7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

Access to long-lived room temperature
phosphorescence through auration of
2,1,3-benzothiadiazolef

{ M) Check for updates ‘

Cite this: Dalton Trans., 2024, 53,
5658

Mauricio Posada Urrutia, © $2 Nidhi Kaul, &2 £° Tobias Kaper,? Dustin Hurrell,©
Linus Chiang, ¢ Jordann A. L. Wells,® Andreas Orthaber, (°
Leif Hammarstrém, & ° Lukasz T. Pilarski €22 and Christine Dyrager () *@

A series of 2,1,3-benzothiadiazole—-Au()-L complexes have been synthesised, structurally characterised
and investigated for their photophysical properties. These are the first organometallic Au() complexes
containing a C—Au bond on the highly electron-deficient benzothiadiazole unit. The complexes exhibit
solution-phase phosphorescence at room temperature, assigned to the intrinsic triplet state of the
benzothiadiazole unit that is efficently populated through its attachment to gold. Comparison with
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assignments of their phosphorescence as 't — n*(C=CR) might be incomplete. Our observations affirm
that, in addition to the heavy atom effect, breaking symmetry in the involved aryl motif may be of impor-
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Introduction

Organometallic Au(i) complexes have emerged as an attractive
class of luminescent emitters with prospects for various appli-
cations, including OLED materials and chemical sensing.'”
Their luminescent behaviour is usually ascribed to the heavy-
atom effect of gold that induces large spin-orbit coupling
(SOC), which results in efficient intersystem crossing (ISC)
from the singlet to the triplet excited state.®”® However, the
presence of an Au atom does not always dramatically increase
the intersystem crossing rate (kisc);” many emissive organo-
metallic Au() structures display very weak phosphorescence or
solely exhibit prompt or delayed fluorescence.”® The two-coor-
dinate linear geometry of Au(i) complexes also enables close
aurophilic contacts (2.7-3.5 A) between gold centres (Au---Au),
which may affect the nature of the emission.®

The most extensively investigated class of luminescent Au(i)
complexes are acetylene-based derivatives (exemplified by
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tance in controlling the luminescence properties.

R'-C=C-Au-R?).%'>'! Their emission has been attributed to
the triplet excited state manifold of the alkynyl fragment.*°
The photophysics of aryl-Au(1)-L complexes (i.e., with a direct
aryl C-Au bond), however, has not been explored to the same
extent or compared with the former in great detail. Also, the
structural diversity of such emitters is relatively unexplored,
especially species based on (hetero)aryl units beyond simple
polycyclic aromatic hydrocarbons (PAHs)."**® An early report
by Gray and co-workers described Au(i) pyrenyls exhibiting
pyrene-based & — n* phosphorescence at 77 K."* More recently,
Thompson and co-workers observed both inter-ligand charge
transfer (ICT) and metal-to-ligand charge transfer (MLCT)
emissions in  aryl-Au()-NHC complexes at room
temperature,'”'® where changing the donor strength of the
aryl group allowed for tuning between the two emissive states.
Therefore, the organic unit in aryl-Au(i) complexes is not
limited to acting merely as a relativistic spectator; the origin
and characteristics of observed emissions can, in fact, largely
depend on the aryl motifs, together with the position of aura-
tion. The development of aryl-Au(i) complexes that contain
structurally and electronically diverse aromatic units is, there-
fore, a promising strategy for the discovery of new Au(i)-based
luminophores.

As part of our ongoing research into harnessing the photo-
physical properties of BTD derivatives,'® > we sought to inves-
tigate BTD-Au(i) complexes as promising luminophores. Here,
we report a series of emissive aryl-Au(i)-L complexes in which
the gold centre is directly attached to the highly electron-

This journal is © The Royal Society of Chemistry 2024
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deficient 2,1,3-benzothiadiazole (BTD) unit via a C-Au bond
(Scheme 1). Hitherto, organometallic Au() luminophores
based on fluorescent heteroaromatic chromophores (e.g., cou-
marin, BODIPY, and BTD) have only been acetylides.**'"?*
Among these are BTD-C=C-Au-PCyj; (reported by Che and co-
workers in 2017, see Table 3), which exhibit prompt and
delayed fluorescence.” We found that the absence of the
acetylene linker precludes delayed fluorescence and instead
grants access to long-lived (~100 ps) room temperature phos-
phorescence in solution. This feature arises due to the direct
attachment of gold, which significantly enhances ISC to the
triplet state and thereby amplifies the weak intrinsic phosphor-
escence of the parent BTD unit.>* In this study, we gained
important insight into the origins of this phosphorescence, as
well as reconsidered the previous reported assignments for
related acetylide-based luminophores.

General synthetic route

Slen in situ transesterification H
i) PdCly(dppf) S
(6 moi%) 0 i o N
Br By(pin), B ii) DEA B..
5 o > Nd
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Scheme 1 Top and middle: synthesis and scope of BTD—-Au()-L com-
plexes 3a—3e. Conditions: (a) (i) Bx(pin),, KOAc, PdCly(dppf) (6 mol%),
1,4-dioxane, reflux, 90 min; (ii) diethanolamine (DEA), Et,O, reflux,
30 min; (i) 4 M HCl(y), r.t., 5 min. 62% over 3 steps. (b) L-Au-Cl, KOH,
EtOH, r.t., 24 h. Bottom: selected crystal structures of 3a, 3c and 3d.
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Results and discussion
Synthesis and characterisation

Novel BTD-Au(1) complexes 3a-e were synthesised from 1 via
Miyaura borylation (Scheme 1).* In situ deprotection of the
corresponding pinacol boronate ester 2a, via transesterification
with diethanolamine (DEA) and acid hydrolysis of adduct 2b,
gave boronic acid 2¢ in 62% overall yield.>**” The corres-
ponding Au(i) complexes 3a—e were generated in good to excel-
lent yields (78-92%) via transmetalation between 2c¢ and
L-Au(1)-Cl salts (L = phosphine, NHC) in EtOH at r.t.,"*?%?°
and were obtained as analytically pure, air-stable colourless
solids that exhibit solid-state emission (ESI, Fig. S37).

Complexes 3a—e were characterised by 'H, *C and, where
applicable *'P NMR spectroscopy, and high-resolution mass spec-
trometry (HRMS). X-ray diffraction (XRD) data for all complexes
3a-e is given in the ESI{ and selected crystal structures of 3a, 3c
and 3d are shown in Scheme 1 (bottom panel). Importantly,
none of the crystal structures show close intermolecular Au---Au
interactions; the shortest distances range between 5.6-8.6 A,
which is beyond the limit for aurophilic contacts.®

Electrochemical analysis

The electrochemical properties of THF solutions of 3a-e were
investigated using cyclic voltammetry. All the complexes
exhibited irreversible redox waves at ca. 1 V vs. Fe/Fc', and no
redox waves in the cathodic region of the voltammogram
within the electrochemical window of the experiments
(Table 1; ESI, Fig. S12-16 and Tables S8-121). While a few
BTD-M compounds (M = Pd,** Zn,*' Ag,** Sn**) have been
reported previously, their electrochemical or photophysical pro-
perties have not. As such, there is a lack of directly comparable
examples for the electrochemical studies presented in this work.
Conversely, the electrochemical properties of the alkyne linked
analogue BTD-C=C-Au-PCy; in CH,Cl, have been reported,
where a BTD-acetylide-based reduction wave was observed at
—1.94 V vs. Fc/Fc', without a redox wave in the anodic region.’
The lack of cathodic waves for 3a-e suggests their reduction
occurs at more negative potentials, likely outside the measured
electrochemical window, implying the LUMO of complexes 3a-e
is higher in energy that of their alkynyl-bridged congeners. On
the other hand, anodic waves were observed for 3a-e, while none
were observed for their alkyne-containing analogue in CH,Cl,.
This suggests the HOMO of 3a-e is higher in energy in compari-

Table 1 Electrochemical data for compounds 3a—e?

BTD-Au(i)-L complex E; (V) E, (V)
3a 0.95 1.05
3b 1.13 —

3c 1.11 —

3d 1.15 —

3e 0.93 1.09

“Values were determined in THF at 298 K, referenced to a ferrocene
standard. Supporting electrolyte: 0.1 M [*"Bu,N|PFg, scan rate: 100 mV
-1

s
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son to BTD-C=C-Au-PCy;. The origins of these frontier mole-
cular orbitals were further investigated by density functional
theory (DFT) computations (vide infia).

Steady-state and time resolved photophysics

The photophysical properties of compound 3a-e were investi-
gated in 2-Me-THF (Table 2 and Fig. 1). All complexes absorb
in the blue region (below ~400 nm) with two characteristic
absorption bands; one centred at ~300 nm with some fine
structure and a broader band at ~350 nm (Fig. 1A). Extinction
coefficients for the latter range from 2800-5500 M~ cm™.

View Article Online
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Comparing the absorption spectra of 3a-e with the spectrum
of unsubstituted BTD suggests that the lowest energy band is a
direct consequence of the auration. This observation differs
from the explanation invoked for the alkynyl-bridged analogue
BTD-C=C-Au-PCy;, where the lowest energy band was attrib-
uted to dipole-allowed intraligand transitions of the alkynyl
motif, 't — n*(C=CR), with some charge transfer character.’
Furthermore, ligation of gold in BTD-C=C-Au-PCy; was
suggested to result in a bathochromic shift of the 'IL band.
However, given that the bridging alkynyl is entirely absent in
3a-e, its involvement can be ruled out.

Table 2 Photophysical data for the BTD—-Au()-L complexes 3a—e in 2-Me-THF?

Emission

UV/Vis absorption

BTD-Au(1)-L complex  Apa/nm (e¢/M~' em™ Jems AphosZ (AM)  Aphos 2t 77 K€ (nm)  7pp? (NS)  Tphos © (1s) Bphos
3a 306 (13 600), 313 (13 400), 346 (5500) 415, 621 622 2 96 0.03
3b 305 (11 900), 312 (12 000), 349 (4300) 416, 624 624 2 88 0.03
3c 305 (11 900), 312 (10 900), 349 (3900) 416, 625 624 2 104 0.04
3d 305 (9800), 312 (7200), 356 (3800) 416, 631 629 2 102 0.04
3e 305 (7300), 312 (7200), 356 (2800) 415, 630 629 2 100 0.06

“Data were obtained from steady-state measurements using degassed 2-Me-THF solutions of 3a-e (15uM) at 298 K unless otherwise specified.
b Jex = 355 nm. “ Measurements at 77 K were performed in the presence of air. ? Emission lifetimes of prompt fluorescence (zpy) were determined
using time-correlated single photon counting (TCSPC) measurements, see ESI{ for details. “ Phosphorescence lifetimes (zpnos) were determined
using time resolved emission measurements. ’ Phosphorescence quantum (@pn,s) yields were obtained using [Ru(bpy);][PFs], in aerated aceto-
nitrile (@phos = 0.018)*° as the standard. Dphos Values are rounded to the nearest centesimal.
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Fig. 1 Photophysical data in 2-Me-THF. (A) UV-Vis absorption spectra for 3a—3e at room temperature (conc. 15 pM). (B) Emission spectra for 3a—3e
(conc. 15 uM) recorded between 540-800 nm. 1¢x = 355 nm (C) UV-Vis absorption spectrum, excitation spectrum (monitored at 620 nm) and emis-
sion spectrum (degassed solution, e, = 355 nm) for 3d at room temperature plotted together with the emission spectrum of 3d at 77 K (glassy
matrix, ex = 355 nm D) compound 3d in 2-Me-THF. Left vial: at room temperature, 298 K, in the presence of air; middle vial: degassed (N, sparged)
solution at 298 K; right vial: glassy matrix at 77 K in the presence of air. Aex = 365 nm.
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A better understanding into the origin of the lowest energy
band for 3a-e can be obtained by considering the detailed
spectroscopic analysis of BTD’s transitions (which has been
reported in the literature).>***> Accordingly, the first two elec-
tronically allowed 'nn* transitions at 306 nm and 328 nm have
been assigned as 'A; < 'A; and 'B, « 'A,, respectively, with
about a fifth of the latter’s intensity being sourced in
'A; < 'A; as well. The former band is strong and does not
shift upon auration. The latter band is weak and hard to
resolve in the solution spectra of the unsubstituted BTD. The
dominant vibration, characterizing this weak intensity band, is
a fully symmetric (a;) C4,C5Co angle bend with a ring contrac-
tion (ESI, Fig. S21). The B, vibrations also contribute and
indulge in Herzberg-Teller intensity stealing, however, pre-
sumably from the 'A; < 'A; band.*® Since the Au() centre is
directly ligated in the C4-position of 3a-e, it can be rational-
ised that this band becomes more allowed and is bathochromi-
cally shifted due to the auration. Moreover, changing the
auxiliary ligand from phosphine to carbene (NHC) resulted in
a small but discernible redshift of the lowest energy absorp-
tion band, which indicates some minimal charge transfer
(CT), considering that NHCs are generally stronger c-donors
than phosphine ligands.

At room temperature, excitation at 355 nm into the lowest
energy absorption band of 3a-e results in bright orange-red
phosphorescence, in both the solid phase and degassed solu-
tions. The latter has emission maxima between 621 nm and
630 nm (Fig. 1B). Phosphorescent quantum yields (@pnos)
range between 0.03 and 0.06, which are notable for mono-
nuclear Au(1) complexes in solution at room temperature.
Lifetimes close to a hundred microseconds (ESI, Fig. S5t) also
support the triplet nature of the red emission (Stokes shift of
ca. 12500 cm™ ).

We note that some recently reported Au(i)-carbene com-
plexes show no or very low phosphorescence at room tempera-
ture in solution (@ < 0.01), and that the phosphorescence life-
times of these reached at best 41 ps under such conditions.'®
Further work from Thompson and co-workers shows emissive
Au(1)-carbene complexes with lifetimes up to 3.3 ps in solu-
tion, though the emission was not ascribed primarily to ligand
centred phosphorescence.’” The photoluminescence of these
complexes originated from a variety of states including ICT and
MLCT. The comparatively large phosphorescence quantum
yield for the compounds presented here, as well as their long
lifetime, is again reinforced. Previous reports have described
phosphorescent BTD derivatives in the solid state,*””® at
77 K,***7 and in solution.>’*® However, for the solution-based
phosphors the quantum yields have peaked at only 0.7%.%° The
longest lifetime that has been previously observed for a BTD
derivative at room temperature solution has also remained
modest, at 5.4 ps. To date and to the best of our knowledge, the
phosphorescence quantum yield and phosphorescence lifetime
described in this study remain the largest for BTD-based phos-
phors in solution at room temperature.

The vibrational spacings seen for 3a-e are similar to those
observed for the very weak phosphorescence of the parent BTD

This journal is © The Royal Society of Chemistry 2024
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(observed only when deuterated or in halogenated solvents at
77 K)** suggesting an orbital parentage with *n — n* character
from the BTD unit. Furthermore, the emission intensity of
3a-e in solution is significantly higher at 77 K (glassy matrix)
than at room temperature (¢f. 3d, Fig. 1D). Changing the auxili-
ary ligand, from phosphine to NHC, also results in a small but
discernible redshift of the emission as well as the absorp-
tion;*® some charge transfer (CT) is thus indicated. The exci-
tation spectra monitored at 620 nm unambiguously traces the
ground state absorption spectrum, including the lowest energy
band, which is characteristic of the complexes (Fig. 1C and
ESI, Fig. S47).

Complexes 3a-e also exhibit prompt fluorescence
(Amax ~ 415 nm), with lifetimes longer than unsubstituted BTD*”
(z ~ 2 ns; ESI, Fig. S67). It can therefore be inferred that auration
alters the intrinsic photophysics. At higher laser excitation power
(s), a low degree of photodegradation (<1% from the absorption
data) was observed. This was evident by the appearance of strong
emission signals at approximately 475 nm with lifetimes of a few
tens of nanoseconds. Notably, these signals are identical to those
reported for highly emissive Au nanoparticles/clusters® and
should therefore not be mistaken for delayed fluorescence. The
phosphorescence in our study is spectrally distinct from Au nano-
particle luminescence. Based on the prompt fluorescence lifetime
of 2 18 (kops = 5 x 10° s7") in the complexes, only the upper limit
of the ks can be estimated to 10 s™* since the observed rate con-
stant is the sum of all accessible decay pathways, which includes
intersystem crossing. This would make it potentially an order of
magnitude faster than the values reported for the alkynyl-bridged
counterparts, which exclusively exhibit prompt and delayed fluo-
rescence in solution.’ It is worthwhile to note that the lifetimes
and yields alone also do not permit for an evaluation of the inter-
system crossing efficiency. Since @pnos = Pisc[k/(k: + kny)] (Where
1/(k; + ky,) is the observed phosphorescence lifetime), &, and @5
may not be disentangled.

Overall, the data suggest that a suitable photophysical
descriptor for 3a-3e is perturbation of the intrinsic emission
behaviour of the heteroarene moiety by the Au(i) centre. Direct
linkage to the gold, without the alkynyl linker in this case, can
be thought to impact intersystem crossing rates favourably and
enhance phosphorescence quantum yields in BTD. Support for
such an analysis is found by comparing the aurated BTD units
presented in this study with Br-substituted BTD derivatives
very recently reported in the literature,’” as well as with the
alkynyl bridged analogue reported by Che and co-workers.’
The relevant structures, together with critical photophysical
data at room temperature, is tabulated in Table 3. For
BTD-C=C-Au-PCy;, phosphorescence is exclusively observed
at 77 K,® with very similar emission maxima and lifetime as for
the complexes reported here (3a-e). On observing the trend in
Table 3, it can be clearly seen that direct linkage of a heavy
atom at the 4-position of BTD would make the weak 'B, « A,
transition more allowed due to broken symmetry, in conjunc-
tion with SOC. In fact, 4,7-dibromination is more effective for
achieving BTD-based phosphorescence than introducing Au
with an alkynyl linker (¢f. A and B with BTD-C=C-Au-PCyj;).

Dalton Trans., 2024, 53, 5658-5664 | 5661
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Table 3 Phosphorescent properties of various BTD derivatives at room temperature (r.t.); comparison of 3a—e (this work) with previously reported

BTD structures

3a-e (this work)” BTD?’

Structure Q_ AL Q
7\ 7\
N._.N N._.N
s s
Phosphorescence

b dy
((pphosa j’maxyc Tphos ) mn:
Solution, r.t.
Solid state, r.t.

0.04, 629 nm, 102 ps Not observed

n.d.

<0.01, 685 nm, 37 ps

AY B BTD-C=C-Au-PCy, °
MeQ OMe
Br—Q—Br QéAu—PCyg
3R\ Br Br 7\
NN :, < NN
N, .N
)

<0.01,” 670 nm,” n.d.¢
0.04, 648 nm, 585 ps

Not observed Not observed

“Values represent 3d in 2-Me-THF. Table 2 contains photophysical data all complexes (3a-e). ” Phosphorescence quantum yield, Dphos- Values are
rounded to the nearest centesimal or indicated as <0.01 if appliable.  Emission maxima, A, (nm). d Phosphorescence lifetimes, z,n0s (115). “ Not

determined./In THF.

For 4,7-dibromo-BTD (A), phosphorescence is only observed in
the solid state and the yields remain well over an order of mag-
nitude smaller than the solution phase yields of the complexes
in the present work. Thus, the photophysical picture of acces-
sing the triplet manifold of the heteroarene, via heavy atom
substitution at the C4-position, is reinforced via direct aura-
tion of BTD.

Computational studies

The absorption properties of 3a-e were investigated computa-
tionally via DFT and TD-DFT calculations. The phenyl, tert-
butyl and cyclohexyl moieties of 3a-c were truncated to methyl
groups, giving BTD-Au-PMe;, to expedite computations. For
comparison, the same molecular truncation and compu-
tational parameters were applied to the previously reported
acetylide analogue, giving BTD-C=C-Au-PMe;, which
resulted in frontier molecular orbitals (ESI, Fig. S8t) and verti-
cal excitation energies (ESI, Tables S3 and 4f) that are near
identical to those described in the literature.’ Using this meth-
odology, the frontier molecular orbitals of BTD-Au-PMe;
(representing 3a-3c) and BTD-Au-NHCs (3d and 3e) were
found to be similar to BTD-C=C-Au-PMej;, comprising of the
antibonding combinations of an Au d-orbital and a n-system of
the BTD fragment (ESI, Fig. S9-11+1). These orbitals are predo-
minantly localised on the BTD fragment with minimal contri-
bution from the PMe; or the NHC ligands (Fig. 2). This is con-
sistent with both the experimental observations of the auxili-
ary ligand showing a minimal contribution to the observed
transitions, and the photophysics of the BTD-Au(i)-L com-
plexes 3a-3e being best described as a perturbation of that of
the heteroarene moiety. Further, the TD-DFT calculated verti-
cal excitation transitions of BTD, BTD-Au-PMe; and the
BTD-Au-NHCs (3d and 3e) originating from their respective
HOMO and LUMO, reflects the observed trends, even if not the
precise transition energies. The calculated orbitals for the
HOMO and LUMO are consistent with symmetry labels A
(symmetric with respect to the principal rotation axis) and B
(anti-symmetric with respect to the principal rotation axis) for
the C,, point group of BTD. It can therefore represent the
weaker symmetry-forbidden band at ca. 325 nm seen in experi-

5662 | Dalton Trans., 2024, 53, 5658-5664

| L24

HOMO

HOMO

Fig.2 HOMO and LUMO of (A) truncated BTD—AuPMes and (B) BTD-
Au—-NHC.

ments. Meanwhile, the stronger band at ca. 300 nm is between
the symmetric HOMO—-1 and LUMO, i.e., "A; < 'A;. In unsub-
stituted BTD, the computed oscillator strengths are consistent
with such an analysis. Upon auration, the relative oscillator
strengths of the two bands are reversed, reflecting the more
allowed nature of the weaker band in 3a-e, which is qualitatively
captured at this level of theory. Finally, the predicted transitions
of BTD-Au-PMe; are blue-shifted by 4000 cm™ in comparison
to BTD-C=C-Au-PMe;, consistent with their respective experi-
mental absorption values (Table 2 and ESI, Tables $3-77).°

The singlet (S,) and triplet (T,) excited state energies of
BTD-Au(1)-L (L = truncated PMe;, or NHCs: IPr and IMes) were
investigated via TD-DFT calculations at their corresponding
optimised singlet ground state (S,) geometries. For BTD-Au-PMe;,
three triplet excited states (T;-T3) were found to be lower in
energy than the lowest singlet excited state (S;), with the
energy difference between the highest energy triplet (T;) and
lowest energy singlet (S;) excited states (AEgy) being
12300 cm™', which falls in the proximity of the experimentally

This journal is © The Royal Society of Chemistry 2024
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observed difference between the fluorescence and phosphor-
escence spectral maxima (ca. 7500 cm™'). Similarly, both 3d
and 3e exhibit five triplet excited states (T;-Ts) lower in energy
than the lowest singlet excited state (S;) and a small AEgy (3d:
12000 cm™; 3e: 12100 cm ™). Notably, while exclusively fluo-
rescence or delayed fluorescence properties were reported for
BTD-C=C-Au-PCyj;, 3a-c exhibit phosphorescence. The obser-
vation of delayed fluorescence indicates that the triplet is also
populated in the alkynyl-bridged complexes, but the radiative
rate constant is not competitive. It can be hypothesised that
direct coordination to Au results in a comparatively stronger
SOC for 3a-3e, resulting in a higher radiative rate constant,
and the observed phosphorescent properties.

Conclusions

A series of BTD-Au(1) complexes was synthesised, characterised
(NMR, HRMS, CV and XRD) and investigated for their photo-
physical behaviour. These are the first isolated coordination
complexes containing a C-Au bond on the BTD unit and the
first aryl-Au(1) complexes that comprise a highly electron-
deficient heterocyclic unit. In solution the complexes display
long-lived room temperature phosphorescence (r ~ 100 ps)
with appreciable quantum yields (Pphos = 0.03-0.06). The
origin of the phosphorescence was traced to the triplet mani-
fold of BTD (’LC emission), which is efficiently populated
specifically due to its direct auration. The strong phosphor-
escence compared to acetylene-linked Au(r) complexes suggest
a larger radiative rate constant for the T;-S, transition, which
can presumably be rationalised by a stronger SOC coupling
with Au(i) directly linked on the BTD unit. In addition, the
unsymmetrical substitution on BTD increases the oscillator
strength of the lowest, symmetry-forbidden singlet-singlet
transition of BTD and should also increase the rate constant
for phosphorescence. This reveals the tantalising prospect that
otherwise weak luminophores can form the basis of efficient
organo-Au(i) phosphors with compact, simple, and robust
motifs. We anticipate that this strategy may be generalisable
for other weak luminophore/heavy atom combinations.
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