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Abstract

Metal-organic chalcogenolates (MOChas) are hybrid materials notable for excellent air and water 
stability and strong light-matter interactions. Tellurium-based MOChas have been limited to only 
a single example, tethrene (AgTePh). We modified a Grignard-based synthetic approach to 
prepare bis(4-methoxyphenyl) ditelluride and bis(3-methoxyphenyl) ditelluride, then prepared 
the corresponding MOChas. We used synchrotron serial crystallography at the Diamond Light 
Source, merging 90-degree sweeps from six selected microcrystals using “needle-in-a-haystack” 
approach to solve the crystal structure of AgTe-4M, revealing the tethrene-like 2-dimensional 
layered system. We also identified a bright red luminescent AgTe-3M derivative that is consistent 
with a 1-dimensional system. In parallel, we observed that elemental tellurium is a problematic 
contaminant that negatively impacts crystal morphology and yield when present during the 
synthesis. We demonstrate that inclusion of elemental tellurium is generally tolerated when <1% 
by weight.

   

Introduction

Strong light-matter interactions in metal-organic chalcogenolates (MOChas), particularly those 
produced using organic thiolates, selenolates, and tellurolates of coinage metals (Cu, Ag, Au) 
have recently drawn substantial interest.1–11 These crystalline low-dimensional nanostructures 
exhibit chemical configurability, structural flexibility, and electronic tunability, enabling 
remarkable optoelectronic and mechanical properties.12–21 We and others have been working to 
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assemble a comprehensive MOCha library in pursuit of understanding how to integrate these 
compounds into potential applications as semiconductors, sensors and catalysts.22–29 Tellurolate 
analogs remain largely underexplored in comparison to thiolates and selenolates. To fully 
understand the impact of chalcogen identity on properties such as dimensionality, the synthesis 
of tellurolates is essential. Tethrene, formally identified as silver benzenetellurolate (AgTePh)6, 
remains the only reported crystal structure within the family of tellurium-based MOChas. A 
detailed comparison of tethrene with its sulfur and selenium-based counterparts suggests that 
tellurium-based MOChas exhibit unique electronic and photophysical properties, such as self-
trapped excitons and broadband emission, offering potential for diverse optoelectronic 
applications including photodetectors, LEDs and light emitters.8,30–35 The methodological 
developments for the synthesis of metal-organic tellurolates are essential for advancing 
systematic design and optimization of their optoelectronic properties.

MOChas have been prepared from a variety of silver sources, including elemental silver, silver 
nitrate, silver oxide, or by displacement of less nucleophilic MOChas.36–39 We and others 
previously employed the redox reaction between diphenyl ditelluride and elemental silver6,30 for 
the preparation of tethrene, and silver oxide has been used separately.34 The synthetic procedure 
of using silver metal as a metal precursor follows a pathway where silver undergoes oxidation.3,39 
Expanding the synthetic library of tellurium-based MOChas has been slow due to the lack of 
commercial availability of tellurium-based ligands, so all new examples must be prepared by 
synthesizing tellurols/ditellurides. Thiols and selenols and their corresponding diselenides and 
disulfides are relatively straightforward to prepare synthetically; however, we have noted that it 
is considerably more laborious to prepare the corresponding tellurols.33 Tellurium is the least 
electronegative and largest element of the three chalcogens. This makes nucleophilic insertion 
into Grignard or organolithium reagents (traditional synthesis pathways) particularly challenging. 
Also, tellurols are highly unstable and readily oxidize to ditellurides, making their direct use in 
MOChas synthesis is difficult.40,41Consequently, ditelluride ligands are preferred. However, the 
use of ditelluride ligands presents several unique technical challenges, particularly regarding their 
purity and stability: ditelluride ligands have been reported to decompose to tellurium metal and 
unidentified byproducts, potentially the monotellurides.42,43 

Recently, we and others have examined structural transitions in MOChas by changing the aryl 
functional group position.23 We hypothesized that the tethrene inorganic motif would be 
conserved.22,23 Here, we prepared bis(4-methoxyphenyl) ditelluride, bis(3-methoxyphenyl) 
ditelluride, and their corresponding MOChas. We utilized a protocol for treating elemental 
tellurium with a Grignard reagent to prepare the ditellurides and used column chromatography 
to purify them for the preparation of the corresponding MOCha. We identified the crystal 
structure of the 2-dimensional silver 4-methoxybenzenetellurolate via synchrotron serial 
crystallography at the I19 beamline at the Diamond Light Source.44 Emerging reports show a link 

Page 3 of 20 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
0/

20
26

 1
0:

52
:0

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MA01354B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01354b


4

between the functional group and its position on aryl ring and the dimensionality of silver thiolate 
and selenolate MOChas, with para-substitued derivatives forming 2D lamellar sheets and meta-
substituted analogs yielding needle-like crystals comprised of 1D inorganic-polymers.5,22,30,45 We 
show this case to be the same for the silver tellurides. We further identified a 1-dimensional motif 
for the 3-methoxy ligand, comparable to the corresponding 1-dimensional silver thiolates and 
report on the interesting optical phenomena between the 2D and 1D systems.

Results and discussions 

We first prepared the MOChas AgTePh (tethrene), AgTe-4M (silver 4-
methoxybenzenetellurolate) and AgTe-3M (silver 3-methoxybenzenetellurolate) shown in Figure 
2a. These molecules were synthesized to investigate the effect of methoxy functional group (-
OCH3) and the position of this functional group (meta & para) on phenyl ring in the organic layer 
of MOChas. The prime example of Te-based MOCha, AgTePh is a well-studied material and has 
been synthesized using approaches where silver metal or silver oxide can be used as a metal 
source.6,30,34. We have used the earlier reported redox synthetic procedure3 where, in a single 
step, Ag powder can be made to react with diphenylditelluride for oxidation-reduction. Ag(0) 
undergoes oxidation to form Ag(+1), and Te(0) undergoes reduction to form Te(-1) (Figure 1). 
The oxidation character of chalcogens decreases down the group (S, Se, Te) with increasing size 
and, therefore, tellurium compounds are expected to be more challenging than S and Se. It was 
observed that the reaction needed a stable 80-85°C for the formation of the expected product. 
The organic precursors bis(4-methoxyphenyl) ditelluride and bis(3-methoxyphenyl) ditelluride 
should be used instantly as MOCha reagents as they likely begin degrading immediately, forming 
the tellurium metal contaminant even at room temperature.42,43 Chromatographic separation is 
an explicit necessity to remove any side products and, most importantly, tellurium metal. From 
the applied synthetic method, the recovered yield obtained for tethrene and AgTe-4M was 80-
90% and 60-75% for AgTe-3M. 
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Figure 1.  Synthetic scheme shows conversion of Grignard reagent 4-methoxyphenylmagnesium bromide to bis(4-
methoxyphenyl) ditelluride in the first step (a) and formation of MOCha AgTe-4M by redox conversion in the second 
step (b).

Scanning electron microscopy (SEM) images shown in Figure 2c & 2d reveal the difference in 
morphology and size of meta-substituted (AgTe-3M) and para-substituted (AgTe-4M) products. 
The crystal size of para-substituted crystals is typically in the range of 1-15 µm and 0.5-5 µm for 
meta-substituted product. The para-substituted aryl materials produce slanted-rectangular 2-D 
crystals with sharp edges, whereas the meta-functionalized product has a small, rod-like 1-D 
crystal habit, consistent with the corresponding methoxy substituted thiolates.23 This 
observation suggests that the variation in chalcogen atom size has minimal influence on the 
crystal growth process, maintaining a consistent morphology. Instead, dimensionality is more 
strongly governed by the substituent position, with para-substituted MOChas favoring 2D 
structures, while the steric constraints in ortho- and meta-substituted derivatives predominantly 
lead to 1D formations.

The pXRD (powder X-ray diffraction) patterns shown in Figure 2b follow the typical peak patterns 
of 2-D and 1-D crystals. Typically, 2-D layered materials have equally spaced intense peaks in the 
low angle region and 1-D has irregularly spaced peaks in the low angle region.16,22,39,46–48 The 
pXRD and SEM results for both samples demonstrate a correlation between dimensionality, 
crystal shape, and peak spacing, which is consistent with observations in other MOCha crystal 
systems.23,49,50
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Figure 2.  a) Formed MOCha products Silver 4-methoxybenzenetellurolate (AgTe-4M) and Silver 3-
methyoxybenzenetellurolate (AgTe-3M) b) Experimental powder pattern of AgTe-3M (Red), AgTe-4M (Blue) and 
simulated powder pattern of AgTe-4M (Black) c) SEM showing morphology and size of 2-D AgTe-4M d) Morphology 
and size of 1-D AgTe-3M.

Crystal Structure Determination
To determine the crystal structure of AgTe-4M, we used synchrotron serial crystallography at 
Diamond Light Source (DLS), whereas previous studies on this class of materials primarily 
employed smSFX.6 At the I19 beamline at DLS, we efficiently scanned hundreds of crystals 
across multiple 400-well grids. For wells exhibiting diffraction, a wider rotation collection was 
performed, with the system demonstrating remarkable resilience to high X-ray doses. Serial 
methods typically merge hundreds or thousands of small datasets; however, in this case, the 
“needle-in-a-haystack” approach allowed us to rapidly screen a large volume of material and 
selectively extract datasets with the best statistics. In this case, we identified six crystals with 
strong diffraction that could be merged to produce a complete dataset. Using this strategy, we 
successfully solved the AgTe-4M structure. This technique closely resembled conventional 
single-crystal determination, as data were collected using the rotation method once a high-
quality candidate was identified.
Comparing AgTe-4M to its non-functionalized analogue, tethrene,6 we observed that the 
functional group altered the crystal symmetry. The presence of heavy elements provided 
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excellent scattering, even for such a small crystal. The system crystallizes in the orthorhombic 
space group Cmce (Figure 3a), whereas AgTePh, as reported, crystallizes in the monoclinic space 
group C2/c.
 

Table 1. Crystallographic Data on parameters for AgTe-4M collected at Diamond

Compound AgTe-4M
Formula AgTeC7H7O

MW 342.60
Space group Cmce

a (Å) 7.4688(3)
b (Å) 5.9438(2)
c (Å) 35.972(2)
α (°) 90
β (°) 90
γ (°) 90

V (Å3) 1596.90(10)
Z 8

ρcalc (g cm-3) 2.850
X-ray source DLS

λ (Å) 0.4859
T (K) 150.15

dmin (Å) 0.8
μ(mm-1) 2.202

Data 857
Restraints 56

Parameters 73
Rint (%) 20.51

R1(obs) (%) 5.49
R1(all) (%) 10.22

S 0.897
Peak, hole (e- Å-3) 1.643, -1.037

The arrangement of inorganic and organic layers depicts a lamellar structure. Figure 3b 
shows the inorganic structural component: each silver is bonded to 4 tellurium atoms with Ag-Te 
bond lengths 2.826 Å and 2.923 Å. Silver-silver spacings in pure silver clusters range 2.5-2.8 Å.51 

Argentophilic interactions in silver-containing coordination compounds and in hybrid material 
systems extend up to 3.44 Å and are implicated as playing an important role in the emission 
properties.51–54

We now consider the internal organic interfaces. Methoxy groups adopt a generally tetrameric 
packing arrangement. In the solid state, the weak interactions between the dipolar functional 
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groups stabilize tetrameric patterns in crystal structures as shown in Figure 3c. The interactions 
between aliphatic hydrogen and oxygen atoms approach 2.48 Å. Such interactions are well-
understood to have stabilizing effects on a variety of crystal systems.55–58 In the AgTe-4M 
structure, intermolecular C–H···O interactions are observed between methoxy groups of adjacent 
organic layers, with a characteristic interaction distance of 2.533 Å. These are weak non-covalent 
interactions that contribute to the structural stability of the hybrid framework.

The thermogravimetric analysis (TGA) was performed on crystalline samples to determine the 
thermal stability, and results are shown in Figure S1. The residue contains silver and tellurium 
after decomposition and loss of organic components. All three reported MOChas, AgTePh, AgTe-
4M, AgTe-3M are thermally stable at high temperatures up to 220°C and decomposition (5% 
weight loss) occurs at around 260°C for AgTePh, 280°C for AgTe-4M and 235°C for AgTe-3M. The 
decomposition temperature for AgTe-4M is slightly higher than AgTePh, and this is attributed to 
the presence of additional non-covalent dipolar interactions in the supramolecular phase.
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Figure 3. a) Orthorhombic Crystal System of Silver 4-methoxybenzenetellurolate with space group - Cmce b) 
Hexagonal inorganic structure Ag-Ag and Ag-Te c) Interlayer C-H--O interactions in methoxy groups.

Studies have shown that low-dimensional materials have significant optoelectronic 
applications.21,47 The optical properties of chalcogenide-based organic-inorganic hybrid 
frameworks can be optimized by varying composition and functionality.33,59,60 Direct relationships 
between dimensionality and optical properties is shown in literature.61,62 Figure 4 shows the 
optical characterization of the three MOChas and reveals that all three visibly fall within a yellow-
brown colour range. Visually, tethrene is a yellowish orange solid, AgTe-4M appears more 
brightly colored, and AgTe-3M is a darker brownish-yellow in visible light. Figure 4a shows the 
MOChas in ambient light and 365 nm UV lamp to demonstrate that tethrene and AgTe-4M have 
similar yellow luminescence, whereas AgTe-3M shows bright red luminescence under UV lamp. 
Figure 4b and 4c show fluorescence and absorption spectroscopy results that show similar broad 
emission peaks of tethrene and AgTe-4M in the broad orange region of ~520-690 nm wavelength 
and broad emission peak around 580 nm. Similar emissive properties in the two solids can be 
attributed to the close match in their structural parameters. AgTe-3M emits in the region ~600-
850 nm with a peak emission around 700nm. The shift in luminescence from broad yellow to red 
shows that optical properties of metal-organic telluride depend on the substituent’s position. 

Compared to silver coordinated thiolates and selenolates, the tellurium based MOChas 
exhibit distinct photoluminescence peroperties demonstrating chalcogen-dependent tuning of 
emission. While silver 4-methoxybenzenethiolate is non-luminescent, it’s Te analog AgTe-4M 
emits in yellow-orange region and AgTe-3M displays a pronounced red shift corresponding to 
silver 3-methoxybenzenethiolate with peak emission at 589nm. These observations highlight that 
substituent controlled structural variations and framework dimensionality govern the emissive 
properties of tellurium-based MOChas through extended Ag-Te-Ag network and stronger 
argentophilic interactions, consistent with trends reported for related chalcogenolate systems. 
AgTe-4M has two Ag-Ag interactions of 2.867 Å and 3.096 Å. The shorter interaction is closer to 
the distance in silver metal, implying strong coupling between the atoms. These are slightly 
elongated relative to tethrene, reported at 2.806 Å and 3.086 Å. Compared to silver 4-
methoxybenzenethiolate, which is non-luminescent and has Ag-Ag distances of 2.973 Å and 
3.669 Å similar to non-functionalized silver benzenethiolate, the AgTe-4M exhibit shorter 
distances.23
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Figure 4. a) Images of suspended solution (1 mg/ml in methanol) of species AgTePh, AgTe-4M & AgTe-3M under 
ambient light and 365 nm UV lamp b) Normalized emission spectra in the region 500 nm-850 nm c) Normalized 
absorption spectra in the region 200 nm-800 nm.

Negative effect of Te presence during synthesis

We identified a deleterious effect of elemental tellurium when present in a reaction mixture. We 
utilized the Grignard reaction to synthesize diphenyl ditelluride for comparison with a 
commercial source. However, the resulting products were typically brown solids with irregular 
needle-like crystal habits in contrast to the pristine tabular crystals recovered using commercial 
diphenyl ditelluride. We identified traces of elemental tellurium in the synthetic precursor after 
filtration and in the final product during the purification process. We attributed the presence of 
the tellurium to the lower quality of the resultant MOCha. This is synthetically straightforward to 
resolve, as the precursor was purified using column chromatography before proceeding with the 
reaction, which yielded the desired result. 
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To assess the contamination threshold, a sequence of experiments was performed to deliberately 
introduce different proportions of elemental tellurium into the reaction. AgTePh formed without 
the addition of tellurium metal in the reaction system is labeled as 0%. While reaction mixtures 
containing 0.01 mg, 0.02 mg, and 0.05 mg of tellurium per mg of organic precursor are labeled 
as 1%, 2%, and 5% respectively. The recovered yield decreased from 85-90% to 20% with increase 
in elemental tellurium from 0 to 5%. Figure 5a shows the SEM images of these samples revealing 
that increasing tellurium contamination correlates with smaller crystals and a rough appearance 
to the product crystal faces. Figure 5b shows the negative correlation of increasing tellurium 
impurity on the optical emission of the product, consistent with lower yield and poor crystals. 
Figure 5c collects X-ray diffraction traces for each of these reaction samples. In the pristine 
formulation, the low-angle peaks are dominant due to preferred orientation of the product, 
consistent with a material that is mostly regular crystals that tend to lay flat. In the contaminated 
samples the high angle peaks are less suppressed by preferred orientation, consistent with the 
change in crystal morphology. Nevertheless, the products match the pristine phase, so we 
identified no new phases. 

Our experiment demonstrated that a threshold for reaction performance is <1% tellurium by 
mass. Tellurium impurity above this threshold substantially impacts the quality of the product, 
reducing desired optical performance and producing inconsistent crystal morphology. Samples 
drawn from each contamination rate show a general trend of decreasing performance. The 
suspension of crystals at 1 mg/ml is shown in visible light that concludes that the color appears 
darker at 2% and 5%; the 5% suspended solutions under UV lamp show low luminescence as 
compared to others.
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Figure 5. a) SEM showing crystal morphology of AgTePh at different tellurium percentages. b) Images of 0%,1%,2% 
& 5% products in visible light and 365 nm UV lamp. Emission spectra detail the decrease in emission intensity as 
tellurium percentage increases, consistent with a reduced yield and poorer crystals. c) Experimental powder 
pattern of 0%, 1%, 2% & 5%.

Conclusion

We have introduced the orange-emitting 2D silver 4-methoxybenzenetellurolate and the 1D red-
emitting silver 3-methoxybenzenetellurolate. These compounds were prepared from silver metal 
and the bis(4-methoxyphenyl) ditelluride and bis(3-methoxyphenyl) ditelluride, respectively 
synthesized using a Grignard reaction. We found that elemental tellurium byproducts cooccur 
with the product, and using the crude has a negative impact on the product quality of the 
resulting MOChas. Specifically, it leads to the formation of smaller crystals with deformed edges 
and diminished optical qualities. The introduction of methoxy groups at the meta and para 
positions led to distinct features such as luminescence, stability, and topology. We find that 
similar structural properties result in similar emissive properties. AgTe-4M and AgTePh exhibit 
remarkably similar emissive properties, owing to their structural resemblance. Utilizing a 
Grignard reaction for the creation of organic precursors allows for the exploration of silver 
phenyltellurolates and has stimulated further research into their potential optoelectronic uses.

Experimental

Synthesis of Silverbenzenetellurolate, AgTePh (Tethrene)
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For tethrene synthesis, organic precursor diphenyl ditelluride was prepared by Grignard 
synthesis. A three-necked round bottom flask (100 mL) equipped with a magnetic stir bar was 
charged with tellurium powder (0.638 g, 5 mmol, 1.0 equiv.). One end of the flask was connected 
to a Schlenk line, the other end sealed with a septum, while the middle neck was equipped with 
a reflux condenser. The flask was purged and filled with nitrogen, then 40 mL of dry THF was 
added through the septum end. The Grignard reagent, phenylmagnesium bromide (5 mmol, 1.0 
equiv., 1.0 M solution in THF) was added through the septum end into the suspension of tellurium 
powder under nitrogen pressure while stirring. The mixture was stirred and refluxed for 4 hours 
and then poured into 100 mL saturated ammonium chloride solution, bubbled with air for 12 
hours, and filtrated. The crude material was purified by column chromatography on silica gel to 
afford the product. This diphenyl ditelluride was taken in a 1D vial with silver powder and 1 ml 
methanol and kept in the bead bath at 80°C for 24 hours. Upon noting the change in color from 
brown to yellow, the vial was removed and proceeded with the purification process. The 
recovered product was carefully examined, and it was noted that the quality was not satisfactory. 
After conducting a comprehensive review, it was discovered that the presence of tellurium in the 
organic precursor was responsible for this negative effect. The purity of the precursor was 
improved via chromatographic separation using silica gel columns and diethyl ether as mobile 
phase. Thus, tellurium metal was isolated from the organic precursor diphenyl ditelluride. To test 
the threshold of this negative effect, tethrene was prepared as per the explained synthetic 
procedure with the added tellurium 0.01 mg, 0.02 mg, 0.05 mg per mg of the organic precursors 
to form 1%, 2% and 5% respectively. No tellurium was added to form 0% sample.

Synthesis of silver 3-, and 4-methoxybenzenetellurolate (AgTe-3M & AgTe-4M)

For synthesizing 3-, and 4-methoxybenzenetellurolate, organic precursors bis(4-methoxyphenyl) 
ditelluride and bis(3-methoxyphenyl) ditelluride were prepared by Grignard synthesis mentioned 
above, using the Grignard reagents 4-methoxy phenylmagnesium bromide (5 mmol, 1.0 equiv., 
1.0 M in THF) and 3-methoxy phenylmagnesium bromide (5 mmol, 1.0 equiv., 1.0 M in THF) 
respectively. 

Synthesis of AgTe-4M

Silver powder, 2-3.5µm, ≥99.9% trace metals basis obtained from Sigma Aldrich was used to 
prepare AgTe-4M; silver metal powder and prepared precursor was taken in (1:1) molar ratio and 
added to a 1-dram vial and mixed thoroughly using spatula. 1 mL methanol solvent was added to 
the vial and mixed. The vial was heated in a metal bead bath (ArmorBeadstm) under the hood at 
80 °C for 24 hours. A bright yellow to orange product was observed after 7-8 hours, and reaction 
was allowed to continue to incubate until stoichiometric conversion. The crystalline product is 
brightly colored and does not appear mixed with any residual byproducts. Yellow colored crystals 
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appeared indicating the completion of reaction. The vial was removed from the furnace and 
cooled down for 5-10 minutes, followed by purification. 

     For purification and isolation, the sample obtained was sonicated for 2 minutes to separate 
the microcrystals and dismount the product from the walls of the vial. The product was 
transferred to a 15 ml centrifuge tube with 6-7 mL methanol and centrifuged at 5000 rpm for 10 
minutes, followed by decanting the solvent to remove the unreacted ligand. The process was 
repeated three times, and then crystals were transferred to watch glass and allowed to air dry 
for 24 hours. The crystals were transferred in a 0.5-dram vial, dry, and stored in the refrigerator 
for future use.

Synthesis of AgTe-3M

To prepare AgTe-3M, the same procedure as above was used. The reaction took 4 days for 
completion. 

For purification and isolation, the sample obtained was sonicated for 15 minutes as the crystals 
were clumped together. The product was transferred to a beaker and gravitational separation by 
decanting was done to remove the heavier silver impurity. The obtained product was centrifuged 
and filtered as the previous example.
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Data Availability Statement

Code for generating powder patterns and interfacing with GSAS-II was implemented in a 
DIALS/CCTBX environment, currently available from https://github.com/cctbx/cctbx-project.

Crystallographic data for AgTe-4M has been deposited at Cambridge Crystallographic Data 
Centre (CCDC) under 2463202 and can be obtained from 
https://www.ccdc.cam.ac.uk/structures/

All other data to support the findings of this study has been included in the article and 
supporting information.
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