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Aurophilic interaction-based aggregation of
gem-digold(I) aryls towards high spin-orbit
coupling and strong phosphorescence

Xiao-Yi Zhai & Liang Zhao

Luminescent gold(I) compounds have attracted intensive attention due to
anticipated strong spin-orbit coupling (SOC) resulting from heavy atom effect
of gold atoms. However, some mononuclear gold(I) compounds are barely
satisfactory. Here, we unveil that low participation of gold in transition-related
orbitals, caused by 6s-π symmetry mismatch, is the cause of low SOCs in
monogold(I) compounds. To address this issue, we have developed a series of
acceptor-donor organogold(I) luminescent compounds by incorporating a
gem-digold moiety with various aryl donors. These compounds demonstrate
wide-range tunable emission colors and impressive photoluminescence
quantum yields of up to 78%, among the highest reported for polynuclear
gold(I) compounds. We further reveal that the integration of the gem-digold
moiety allows better interaction of gold 6s orbitals with aryl π orbitals, facil-
itates aryl-to-gold electron transfer, and reduces Pauli repulsion between
digold units, finally engendering the formation of aurophilic interaction-based
aggregates. Moreover, the strength of such intermolecular aurophilic inter-
action can be systematically regulated by the electron donor nature of aryl
ligands. The formation of those aurophilic aggregates significantly enhances
SOC from <10 to 239 cm−1 and mainly accounts for high-efficiency phosphor-
escent emission in solid state.

Luminescent gold(I) compounds have garnered significant attention
due to their potential applications in phosphorescence1–5 and ther-
mally activated delayed fluorescence (TADF) materials6–10. The attrac-
tion arises from the anticipated high spin-orbit coupling (SOC) due to
the heavy atom effect of gold(I) atoms11,12. Numerous polynuclear
gold(I) complexes with excellent phosphorescence performance have
been thus developed13–20. Nevertheless, some synthetically accessible
mononuclear gold(I) complexes contrarily show sluggish phosphor-
escence emission rates and low photoluminescence quantum yields
(PLQY)21–28. In particular, phosphorescence emission rates of a few
gold(I)-phosphine aryl and alkynyl coordination compounds remain
unaffected upon the increase of gold atoms up to tetra- and penta-
nuclear27–31. In general, the phosphorescence emission rate positively

correlates with T1-S0 SOC11. Therefore, the presence of co-existing
fluorescence emission and slow phosphorescence emission rates of
these gold(I) complexes imply that SOCs in S1-T1 and T1-S0 transitions
may not be as high as it seems. Although the recently reported
mononuclear carbene-metal-amide gold(I) compounds show high
PLQYs6,32–34, their fast reverse intersystem crossing is finally attributed
to T1-S1 spin-vibronic interaction rather than SOC35–37. Therefore, it is of
utmost importance to explore the influential factors to determine
SOCs in Au(I) compounds and correlate its fine-tuning with the opti-
mization of luminescent performance.

Previous theoretical investigations into excellent photo lumines-
cent properties of cyclometalated Pt(II) complexes38 have discovered
that high SOCs are closely related with significant charge transfer on
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the central Pt atom during the T1-S0 transition. Furthermore, in the
well-known luminescent cyclometalated Ir(III) complexes39, such as
fac-Ir(ppy)3 (ppy = phenylpyridinate anion)40, the pronounced parti-
cipation of the Ir 5dz2 orbital in the highest occupiedmolecular orbital
(HOMO) promotes remarkable charge transfer on the central Ir atom
and also leads to high SOCs11,41–43 during the T1-S0 transition. Therein,
the typical octahedral coordination geometry of the Ir center facil-
itates substantial mixing between the Ir 5dz2 orbital and the aromatic
ligand π orbitals. For aurophilic interaction-based aggregates of some
Au(I) compounds, it is found that their ligand-to-metal-metal charge
transfer (LMMCT) can significantly enhance the involvement of gold
orbitals in transitions, thus promoting SOC and improving TADF
properties44,45. In contrast, the common linear coordination mode of
an Au(I) center hinders effective participation of Au 6s orbital in
frontier orbitals upon mixing with π and π* molecular orbitals of
aromatic ligands because of unmatched orbital symmetry (Fig. 1). This
limitation mostly accounts for low T1-S0 SOC and the resulting poor
phosphorescence performance of some mononuclear gold(I) com-
plexes. To address the formidable challenge for the development of
gold(I) complexes with excellent phosphorescence performance, we
conceive that a gem-digold moiety with two gold atoms positioned on
either side of an aromatic ring may potentiate the interaction of its
grouporbital, composedof twoAu6sorbitals,with the aromatic ringπ
orbitals as a result of matched orbital symmetry. Furthermore, inter-
molecular aurophilic linkage is also attempted to enhance SOC effect.
These combinations may promote the participation of gold atoms in
frontier orbitals and charge transfer, finally promoting T1-S0 SOC in
emission-related transitions.

In this study, a series of gem-digold(I) aryls were synthesized
through a stepwise transmetalation and saturated coordination
process. By converting monogold(I) compounds into their gem-
digold(I) counterparts, the orbital symmetry adaptation indeed
enables efficient interaction of the digold group orbitals with the π
orbitals of aryl donor ligands. Furthermore, electron transfer from the
aryl donor ligands togoldatomseffectively reduces the Pauli repulsion
between gold atoms and leads to ligand-dependent intermolecular
aurophilic interaction, finally resulting in aurophilic interaction-based

aggregation of digold compounds. Such aurophilic linkage recon-
structs the HOMO and LUMO (lowest unoccupied molecular orbital)
frontier orbitals and significantly enhances the participation of 5d and
6s orbitals of gold atoms in phosphorescence emission. Consequently,
the fluorescence-phosphorescence dual emission observed in mono-
gold(I) compounds changes into the only phosphorescence emission
in gem-digold(I) compounds. Accordingly, we observed a remarkable
increase of T1-S0 SOC from 0.2–9.6 cm−1 in aryl monogold(I) com-
pounds through 2.4–15.1 cm−1 in digold compounds to maximum
239.0 cm−1 in the dimer of digold compounds. More importantly, the
PLQYs of aurophilic interaction-based aggregates reach up to 78% in
the solid state, making it among the highest PLQYs observed in poly-
nuclear gold(I) compounds to date (Supplementary Tables 1 and 2).

Results
Synthesis and structural characterization
Geminally diaurated organogold(I) compounds as intermediates widely
exist in gold-catalyzed organic transformations46–54. In view of the simi-
larity of aryl digold complexes with the Wheland intermediate in elec-
trophilic aromatic substitution reactions55, it is expected that the
diauration may diminish the electron density of aromatic rings.
Accordingly, gem-digold(I) compounds are much more stable when
they feature electron-rich aryl or alkenyl ligands56,57, suggesting that the
positive charge of a digold(I) species can be efficiently dispersed from
the gold(I) centers to the ligands. Therefore, the gem-digold moiety
should be properly considered as an electron-withdrawing group.
Inspired by organic TADF materials, wherein the combination of
electron-rich donor and deficient acceptor groups results in balanced
fluorescence oscillator strength58, a narrow S1-T1 energy gap, and
enhanced luminescence, we conceive that the coupling of the electron-
deficient gem-digold moiety with electron-rich aryl ligands may yield a
new type of organometallic donor-acceptor architectures. We hope that
such organometallic donor-acceptor structures own high metal atom
participation and T1-S0 SOC, and ultimately show strong phosphores-
cence emission. Accordingly, a series of monogold(I) and gem-digold(I)
aryl complexes have been designed and synthesized (Fig. 2a).

Aryl monogold(I) compounds 1a to 1c were synthesized by
transmetalation of aryl boronic acids according to a reported
method59. However, thismethodwas not applicable to the synthesis of
1d and 1e. 1d and 1ewere then synthesizedby direct transmetalation of
corresponding organometallic lithium reagents28 and were purified by
recrystallization. Attempts to directly acquire gem-diaurated aryl
compounds from aryl boronic acids were unsuccessful due to rapid
decomposition. We next tried to achieve gem-digold compounds by
saturated coordination of monogold(I) aryl compounds. With the 1e-
to-2e transformation as an example, the 1:1 mixed solution of 1e and
[PPh3Au](NTf2) (NTf2 = bis(trifluoromethanesulfonyl)imide anion) in
dichloromethane (DCM) gradually turned black, and gold mirror
meanwhile formed. Besides the identification of [(PPh3)2Au](NTf2) in
the mixed solution via 31P NMR (Supplementary Fig. 1), an isolated
colorless crystalline productwasdetermined as aC-Ccoupling organic
compound through X-ray crystallography analysis (Supplementary
Fig. 1). In order to inhibit this decomposition process, the gem-diau-
rated aryls 2a to 2e were finally obtained through rapid precipitation
from the 1:1 mixed DCM solution of aryl monogold(I) compounds and
[PPh3Au](NTf2) by adding petroleum ether. The purity of these pro-
ducts was confirmed by 1H and 31P NMR, as well as electrospray ioni-
zation mass spectrometry (ESI-MS) (Supplementary Spectra 26–44).
Notably, the protonNMR signals corresponding to C2-H andC7-H shift
downfield from 8.39 and 8.14 ppm in 1b to 8.96 and 8.26 ppm in 2b,
respectively, supporting the electron-withdrawing natureof the digold
unit (Supplementary Fig. 2).

Our attempts to crystallize 2a-2e only deposited single crystals of
2a, 2b, and 2c, by layering diethyl ether onto the concentrated
chloroform solutions of corresponding precipitate samples at −15 °C
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Fig. 1 | Orbital reorganization and SOC enhancement. Schematic of SOC and
phosphorescence enhancement in organogold(I) compounds based on the reor-
ganization of frontier orbitals in this work.
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(Fig. 2b and Supplementary Fig. 3). Similar procedure on 2d and 2e
resulted in only dark precipitates due to rapid decomposition. As
shown in X-ray crystallographic analysis, the gem-digold unit in 2a is
almost equally divided by the phenyl plane (126.4° and 142.8° for the
dihedral angles of C3 −C2 −C1 −Au1/Au2, respectively). In addition, an
alternating single and double bond pattern of the diaurated benzene
ring in 2a (1.414(8) Å for C1-C6; 1.366(7) Å for C5-C6; 1.409(8) Å for C4-
C5). implies that the diauration allows the digold positive charge to
delocalize onto the amino-substituted benzene ring and thus weakens
its aromaticity. In contrast to 2a, the digold unit attached on the car-
bazole ring of 2b is tilted to one side with the dihedral angles of 118.6°
and 153.9° for C3 −C2 −C1 −Au1/Au2, respectively. It should be ascri-
bed to the steric hindrance between PPh3 and the carbazole group
(Fig. 2b). To our surprise, the gem-digold unit in 2b forms a dimer
structure via an intermolecular Au-Au linkage of 2.877(1) Å, which
represents one of the shortest unsupported intermolecular aurophilic
interactions60–63. Such short Au-Au interaction is strong enough to
overcome the Coulomb repulsion between two digold(I) units.

Photophysical studies
The stability of 2a-2e in solution was confirmed by UV-vis absorption
spectral monitoring. As shown in the time-dependent UV-vis spectra in
DCM (Supplementary Fig. 4), 2a-2e all show negligible changes over
one hour. The emission spectra of 2a-2e exhibits luminescence 0-0

bands at 457 nm [τ1 = 0.48 ns (89.6%) and τ2 = 4.19 ns (10.4%)], 409 nm
[τ1 = 1.60 ns (97.6%) and τ2 = 10.19 ns (2.4%)], 330 nm [no measured
lifetime], 447 nm [τ1 = 0.04 ns (95.1%) and τ2 = 1.03 μs (4.9%)] and
487 nm [τ1 = 0.18 ns (97.3%) and τ2 = 0.94 ns (2.7%)], respectively
(Supplementary Fig. 5 and Supplementary Table 3). The emission
lifetime of 2c cannot be determined because of its extremely weak
emission. The nanosecond lifetimes of these compounds indicate a
fluorescence emission nature. We tried to measure the PLQYs for 2a-
2e. However, only the values of 2b, 2d, and 2e can be determined as
0.6%, 1.1%, and 2.7%, respectively, due to their relatively strong emis-
sion. Such low PLQYs of 2a-2e should be attributed to their flexible
gem-digold structures as reported in several gem-digold
compounds56,57,64, which likely cause high non-radiative decay rates.
The relatively faster emission rates of 2 d and 2eover 2a, 2b, and 2c are
probably ascribed to the extended phenyl π bridges in 2d and 2e,
which may enhance HOMO-LUMO overlap58 and thereby increase
fluorescenceoscillator strength (Supplementary Table 3). To verify the
donor-acceptor natureof these gem-digold(I) aryls, wenext carriedout
the studies on solvent-dependent UV-Vis absorption spectra (Supple-
mentary Figs. 6 and 7). Upon the decrease of solvent polarity from
DCMto chloroform,weobserved a remarkable blue shift of absorption
peaks for 2a (Δλ = 61 nm), 2d (Δλ = 80nm), and 2e (Δλ = 50nm). This
result indicates a charge transfer transition with the ground-state
dipole being smaller in magnitude than the excited-state dipole65. In

b

1a 2a 2b
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2b 2c2a 2d 2e

1b 1c1a 1d 1e

Fig. 2 | Structural characterization of gem-digold(I) aryls. a Chemical structures
of mono- and di-gold(I) aryl compounds in this work. b Crystal structures of 1a, 2a
and 2b. Hydrogen atoms and bis(trifluoromethanesulfonyl)imide counter anions

are omitted for clarity. Color code: yellow, Au; gray, C; blue, N; purple, P. Selected
bond lengths (Å) of 1a: Au-C1 2.045(4).2a: Au1-Au2 2.769(1); C1-Au1 2.150(5); C1-Au2
2.119(5). 2b: Au1-Au2 2.751(1); Au2-Au2’ 2.877(1); C1-Au1 2.180(5); C1-Au2 2.133(5).
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contrast, the absorption of 2b and 2c show negligible shifts upon
solvent change, suggesting a local excitation nature. These results are
consistent with the observed blue shift in emission spectra along with
the decrease of solvent polarity by tuning the DCM/n-hexane ratio in
mixed solutions (Supplementary Fig. 8).

DFT calculations were then performed to investigate the lumi-
nescencemechanismof the gem-diauratedgold(I) aryls. 1a and2awere
taken as an example. Natural Bond Orbital (NBO) analysis indicates
that the frontier molecular orbitals of 1a aremainly contributed by the
aryl and phosphine ligands (Supplementary Fig. 9). The HOMO orbital
is composed of 98.2% 2p orbitals from the aryl ligand and 1.0% 5d
orbitals from gold atoms, and the LUMO orbital arises from 97.4% 2p
and 3p orbitals from the phosphine ligands and 1.2% 5d orbitals from
gold atoms.Molecular orbital isosurface diagram together with orbital
composition analysis reveals that there is no combination between the
6s orbital of gold atom (A1 irreducible representation inC2v group) and
the ligandπ orbitals (B1 irreducible representation in C2v group) due to
the unmatched symmetry55,66. As to 2a, the 6s orbitals of two gold
atoms could form a group orbital (B1 irreducible representation in C2v

group), which nicely combines with the ligand π orbitals to enhance
the gold participation in frontier orbitals. The LUMO orbital of 2a
comprises of 39.4% π orbitals of aryl ligand and 17.2% 6s orbitals of
gold atoms with the remaining contribution from the PPh3 ligands
(Supplementary Fig. 9). Such symmetry change of frontier orbitals
from 1a to 2apotentiates the aryl(π)-to-gold(6s) electron transfer. This
hypothesis is supported by the Hirshfeld atomic charge of aryl ligand
decreasing from −0.29 in 1a to 0.03 in 2a. Meanwhile, the introduction
of the digold unit causes the decrease of the LUMO from −1.22 eV of 1a
to −3.59 eV of 2a.

To understand the reason of weak phosphorescence emission in
solution, we carried out the hole-electron analysis of T1-to-S0 tran-
sition based on the T1 energy minimum structure (Supplementary
Fig. 10 and Supplementary Tables 4 and 5). The Sr, D, and t indices

are defined as following to provide a profile of electron transition
during the T1-S0 phosphorescence emission. Sr (Sr ∈ [0, 1]) and D
represent the overlap and distance between hole and electron in T1

state, respectively. t indicates the degree of separation between
hole and electron (t > 0: relatively separated in the charge transfer
direction; t < 0: less separated in the charge transfer direction)67. The
Sr, D, and t indices of aryl monogold(I) compounds show a complete
overlap of the hole and electron primarily within the aromatic
ring (Supplementary Fig. 10). This result suggests that the phos-
phorescence emission of monogold compounds is predominantly
contributed by 3LC (ligand-centered) transitions. In addition, the
overall contribution of gold atoms to the hole and electron for
monogold(I) aryl compounds ismostly less than 10% (Supplementary
Table 5), which finally accounts for their slow emission rates and low
T1-S0 SOC values (Supplementary Table 6). In contrast, the hole-
electron analysis of 2a shows a larger D and smaller Sr as a result of a
more separated hole and electron distribution primarily on the Ph2N
and [PhAu2] moieties (Supplementary Fig. 10, Supplementary
Table 4). 2b and 2c that lack rotatable single bonds exhibit a similar
hole-electron distribution as their monogold(I) counterparts (Sup-
plementary Fig. 10), but they show a larger D and smaller Sr (Sup-
plementary Table 4). The participation of gold orbitals in digold
compounds is increased by approximately four times larger than
monogold ones. As to 2d and 2e that feature a more distant donor
and acceptor due to the presence of a rotatable single bond and a π-
bridge (Supplementary Fig. 10), the nature of the T1-S0 transition
changes from a 3LC (ligand-centered) transition to a 3ILCT (intrali-
gand charge transfer) mixed with 3LMCT (ligand-to-metal charge
transfer) transition. The smaller Sr and larger D indices of 2d and 2e
compared with 2a, 2b, and 2c (Supplementary Table 4) are con-
sistent with the solvent polarity-dependent experiments (Supple-
mentary Figs. 7 and 8). To investigate the impact of T1-S0 SOC on
phosphorescence, the T1-S0 transition rates of monogold(I) and gem-
digold(I) aryl compounds were evaluated using quadratic response
theory (Supplementary Table 7). From monogold(I) to gem-digold(I)
aryl compounds, the T1-S0 transitions of each pair of compounds all
experience an increase of the gold atom participation in the hole-
electron separation (Supplementary Table 5). Despite significant
participation of gold(I) atoms in transition-related molecular orbitals
in gem-digold(I) complexes, their components remain much lower
than the dominant aryl π orbitals, resulting in low T1-S0 SOC
values (Supplementary Table 6), slow phosphorescence emission
rates of 102-103 s−1 (Supplementary Table 7) and low PLQYs as well
(Supplementary Table 3).

While 2a-2e exhibits weak emission in solution, they display
strong luminescence in both crystalline and amorphous precipitate
solid states. The precipitate of 2b generated by adding petroleum
ether into its dichloromethane solution exhibits strong luminescence
with the emission wavelength as similar as the crystalline sample of 2b
(Supplementary Fig. 11a). In contrast, the emission band of the crys-
talline 2a experiences a large blue shift relative to the precipitate
sample of 2a (Fig. 3 and Supplementary Fig. 11b). We subsequently
collected the photophysical parameters of crystalline and precipitate
samples to further investigate the luminescence mechanism. The
crystalline 2a exhibits two phosphorescence emissions with similar
lifetimes at 471 nm [τ1 = 4.98 μs (35.7%) and τ2 = 20.7 μs (64.3%)] and
623 nm [τ1 = 3.35 μs (43.8%) and τ2 = 17.2 μs (56.2%)] (Supplementary
Fig. 12 and Table 1). The T1-S0 SOC of 2a is deduced as 4.42 cm−1. This
small SOC value accounts for its low phosphorescence radiative rate
(kp ~ 103 s−1) and low PLQY of 3.6%. In sharp contrast, the precipitate
sample of 2a shows an emission peak at 560 nm with a short life time
[τ1 = 3.16μs (25.3%) and τ2 = 5.27μs (74.7%)], a high PLQY of 60% and a
kp as high as 105 s−1 (Supplementary Fig. 13 andTable 1). The precipitate
sample of 2b shows an emission peak at 518 nm [τ1 = 3.06 μs (37.1%)
and τ2 = 4.76 μs (62.9%)] with a fast kp ~ 10

5 s−1 and a high PLQY of 78%
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Fig. 3 | Solid emission spectra studies.Normalized emission spectra of precipitate
samples of 2a (p-2a), 2b (p-2b), 2c (p-2c), 2 d (p-2d), 2e (p-2e), and crystalline
samples of 2a (c-2a), 2b (c-2b). Inset: photographs of photoluminescence samples
under the excitation of λex = 365 nm.

Article https://doi.org/10.1038/s41467-025-55842-w

Nature Communications |          (2025) 16:405 4

www.nature.com/naturecommunications


(Supplementary Fig. 14), which is similar with the crystalline 2b sample
(λem= 506 nm, kp ~ 10

5 s−1 and knr = 2.46×105 s−1). The other three pre-
cipitate samples of 2c [τ1 = 2.05μs (44.8%) and τ2 = 4.58μs (55.2%)], 2 d
[τ1 = 4.60μs (30.4%) and τ2 = 10.9 μs (69.6%)] and 2e [τ1 = 4.40 μs

(31.5%) and τ2 = 13.0μs (68.5%)] all show fast kp values around 104-5 s−1

and moderate PLQYs of 22%, 31%, and 24%, respectively (Supplemen-
tary Fig. 13). The kp values of the precipitate samples of 2a-2e and the
crystalline 2b are around 104-5 s−1, which are much faster than the
predicted values of 102-3 s−1 by computational simulations (Supple-
mentary Table 7). In contrast, the kp of crystalline 2a is about 103 s−1,
much slower than its precipitate samples but in good agreement with
the calculations. The scrutiny of crystal structure difference between
crystalline 2a and crystalline 2b highlights the dimer structure of 2b
linked by intermolecular aurophilic interaction. Therefore, the T1-S0
SOC values of precipitate samples were recalculated considering
intermolecular aurophilic interaction-bridged structures (Table 1).
Relative to low T1-S0 SOC values of digold monomer structures (Sup-
plementary Table 6), intermolecular aurophilic interaction in digold(I)
dimers largely enhances the T1-S0 SOC values by one or two orders of
magnitude. We then conducted a poor solvent-induced aggregation
experiment to verify the formation of intermolecular aurophilic
interaction in precipitate samples. Upon mixing the dichloromethane
solution of 2b with n-hexane, an emission peak at 408 nm was
observed as the volume fraction of n-hexane below 94%, which should
be assigned to the 2b monomer according to ESI-MS (Fig. 4a). When
the n-hexane fraction is above 94%, a new green emission band at
513 nm gradually escalates and its intensity is proportional to the n-
hexane fraction. The redshift of the emission peak from 408 to 513 nm
can be ascribed to the formation of aurophilic interactions, which
narrow the HOMO-LUMO gap as reported in previous literatures68,69.
The wavelength and peak shape of this new emission band is highly
consistent with both the crystalline and precipitate samples of
2b (λem = 506 nm) and the simulated 2b-dimer (λem = 497 nm) (Sup-
plementary Fig. 15). This poor solvent-induced aggregation and simi-
lar luminescence were also observed in the other four compounds
(2a, 2c, 2d and 2e), which are consistent with the simulated emission
spectra of optimized dimer structures (Supplementary Figs. 16 and 17).
These results confirm that the enhanced luminescence of precipitate
samples arise from the intermolecular aurophilic interaction-caused
aggregation.

In order to clarify the strength of intermolecular aurophilic
interaction, temperature-dependent UV/vis spectra were applied
to experimentally determine the binding enthalpies (Fig. 4b).
Since 2d and 2e decompose in solution upon the temperature
variation, only the binding enthalpies of 2a, 2b, and 2c were
determined. By monitoring the temperature-dependent new
absorbance peaks at 450, 420, and 360 nm for 2a, 2b, and 2c,
respectively, the enthalpy values of intermolecular aurophilic
interaction for 2a, 2b and 2c were deducted as −42.6, −59.1,
−35.9 kcal/mol, respectively (Supplementary Fig. 18). The broad
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Fig. 4 | Aurophilic interaction-caused aggregation. a Emission spectra of 2b in
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c = 1 × 10−5 M. λex = 365 nm. Left axis: emission intensity of solution (arb. units).
Right axis: emission intensity of crystals in solid (arb. units). b Temperature-
dependent UV-Vis absorption spectral changes of 2b from 286 to 316 K
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aggregation model calculated by the absorbance at 420nm. Blue star: Absorbance
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Table 1 | Measured and deduced photophysical data of crystalline and precipitate samples

Compoundsa Wavelength (nm) lifetime (τ/μs) PLQYb kp (s−1)c knr (s−1)c SOC (cm−1)d

Crystalline 2a 471 4.98 (35.7%), 20.7 (64.3%) 3.6% 2.39 × 103 6.39 × 104 4.42

623 3.35 (43.8%), 17.2 (56.2%) 3.22 × 103 8.64 × 104

Precipitate 2a 560 3.16 (25.3%), 5.27 (74.7%) 60% 1.27 × 105 8.44 × 104 9.62 × 101

Crystalline 2b 506 2.63 (99.4%), 18.6 (0.6%) 33% 1.21 × 105 2.46 × 105 2.39 × 102

Precipitate 2b 516 3.06 (37.1%), 4.76 (62.9%) 78% 1.89 × 105 5.33 × 104 2.39 × 102

Precipitate 2c 487 2.05 (44.8%), 4.58 (55.2%) 22% 6.38 × 104 2.26 × 105 1.85 × 102

Precipitate 2d 560 4.60 (30.4%), 10.9 (69.6%) 31% 3.45 × 104 7.69 × 104 6.56 × 101

Precipitate 2e 550 4.40 (31.5%), 13.0 (68.5%) 24% 2.33 × 104 7.38 × 104 3.76 × 101

aCrystalline samples were obtained by layering Et2O on the CHCl3 solution of corresponding digold(I) compounds. Precipitate samples were acquired by adding petroleum ether into dichlor-
omethane solutions of 2a-2e.
bTotal photoluminescence quantum yield.
ckp: phosphorescence radiative rates; knr: non-radiative decay rates. Calculation method see the “Methods” section.
dSOC values of T1-to-S0 transition calculated by TD-DFT. The models used for crystalline samples are based on their corresponding single crystal structures, and those for precipitate samples are
based on aurophilic interaction dimer structures.
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absorption peaks together with the excellent fit to the supramo-
lecular polymerization mathematical model suggest the possible
formation of aurophilic interaction-based oligomers70. Such sig-
nificant binding enthalpies compensate the entropy loss in the
aggregation process and overcomes the Coulombic repulsion
between two positive digold species. Moreover, different aggre-
gation enthalpy values of 2a, 2b, and 2c suggest that the strength
of intermolecular metallophilic interaction can be tailored by the
central ligands, and electron-rich ligands enhance the aurophilic
interaction.

Theoretical studies on enhanced aurophilic interactions and
T1-S0 SOC
We subsequently carried out density functional theory (DFT) calcula-
tion to clarify the strong unsupported intermolecular aurophilic
interactions and intense phosphorescence enhancement in 2a-2e. Five
model compounds were designed according to the dimeric crystal
structure of 2b by changing aryl ligands from electron-rich (2f-dimer)
to electron-deficient (2h-dimer) (Fig. 5a). The resulting donor-
enhanced intermolecular aurophilic interaction was evaluated by
Au(I)-Au(I) distances and dimerization free energies (Fig. 5b). With the
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Fig. 5 | Theoretical studies on aurophilic interaction and T1-S0 SOC enhance-
ment. a Chemical structures of aurophilic interaction-linked dimer model com-
pounds. b Balanced aurophilic interaction distances calculated at PBE0-D3(BJ)/
def2-SVP level (data point) and Gibbs free energy calculated at PBE0-D3(BJ)/def2-
TZVP//PBE0-D3(BJ)/def2-SVP level (blue bar) along with the variation of Hirshfeld
charge. c Energy decomposition analysis on intermolecular aurophilic interaction
in five dimer model compounds at PBE0-D3(BJ)/def2-TZVP level. Etot, total inter-
action energy; Eels, electrostatic interaction component; Ex, exchange energy

component; Eorb, orbital interaction component; EDFTc, DFT correlation energy
component.; Edc, dispersion correction component.; Erep, Pauli repulsion energy
component. d T1-S0 SOC values calculated at DKH2-PBE0/DKH-def2-TZVP (C, H, O,
N, P, F), SARC-DKH-TZVP (Au) level (blue bar) and hole-electron participation cal-
culated at PBE0-D3(BJ)/def2-SVP level (data point) of aryl gold(I) compounds.
e Diagrams of HOMO and LUMO orbitals for 2b and 2b-dimer calculated at PBE0-
D3(BJ)/def2-TZVP level (isovalue:0.03).
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increase of Hirshfeld charge of the C-Au2 fraction from 2f-dimer to 2h-
dimer, the intermolecular Au-Au length gradually increases from 2.89
to 2.98 Å.Meanwhile, the dimerization free energy decreases from−6.1
to 1.5 kcal/mol. Furthermore, the interaction region indicator (IRI)
analysis indicates that ligand dispersion and strong Au(I)-Au(I) inter-
action both play an important role in the donor-enhanced inter-
molecular aurophilic interaction (Supplementary Fig. 19). Further
energy decomposition analysis was applied to quantify the contribu-
tion of each interaction to the intermolecular aurophilic interaction
(Fig. 5c and Supplementary Fig. 20). At the set Au(I)-Au(I) distance of
2.89 Å, the Pauli repulsion of 2b-dimer (166.3 kcal/mol) is much lower
than that of 1b-dimer (252.7 kcal/mol). As consequence, the balanced
Au(I)-Au(I) distance of 1b-dimer is 3.21 Å, in sharpcontrast to 2.89 Å for
2b-dimer.

The relationship between the hole-electron participation of gold
atoms andT1-S0 SOCvalueswas also evaluated. As shown in Fig. 5d, the
enhancement of hole-electron participation of gold atoms by dimer-
ization indeed causes the increase of T1-S0 SOC values relative to
corresponding monogold(I) and gem-digold(I) aryl compounds.
Meanwhile, the simulated phosphorescence emission rates for 2a-
dimer, 2b-dimer, and 2c-dimer are 1.81 × 104, 1.12 × 105, and
2.72 × 104 s−1 respectively, whichhavebeengreatly improved relative to
the values of monomer complexes 2a, 2b and 2c (Supplementary
Table 7). In addition, such calculated values are consistent with the
experimental phosphorescence radiative rates of 1.27 × 105, 1.89 × 105,
and 6.38 × 104 s−1, respectively. For the dimer structures, the hole in T1

state is predominantly distributed on the electron-rich donor group,
and the electron ismajorly located on the intermolecular Au-Au as well
as the diaurated aromatic ring. Finally, the origin of the T1 excited state
could be assigned to 3LMMCTwith some gold(I)-gold(I) d-s transitions
(Supplementary Fig. 21). The aurophilic interactions increase the par-
ticipation of gold atoms in the hole-electron by 2–10 times (Supple-
mentary Table 5). The 2b and 2b-dimer was chosen as an example to
make clear the orbital recombination during dimerization. As shown in
charge decomposition analysis (CDA) (Fig. 5e), the 2b-to-2b-dimer
transformation leads to the recombination of HOMO and LUMO
orbitals of monomer 2b (M-HOMO andM-LUMO) bymixing 5d-5d and
6s-6s orbitals of gold atoms. The reorganized orbitals become the
major contributor for the dimerHOMO/LUMOorbitals, rather than the
aryl ligand orbitals in monomer. The orbital composition analysis by
natural atomic orbital (NAO) method indicates that the HOMO of 2b-
dimer is composed of 4.2% 6s plus 11.1% 5d orbitals of gold atoms, and
80.6% of the aryl ligand. The LUMO comprises of 16.7% 6s orbitals of
gold atoms and 41.1% of the aryl ligand (Supplementary Table 8).
Consequently, the aggregation enhances the participation of gold
atoms in transition-related frontier orbitals and potentiates the T1-S0
SOC effect (Table 1 and Fig. 5d). The high T1-S0 SOC finally accounts for
rapid phosphorescence radiative rates of 104~5 s−1 and high PLQYs up
to 78%.

In summary, we have successfully achieved a new class of highly
efficient phosphorescent gold(I) compounds by constructing gem-
digold(I) aryl donor-acceptor structures and promoting the formation
of intermolecular aurophilic interaction-based aggregates. The emis-
sion color can be effectively tuned fromblue to yellowwith high PLQYs
up to 78% in solid state, which is among the highest PLQYs observed in
polynuclear gold(I) compounds to date. This study demonstrates that,
compared tomonogold(I) aryl compounds, the gem-digold unit allows
for better integration of the π orbitals of aryl ligands with the gold 6s
orbitals, thereby enhancing the participation of gold orbitals in the
LUMO orbital. This diauration also facilitates electron transfer from
the central aryl ligand to the empty 6s orbital of gold atoms and thus
make the digold(I) species as an acceptor group. Importantly, the
donor ligand reduces the Pauli repulsion of digold(I) aryls and
engenders the formation of aurophilic interaction-linked structures.

The aurophilic interactions exponentially enhance T1-S0 SOC and lead
to high-efficiency phosphorescent emission. This work opens up a new
avenue to achieve high-efficiency phosphorescent organometallic
compounds and provides insights into themodulation of T1-S0 SOC by
tuning metallophilic interaction.

Methods
General information
(9-phenyl-9H-carbazol-3-yl)boronic acid, (4-(9H-carbazol-9-yl)phenyl)
boronic acid, dibenzo[b,d]furan-2-ylboronic acid and (4-(diphenyla-
mino)phenyl)boronic acid were purchased from Bide Pharmatech.
Anhydrous isopropanol, [Au(PPh3)Cl], 1-bromo-4-iodobenzene, and
AgNTf2 were purchased from Energy Chemical. All other reagents and
solvents were used without further purification. The solvents used in
this study were dried by standard procedures. For photophysical
measurements, all solvents used were spectroscopic grade.

1H, 13C, 31P, 2D 1H-1H COSY, and 2D 1H-1H NOESY NMR were carried
out on a JEOL ECX-400 MHz instrument. High resolution electrospray
ionizationmass spectrometry (ESI-MS) were obtained on a Thermo
Scientific Exactive Orbitrap instrument. UV-vis spectra were recorded
on a Cary 7000 UV-vis-NIR spectrophotometer. The fluorescence
spectra were measured using an Agilent Cary Eclipse apparatus.

Photophysical experiment
The photoluminescence absolute quantum yields were measured on
an Edinburgh FLS980 spectrometer and defined as the number of
photons emitted per photon absorbed by the systems and measured
with an integrating sphere. Luminescent decay experiments were
measured on an Edinburgh FLS980 spectrometer using time-
correlated single photon counting (TCSPC). The photophysical para-
meters were calculated using the following equations71:

Φp =Φisc

kp

kp + knr
ð1Þ

Φisc =
kisc

kf + kic + kisc
ð2Þ

τ =
1

kp + knr
ð3Þ

where Φp is the phosphorescence quantum yield. Φisc is the quantum
efficiency of intersystem crossing from S1 to Tn states. kf and kic are the
radiative and internal conversion decay rates of S1→ S0, respectively. In
our system, there is no fluorescence, therefore,Φisc is estimated to be
approximately equal to 1. τ is the phosphorescence lifetime, kp is the
phosphorescence emission rate, and knr is the non-radiative
decay rates.

Measurement of aurophilic interaction-caused aggregation
enthalpy
To measure the binding enthalpy of 2a, 2b, and 2c during the aur-
ophilic interaction-caused aggregation process, an isodesmic self-
assembly model was applied and used in the work70,72:

α =
ε Tð Þ � εM
εA � εM

ffi 1

1 + e
�0:9084HT�Tm

RTm
2

ð4Þ

where a is the degree of aggregation, ΔH is the entropy release during
the aurophilic interaction-caused aggregation process, Tm is the
melting temperature. ε(T) is the measured extinction coefficient at
temperature T; εM and εA are the extinction coefficients of the
monomer and fully aggregated state, respectively. In general, the
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absorption wavelength is chosen to make εM =0. The equation can be
written as:

AbsðTÞ ffi AbsA

1 + e
�0:9084HT�Tm

RTm2
ð5Þ

where Abs(T) is the absorbance at temperature T, and AbsA is the
absorbance when fully aggregated. The absorbance Abs(T) versus
temperaturewas obtainedbymeasuring theUV/Vis absorption spectra
at different temperatures: from 279 K to 303K for 2a, 294 K to 320K
for 2b, and 276 K to 304K for 2c. These measurements were con-
ducted in a mixed solution (n-hexane/CHCl3, 94:6 v/v). At least two
data points were collected at each temperature, with some invalid data
points excluded from analysis due to water mist precipitation occur-
ring during the experiment at temperatures below 285 K. Due to the
low temperatures required for 2c aggregation, we could not collect
enoughdata points for fittingwithin the temperature range allowedby
the instrument. Consequently, AbsA was estimated as 0.1 based on the
structurally similar compound 2b.

General synthetic method of 2a to 2e
Aryl gold(I) compounds (0.02mmol, 1.0 equiv), [PPh3AuNTf2]
(14.8mg, 0.02mmol, 1.0 equiv), and DCM (3mL) were added to a
50mL round bottom flask. The solvent was vigorously shaken to
ensure thorough mixing within one minute. Petroleum ether (40mL)
was then added to the solution, and DCM was slowly removed under
reduced pressure at 0 °C. The mixture was allowed to stand for 15min
at 0 °C to ensure complete precipitation of the product. Then the
product precipitate was filtered.

2a: Yellow solid, yield: 91% (26mg). 1H-NMR (400MHz, CDCl3): δ
(ppm) 7.83 (d, J = 8.5 Hz, 2H), 7.56-7.46 (m, 8H), 7.43-7.33 (m, 30H), 7.23
(d, J = 3.4Hz, 4H), 7.00 (d, J = 8.9Hz, 2H). 31P-NMR (162MHz, CDCl3): δ
(ppm) 37.13. HR-MS (ESI): calcd. for [2a-NTf2]+ (C54H44Au2NP2

+)
1162.2275, found 1162.2284.

2b: Yellow solid, yield: 87% (25mg). 1H-NMR (400MHz, CDCl3): δ
(ppm) 8.97 (s, 1H), 8.26 (d, J = 6.6Hz, 1H), 8.08 (d, J = 8.2Hz, 1H), 7.66 (t,
J = 7.6 Hz, 2H), 7.59-7.48 (m, 13H), 7.43-7.33 (m, 26H). 31P-NMR
(162MHz, CDCl3): δ (ppm) 37.31. HR-MS (ESI): calcd. for [2b-NTf2]+

(C54H42Au2NP2
+) 1160.2118, found 1160.2126.

2c: White solid, yield: 77% (21mg). 1H-NMR (400MHz, CDCl3): δ
(ppm) 8.81 (s, 1H), 8.19 (d, J = 8.2 Hz, 1H), 8.10 (d, J = 7.7Hz, 1H), 7.84 (d,
J = 8.2Hz, 1H), 7.63 (d, J = 8.4Hz, 1H), 7.58-7.48 (m, 8H), 7.47-7.30 (m,
24H). 31P-NMR (162MHz, CDCl3): δ (ppm) 37.19. HR-MS (ESI): calcd. for
[2c-NTf2]+ (C48H37Au2OP2

+) 1085.1645, found 1085.1643.
2d: Yellow solid, yield: 87% (25mg). 1H-NMR (400MHz, CDCl3): δ

(ppm) 8.46 (s, 1H), 8.19 (d, J = 8.2 Hz, 3H), 8.02 (d, J = 8.2Hz, 2H), 7.74
(d, J = 8.7Hz, 1H), 7.64 (t, J = 7.7 Hz, 2H), 7.60-7.47 (m, 12H), 7.46-7.31
(m, 27H). 31P-NMR (162MHz, CDCl3): δ (ppm) 37.28. HR-MS (ESI): calcd.
for [2d-NTf2]+ (C60H46Au2NP2

+) 1236.2431, found 1236.2423.
2e: Yellow solid, yield: 82% (24mg). 1H-NMR (400MHz, CDCl3): δ

(ppm) 8.18 (d, J = 7.7Hz, 2H), 8.15 (d, J = 7.7Hz, 2H), 7.94 (d, J = 7.7Hz,
2H), 7.90 (d, J = 8.5 Hz, 2H), 7.70 (d, J = 8.5 Hz, 2H), 7.56-7.37 (m, 34H),
7.30 (t, J = 6.8Hz, 2H). 31P-NMR (162MHz, CDCl3): δ (ppm) 37.58. HR-
MS (ESI): calcd. for [2e-NTf2]+ (C60H46Au2NP2

+) 1236.2431, found
1236.2419.

Computational details
The structures of aryl gold(I) compounds 1a to 1e for calculation were
built based on their single-crystal structures. The structures of gem-
diaurated gold(I) aryl monomers 2a and 2c were also built based on
their corresponding single-crystal structures. The structures of 2b, 2d,
and 2ewere built based on the single-crystal structure of 2b. The gem-
diaurated gold(I) aryl dimers 2a to 2h were constructed based on the
single crystal structure of 2b. Geometry optimizations of the S0 and T1

states in the gas phase were performed using the ORCA 5.0.3

program73,74 with DFT and UDFT, respectively. The hybrid functional
PBE075,76 with Grimme GD3(BJ) dispersion correction77,78 and the def2-
SVP basis set79,80, was used for geometry optimization. To speed up the
calculations, density fitting together with the chain of spheres
approximations as implemented in ORCA (RIJCOSX)81 was used, with
the auxiliary basis def2/J82. The geometry of models was visualized by
CYLview20 software83.

The hole-electron analysis67 for T1→ S0 excitations was conducted
by the Multiwfn 3.8 program84 in the optimized T1 structures. The
wavefunction and configuration coefficients were calculated by
Gaussian 16 program85 with time-dependent DFT at PBE075,76-
D3(BJ)77,78/def2-SVP79,80 level in the gas phase. The UV-Vis absorption
spectrum was calculated at the PBE0-D3(BJ)/def2-TZVP level in the
SMD (dichloromethane) solventmodel, using optimized S0 structures,
and 80 singlet states were considered for the calculations.

Spin-orbit coupling of singlet and triplet states calculations are
carried out with the ORCA 5.0.3 program in the optimized T1 struc-
tures. All-electron calculation for spin-orbit coupling was performed
with PBE0 functional75,76, DKH2 Hamiltonian86–89, DKH-def2-TZVP basis
sets79,90 for C, H, N, O, F, P atoms, SARC-DKH-TZVP basis sets90 for Au
atoms. To speed up the calculations, density fitting together with the
chain of spheres approximations as implemented in ORCA (RIJCOSX)81

was used, with the auxiliary basis SARC/J82,90. The Dalton 2020.1
program91,92 was employed for the calculations of the T1 - S0 phos-
phorescence transition rates at the B3LYP93,94/6–31 g*95/SDD80

theoretical level.
Molecular thermochemistry properties of 2f-dimer, 2b-dimer,

2c-dimer, 2g-dimer, and 2h-dimerwere evaluated using the Gaussian
09 program96. Geometry optimizations as well as frequency calcula-
tions for all species considered here were optimized with the hybrid
functional PBE0 with Grimme GD3(BJ) dispersion correction and the
def2-SVP basis sets in the gas phase. The optimized structures were
confirmed to have no imaginary vibrational mode for all species.
Thermal corrections were obtained by frequency calculations using
the same method on optimized structures within the harmonic
potential approximation under 298.15 K and 1 atm pressure. Single
point energy was calculated based on the optimized structures with
the hybrid functional PBE0 with Grimme GD3(BJ) dispersion correc-
tion and def2-TZVP basis sets79,80 in the solvent chloroform. The inte-
gral equation formalism polarizable continuum (IEFPCM) solvation
model with SMD radii97 was used for solvent effect corrections. The
basis set superposition error correction was considered by counter-
poise method at PBE0-D3(BJ)/def2-TZVP level in the gas phase.

Wavefunction analysis was performed based on the structures
optimized inmolecular thermochemistry properties calculation and at
PBE0-D3(BJ)/def2-SVP level. Natural Bond Orbital analysis for orbital
compositionswereperformedbyNBO6.098 andMultiwfn 3.8 software.
Hirshfeld atomic charges99, interaction region indicator (IRI)100, and
charge decomposition analysis (CDA)101 were performed using Mul-
tiwfn 3.8 software. Energy decomposition analysis (EDA) was per-
formed using the most recently proposed sobEDAmethod102, which is
based on Gaussian 16 at PBE0-D3(BJ)/def2-TZVP level, in conjunction
with the Multiwfn program. The molecular orbitals and hole and
electrondistributionswere visualized byMultiwfn 3.8 andVMD1.9.3103.

Data availability
All data generated in this study are provided in the Supplementary
Information/SourceData file. Full characterization data including high-
resolution ESI-MS, NMR, UV-vis spectra, emission spectra, emission
lifetime experiments, and experimental details are listed in the sup-
plementary information. Coordinates of the optimized structures are
provided as source data in the Supplementary Data 1 Excel file. All raw
data are available on Figshare https://doi.org/10.6084/m9.figshare.
26885434. The X-ray crystallographic coordinates for structures
reported in this article have been deposited at the Cambridge
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Crystallographic Data Centre (CCDC), under deposition numbers
CCDC-2368909 (1a), CCDC-2368912 (1b), CCDC-2368910 (1c), CCDC-
2368911 (1d), CCDC-2368906 (1e), CCDC-2368907 (2a), CCDC-
2368914 (2b), CCDC-2368913 (2c), CCDC-2368908 (2e-
decomposition). These data can be obtained free of charge from
TheCambridgeCrystallographic Data Centre viawww.ccdc.cam.ac.uk/
data_request/cif. All other data are available from the corresponding
author upon request. Source data are provided with this paper.
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