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Wen-Xiu Ni, Mian Li, Ji Zheng, Shun-Ze Zhan, Yu-Min Qiu, Seik Weng Ng, and Dan Li*

The development of white-light-emitting materials and devi-
ces!'! plays an important role in the next-generation solid-
state lighting technology.” In this field, there are generally
two types of working principles to achieve white light, either
from multiple cooperating emitters,””! or from a single multi-
functioning emitter.! Both cases generate at least dual
emissions (e.g. bluish green and reddish orange) that are
complementary colors of white light. The single multifunc-
tioning emitter type is superior to the multiple cooperating
emitters because it can prevent phase-separation and color
variation problems."! However it remains a challenge to
design and synthesize single molecules, especially phosphor-
escent coordination complexes, that emit across the broad
visible spectrum and exhibit white light.”!

Some significant progress has been made for luminescent
Pt"" complexes by the groups of Che!® and Yam,"! who took
advantage of the monomer—excimer equilibrium that facili-
tates the broad band emissions in these systems. Such in-depth
studies have warranted the application of Pt" complexes in
single-dopant ~ white organic light-emitting  devices
(WOLEDs), advanced also by these two groups® and
others.”) Based on the working principle of Pt!! complexes,
two structural prerequisites have to be fulfilled to generate
white light from dual emission bands: 1) there should be
a certain functional group acting as a chromophore to ensure
the luminescent efficiency of the monomer; 2) the designed
molecule requires a structure with little steric hindrance (e.g.
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the square-planar configuration of Pt complexes®”) to
facilitate the formation of the excimer when the monomers
are positioned in close proximity to each other. Gold
complexes have shown promise in OLED developments,
not only because they present rich photochemistry, but also
because they have low-toxicity and are environmentally
benign.'”! However, unlike the Pt" complexes, which are
widely investigated, the potential for WOLEDs based on
photoluminescent Au' complexes has been much less eval-
uated.

In an attempt to synthesize gold white-light emitting
materials, we focus on a family of trinuclear d'° M' pyrazolate
clusters (M = Cu, Ag, Au) that have been of interest to us'!
and others."? Among these, the Au' analogues have poten-
tially useful properties: they have a strong tendency to form
excimers linked by Au'--Au' bonding (aurophilicity!*), which
is supported by their rigid planar configuration and linear
coordination mode, and give bright and long-lived phosphor-
escence.'”l The excimers of trinuclear Au' pyrazolate com-
plexes,>!¥ regulated by self-aggregation, usually emit in the
low-energy (LE) orange-red region. However, the generation
of white light requires the cooperation of the high-energy
(HE) blue-green region of the monomer, which is usually
absent in reported M' pyrazolate clusters."'” Herein the
thiophene group, which can increase light absorption to
promote luminescence,"” is introduced as a substituent on
pyrazole, to enhance the high-energy emission of the mono-
mer.

The absorption spectrum of the selected ligand, 3-(2-
thienyl)pyrazole (HL), exhibits two absorption peaks at 273
and 289 nm (intraligand 'm—m* transition) and shows blue-
green emission (A.,=2330nm) in CH,Cl, solution.™ The
trinuclear [{Au(L)};] cluster (Figure 1, left) is prepared in
a high yield by treating [Au(tht)Cl] (tht=tetrahydrothio-
phene) with HL. The product is characterized by IR, UV/Vis
spectra, "H NMR spectroscopy, elemental analysis (C, H, N),
MALDI-TOF mass spectrometry and X-ray crystallography
(see Supporting Information and Ref. [18] for details). The
absorption spectrum of [{Au(L)};] in CH,Cl, displays two
peaks at 256 and 290 nm (Figure S1 in the Supporting
Information), similar to that of HL. As expected, the high-
energy band (4., =408 nm) of the [{Au(L)};] monomer occurs
upon the excitation at 340 nm in aerated CH,CI, solution
(Figure S6). The red shift of the high-energy band compared
with that of HL is attributed to metal-coordination-related
charge transfer. A broad shoulder covering 500-600 nm is also
observed. This featureless low-energy band originates from
the triplet excimer formed from the chair stacking (Figure 1,
right) of the [{Au(L)};] monomers that are regulated by
Au'-Au' bonding (aurophilic interactions).!>™
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Figure 1. Structural formula of the [{Au(L)};] cluster (left) and its
common chair-stacking pattern forming the excimer (right). Dashed
lines indicate aurophilic interactions.

To demonstrate the monomer—excimer equilibrium which
is strongly concentration dependent, we performed solution-
state luminescence measurements. If the monomer—excimer
equilibrium exists in this system, the relative intensity of the
high-energy/low-energy bands will change upon variation of
the concentration,”® because in a more concentrated solu-
tion the possibility of excited [{Au(L)};] monomers meeting
with ground-state monomers to form eximers will increase.
Also the monomer—excimer equilibrium will be sensitive to
external stimuli,*®! such as excitation energy and temper-
ature variation, which will influence the number of excited-
state monomers. In practice, when concentrated from 10~* to
107> M, the emission color profiles (CIE-1931) of [{Au(L)}] in
aerated CH,Cl, solution shift towards the
white-light region (Figure 2¢), with the low-
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a clear red shift of the high-energy band to 450 nm (because of
intermolecular si—r interaction), and the low-energy intensity
surpasses that of high-energy band. At the concentration of
8x107*M, the intense dual emission band covering 400-
700 nm has an optimal CIE-1931 white-light profile (0.31,
0.33) and a quantum yield of 0.413. The pure white light can
be a combination of blue-green and orange-red emissions
that are of competitive or even equal relative intensities, as
observed in this case.

The proposed monomer—excimer equilibrium can give
rise to white-light emission through the combination of the
dual emissions from the [{Au(L)};] monomer and the excimer
which is formed by aggregation in the solution state. How-
ever, the control of the aggregation behavior to give white
light in the solid state is very difficult. Fortunately, we are able
to crystallize two forms of [{Au(L)};], namely a and b (see
Supporting Information for details), which exhibit orange—
red and white emissions (Figure 3b), respectively, under UV
lamp (365 nm) at room temperature. From the emission
spectra (4., =370 nm, room temperature), both the high-
energy (475 nm) and low-energy (620 nm) bands occur, but
the low-energy band is predominant for form a, while the
high-energy band is predominant for b.

Crystal structures of @ and b reveal the crucial differences
on the stacking patterns of [{Au(L)};] (Figure 3a, see also
Figure S3 and S4) in relation to their diverse emissions. In
a only the common chair pattern (stacking A in Figure 3 a, red
box) is found, while in b there coexist two patterns (stacking
A+B with 1:1 ratio in Figure 3a, green box) with an
additional dimer stacking B. The stacking B exhibits weaker
intermolecular Au'--Au' contacts (stacking A: within the

energy shoulder becoming more apparent in (@)  hex=340nm 1x10°M (C)
conc.entrated.solution (Figure .S6). This Sf.lift is | 408am :: :g_’;’: CIE-1931 chromaticity diagram
consistent with the speculation that higher &4 16w -
concentration facilitates the self-aggregation ot 8x 10°M 08 '
of the planar [{Au(L)};] cluster. The resulting , 1x 10°M
triplet phosphorescent excimer responsible 2x10° 0
for the low-energy emission may be quenched 00
by aerial oxygen. Therefore, after the degass- 1x10° 4 ——
by aerial oxy ¢ =\
ing procedure, a second peak at 558 nm (decay X
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lifetime 7.4 us) emerges in the low-energy
region (Figure 2a, A,,=340 nm), confirming
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the excimeric triplet state. The slight red shift (b) Aex =370 nm 1 10°M
of the high-energy band from 402 to 408 nm 3x10° - e e 00
upon increasing concentration is due to the o X o8
interligand m-m stacking between the - A?;f; 332;)";;?‘::::‘;::
[fAu(L)};] clusters. At a concentration of 1/ X0 A (0.23, 0.23) for 105 M
10*Mm, the spectrum exhibits a clear dual P —
emission, with a CIE-1931 coordinate (0.28, 1x10° 4 ~ M (0.24, 0.25) for 104 M
0.29) and a quantum yield of 0.259. //\/\ W (0.28, 0.29) for 10°M

When the excitation energy changes to o /v_\—"‘\ Aex = 370 Nm, degassed:

370 nm, the relative intensity of the low- 400

energy band is significantly enhanced (Fig-
ure 2b), thus improving the white-light quality
(Figure 2¢). Upon concentrated from 107 to
107°m, [{Au(L)};] exhibits higher degree of
excimeric self-aggregation, which results in
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Figure 2. Emission spectra of [{Au(L)};] at various concentrations (in degassed CH,Cl,
solution at 298 K) upon the excitation at 340 nm (a) and 370 nm (b), and the correspond-
ing emission color profiles in CIE-1931 (Commission Internationale d’Eclairage) chroma-
ticity diagram (c). Note natural white light at (0.33, 0.33).
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Figure 3. The two crystal forms a and b with their different stacking
patterns (a). Their emission spectra at 298 K upon excitation of

370 nm (b). Inset: photographs of crystalline samples exposed to UV
lamp. Emission color profiles of form b in CIE-1931 chromaticity
diagram by varying excitation energy and temperature (c). See Table S2
for detailed intra- and intermolecular Au'--Au' distances.

range of 3.161-3.210 A; stacking B: 3.380 A at 298 K). All of
the intermolecular Au'---Au' distances are significantly shorter
than the sum of van der Waals radii of 3.6 A, and also shorter
than many reports of unsupported Au'-Au' bonds."® This
dimer stacking pattern in b is unfavorable for excimer
formation, and thus is responsible for the relatively lower
intensity of low-energy band of b, compared with that of a.
Another subtle structural difference that contributes to the
relatively more intense high-energy band of b is the torsion
angles between the thienyl and pyrazolate rings, with smaller
values being found for those in stacking B of b (Figure 4, top).
This enhanced conjugation effect resulting from the copla-
narity of adjacent aromatic rings will promote the efficiency
of the high-energy emission in stacking B, which is attributed
to metal-mediated intraligand charge transfer 'ILCT).

The above structural features are consistent with the
uncommon white-light emission of form b. We further
optimized the CIE-1931 emission profile of this material by
varying the excitation energy and temperature. As shown in
Figure 3¢, form b can exhibit near-white-light emission with
CIE-1931 (0.30, 0.31) under 360 nm excitation and at room
temperature (application working condition). The optimal
white-light quality with CIE-1931 coordinate (0.33, 0.34) can
be achieved at lower temperature (1., =370 nm, 250 K).

It is notable that upon varying excitation energy, the
responses of the high-energy and low-energy bands of b differ
clearly (Figure S7), indicating the excited state responsible for
the high-energy band is different from the one that acts as the
triplet acceptor!'? in the monomer—excimer equilibrium. In
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other words, the [{Au(L)};] monomer can generate two
excited states: a common one for forming the excimer that
gives the low-energy band, and an uncommon one giving the
high-energy band. Besides, the fact that higher energy
excitation can prompt the lower energy band with micro-
second lifetime (131.79 ps, 298 K) indicates the phosphores-
cent origin involves an intersystem crossing from a singlet
ligand-to-metal-metal charge transfer ('LMMCT) state to
a triplet metal-metal ("MM) emitting state proposed by
Omary et al.'! Furthermore, the splitting of the low-energy
band under cryogenic conditions (Figure S8) directly vali-
dates the multiple *MM-states assumption for the excimers of
trinuclear M' pyrazolate clusters."® The greater relative
intensity of the low-energy band at low temperature is also
related to the shorter intermolecular Au’--Au’ distances in the
structures at low temperature (see Table S2). This unsup-
ported Au’+Au' bonding can also be enhanced by mechanical
grinding, as evidenced by the increased intensity of the low-
energy band after grinding (Figure S9).

To further interpret the origin of the monomer—excimer
equilibrium in this system, we perform theoretical calcula-
tions to assess the role of the introduced thiophene group (see
Supporting Information for computational details). Previous
computational work has clarified which excimeric excited
states of trinuclear M' pyrazolate clusters are responsible for
the low-energy emissions.'"***1" In our system, the differences
in the torsion angles between the thienyl and pyrazolate rings
(Figure 4, top) and their influences on the molecular orbitals
and excitation energy (Figure 4, bottom) are taken into

('311.40°
a

A\
AN}

Energy (eV)

II T "

Figure 4. Torsion angles between the thienyl (green) and pyrazol-

ate (pink) groups in the [{Au(L)};] stacking of @ and b (top) and their
corresponding frontier molecular orbitals (bottom) marked with the
main HOMOs —LUMOs transitions related to the excitation for high-
energy (red arrows) and low-energy emission (blue arrows; dashed
line: f<0.10).
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consideration. Two major clues can be extracted from the
ground-state frontier molecular orbitals of different twisted
conformers in @ and b. 1) In the high-energy region, the
presence of stacking B with significantly smaller torsion
angles and higher degree of conjugation gives rise to
a narrower HOMO-LUMO gap (4.47 eV for stacking B in
b;4.61 eV for A in a; 4.69 eV for A in b) by simultaneously
lowering the LUMO and raising the HOMO energy levels. It
also facilitates a stronger high-energy band intersystem-
crossing from the 'ILCT transition for b (oscillator strengths
f=0.35,0.19,0.19 for Bin b; f=0.33,0.18,0.10 for Aina; f=
0.20, 0.31 for A in b). 2) In the low-energy region, there are
remarkable cluster-centered transitions ('CC) and metal-to-
ligand charge transfers ("MLCT) for stacking A (f=0.20, 0.12
for A in a; f=0.16, 0.10 for A in b) that could prompt the
excimer formation accounting for the low-energy ‘MM
emission. But these transitions are trivial (f<0.10) for
stacking B in b, and thus form b with equal A and B
population has a significantly lower low-energy intensity
compared with that of a.

A new trinuclear Au' pyrazolate cluster with the thio-
phene substituent has been synthesized. The introduction of
an organic chromophore, the thiophene group, gives rise to an
excited state which is responsible for the uncommon high-
energy blue—green emission. Together with the low-energy
orange-red band, which originates from the monomer-
excimer equilibrium and exhibits aurophilic phosphores-
cence, the compound is able to give off white light in both
solution and solid states. Most interestingly, two crystal forms
of the same component are isolated, which exhibit orange-red
and white emissions, respectively. This observation is ration-
alized by structural, spectral, and theoretical studies. Further
study will focus on enhancing the function as a white-light
emitting material by doping device fabrication, especially
trying to increasing its white phosphorescence quantum
efficiency and thermal stability.
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