
Dyes and Pigments 220 (2023) 111754

Available online 10 October 2023
0143-7208/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Diphenyl ditelluride assisted synthesis of noble metal-based silver-telluride 
2D organometallic nanofibers with enhanced aggregation-induced emission 
(AIE) after oleylamine treatment 

Jamila Djafari a, Frederico Duarte a,b, Javier Fernández-Lodeiro a,b,**, 
Adrián Fernández-Lodeiro a,b, Hugo Santos a,b, Eva Bladt c,d, Sara Bals c,d, 
Aikaterini Flessa Savvidou e,f, Luis Balicas e,f, Benito Rodríguez-González g,h, 
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A B S T R A C T   

Silver-Telluride 2D organometallic nanofibers (NFs), using diphenyl ditelluride (DPDT) as a precursor, were 
synthesized. The synthesis was carried out by reacting DPDT with AgNO3 in acetonitrile at room temperature 
(RT) under an inert atmosphere. The resulting material was fully characterized using various techniques, 
including UV-VIS-NIR spectroscopy, steady-state and excited-state fluorescence spectroscopy, IR-FTIR-ATR 
spectroscopy, HR-ESI MS spectrometry, high-resolution transmission electron microscopy (HRTEM), BF-STEM 
or HAADF-STEM, confocal fluorescence microscopy images and conductivity measurements. Initially, the 
nanofibers were almost non-emissive. However, a remarkable modification was observed after treating the 
nanofibers with oleylamine under ultrasound treatment. This methodology induced an aggregation emission 
effect (AIE) in the solution and in the solid state, resulting in the formation of a highly red emissive fluorescent 
nanomaterial. This research provides valuable insights for developing new fluorescent materials with potential 
applications in various optical fields.   

1. Introduction 

Diorganyl ditellurides (RTe− TeR) have emerged as a versatile pre-
cursor for synthesizing various metal telluride nanomaterials and 
nanocrystal ligands, attracting significant attention from the scientific 
community. [1] The relatively weak Te–Te bonds present in diorganyl 
ditellurides can be easily cleaved under mild thermolytic or photolytic 

conditions, making them suitable for manufacturing different 
metal-telluride or telluride nanocrystals such as CdTe [2], SnTe [3], 
tellurium nanorods [4], and others, via either solvothermal, photolytic, 
or vapour deposition processes. 

Of particular interest are tellurium-containing silver materials, 
which have potential applications in harvesting thermal and mechanical 
energy as well as in the production of insulator materials. These 
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materials offer unique optical and electronic properties that make them 
highly attractive for use in various fields, including electronics, pho-
tonics, and renewable energy [5,6]. 

Overall, the use of diorganyl ditellurides as a precursor for the syn-
thesis of metal telluride nanomaterials and nanocrystal is a promising 
area of research. Further research in this area will likely yield valuable 
insights into the properties and potential applications of these materials. 

In the field of coordination chemistry, RTe- TeR species are prom-
ising ligands due to their bonding flexibility, redox properties, and 
multidenticity. They can be used to fabricate metal or metal chalco-
genide nanomaterials using relatively softer chemical routes. For 
example, our group has reported on the ability of diphenyl ditelluride 
(DPDT) to reduce Au(III) into well-defined spherical gold nanoparticles 
(AuNPs) in acetonitrile solution at room temperature. This process oc-
curs via Te–Te oxidative cleavage with the concomitant formation of 
gold nanoparticles and halogenated tellurium derivatives as a sub-
product. Controlled oxo-hydrolysis of such halogenated entities and 
photodecomposition of DPDT generate an oligomeric organotellurium 
structure deposited over the gold cores, leading to highly stable 
core@shell nanoparticles [7]. 

In addition to gold, platinum (IV) can also be used as a metal pre-
cursor in the presence of diorganyl ditelluride derivatives. Partial 
reduction of Pt(IV) generates highly monodisperse Pt–Te organometallic 
nanoparticles, which can be used as a single-source precursor to 
manufacture well-defined PtTe2 multi-crystal nanoparticles under a 
solvothermal process [8]. 

In summary, the use of diorganyl ditellurides in coordination 
chemistry opens a promising field of investigation that can lead to the 
development of novel and efficient routes for synthesizing metal and 
metal chalcogenide nanomaterials. 

The reaction of Ag(I) with diorganyl ditellurides was reported 
several years ago [9]. It resulted in the formation of organometallic 
dimers or polymers when different diorganyl ditellurides were reacted 
with AgBF4. In the case of DPDT, the authors described the spontaneous 
formation of an organometallic polymer, indicating the high reactivity 
of DPDT towards Ag(I). However, the product partially decomposed 
under vacuum at ambient temperature, which hindered further 
characterization. 

Materials producing aggregation-induced emission (AIE) are very 
interested in industrial and technological applications. AIE is a fasci-
nating photophysical phenomenon that has attracted significant atten-
tion in recent years. Unlike traditional luminophores, which often 
exhibit decreased luminescence upon aggregation, AIE materials 
become highly emissive when aggregated or in the solid state. This 
process is intriguing and has revolutionized our understanding of how 
aggregation affects luminescence [10]. 

One significant advantage of AIE materials is their use in designing 
more sophisticated fluorescent probes for detecting biological targets, 
including proteins, nucleic acids, or small molecules [11,12]. AIE ma-
terials have also shown promising potential in optoelectronic applica-
tions such as organic light-emitting diodes (OLEDs) and organic 
photovoltaics (OPVs) [13]. Their unique properties, such as high 
quantum yield and efficient energy transfer, make them suitable for 
these applications. 

Moreover, AIE materials have attracted significant interest in the 
field of green energy, particularly in the design of luminescent solar 
concentrators (LSCs). These materials can efficiently absorb and convert 
sunlight into electricity and have potential applications in building- 
integrated photovoltaics and portable devices [14]. Further research 
in this area is expected to yield valuable insights and lead to the 
development of novel AIE materials with enhanced photophysical 
properties and expanded applications. 

Following our interest in developing new synthetic routes based on 
organic ditellurides to prepare noble metal-based nanomaterials, we 
explore the reactivity of DPDT with AgNO3 in acetonitrile at room 
temperature under inert atmosphere. Early, W.-F. Liaw and co-workers 

investigated the interaction of diorganyl ditellurides in a molar rela-
tion Ag/Te–Te of 1/2 or 1/3 [9]. In our case, the reaction was adjusted 
to start with a molar ratio Ag(I)/DPDT 1/0.55 using acetonitrile as the 
solvent under inert atmosphere. In a representative experiment, a fresh 
prepared solution of DPDT in acetonitrile was injected into an acetoni-
trile solution of AgNO3 at room temperature. The solution acquires an 
initial red colour that, after stirring for 30 min, evolves into forming a 
garnet precipitate with a fibrillar aspect. A stable garnet solution was 
obtained upon purification in acetonitrile using centrifugation, which 
did not precipitate even after several days in the solution. 

High-resolution transmission electron microscopy (HR-TEM) anal-
ysis was performed to characterize the material (Fig. 1A). The HR-TEM 
analysis revealed the formation of long nanofibers (NFs) with thick-
nesses of 10–20 nm and with intricate nano structure (Fig. 1B). Inter-
estingly, we observed an evident alignment of internal granular 
electron-dense nanostructures of 1.5–2 nm along the fibber and sepa-
rated by a channel of about 3.5 nm (See Figure S1A, B), which are more 
pronounced in the Bright Field Scanning Transmission Electron Micro-
scopy (BF-STEM) or Annular dark-field imaging - Scanning Transmission 
Electron Microscopy (HAADF-STEM) images shown in Fig. 1C and D. 
Albeit the dark areas, related to the higher atomic number elements (Ag 
and Te), did not show crystal phases observed in the HR-TEM images 
(See Figure S1C), the electron diffraction (ED) showed a pattern of rings 
that can be related to the formation of really small crystallites with 
planes not yet very well defined, or small crystalline nanoclusters 
(Fig. 1E). 

However, unfortunately, the organometallic nanofibers (denoted as 
AgTe NFs) showed limited electron beam stability during microscopy 
studies. HAADF-STEM investigation at 120 and 300 kV showed that the 
nanofibers degrade upon electron beam scanning after t > 10 s (see 
Figure S2), which limited our ability to accurately determine their 
structure. Based on the EDX spectrum, the composition was found ca. 53 
% of Ag and ca. 47 % of Te (see Figure S3). 

The UV-VIS absorption spectrum of the AgTe NFs in acetonitrile 
solution showed two intense absorption peaks centered at ca. 476 nm 
and 562 nm with comparable relative intensities (Fig. 1F). To further 
investigate the origin of the observed bands, spectroscopy measure-
ments of the DPDT in acetonitrile were performed. Initially, its solution 
presents an absorption peak at ca. 397 nm corresponding to the transi-
tion nTe− σ* (Te–Te CT band) [7]. After reaction with the silver salt, the 
formation of two absorption bands at low energy was observed (see 
Figure S4). Although the peak at 476 nm could be related to the for-
mation of a metal complex between Ag(I) and DPDT, the peak observed 
at lower energy (562 nm) is reminiscent of discrete energy levels in 
quantum confined nanocrystals, albeit a residual fluorescent emission 
was observed. 

In our previous work on the reactivity of DPDT with Au(III), we have 
observed the formation of a coordinated organometallic complex [Au 
(DPDT)2]+ after a partial reduction of Au(III) to Au(I) mediated by the 
Te–Te moiety, that subsequently evolves towards metallic AuNPs [7]. 
Here, since crystal phases were not discernible in the electron micro-
scopy images, the absorption at 562 nm is less likely to be attributed to 
either plasmonic effects from silver NPs or band gap absorption in the 
semiconductor nanocrystals and should be associated with a transition 
band. 

To further investigate the formation of the AgTe NFs, electrospray 
ionization mass spectrometry (ESI-MS) was performed during the reac-
tion. As shown in Figure S5, after ca. one minute of reaction, the two 
more intense signals at 518.791 and 928.678 m/z can be assigned to the 
formation of the monometallic complexes [(Ph2Te2)Ag]+ and 
[(Ph2Te2)2Ag]+ (theoretical mass of: 518.793 and 928.681 m/z respec-
tively. With the progress of the reaction (ca. 5 min), some structures at a 
higher m/z ratio indicate the evolution of the monometallic complexes 
(see Figure S6). 

For example, the signal at 1847.245 m/z can be assigned to the tetra 
metallic multicentre complexes, such as [(Ph2Te2)3Ag4(NO3)3]+
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(theoretical calc. mass of 1847.246 m/z). If we consider the preferential 
coordination of silver centres (nc = 2) and based on the complexes 
observed in the mass spectrometry analysis and the alignment of the 
dark areas (Ag and Te) with lighter separation channels (related with 
atoms of low atomic number). It seems reasonable to propose that the 
formation of the 2D organometallic nanofibers could be originated from 
the spontaneous rearrangement directed by the coordination of Ag(I) 
towards Te atoms. The phenyl group seems to be allocated around the 
coordination chain which can contribute to stabilize the fibrillar-like 

nanostructure by π-π interactions between the rings. 
Furthermore, the FTIR-ATR confirmed the presence of phenyl groups 

in the nanostructure (see Figure S7). The signals at 1570 cm− 1, 1470 
cm− 1, 1432 cm− 1 can be attributed to (C––C stretches), 1014 cm− 1 to the 
C–H bending in-plane, C–H bending out-of-plane (726 cm− 1, 687 cm− 1) 
[8] and ν(Te–C) (453 cm− 1) [15]. Moreover, the spectra shows a very 
narrow peak at ca 1353 cm− 1 that could be attributed to the ionic nitrate 
group in metal complexed materials (see Figure S7) [16]. 

Some tellurium containing materials are known to be 

Fig. 1. HRTEM images (A, B), bright-field STEM (C), HAADF-STEM (D) and electron diffraction pattern (E) of the AgTe NFs. Absorption spectra (F) of purified AgTe 
NFs in acetonitrile (inset in panel F shows the colour colloidal suspension of AgTe NFs). 

Fig. 2. Absorption (A) and fluorescence emission (B) spectra of purified fluorescence OAm-AgTe NFs in hexane. λexc = 490 nm (inset in panel A and B shows the 
colour solution under normal and UV light respectively, λexc = 365 nm). TEM (C, D), HAADF-STEM (E) and confocal fluorescence images (F) of the OAm-AgTe 
NFs nanofibers. 
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semiconductors, and it is well-documented how the electrical resistance 
of tellurium decreases with the addition of a few atoms of copper and 
antimony [17–19]. To evaluate the conductivity of the AgTe NFs, several 
studies were performed. The conductivity was assessed through a 
quasi-DC transport method. The dried AgTe NFs powder were pressed 
into a pellet having a diameter of 3 mm and a thickness of 0.5 mm. This 
pellet was subsequently cut into bars having a width of approximately 
1.5 mm. Electrical contacts to Pt wires were attached using Ag paint 
(Dupont 4929 N) in a four-terminal configuration. A current source 
meter (Keithley 6221) was used to inject a continuous current whose 
sign was periodically flipped, and the voltage was measured in Delta 
mode via a nanovoltmeter (Keithley 2182a). At room temperature, the 
resistance of the pellet was strongly current-dependent, stabilizing at a 
value of ~7 GW cm when the current was reduced to 50 picoA. This 
resistivity value should be taken as a lower bound since further 
decreasing the current leads to strong fluctuations in the measured 
value, implying that it might be higher. Therefore, the AgTe NFs are 
strongly insulating at room temperature, mainly due to the phenyl 
groups that cover the Ag–Te channels. 

Being the AgTe NFs almost non-emissive materials, we designed a 
treatment with oleylamine (OAm) under ultrasound energy (ultrasonic 
bath operating at 35 kHz) resulting in a highly emissive fluorescent 
solution. 

As shown in Fig. 2A, the interaction of OAm with the nanofibers 
(denoted as OAm-AgTe NFs) resulted in a 14 nm redshift of the ab-
sorption peak at higher energy. The absorption band at lower energy 
exhibited a 10 nm redshift with increased intensity compared to un-
treated NFs (see Fig. 1F). Interestingly, it exhibited strong emission with 
a fluorescence band centered at ca. 623 nm when excited at 490 nm 
(Fig. 2B). 

HR-TEM and HAADF-STEM studies showed that the OAm-AgTe NFs 
exhibited dark regions randomly dispersed along the nanofiber, rather 
than an aligned distribution as observed in the untreated NFs (Fig. 2 C-E 
and Figure S8 A-C). 

It can be noted that, similar to the AgTe NFs, no clear crystal phase 
were observed in the OAm-AgTe NFs upon inspection at higher magni-
fications using HR-TEM (see Figure S8 D-F) Resembling the initial 
organometallic nanofibers, where the electron beam irradiation led to 
the degradation of the nanostructure, now, curiously, certain regions of 
the nanofibers showed a rapid crystal growth upon exposure to the 
electron beam (see Figure S9). 

Confocal fluorescence microscopy imaging studies revealed that the 
fluorescence emission is originated from the NFs rather than a discrete 
nanostructure isolated from the nanofibers (see Fig. 2F). 

The XPS analysis validates the composition of AgTe nanofibers (NFs) 
as determined from the EDS spectrum. It reveals an atomic ratio of Ag: 
Te, which is 13:12 for AgTe NFs and 6.5:6 for OAm-AgTe NFs. The 
similarity in atomic percentages in both cases suggests that there was no 
Te or Ag extrusion from the nanofibers after treatment with OAm. In the 
Te3d region, the AgTe NFs exhibit a strong signal at 573.6 eV, which can 
be associated with the organic Tellurium content within the NFs [20, 
21]. Additionally, the presence of a second component at 576.0 eV (see 
Figure S10) can be attributed to the partial oxidation of certain Te atoms 
[18]. Moving to the Ag3d region, the AgTe NFs display a peak from 
Ag3d5/2 at 368.9 eV, which can be originated from Ag(I) [22,23]. 
Notably, for the OAm-AgTe NFs, we observed a shift of − 0.4 eV in the 
Ag3d5/2 and Te3d peaks (see Figure S10). 

In exploring other stabilizers to induce fluorescence, our control 
experiments hint at the critical role that OAm plays in inducing high 
fluorescence in NFs. For instances, when the nanofibers interacted with 
hexadecylamine, fluorescence was triggered, which is in marked 
contrast to the complete absence of fluorescence when treating the 
nanofibers with 1-decanethiol (Figure S11). It is worth highlighting the 
residual fluorescence intensity exhibited by hexadecylamine compared 
to OAm, which seems to manifest an important role of the organic chain 
in this phenomenon. Furthermore, opting for OAm as a reagent and 

solvent offers additional advantages. OAm not only ensures effective 
resuspension of the dried nanofibers, but also promotes a more homo-
geneous interaction with the entire nanofiber assembly without the need 
for additional solvent. 

The OAm-AgTe NFs demonstrate high stability at room temperature 
(RT) for extended periods, maintaining their fluorescent emission when 
stored in OAm. Curiously, when the fluorescent nanofibers are purified 
in hexane, they also retain their optical response. However, a noticeable 
tendency for these nanofibers to coalesce into a solid fibrillar structure 
emerge after a few minutes. Resuspending the nanofibers in other 
organic solvents allows to maintain colloidal stability without fibrillar 
coalescence, although this leads to changes in their optical properties, 
resulting in a reduction or total quenching of their emission (see 
Figure S12). To enhance colloidal stability and maintain consistent op-
tical properties in solution, the fluorescent nanofibers underwent post- 
treatment with oleic acid (OA) in hexane, serving as a secondary sta-
bilizing agent [24] (see the experimental section for details). This 
additional stabilization led to the formation of colloidal-stable nano-
fibers when dispersed in hexane (see Figure S13). 

To complete the study of the photophysical properties of the OA 
stabilized fluorescent nanofibers (denoted as OA/OAm-AgTe NFs), the 
UV–vis absorption, emission, and excitation spectra in hexane solution 
and the emission in the solid state were obtained (Fig. 3). The matching 
found between the absorption and excitation spectra probes the purity of 
the samples (Fig. 3A). Moreover, the solution and solid spectra emission 
are almost coincident, suggesting a similar aggregation effect. The live 
time excited-state fluorescent spectra were obtained for the OA/OAm- 
AgTe NFs being a biexponential with two times of 3.23 ns (residual) 
and a second component with 5.65 ns (Table 1). 

Temperature-dependent studies in the solid state were performed 
following the emission upon exciting at 568 nm, using a fibre optic 
device connected to the spectrofluorometer to explore the thermosta-
bility. Fig. 3B, shows the emission spectra which increase in intensity 
with the temperature ranging from 25 ◦C up to 80 ◦C, and later 
constantly decreasing from 90 ◦C to 130 ◦C. After this temperature 
ranges, the emission was totally quenched. Figs. 3E-F shows the cooling 
steep. The fibres were stable enough after cooling (120 ◦C to 25 ◦C), 
recovering ca. of 67 % of the initial emission intensity, attributed to 
probably the rearrangement mode in the solid-state and partial degra-
dation. The temperature-dependent decay analysis shows a notable 
fitting to minimum square values, suggesting using these nanofibers as a 
nanothermometer for the ranges of 25–90 ◦C and 90–120 ◦C. 

In conclusion, this study explores the reactivity of diphenyl ditel-
luride (DPDT) with AgNO3 in acetonitrile at room temperature under an 
inert atmosphere. The reaction led to the formation of long nanofibers 
with a 10–20 nm thickness and intricate nano structure. HR-TEM anal-
ysis revealed an alignment of dark areas (Ag and Te) along the nano-
fibers. Electron diffraction showed a pattern of rings that indicate the 
formation of small crystalline nanoclusters with an atomic percentage of 
ca. 53 % of Ag and ca. 47 % of Te. The organometallic nanofibers 
strongly insulate at room temperature due to an organic insulating shell 
formed by the phenyl groups. We observed that the organometallic 
nanofibers acquire a strong fluorescence emission after treatment with 
oleylamine under an inert atmosphere. These emissive nanofibers can be 
explored as nano thermometers in the ranges of 25–90 ◦C and 
90–120 ◦C. Based on our results, it is plausible to propose that oleyl-
amine plays a crucial role in initiating an aggregation process of the 
nanofibers. This phenomenon is evident in the comparative HR-TEM 
images at low magnification (Figs. 1A and 2C). Moreover, the interac-
tion with oleylamine induces noteworthy structural alterations within 
the nanofibers. Notably, the previously internal granular electron-dense 
nanostructures distinguishable (dark areas related with Ag and Te) shift 
from a uniform distribution to a more random arrangement. These 
structural modifications ultimately lead to the development of highly 
emissive nanofibers. Additional research is warranted to uncover the 
precise chemical influence that oleylamine exerts on the organometallic 
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silver-telluride complexes that constitute the nanofibers. An in-depth 
exploration of the underlying factors that give rise to the remarkably 
intense fluorescence will permit applied these concepts in designing 
nanomaterials with enhanced optical responses based on Ag and Te via 
initial coordination chemistry for various optoelectronic applications. 
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Fig. 3. UV–vis absorption, emission, and excitation spectra in solution as well as the emission spectra in solid state (A). Temperature-dependent emission spectra (B) 
collected through a warming cycle between 25 ◦C to 130 ◦C. Inorm. vs. T plot recorded in the emission maximum at 610 nm upon heating [25 to 80 ◦C (Y = 0.78063 +
0.002818x, yielding R = 0.99067; 90 to 130 ◦C Y = 3.0273–0.022888x yielding R = 0.99687] (C). Life-time decay and fitting of the OA/OAm-AgTe NFs in hexane, 
lexc = 568 nm (D). Temperature-dependent emission spectra (E) in a cooling cycle between 120 ◦C to 27 ◦C. Inorm. vs. T plot recorded in the emission maximum at 610 
nm upon cooling [100 to 27 ◦C (Y = 0.71185–0.0072105x, yielding R = 0.99103)] (F). 

Table 1 
Absorption in solution (λabs), emission maximum in solution (λem), Stokes shift 
(Dl), emission maximum in the solid state (λem

Solid), and fluorescence lifetime (t) of 
the purified and oleylamine stabilized fluorescent nanofibers in hexane.  

λabs[nm] λem[nm] Δλ [nm] λSolid
em [nm] t[ns] 

568 606 285714.29 610 T1 = 3.23 
T2 = 5.65  
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