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1. Introduction

In recent decades, gold complexes have been extensively 
studied owing to their outstanding performance in many fields.[1-

4] Their unique physiological activity has promoted numerous 
researches on gold metal-organic complexes in anticancer, 
antibacterial and antiparasitic drugs.[5-6] In 2020, Chi-Ming Che et 
al. reported  various gold (III) mesoporphyrin IX dimethyl esters 
(AuMesoIX) with thiol targeting ability, which showed effective 
antitumor activity in ovarian cancer mouse models.[7] In the same 
year, Sylvie Garneau-Tsodikova and Samuel G. Awuah reported 
a series of gold (I)-phosphine complexes with potent inhibitory 
activity for Candida Auris.[8] Additionally, Au complexes often 
utilized in the field of chemical catalysts. Recently, Hashmi et al. 
reported gold metal-organic complexes for the purpose of C-H 
activation, [9] and Nakada et al. examined gold (I) as a catalyst for 
catalytic ring isomerization reaction.[10] 

In particular, the strong gold coordination bond and high spin 
coupling constant endows gold metal-organic complex with high 
stability and efficiency for triplet excitation capture.[11] Reports 
have shown that certain luminescent gold (III) complexes possess 
good photoelectric properties, and have been successfully applied 
as emitting [12-13] and photovoltaics (PV) materials. [14] Vivian 
Wing-Wah Yam et al. explored sky-blue-emitting gold (III) 

complexes as solution-processable and vacuum-deposited 
organic light-emitting diodes (OLEDs), [15] as well as specific 
horizontally oriented gold (III) complexes that exhibit high 
photoluminescence quantum yields of 70% and high horizontal 
dipole ratio of 0.87, which were employed as green-emitting 
OLEDs. [16]

Importantly, compared with extensive gold (III) complex 
research, exploration of multi-functional gold (I) metal-organic 
complexes in photoluminescence is scarce.[17-18] Recently, gold 
(I) complexes containing 1, 3, 4-oxadiazolines and phosphine 
ligands have been reported as potential anticancer and 
antileishmanial agents.[19-20] Furthermore, the emission and 
electronic transmission properties of gold (I) complexes are 
rarely examined. Inspired by the novel structures and promising 
properties of gold (I)-based 1, 3, 4-oxadiazole derivatives, we 
studied the preparation of new gold (I) metal-organic complexes 
with good photoluminescent and potential electron-transporting 
properties that are applicable in the field of photoluminescence 
and photoelectric.

In this work, we designed and synthesized three new gold (I) 
complexes (4a, 4b, and 4c) with 5-aromatic ring-1,3,4-
oxadiazole-2-thiol and triphenylphosphine ligands (Scheme 1). 
The structures of complexes 4a and 4b were determined through 
X-ray single-crystal diffraction, in which they displayed 
comparable metal coordination patterns. Additionally, complexes 
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Three new gold (I) complexes (4a, 4b, 4c) with 5-aromatic ring-1, 3, 4-oxadiazole-2-thione and 
triphenylphosphine as ligands were synthesized. Structures of 4a and 4b were determined 
through X-ray single-crystal diffraction, and it displayed that 4a and 4b had the same metal 
coordination pattern, wherein the ligand was coordinated by the sulfur atom to the central metal 
ion of gold (I). The optical properties of these gold (I) complexes were studied both in solution 
and in solid-state. In DMSO, 4a and 4b peaked at 415 nm and 443 nm, respectively, and the CIE 
coordinates of 4a and 4b in the solid-state were in the green area namely, (0.26, 0.46) and (0.24, 
0.41). HOMO/LUMO levels and bandgaps of 4a, 4b and 4c were assessed by UV spectrum 
estimation, electrochemical method, and theoretical calculations. The observation hinted that the 
photophysical properties and energy levels of these gold (I) complexes can be adjusted by the 
introduction of different substituent aromatic rings at the 5-position of the 1, 3, 4-oxadiazole-2-
thiol moiety. The findings of good optical, electrochemical and thermal properties of these new 
gold (I) complexes demonstrated their potential in the future studies as multifunctional 
materials.
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4a and 4b displayed photoluminescence both in solution and 

solid-state. The observed increase of electron donor capability of 
the aromatic nucleus at 5 position of 1,3,4-oxadiazole-2-thiol, 
promoted an obvious redshift in the UV-vis spectra of complexes 
4a, 4b to 4c. In the solid phase, complexes 4a and 4b exhibited 
strong green emission, while complex 4c showed no fluorescence 
because of the obvious aggregation causing fluorescence 
quenching. The HOMO/LUMO and band gaps (Eg) the prepared 
complexes were determined by optical tests, electrochemical 
measurements and theoretical calculations. Semiconductor-like 
band gaps with low LUMO energy level were found for complex 
4c, making it a potential candidate as electronic transport 
material. Comparison of the complex’s properties showed that 
their photophysical properties and energy levels could be 
adjusted via the introduction of substitutes at the 5-position of 
1,3,4-oxadiazole-2-thiol ligand. Therefore, according to the 
obtained results, with further rational design, some 
multifunctional gold (I) complexes will have enormous potential 
and prospects in the application of optoelectronic devices.

2.  Results and Discussion 

2.1. synthesis and structure

The synthetic route to the compounds is shown in Scheme 1. 
6-membered aromatic acid or naphthoic acid was used as the 
starting material for reaction with ethanol to form esters, wherein 
DMAP and EDC were used as catalysts. Then the corresponding 
esters reacted with hydrazine hydrate (N2H4·H2O) and CS2 to 
form 1, 3, 4-oxadiazole-2-thiol ligands, 3a-3c in two steps. A 
previously reported work has demonstrated that two tautomeric 
forms of 1, 3, 4-oxadiazole-2-thione/thiol can coexist (Fig 
S37),[20] while the X-ray diffraction data for 4a and 4b (Table 2) 
in this work indicate that the ligands 3a-3c presented a thiolate 
form in the complexes. Triphenylphosphine gold chloride 
(AuCl(PPh3)) was dissolved along with the corresponding ligands 
in a mixed solvent system of acetone/dichloromethane (1:1) to 
form the target complexes. Structures of the intermediates and 
final products have been verified by 1H NMR, 13C NMR, and 
HR-MS. (Fig S3-S39)
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Scheme 1.Synthetic processes and methods for compounds 1a-1c, 2a-2c, 3 a-
3c, 4a-4c

Fortunately, the crystals of 4a and 4b were obtained by the 
solvent dispersion method (dichloromethane/diethyl ether), and 
their structures were determined by single-crystal X-ray 
diffraction. The crystal data and structure refinement details for 
the complexes 4a and 4b are summarized in Table 1. From the 
data, it is evident that 4a and 4b have the same metal-
coordination pattern, in which the ligand is coordinated to the 
central metal ion of gold(I) via the sulfur atom, which is 
consistent with the previously reported two-coordinated gold(I) 
compounds. [20-23]The bond angles of P(1)-Au(1)-S(1) = 178.87°  
(for 4a) and P(1)-Au(1)-S(1) = 177.83° (for 4b) revealed that the 
coordinated sphere deviated slightly from the linear geometry in 
these complexes, which may be related to the steric effect of the 

tertiary phosphine (PPh3) group in addition to the substitution 
effect of the groups at 5-positon in 3a and 3b. (Table 2) The 
closest Au···Au bond distances were found to be 3.536 Å (for 
4a) and 4.773 Å (for 4b), larger than the sum of the van der 
Waals radii (3.40 Å), and it, therefore, indicates there is no 
significant gold−gold interaction in the two compounds. In the 
complex 4b, intramolecular hydrogen bonds were formed by 
O2−H2···N2 interactions, and weak non-classical intramolecular 
hydrogen bonds formed by C8−H8···O1 interactions were 
observed, with the Donor−Acceptor (D···A) distances being 
2.673(5) and 2.872(5) Å, respectively. (Fig S40, Table S1)

Figure 1 (a) Schematic diagram of the smallest asymmetric unit structure of 
4a; (b) Packing diagram for 4a, viewed along the b axis; (c) Schematic 
diagram of the smallest asymmetric unit structure of 4b; (d) Packing diagram 
for 4b, viewed along the a axis 

Table 1. Crystal data and structure refinement parameters for compounds 4a 
and 4b.

4a 4b
Formula C27H22AuN2OPS C26H20AuN2O2PS

Formula weight/g mol-1 650.46 652.44
Temperature/K 293(2) 293(2)
Crystal system Monoclinic Triclinic
Space group C2/c Pī

a / Å 28.860(6) 9.4161 (15)
b / Å 8.8714(19) 10.8851(18)
c / Å 20.482(5) 11.888(2)
α / ° 90 88.152(2)
β / ° 111.494(2) 86.769(2)
γ / ° 90 82.293(2)

V/ Å3 4879.2(18) 1205.2(3)
Z 8 2

Crystal size / mm3 0.330 x 0.210 x 0.210 0.48 × 0.25 ×0.230
Dcalc / g·cm-3 1.771 1.798

μ/ mm-1 6.204 6.283
F(000) 2528 632

Rint 0.0312] 0.0224]

Limiting indices
–34 ≤ h ≤ 34 
–10 ≤ k ≤ 6 
–24 ≤ l ≤ 24

–11 ≤ h ≤ 11
 –12 ≤ k ≤ 12
 –14 ≤ l ≤ 14

Goodness-of-fit on F2 1.107 1.039

Final R indices [I>2sigma(I)]  R1 = 0.0281
 wR2 = 0.0741

R1 = 0.0236
wR2 = 0.0613

R indices (all data) R1 = 0.0414
wR2 = 0.0947

R1 = 0.0286
wR2 = 0.0636

Largest diff. peak and hole/(e·Å-

3) 0.568/ -1.068 0.49/-0.664

a R1 = Σ ||Fo| – |Fc|| / Σ |Fo|;  b wR2 = [Σ w(Fo
2 – Fc

2)2 / Σ w(Fo
2)2]1/2

Table 2. Selection of the main geometric parameters, bond lengths and bond 
angles to the 4a and 4b

4a
Bond lengths [Å] Bond angles [Å]
Au(1)-P(1) 2.2628(14) P(1)-Au(1)-S(1) 178.48(5)
Au(1)-S(1) 2.3030(16) C(9)-S(1)-Au(1) 103.75(19)
N(1)-N(2) 1.428(7) C(10)-P(1)-Au(1) 112.66(18)
S(1)-C(9) 1.719(6) C(16)-P(1)-Au(1) 113.58(17)

C(22)-P(1)-Au(1) 114.35(19)
N(2)-C(9)-S(1) 126.1(4)
O(1)-C(9)-S(1) 122.0(4)



4b
Bond lengths [Å] Bond angles [Å]
Au(1)-P(1) 2.2565(11) P(1)-Au(1)-S(1) 177.83(4)
Au(1)-S(1) 2.3048(12) C(1)-S(1)-Au(1) 102.50(14)
N(1)-N(2) 1.407(5) C(9)-P(1)-Au(1) 114.54(14)
S(1)-C(1) 1.731(5) C(15)-P(1)-Au(1) 112.38(14)

C(21)-P(1)-Au(1) 111.61(13)
N(1)-C(1)-S(1) 127.4(3)
O(1)-C(1)-S(1) 120.2(3)

2.2. Photophysical properties

The UV-vis absorption spectroscopy of 4a, 4b and 4c were 
assessed in both DMSO solution (10 μM) and powder state. As 
shown in Figure 2 and Table 3, the maximum absorption 
wavelengths (λmax) of these complexes in DMSO solution were 
298 nm (4a), 315 nm (4b), and 336 nm (4c), and in the powder 
state, were 330 nm (4a), 335 nm (4b), and 348 nm (4c), 
respectively. According to the previous literature reports[17], the 
UV-vis absorption of these three compounds had been assigned 
as follows: for 4a, the acromion at 276 nm was attributed to the 
π-π* transition of PPh3 and the absorption peak at 298 nm was 
attributed to intraligand (IL) transitions (oxadiazole derivatives) 
and LMCT (S →Au); for 4b, the peaks of 270 nm and 277 nm 
were attributed to the n-π* transition and the π-π* transition of 
PPh3, respectively. Meanwhile, the absorption at 291 nm of 4b 
was attributed to IL (oxadiazole derivatives) and the one at 315 
nm was assigned to LMCT (S →Au). The wide peak of 4c around 
336 nm belonged to LMCT (S →Au). The differences in the 
positions of the UV absorption bands in the solution of these 
three complexes came from the structural characteristics of the 
aromatic nucleus present at the 5-position of 1, 3, 4-oxadiazole-2-
thiol and the related intramolecular charge-transfer between the 
acceptor and the donor sites within the molecules. [24] With the 
increase of electron donor capability of the aromatic nucleus, the 
positions of maximum absorption peaks in 4a-4c appear obvious 
redshift. (Figure 2a) Compared to the ones in solution, the 
maximum absorption wavelengths (λmax) in the solid phases of 4a 
and 4b were found red-shifted due to the molecular aggregation, 
which therefore weakened the differences in the maximum 
position of 4a-4b in the solid phase. [25] Band gaps (Eg) of the 
three complexes (solution/powder) were calculated to be 4a: 3.65 
eV/3.25 eV, 4b: 3.72 eV/3.16 eV and 4c: 3.36 eV/3.09 eV, at the 
onset (λonset) of the UV-Vis absorption spectrum. [26] (Table 3) 

Figure 2 ．UV-Vis absorption spectra of gold (I) phosphine complexes in 
DMSO solution (10 μM) (a) and powder state (b). All spectrum data was 
collected at room temperature. 

The fluorescence behaviors of all the three complexes were 
also investigated at the concentration of 10 μM in DMSO. (Fig 
S41-S44) In solutions, the photoluminescence quantum yields 
(PLQY) of 4a (7.9 %), 4b (12.4 %) and 4c (18.3 %) increased 
regularly with the increasing of structure rigidity: the hydrogen 
bonding made 4b more rigid than 4a, and 4c with naphthyl 
showed more rigid than 4b. The fluorescence emission of 4a and 

4b in the DMSO solution and powder state peaked at 415 nm/500 
nm and 443 nm/509 nm, with the Stokes shifts being 73 nm/ 158 
nm and 93 nm/ 159 nm, respectively. The greater stokes shift in 
solid state showed that the intermolecular interaction increases 
the non-radiative relaxation of the excited state energy in solid. In 
these three complexes, the strongest π-π accumulation effects of 
4c resulted in the largest Stokes shift with 113 nm in DMSO. 

Compared with the difference of 66 nm in the maximum 
fluorescence emission wavelength between the two states of 4b, 
4a showed an even larger red-shift of 85 nm in solution and in 
solid, which can be accredited to an increased non-radiative 
decay due to increased intermolecular interactions caused by 
aggregation.[27-28] We think, compared with the p-methyl 
substituted benzene moiety in 4a, the o-hydroxy substituted 
benzene moiety in 4b is probably more successful in reducing the 
intermolecular interaction in the aggregated state. [29] The 
fluorescence lifetime of 4a and 4b in solid were shorter than that 
in solutions, with one possible reason of the enhancement of 
molecular interaction in the solid state, which shortened the 
lifetime of excited state. (Table3)

We found the solid fluorescence peak of 4b redshifted 9 nm, 
compared with that in 4a, because of the enhancement of the 
electron donor ability of the ligand substituents. The commission 
international de l’eclairage (CIE) coordinates of 4a and 4b in the 
powder state were proven to be in the green area with the values 
being (0.26, 0.46) and (0.24, 0.41), respectively. Interestingly, 4c 
has almost no fluorescence in the solid state. The possible reason 
for that was the naphthalene ring in 4c showed strong π-π 
accumulation effects, which lead to an obvious fluorescence 
aggregation-caused quenching (ACQ) in solid state.

The results suggested that the fluorescence emission of these 
gold (I) complexes can be adjusted by the introduction of 
different substituent groups in 5-position in 1, 3, 4-oxadiazole-2-
thiol. The introduction of large heterocyclic structures with 
strong electron donor capability will help to improve the 
quantum yields. By reducing the size of the of the heterocyclic 
structures, it may get new pure blue gold (I) complexes-based 
luminescent materials. Therefore, this is of great significance for 
the design of gold (I) complexes, that is, different optical 
properties can be realized by introduction of various ligands to 
suit for the future applications. 

Figure 3. (a) Fluorescence emission spectra of 4a in different states; (b) 
Fluorescence emission spectra of 4b in different states; (c) Fluorescence 
emission and excitation spectra of 4c in DMSO; (d) CIE coordinates of 
compounds in different states. The test concentration of all compounds is 10 
μM in DMSO. All spectrum data was collected at room temperature.

Table 3. The photophysical and electrochemical properties of the 4a, 4b and 4c
States λex(nm) λem  (nm) Stokes PLQY Τ (ns) HOMOa/b (eV) LUMOa/b (eV) Eg

a/b (eV) Eg
c (eV)
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shift (nm) (%)

Solutions 415 73 7.9 5.70 3.65
4a

Powders
342

500 158 15.6 3.70
-6.79/-5.16 -3.78/-1.21 3.01/3.95

3.25
Solutions 443 93 12.4 6.35 3.72

4b
Powders

350
509 159 11.3 3.16

-6.67/-5.09 -3.79/-1.77 2.88/3.32
3.16
3.36

4c Solutions 380 493 113 18.3 3.63 -6.24/-5.17 -3.62/-1.29 2.62/3.88
3.09

aCalculated from cyclic voltammograms by formula HOMO = - (4.71 + Eox) (eV), LUMO = - (4.71 + Ered)
bCalculated by Gaussian 09 software at the B3LYP/6-31G (d, p) level
cEg = 1240 / λonset ( λonset is the wavelength of the on-set of the UV-vis absorption spectrum)
λex : Maximum excitation wavelength; λem: Maximum emission wavelength; PLQY: Photoluminescence quantum yield; T: Fluorescence lifetime; Eg: Band gap

2.3. Electrochemical and Thermal Properties

Cyclic voltammetry (CV) was performed with a traditional 
three-electrode system to estimate the HOMO and LUMO energy 
levels of the Au complexes 4a, 4b, and 4c. The oxidation peak 
potentials of 4a, 4b, and 4c were found to be 2.08 V, 1.96 V, and 
1.53 V, respectively. The reduction peak potentials of 4a, 4b, and 
4c were found to be -0.93 V, -0.92 V, and -1.09 V, respectively 
(Figure 4). The HOMO and LUMO energy levels were calculated 
according to the methods reported in the literature, [30] and the 
data (HOMO /LUMO) obtained for these complexes were -6.79 
eV / -3.78 eV (4a), -6.67 eV / -3.79 eV (4b), -6.24 eV / -3.62 eV 
(4c). (Table 3) The band gaps (Eg) of Au complexes determined 
from electrochemical method (CV) and UV spectrum estimation 
(DMSO/solid) were 3.01 eV, 3.65 eV and 3.25 eV for 4a, 2.88 
eV, 3.72 eV and 3.16 eV for 4b, and 2.62 eV, 3.36 eV and 3.09 
eV for 4c, respectively. Compared with the LUMO level of the 
common electron-transport materials like BODIPY (-3.05 eV) [31]  

and Alq3 (-3.0 eV) [32], 4c seems to be suitable for electron 
transport because of its similar low LUMO level and band gap to 
Alq3. The most valuable output from this study, however, is that 
the complexes 4a, 4b, and 4c have excellent thermal stability, 
and their decomposition temperatures under nitrogen atmosphere 
are 328.6 ℃, 329.9 ℃, and 318.9 ℃, respectively. (Figure 5) 
Due to the good thermal stability and LUMO level, we think 4c 
has the potential to be used as electron-transport materials in 
OLEDs. 

Figure 4. Cyclic voltammetry curves for 4a, 4b and 4c

2.4. Theoretical calculations

Density functional calculations reveal that the band gaps of 4a, 
4b, and 4c are 3.95 eV, 3.32 eV, and 3.88 eV, respectively. (Fig 
S46, Table 3) 4a showed the biggest Eg value, because of the 
weak electron-donating group (–CH3), and the substituent effects 
of 5-position in 1, 3, 4-oxadiazole-2-thiol were proven again in 
the calculation results. It should be pointed out that the deviations 
between the values obtained from theoretical calculation and the 
experimental measurement results in solution may be attributed 
to the limit of DFT calculation based on single-molecule in gas 
state. 

Figure 5. TG and DGT curve of 4a,4b and 4c

3. Conclusions

We successfully synthesized three bidentate gold (I) 
metalorganic complexes (4a, 4b, 4c) with 5-aromatic ring-1, 3, 4-
oxadiazole-2-thione and triphenylphosphine as ligands. The 
structures of 4a and 4b were studied by single-crystal X-ray 
diffraction. In solid-state, the CIE coordinates of 4a and 4b were 
(0.26, 0.46) and (0.24, 0.41) which belonged to the green area. 4a 
showed the biggest Eg value according to the theoretical 
calculations and 4c seems to be suitable for electron transport 
because of its similar low LUMO level and band gap to Alq3 and 
the good thermal stability. These results showed that the optical 
properties and energy levels of these gold (I) complexes were 
affected by the substituents at 5-position in 1, 3, 4-oxadiazole-2-
thiol ligands. It indicated these complexes had the potential as 
multifunctional materials to be used in emission or electron 
transporting layers in OLEDs, which have important guiding 
significance for future design of gold (I) complexes. 
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Graphical Abstract

New gold (I) complexes with 5-aromatic ring-1, 3, 4-oxadiazole-2-thione and 
triphenylphosphine as potential multifunctional materials

Yu Qiang Zhao, Jie Zhou, Renze He, Guang Ke Wang, Lan Xi Miao, Xiao Guang Xie and Ying Zhou* 

Three new gold (I) complexes (4a, 4b, 4c) with 5-aromatic ring-1, 3, 4-oxadiazole-2-thione and 
triphenylphosphine as ligands were synthesized. Structures of 4a and 4b were determined through X-ray single-
crystal diffraction, and it displayed that 4a and 4b had the same metal coordination pattern, wherein the ligand 
was coordinated by the sulfur atom to the central metal ion of gold (I). The optical properties of these gold (I) 
complexes were studied both in solution and in solid-state. In DMSO, 4a and 4b peaked at 415 nm and 443 nm, 
respectively, and the CIE coordinates of 4a and 4b in the solid-state were in the green area namely, (0.26, 0.46) 
and (0.24, 0.41). HOMO/LUMO levels and bandgaps of 4a, 4b and 4c were assessed by UV spectrum estimation, 
electrochemical method, and theoretical calculations. The observation hinted that the photophysical properties 
and energy levels of these gold (I) complexes can be adjusted by the introduction of different substituent aromatic 
rings at the 5-position of the 1, 3, 4-oxadiazole-2-thiol moiety. The findings of good optical, electrochemical and 
thermal properties of these new gold (I) complexes demonstrated their potential in the future studies as 
multifunctional materials.
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●Gold (I) complexes with 5-aromatic ring-1, 3, 4-

oxadiazole-2-thione were synthesized.

●Structures of 4a and 4b were determined 

through X-ray single-crystal diffraction.

●These new gold (I) complexes showed good 

optical, electrochemical and thermal properties. 

● These new gold (I) complexes demonstrated 

their potential in the future studies as 

multifunctional materials.


