Cl
/ s, CF
( :Au\ C:Au 8

FsC Fs
A-C

B B
CN /N /N
C 57X

1 3

N
HsC
Scheme 1. Synthesis of complexes 1-3.

FMesLi
Et,0, 40 °C

with less than 6 equivalents of the FmesLi gave lower yields.
This finding is consistent with a previous report involving Pd"
complexes, where the reaction required excess of FmesLi to
achieve the desired product.” Our synthetic strategy is differ-
ent to the previously reported methodology by Tilset and co-
workers starting from Au" diacetate.”

The 'H NMR spectrum of complex 1 closely resembled the
corresponding starting dichloride complex and displayed only
marginal deviations in the chemical shifts along with the pres-
ence of an additional new singlet resonance at 6 =8.16 ppm
corresponding to the Fmes ligand. The *C NMR spectrum of
1 revealed a characteristic signal for the quaternary carbon of
the Fmes bound to the gold center at 6 =143.8 ppm. The
'F NMR studies gave two singlet resonances corresponding to
the o-CF; and p-CF; groups at 6 =—64 and —61 ppm, respec-
tively, confirming the presence of the Fmes ligand. A single
crystal X-ray diffraction study carried out further corroborated
the structure of complex 1. Following similar route as for 1,
but using only 4 equivalents of FmesLi, complexes [(bzq)Au-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@2 ChemPubSoc
x Europe

(CgH,(CF5)5)(CN1 2 and [(5m-thpy)Au(CgH,(CF,);)(CN)] 3 bearing
different cyclometalating ligands were prepared in yields of
32% and 24 %, respectively (Scheme 1).

In order to tune the photoluminescence properties of the
monocyclometalated Au" monoaryl complexes, the substitu-
tion of the chloride with electronically different ligands such as
cyanide, iodide and alkyne was sought. These ligands were ex-
pected to attenuate the position of the non-emissive metal-
centered d-d states due to the different o-donation properties
of the ligands. Treatment of complex 1 with a slight excess of
tetrabutylammonium cyanide in CH,Cl, at room temperature
for 24 h gave 4 in 92% vyield after purification (Scheme 2). The
3C NMR spectrum of 4 in CD,Cl, showed a characteristic reso-
nance at d=206.8 ppm for the carbon atom of the cyanide
ligand bound to the gold center. The IR spectrum of the com-
pound exhibited a strong stretching vibration at 2164 cm™'.

A single crystal X-ray diffraction study further corroborated
the identity of the complex (Figure 1). The complex was found
to be stable in air and in common organic solvents for pro-
longed periods of time and no signs of degradation was ob-
served. While complex (ppy)Au(Fmes)l 5 was easily prepared in
63 % yield by treating 1 with Nal in acetone at 40°C for 24 h
(Scheme 2), new reaction protocols were required to achieve
complexes 6 and 7. Our initial attempts to synthesize complex
(ppy)Au(Fmes)(C=C—C¢H;) 6 directly from 1 by addition of lithi-
um acetylide or by a transmetalation reaction involving copper
acetylide in the presence of an amine in CH,Cl, did not result
in the expected product. Ag' phenylacetylide generated in situ
by treating trimethylsilyl phenyl acetylene with AgOTf in
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Scheme 2. Synthesis of complexes 4-7.
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Figure 1. X-ray molecular structures of 1-6 with thermal ellipsoids drawn at the 30% probability level. Disorders are omitted for clarity.
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MeOH was stirred with complex 1 in CH,Cl, at room tempera-
ture (Scheme 2)."° Further work-up and purification using
column chromatography gave complex 6 in 30% yield. Adopt-
ing similar reaction conditions for the preparation of 7 resulted
in a dismal yield. However, optimal reaction conditions were
successfully obtained by generating in situ the Cu' acetylide
starting from (4-diphenylamino-phenyl)trimethylsilyl alkyne,
CsF and Cul in DMFE"%®! which after subsequent treatment with
complex 1 in DMF gave the desired complex 7 in 49% yield
(Scheme 2). Extensive characterization of complexes 6 and 7
was carried out using 'H and "*C NMR, 2D NMR studies, ele-
mental analysis and the chemical identity was additionally cor-
roborated for 6 by a single crystal X-ray diffraction analysis.
The "*C NMR spectrum in CD,Cl, showed two characteristic res-
onances at 0 =126.2 and 134.2 ppm for complex 6 that can be
attributed to the C, and C; of the alkyne bound to the Au'"
metal center, respectively. Similar resonances were shifted
downfield for 7 at 6 =115.9 and 103.5 ppm.

The influence of the different ancillary ligands on thermal
stability of the selected complexes 1, 4 and 7 were evaluated
in the solid state using thermogravimetric analysis (TGA) (see
Figures S1-S3 in the Supporting Information,). While 4 bearing
the cyanide ligand showed the highest stability with the onset
of total degradation (T,) at 300°C, 1 with the chloride ligand
was found to be the least stable with a T, at 223°C. Complex
7 has a Ty at 235°C. An initial weight loss (T~5%) was mea-
sured to be 60°C for complex 1 and 114 °C for both complexes
4 and 7. These relative stabilities are in accordance with the
different kinds of bonding situations of the secondary ancillary
ligands to the Au" center.

Structural characterization

X-ray diffraction studies were performed for complexes 1-6
with single crystals obtained by slow evaporation of the con-
centrated solution of the complexes in dichloromethane with
a layer of pentane at 0-5°C. The perspective views of the mo-
lecular structures are shown in Figure 1. Table 1 displays select-
ed bond lengths and angles for all structures while the crystal-
lographic details are provided in the Supporting Information. A
distorted square planar geometry is observed resulting from
the coordination environment around the gold center. This be-
havior is expected for square-planar d® systems with non-
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equivalent ligands, especially with the constraints of our che-
lating cyclometalated ligands (NAC). The compound
(5m-thpy)AuCl(Fmes) presents two polymorphic crystal struc-
tures 3a (monoclinic, P2,/c) and 3b (triclinic, P1), both poly-
morphs are reported in our manuscript (see the Supporting In-
formation for 3b). The bond distances Au—N and Au—Cy.c
were found to lie in the ranges 2.083(2)-2.117(2) A and
2.004(3)-2.052(3) A. They are significantly longer than those re-
ported in the X-ray structure of the starting dichloride com-
plex™ which exhibits values of 2.034(1) and 1.950(2) A, respec-
tively. The former Au-N distances are also slightly longer than
those found for analogous NAC Au" complexes, between
2.052(2) and 2.082(2).”” The bond distance Au—Cl in complexes
1-3 is in the range 2.3384(12)-2.3525 (6) A. These values are
very similar to the one of 2.361(8) A reported in the dichloride
complex, for which a structural trans influence was observed
for the Au—Cl bond distances (a shorter value of 2.282(5) A is
reported when trans to the pyridyl nitrogen). In 1-3 the chlo-
ride ligand is always trans to the Au-Cy.c bond and the Au—Cl
bond length shows no real deviation with the change of the
cyclometalating core. The same observation can be done for
the Au—C;,., bond length which only varies by £0.014 A in
1-6. The Au—C,,,, bond trans to the carbon atom of the pyr-
idyl ring in 6 is 2.039(3) A and falls in the range of 1.993(2)-
2.052(2) A found for analogous complexes.” The bond angle
X—Au—Cepes (X=Cl, Cey, | Or Ceepy) is always nearly ideal around
90° in the range 88.12(10)-91.93(12)°, except for 3a where it is
significantly larger with 93.13(8)°. The polymorphic structures
3a and 3b, which present significantly different CI-Au—C,.,
bond angles of 89.25(13) and 93.13(8)° are very good examples
to support the evidence that the geometric parameters, espe-
cially bond and dihedral angles, have to be considered with
care because they can be perturbed by packing forces and in-
termolecular interactions. The opposite N—Au—Cy.c chelate
bite angles of the complexes are all smaller than 83.18(12)°
(for 2) while the neighboring Cy—Au—Cees and N—Au—X
bond angles are contrarily greater than 92.74(13)° and
94.34(8)°, respectively (except for 3a for which the former
angle is 91.59(11)°; Table 1). The Fmes ligand is almost perpen-
dicular to the chelating metallacycle in each structure. The di-
hedral angle defined by the mean planes of the NACAUXCg.,
core and the six-membered ring of the Fmes ligand is in the
narrow interval of 88.49(7)-89.43(8)°. For complex 6 the dihe-

dral angle shows a larger devia-

tion from the idealized 90° angle

Table 1. Selected bond lengths (A) and angles (°) for 1-6. but only by about 5° with
84.97(9)°. The phenyl ring of the
! 2 3a 3b 4 5 6 alkynyl ligand is almost coplanar
Au—-N 2.083(2) 2.089(2) 2.117(2) 2.103(4) 2.085(2) 2.100(3) 2.086(3) with the metallacycle and conse-
Au—Cync 2.019(2) 2.005(3) 2.004(3) 2.005(4) 2.038(3) 2.037(3) 2.052(3) quently perpendicular to the
AU—Cres 2.014(2) 2.017(3) 2.019(3) 2.015(4) 2.027(3) 2.028(3) 2.023(3) F liaand with dihedral |
Au—X® 23525(6)  2.3452(8)  23414(8)  23384(12)  20453)  26557(3)  2.039(3) mes figand with dihedral angles
Au--Au® 6.5872(2)  6.8605(2)  7.4738(1)  6.1874(3) 6.2639(4)  7.7450(5)  7.1495(4) | of 13.1(2) and 74.10(9)° between
N—Au—Cync 81.49(9) 83.18(12) 80.89(10) 81.54(17) 80.98(11) 80.95(14) 80.80(12) the mean planes, respectively.
Cunc—AU—Cemes  9423(10)  93.59(13)  91.59(11)  94.55(18) 93.08(11)  9399(14)  9274013) | The intermolecular Au-Au dis-
Ceme—AU—X 88.98(7) 88.90(9) 93.13(8) 89.25(13) 90.13(11)  88.12(10)  91.93(12)
X—Au-N 9530(6)  9434(8)  9451(7)  9463(11) 9577(10)  9696(9)  oaes(12) | tances of 6.1874(3) A for 3b and
6.2639(4) A for 4 were found to
[a] X=CI (1-3b), Ccy (4), | (5) or Ceepp, (6). [b] Shortest Au--Au distance in the crystal structure. be the shortest ones among all
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Table 2. Photophysical data for complexes 1-7.
Complex Absorption Medium Emission Pem k, Ko
(TIKD) Amax [NMY] (7, [us]) [%] [s'1x10% [s'1x10°
1 319 (8760) CH,Cl, (298) 456, 488, 515 (0.49) 0.4 8.2 20.3
glass (77) 452, 485, 513 (0.64) -
solid (298) 456, 489, 516 4.2
PMMA (298) 456, 488 23
2 340 (1760), CH,Cl, (298) 464, 497, 533 (0.53) 0.86 16.2 18.7
355 (3140), glass (77) 464, 472, 497 (0.63) -
372 (3640) solid (298) @ el
PMMA (298) @ @l
3 291 (13360), CH,Cl, (298) 557, 588 (0.93) 0.49 53 10.7
369 (8820) glass (77) 537, 582, 636 (0.62) -
solid (298) @ @l
PMMA (298) 544, 589 8.5
4 323 (8960) CH,Cl, (298) 459, 493, 520 (2.25) 7.49 333 41
glass (77) 454, 478, 523 (0.61) 20
solid (298) 458, 490, 521 12
PMMA (298) 460, 490
5 310 (8485) CH,Cl, (298) 456, 488, 517 (0.17) 2.18 128.2 575
glass (77) 453, 486 (0.50) -
solid (298) @ el
PMMA (298) @ el
6 316 (9800) CH,Cl, (298) 458, 490, 519 (2.23) 1.07 4.8 4.4
glass (77) 454, 484, 516 (0.61) -
solid (298) 456, 488, 518 7
PMMA (298) 454, 487 28
7 323 (44600) CH,Cl, (298) 612 (0.90) 10.0 67.8 104
glass (77) 421, 464, 485 (0.53) -
solid (298) 620, 649 39
PMMA (298) 523 14
[a] Very weak emission.

complexes, the other distances lie between 6.5872(2) and
7.7450(5) A. Any significant aurophilic interactions could be
ruled out, since the Au--Au distances are not shorter than the
sum of the van der Waals radii between the gold atoms in the
crystal lattices. Again, it is interesting to report the difference
between the polymorphic structures of (5m-thpy)AuCl(Fmes)
with Au--Au distances of 6.1874(3) A for 3b and 7.4738(1) A for
3a.

UV/Vis absorption studies

The photophysical data for the complexes are summarized in
Table 2. The UV/Vis profiles of complexes 1-3 are shown in
Figure 2. The shape of the bands closely resembled to those of
the respective free ligands, but with strong bathochromic
shifts. While complex 1 exhibits a low-energy absorption
maxima at 319 nm, complexes 2 and 3 feature bands that are
more red shifted to 372 and 369 nm, respectively (Table 2).
These shifts are caused due to the internal charge transfer
and the increased m-delocalized nature of the cyclometalat-
ing ligand of the respective complexes.? The complexes
possess molar extinction coefficients in the order of
10*-10* dm®*mol~'cm™". Substitution of the ancillary chloride
ligand in 1 had varying effect on the absorption maxima of
the corresponding substituted complexes 4-7. This behavior is
in contrast to our previously reported diaryl complexes, where
no change was observed with electronically different aryl lig-
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Figure 2. Electronic absorption spectra in CH,Cl, at room temperature and
normalized emission spectra of 1-3 in degassed CH,Cl, at room tempera-
ture.

ands.®” The UV/Vis profiles of 4, 5 and 6 are shown in
Figure 3. While complex 4 has its absorption maxima at
323 nm, complexes 5 and 6 display a hypsochromic shift of
the absorption band to 310 nm and 316 nm, respectively. 7
has bathochromically shifted absorption maximum in compari-
son to 6 which is consistent with the electron donating sub-
stituent on the alkyne. The UV/Vis of 7 measured in solvents of
different polarity revealed a hypsochromic shift of 4 nm on
going from tetrahydrofuran to cyclohexane. This is indicative
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Figure 3. Electronic absorption spectra in CH,Cl, at room temperature and
normalized emission spectra of complexes 4-6 in degassed CH,Cl, at room
temperature.

of a less polar nature of the ground state with respect to the
excited state.

Emission studies

Complexes 1-7 showed an intense long-lived phosphores-
cence emission, both at room temperature in CH,Cl, (Figure 2
and 3) and at 77 K (2-MeTHF) rigidified media (Figures S5 and
S6 in the Supporting Information). While complexes 1 and 2
bearing ppy and bzq as the cyclometalating ligands displayed
a low vibronic structured emission band at similar wavelengths
at 488 nm and 497 nm, respectively, complex 3 ligated with
the 5m-thpy cyclometalated core displayed the band at
a more redshifted wavelength of 588 nm (Table 2). These differ-
ences in the emission maxima can be attributed to be arising
from different m-nt* energies of the different cyclometalating
ligands, which is indicative of the strong participation of the
cyclometalate in the excited state. In very much akin to the
isoelectronic cyclometalated Pt", this behavior of the Au" com-
plexes offers an effective way to tailor the desired emission en-
ergies by using cyclometalated ligands with varying n—w* ener-
gies. The vibrationally structured emission profiles of com-
plexes 1-3 at room temperature coupled with lower microsec-
ond range excited-state lifetime and the low radiative rate con-
stant is strongly suggestive of the origin of the emission to be
a predominantly intraligand charge transfer (ILCT) parentage.
The excited-state lifetime of these complexes in the lower
micro second range along with the large Stokes shifts and
quenching of the emission under aerobic conditions confirms
the phosphorescent nature of the emission in complexes 1-3.

The emission wavelength maxima for complexes 4-6 in
CH,Cl, showed a negligible shift, however, a significant change
both in the emission profile and emission wavelength maxima
was observed in the case of complex 7. The photophysical
properties of 7 are discussed separately in detail. While 4 has
its emission wavelength maximum at 493 nm, for complexes 5
and 6 it was found at 488 nm and 490 nm, respectively. The
similar range of the emission wavelength maxima is suggestive
of emission origin from a common parentage. The Stokes
shifts for the three complexes were in a range between 170 to
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178 nm. It can also be estimated that their energy band gap
ni—wt* is similar to each other. Although the preliminary photo-
physical measurements point to the lesser role of the ancillary
ligands such as chloride, cyanide, iodide and phenylacetylene
on the photoluminescence propetrties, the electronic properties
of the ancillary ligands influence on the quantum efficiency in
the solid state is very significant and is quite varying. The
nature of the emission profiles of 4, 5 and 6 at room tempera-
ture suggests a predominant intraligand charge transfer CILCT)
character.

Since complex 7 displayed a different emission behavior in
comparison to 4, 5, and 6, the influence of the different media
on the emission behavior was deeply investigated. Table 3
summarizes the photophysical properties of 7. The UV/Vis ab-
sorption spectrum of 7 in dichloromethane at room tempera-

Table 3. Photophysical properties of complex 7 at room temperature.
Medium Absorption Emission T (78
Amax Inm] Amax Inm] [ps] [9%]
cyclohexane 329 441 1.25 30
toluene 329 518 0.42 24
DCM 323 612 0.90 10
THF 323 615 1.51 8
solid 334 622 - 39
PMMA 5% 334 494 - 14
PMMA 25% 334 501 - 16
PMMA 50% 334 51 - 21
PMMA 75% 334 523 - 26

ture shows the low-energy absorption maximum at 323 nm
and is similar to the other three complexes due to the same
cyclometalating core (Figure 4). Interestingly, complex 7 in di-
chloromethane at room temperature displayed a broad struc-
tureless emission band at 612 nm (Figure 4). The emission pro-
file is significantly shifted to lower energy in comparison to 6,
which also shows a well-structured emission band like the rest
of the complexes. The emission at 612 nm for 7 is a conse-
quence of the origin of the nature of the emission comprising

of a ligand-to-ligand charge transfer S3LLCT[ m(C=C—
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Figure 4. Electronic absorption spectra in CH,Cl, at room temperature and
normalized emission spectra of complex 7 in degassed CH,Cl, at room tem-
perature.
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CeHuN(CeHs),-p)—mt*(ppy)] from the alkyne ligand to the cyclo-
metalating ligand due to the presence of the energetically
higher lying orbital 7(C=C—C¢H,N(CHs),-p) resulting from the
strongly electron donating alkynyl ligand. This assignment is
consistent with the results from the DFT and TDDFT calcula-
tions. This photophysical behavior of 7 is in contrast to what is
found for complexes 4-6 where the origin of the emission is
assigned to an intraligand charge transfer (ILCT) centered on
the cyclometalating ligand.

As depicted in Figure 5 and Table 3, emission from 7 was
found to be significantly dependent on the polarity of the sol-
vent. As the emission excitation spectra are obtained in each

----- Toluene
——THF
—-—- Cyclohexane

Normalized Emission Intensity (a.u.)

. T : i . T . . :
400 450 500 550 600 650 700
Wavelength (nm) ——

Figure 5. Normalized emission spectra of 7 in cyclohexane, toluene, di-
chloromethane and tetrahydrofuran at room temperature.

solvent for the wavelengths monitored (450-700 nm), it can be
ascertained that the emission band originates from a common
ground state species. Furthermore, the excitation spectra,
within experimental error, are also effectively identical to the
absorption spectra, indicating that the entire phosphorescence
results from a common Franck-Condon excited state. Since
the absorption peak wavelength exhibits only a slight shift
from cyclohexane to tetrahydrofuran, the anomalously large
red shifted phosphorescence observed for complex 7 should
be attributed to a large change in the dipolar vector of the T,
state, such that solvent dipolar relaxation takes place during
the T,-S, transition, resulting in a distinctive phosphorescence
solvatochromism.

We used the Lippert-Mataga equation® to quantify the
change in dipole moment related to the solvent polarity:

2ue —pe)* [ €—1
ST ﬂa)(s

n*—1
hca? 2¢+1 2nm+1

Af= £ n —1
2¢e+1 2n?+1

where v, and v, are the wavenumbers of the absorption and

emission, respectively, x4 and ug are the dipole moments of

the molecule in the excited state and ground state, respective-

ly, h is the Planck’s constant, ¢ is the speed of light, a is the ap-
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proximate radius of the cavity in which the molecule resides,
¢ is the dielectric constant of the solvent and n is the refractive
index of the solvent. In this equation, the term Af is called the
orientation polarizability. From the absorption and emission
wavelengths recorded for 7 at room temperature in cyclohex-
ane, toluene, dichloromethane and tetrahydrofurane (Table 3),
the solvent dependence was estimated by a Lippert plot of
va—V¢ Vs. the orientation polarizability Af. Despite the little
amount of data, a linear regression gave a slope of 25.8x
10° cm™' corresponding to a value of ug-ug of 27.8 Debye (Fig-
ure S25 in the Supporting Information).

In stark contrast to the isoelectronic Pt' complexes," the
comparison studies of luminescence properties of Au" com-
plexes both in solution and solid state are scarce.® In order
to systematically evaluate the influence of the ancillary ligand
on the emission properties and emission quantum yields, emis-
sion properties of the complexes 1-7 were investigated both
in neat solid and as 5 wt% of the complex in PMMA film (the
emission profiles are illustrated in Figure 6 and Figures S8 and

— 5% PMMA
----- 25% PMMA
- - -50%PMMA
---=-75%PMMA
----=- Neat solid

(VAN

Normalized Emission Intensity (a.u.) —

T T T T T T T
450 500 550 600 650 700 750
Wavelength (nm) —

Figure 6. Normalized emission spectra of 7 at different concentrations (wt %)
in PMMA films and neat solid at 298 K.

S9 in the Supporting Information). While complexes 2, 3, and 5
were found to possess weak to no luminescence in the neat
solid, complexes 1, 4, 6, and 7 display modest to good intensi-
ty of luminescence and their emission profiles closely resem-
bled the emission spectra in solution. While the emission
wavelength maxima in the neat solid for 1 was the same as in
solution, complexes 4 and 6 displayed a negligible blueshift of
1 and 2 nm at 459 and 458 nm, respectively, attributable to
the rigidochromic effect. In contrast, 7 displayed an emission
maximum with a red shift of around 8 nm at 620 nm in com-
parison to solution. Measurements of absolute quantum yield
revealed a high quantum yield of 39% for 7, while complexes
1, 4 and 6 possesses 4%, 20% and 7 %, respectively. The quan-
tum yield for 7 is the highest reported for a Au" complex in
the solid state. Complexes 1-7 were also investigated as thin
films prepared by spin coating a 5 wt% of complexes in PMMA
dissolved in CH,Cl,. Similar to their behavior in neat solid, com-
plexes 2 and 5 displayed only a very weak emission, while
complex 3 has a quantum yield of 8% with the emission wave-
length maxima considerably blueshifted with respect to emis-
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sion in solution. Comparison of the emission wavelength
maxima of the complexes in 5 wt% PMMA and their emission
maxima in CH,Cl, revealed a small rigidochromic shift of 4 nm
for 1 and 5 nm for 4 and 6. A significant hypsochromic shift of
around 118 nm was observed in the case of complex 7 in com-
parison to the emission maxima found for 7 in solution. This
significant shift can be attributed due to complex being envel-
oped in a non-polar medium such as PMMA, which is more
comparable to the emission maximum of 7 in toluene. This
hypsochromic shift was found to decrease with increasing
wt% of the complex in PMMA. Going from 5 to 75 wt%, a dif-
ference of around 89 nm was observed between the emission
maxima in PMMA and in solution. This shift in the emission
maxima based on the different concentrations can arise proba-
bly due to excimeric emission resulting from n-stacking of mol-
ecules, which increases further with the dial up in concentra-
tion. While high quantum yields of 28 and 23 % were obtained
for complexes 6 and 1 respectively, complex 4 gave a quantum
yield of 12%. Similar to the observation of emission maxima
dependence on concentration of complex 7 in PMMA, the
emission quantum yield for 7 was also found to be concentra-
tion dependent. Quantum yields of 26, 21, 16 and 14% were
obtained for 75, 20, 25, and 5 wt %, respectively.

Cyclic voltammetry studies

Cyclic voltammetry for all complexes except 2, 6, and 7
showed irreversible oxidation peaks in the range from + 0.40
to +0.71V (vs. F¢¥* couple) in DMF at room temperature
(Table 4). While no oxidation peaks were observed for 2 and 6

Table 4. Summary of cyclic voltammetry for complexes 1-7 in 0.1m
[nBu,NIIPF¢l (Au electrode; E vs. Fc”*; scan rate=100 mVs~'; 20°C, DMF).
Complex Oxidation Reduction
Ep,a [V] Ep,c [V]
1 0.71 —1.82
2 - —-1.73
3 0.40 —-1.92
4 0.54 —-1.83
5 0.50 —1.81
6 - —-1.92
7 0.46 (AE, ) —217

in the scanned range, complex 7 displayed a quasi-reversible
oxidation couple at +0.46 V (Figure 7). All complexes showed
irreversible cathodic peak potentials in the range from —1.82
to —2.17 V (vs. F¢”* couple). Both the oxidation and the re-
duction processes can be assigned to ligand centered electro-
chemical events consistent with the DFT and TDDFT calcula-
tions. The observed trends of the reduction potentials of the
complexes bearing the same cyclometalate are suggestive of
the reduction process to originate from the cyclometalated
part of the complex and the oxidation from the aryl or the
alkyne ligand.'“*®7! Based on the previous CV studies of relat-
ed complexes and due to the oxidizing nature of the gold(lll)
complexes, the metal is unlikely to be involved in the redox
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Figure 7. Cyclic voltammogram of 7 in DMF (0.1 m [nBu,NI[PF]).

process."“ The absence of metal based redox activity and the
large electrochemical band gap with the widely separated oxi-
dation and reduction peaks is in line with the observed emis-
sion properties whose origin is ligand centered with very limit-
ed metal perturbation.

Theoretical calculations

The absorption and emission properties of our series of com-
pounds were investigated by density functional theory (DFT)
calculations using the Gaussian 03 program package." The
hybrid functional PBE1PBE" in conjunction with the Stuttgart/
Dresden effective core potentials (SDD) basis set'® for the Au
center augmented with one f-polarization function (a=1.050)
and the standard 6-31+4G(d) basis set’” for the remaining
atoms was applied. The molecular structures of the electronic
ground states and lowest triplet states of the selected com-
pounds 1-4 and 6-7 were exemplarily studied. On the basis of
the ground-state optimized geometries, time-dependent DFT
(TD-DFT) calculations™® combined with the conductive polariz-
able continuum model (CPCM)" were used to produce the
ten lowest singlet-singlet and singlet-triplet vertical excita-
tions in the dichloromethane media with the corresponding
energies, transition coefficients, and oscillator strengths
(Table 5) and the molecular orbital energy levels and composi-
tions (Tables ST and S2 in the Supporting Information). Full ge-
ometry optimizations without symmetry constraints were car-
ried out in the gas phase for the singlet ground states (S,) and
the lowest triplet states (T,). The optimized geometries S, and
T, were confirmed to be potential energy minima by vibration-
al frequency calculations at the same level of theory, as no
imaginary frequency was found. The lowest-energy absorption
maximum of the complexes containing the chelating phenyl-
pyridine ligand ppy (1, 4-7) appears in the narrow range 309-
323 nm in dichloromethane at room temperature, irrespective
of the ancillary Cl, CN, I, C=CPh or C=CC¢H,NPh, ligands. Com-
plexes 2 and 3, which contain different cyclometalated ligands
as  benzolhlquinoline (bzg) and  2-(5-methyl-2-thienyl)
(5m-thpy), feature a more redshifted maximum at 372 and
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Table 5. Selected singlet-singlet (So-S,) and singlet-triplet (S,—T,,) excited states with TD-DFT/CPCM (in dichloromethane) vertical excitation energies (nm),
transition coefficients, orbitals involved in the transitions, and oscillator strengths f for compounds 1-4 and 6-7 (with > 0.07).

H+«LUMO (0.690)

H«—L+2 (0.604)

H«L (0.751)

H<«L (0.694)

1 2 3 4 6 7
exptl abs., A 319 340, 355, 372 291, 369 323 319 323
So=Sh n=1 n=1 n=1 n=1 n=2 n=2
307.1 (0.235) 339.3 (0.106) 352.0 (0.277) 311.7 (0.242) 316.2 (0.160) 360.4 (0.163)
HOMO —LUMO (0.66) H—L (0.67) H—L (0.65) H—L (0.66) H-1—L (0.67) H—L+1 (0.50)
H—L+2(0.44)
n=3 n=4 n=4 n=2 n=4 n=4
282.5 (0.096) 277.4(0.322) 284.0 (0.088) 286.0 (0.086) 291.4 (0.232) 348.5 (0.629)
H-1—LUMO (0.64) H—L+2 (0.54) H—L+1 (0.55) H-1-L (0.65) H-2—L (0.64) H—L+4 (0.62)
H-1—L (0.33)
n=>5 n=7 n=>5 n=4 n=7 n=7
267.8 (0.160) 268.1 (0.126) 279.3 (0.153) 256.6 (0.202) 282.2 (0.220) 327.0 (0.077)
H—L+4 (0.41) H-1—L+2 (0.52) H-1—L (0.54) H—L+3 (0.47) H—L+4 (0.66) H-2—L (0.57)
H—L+4 (0.26) H—L+5 (0.26) H—L+4 (0.37)
n=8 n=6 n=8 n=38
264.9 (0.082) 279.0 (0.091) 271.6 (0.075) 325.7 (0.231)
H—L+4 (0.62) H-1—L (0.39) H-4—L (0.66) H-2—L (0.57)
n=9
321.0 (0.197)
H—L+2 (0.54)
H-2—L (0.32)
exptl em., Ay 488 497 588 493 490 4941
caled em., 4, 467 (2.66 eV) 492 (2.52 eV) 586 (2.12 eV) 472 (2.63 eV) 469 (2.65 eV) 490 (2.53 eV)
T,-So 437.1 468.0 530.6 440.8 439.7 468.0

H-1+L (0.632)

H«—L+4(0.531)
H—L+5(0.432)

[a] Recorded at room temperature solution in CH,Cl,. [b] Calculated as the energy difference between the DFT optimized ground state and triplet state.

[c] Recorded in 5 wt% PMMA film. [d] TD-DFT calculations without zero-point correction.

369 nm, respectively, showing the influence of the increased -
delocalized nature of the chelate on the absorption properties.
Despite the fact that the PBE1PBE//SDD/6-31-+G(d) calcula-
tions systematically provide underestimated absorption
maxima (by approximately 10-20 nm in our previous stud-
ies),’*”? the lowest significant TD-DFT calculated singlet-sin-
glet transitions Sy—S; for 1-4 and S,—S, for 6 (the oscillator
strength of S;—S,; being very small, f=0.0004) at 307, 339,
352, 312, 316 nm, respectively, are in a good agreement with
the experimental data (average error=2.6%, maximum error =
4.6% for 3) and reflect very well the redshift observed for 2
and 3 (Table 5). The S,—S, and S,—S, transitions derive mainly
from the one-electron excitations HOMO —LUMO for 1-4 and
HOMO—1—LUMO for 6. The electron density in these frontier
orbitals is largely located on the metallacycle NAC ligand
(Figure 8) with 93-98% composition and a little participation
of the metal, smaller than 5% (Tables S1 and S2 in the Sup-
porting Information). Only the HOMO-1 of 6 shows a significant
contribution of the ancillary alkynyl ligand of 16% reducing
the participation of the NAC chelate to 80%. Based on these
considerations, the lowest-energy absorption band observed in
the UV/Vis spectra of our complexes 1-6 exhibit an intraligand
NLCT(;tync — Tt*yac) character. Concerning 7 the TD-DFT calculat-
ed singlet-singlet transitions Sy—S, and S,—S, at 360 nm
(f=0.163) and 348 nm (f=0.629) should be responsible of the
absorption band observed at 323 nm. Since, there is large
overestimation of the wavelength maxima, the results were
dealt with caution. Furthermore, the numerous orbitals in-
volved in the transitions (HOMO, LUMO+1, LUMO+4,
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Figure 8. Spatial plots of selected frontier orbitals of the optimized ground
states of 1-4 and 6-7.

LUMO +5) and their various shapes (Figure 8, Figure S15 in the
Supporting Information) do not allow us to give a clear assign-
ment of the redshifted band.

The lowest singlet-triplet vertical excitation (T,-S,) energies
obtained by TD-DFT on the ground state structures are consis-
tent with the experimental emission properties in dichlorome-
thane at room temperature. Especially, the trend experimental-
ly observed is well respected but the calculated values are
greatly underestimated by about 50 nm (only 29 nm for 2).
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The theoretical emission maxima are usually more accurate
when calculated by the solvent-corrected energy difference be-
tween the DFT optimized ground and triplet states (at least
when the optimized triplet state obtained in the gas phase by
the use of unrestricted DFT calculations corresponds to the
emissive state proposed by the TD-DFT calculations). It is clear-
ly the case for our series of compounds since the average error
is 14 nm, going from a minimum of 2 nm for 3 to a maximum
of 21 nm for 1, 4 and 6. The emissive states are calculated to
arise from the promotion of one electron from the HOMO to
the LUMO for 1, 3 and 4, from the HOMO to the LUMO+2 for
2, and from the HOMO-1 to the LUMO for 6 (Figure 8). After
the geometry relaxation of the excited states, these closed-
shell frontier orbitals were found to be the singly occupied
a-HOMO and a-HOMO-1 (Figure 9) in the low-lying triplet

$,9

. %

’
', .,ﬂ“\?.

3
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I
e
,
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Figure 9. Spatial plots of the singly occupied a-HOMO-1 (left) and a-HOMO
(middle) as well as the spin density surface (right) of the optimized triplet
state of 1, showing the *ILCT(m,,,, —7*,,,) character of the emission process.

states, except for 6 for which the singly occupied molecular or-
bitals involved in the emission process are found to be a-
HOMO and a-HOMO-4: a-HOMO-1, a-HOMO-2 and a-HOMO-3
exhibit electron density mainly on the alkynyl ligand and the
corresponding P spin orbitals can be found in the orbital dia-
gram with similar shapes and energies. For the ppy and 5m-
thpy containing complexes 1, 3, 4 and 6, the electron density
is mainly localized on the cyclometalated ligand with a m-anti-
bonding character between the two cycles for a-HOMO-1 (or
a-HOMO-4 in 6) and to the opposite with a s-bonding charac-
ter for a-HOMO (Figure 9 for 1). The main variation observed
in the triplet state geometry with respect to the ground-state
geometry is a significant shortening of the central C—C bond
by 0.081 A for 1, 0.054 A for 3, 0.079 A for 4 and 0.078 A for 6.
Beside the related bond shortenings, elongations of the neigh-
boring C—C and C—N bonds involving the same central carbon
atoms and the metal coordinated carbon and nitrogen atoms
are observed in the range of 0.056-0.097 A. For complex 3, the
elongation of the C=C bond (reported as C1-C5 in the crystal
structure 3a, Figure 1) is more important than the shortening
of the central C—C bond, +0.097 vs. —0.054 A). In the case of
2 which contains the bzq ligand, an opposite feature is ob-
served for the external C=C bond (reported as C12-C13 in the
crystal structure, Figure 1) since a-HOMO-1 exhibits a t-bond-
ing character of the external C=C bond and a-HOMO a m-anti-
bonding character. Consequently, the main deviation observed
in the bond lengths of the triplet state (with respect to the
ground state) is a significant elongation of the former double
bond by more than 0.1 A, from 1.364 to 1.465 A.
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The spin density plots, which take into account the electron
density on all a and f singly occupied orbitals of the triplet
states, visually identify the origin of the emission in the metal-
lacycles showing the 3ILCT(mtyrc—t*yac) character of the emis-
sion process (Figure 9-11). It is worth to note that the contri-
bution of the metal is very low, less than 3% considering the
composition of the a-HOMOs of the triplet states, or less than
5% in the corresponding frontier orbitals of the ground states.

As previously detailed, emission from 7 was found to be sig-
nificantly dependent on the polarity of the solvent. Obviously,
intermolecular interactions between the solvent molecules and
the chromophore affect the emission properties. The TD-DFT
results for 7 (439.0 nm for the lowest singlet-triplet vertical ex-
citation T,-S, energy) are consequently not in agreement with
the experimental emission data recorded in dichloromethane
at room temperature (1,,,,=612 nm). Among the conditions

Figure 10. Spatial plots of the singly occupied a-HOMO—1 (left) and
a-HOMO (right) as well as the spin density surface (down) of the optimized
triplet state of 7, showing the *ILCT (s, —7*,) and *LLCT(rt,,, —7*,) charac-
ters of the emission process.

Figure 11. Spin density surfaces for the optimized triplet states of 2, 3, 4,
and 6, showing the 3ILCT (syac —7*yac) character of the emission processes.
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chosen for the experimental work, 5wt% PMMA with a low
concentration of the complex (5wt%) in a non-polar media
(PMMA) seems to be the condition for which these interactions
should be the most reduced. The difference of 26 nm between
the calculated value of 468.0 nm and the experimental emis-
sion maximum of 494 nm (in 5wt% PMMA) is in a better
agreement and is comparable with the results obtained for the
other selected complexes 1, 2, 3, 4, and 6 (Table 5). The maxi-
mum wavelength is even better estimated by the energy dif-
ference between the DFT optimized ground and triplet states
with a calculated value of 490 nm: an absolute error of 4 nm
for 7 which corresponds well to the error range of 2-21 nm
observed for the other complexes of the series. The choice of
5 wt% PMMA as a reference for the TD-DFT calculations of 7 is
justified by the fact that 1) the experimental emission maxima
are very similar (=3 nm) when recorded in a solution of di-
chloromethane at room temperature and in a 5wt% PMMA
film for all complexes (except 7), 2) when the concentration of
7 in PMMA increases, the emission band is redshifted (494 nm
for 5wt%, 501 nm for 25wt%, 511 nm for 50 wt% and
523 nm for 75 wt %) tending toward the most redshifted value
of 622 nm recorded in the solid state, where the intermolecular
interactions are expected to be the strongest ones.

The transitions responsible of the emission band of 7 in-
volves HOMO, LUMO + 4 and LUMO +5 in the singlet state and
the singly occupied a-HOMO-1 and a-HOMO (Figure 10) in the
triplet state. Unlike the other complexes, these orbitals have
mainly contributions from the alkyne ligand (95% in
a-HOMO—1) and really less from the cyclometalated ligand
(37% vs. 56% in a-HOMO-1; see the Supporting Information).
The geometry of the DFT optimized triplet state confirms its
origin from the promotion of one electron from HOMO to
LUMO +4/LUMO +5. Indeed, the main changes observed in
the triplet state geometry with respect to the ground-state ge-
ometry are seen in the alkyne ligand. The spin density surface
of the optimized triplet state of 7 (Figure 10) together with the
former observations reveal the different behavior of 7 in com-
parison with the other complexes showing the *ILCT(m,,—
at*,) and 3LLCT(rm,,, —m*,,) characters of the emission process,

ppy
which is consistent with the experimental findings.

Conclusions

The synthesis and photophysical investigations of neutral Au"

complexes based on a new monocyclometalated structural
motif of the type cis-[(NC)Au(C¢H,(CF,);)(R)] is reported. The
propensity for reductive elimination was successfully sup-
pressed with the introduction of the Fmes ligand. Both steric
and electronic factor favored the isolation of the only mono-
substituted Fmes product in high yields. This further allowed
for the successful substitution of the monochloro complex
[(ppy)Au(CeH,(CF;);)(CN] with a judicious choice of the ancillary
ligands resulting in complexes 4-7 and one among them
being the first isolated and characterized cis aryl alkyne Au"
complex. These complexes were thermally stable and also dis-
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the case of 7 is the highest reported for a Au" complex in the

solid state. Complex 7 displayed a widely tunable emission be-
havior ranging from the deep blue region to the red region of
the visible spectrum depending on the microenvironment of
a single Au" complex. DFT and TD-DFT calculations carried out
further add support to the findings from the photophysical in-
vestigations of the complexes. The good luminescence efficien-
cies combined with widely tunable emission behavior and
thermal stability obtained based on the monocyclometalated
Au" monoaryl motif makes them a promising fragment for the
synthesis of highly efficient triplet phosphors for OLEDs appli-
cations.

Experimental Section

'HNMR, *C NMR, "FNMR and elemental analyses; thermogravi-
metric analyses; absorption and emission spectra; details about
DFT calculations and X-ray diffraction analyses; Lippert plot for 7
are contained in the Supporting information. CCDC-951786 (1),
CCDC-951787 (2) and CCDC-951788 (3a), CCDC-951789 (3b),
CCDC-951790 (4), CCDC-951791 (5), CCDC-951792 (6), contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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