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Zusammenfassung 

Silberthiolat-Koordinationspolymere mit vielseitigen Eigenschaften ziehen aufgrund der 

hohen Tendenz der weichen Lewis-Säure Ag(I) zur Koordination mit dem weichen Lewis-

Basen-Schwefel und der unterschiedlichen Koordinationszahlen von Ag(I) viel 

Aufmerksamkeit auf sich. In dieser Arbeit wurden neue lamellare Silberthiolate (Ag-MPA) mit 

einzigartigen reversiblen optischen Eigenschaften flexibler Strukturen hergestellt und mittels 

NMR, XRD, DSC und XPS charakterisiert. Die polymerähnliche Natur von Ag-MPA macht 

eine Hochskalierung der Reaktion möglich und ermöglicht eine einfache Verarbeitung, 

kombiniert mit den reversiblen optischen Übergängen, die viele neue Möglichkeiten für 

Anwendungen von der Bio-Bildgebung bis zur Optoelektronik eröffnen. Darüber hinaus kann 

bei einer hohen eingesetzte Konzentration Ag-MPA zur Bildung von in situ-Gelierungen führen. 

Durch weitere Modifikation wurde ein supramolekulares Silberthiolat-Gel mit verbesserter 

NIR-Fluoreszenz, Ungiftigkeit und guter Wasserlöslichkeit erhalten. Die mechanischen 

Eigenschaften kann durch die Mischung von Poly(vinylalkohol) verbessert und abgestimmt 

werden. Dieses starke Biokompatibilitätsgel kann in vielen biomedizinischen Bereichen 

angewendet werden, wie Wirkstoffabgabe, Bildgebung in vivo, photodynamische Therapie und 

3D-Druck. 

Dank der guten Wasserlöslichkeit dieses Silberthiolats lässt es sich gleichmäßig auf 

Substraten verteilen kann, um daraus einen dünnen Film zu bilden. Darüber hinaus lässt sich  

Silberthiolat-Koordinationspolymerfilem durch thermische Behandlung Silbersulfid herstellen. 

Daher kann es als ideale Vorstufe zur Herstellung von monoklinen Ŭ-Ag2S-Filmen dienen, einer 

vielversprechenden Klasse duktiler Übergangsmetallchaldogenide für flexible Optoelektronik 

und Thermoelektrik. In dieser Arbeit wurde eine nasschemische Synthesestrategie entwickelt, 

die unterst¿tzte und freistehende Ŭ-Ag2S-Dünnschichten mit lateraler Wafergröße ermöglicht. 

Mit ultraschneller Terahertz (THz)-Spektroskopie ließ sich verfolgen, dass sich die 

photogenerierten Ladungstrªger in Ŭ-Ag2S-Dünnfilmen einem bandartigen 

Transportmechanismus mit intrinsisch hoher Mobilität und Diffusionslänge folgen. Diese 

Ergebnisse ebnen den Weg f¿r die Verwendung von Ŭ-Ag2S-Dünnfilmen als flexible und 

leitfähige Bausteine für tragbare optoelektronische und thermoelektrische Geräte. 
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Abstract 

Silver thiolates coordination polymers with versatile properties attract a lot of attention due 

to the high tendency of soft Lewis acid Ag(I) to coordinate with soft Lewis base sulfur and the 

various coordination number of Ag(I). In this work, new lamellar silver thiolates (Ag-MPA) 

with unique reversible optical properties and flexibility structures were designed and 

characterized by NMR, XRD, DSC, and XPS. The polymer-like nature of Ag-MPA makes up-

scaling the reaction feasible and allows for facile processing, combined with the reversible 

optical transitions, which opens up many new possibilities for applications ranging from bio-

imaging to optoelectronics. Furthermore, high reacted concentration can lead Ag-MPA to the 

formation of in situ gelations. With further modification, silver thiolate supramolecular gel was 

obtained with enhanced NIR fluorescence, non-toxicity, and good water solubility. The 

mechanical properties can be improved and tuned by blending with poly(vinyl alcohol). This 

strong bio-compatibility gel can be applied in biomedical fields, such as drug delivery, imaging 

in vivo, photodynamic therapy, and 3D printing. 

According to the good water solubility of this silver thiolate, it can distribute uniformly on 

substrates to form a thin film. Moreover, the stable product after thermal treatment of silver 

thiolate coordination polymer is silver sulfide. Therefore, it can act as an ideal precursor to 

prepare monoclinic Ŭ-Ag2S films, a promising ductile transition metal chalcogenide for flexible 

optoelectronics and thermoelectrics. In this thesis, a solution-processed synthetic strategy 

enabling supported and free-standing Ŭ-Ag2S thin films with a lateral wafer size was prepared. 

As evidenced by ultrafast terahertz (THz) spectroscopy, the photogenerated charge carriers 

migrate in supported Ŭ-Ag2S thin films following band-like transport mechanism, with 

intrinsically high mobilities and diffusion length. These results pave the way for utilizing Ŭ-

Ag2S thin films as flexible and conductive building blocks towards wearable optoelectronic and 

thermoelectric devices. 
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1. Introduction  

Coordination polymers are hybrid inorganic/organic structures formed by metal cation 

centers linked by organic ligands in the form of one-, two-, or three-dimensional architectures. 

The coordination polymers typically have these three characteristics: the center ion acts as 

Lewis acid with empty electron orbitals; the ligand acts as Lewis base with lone pair electrons; 

the central ion combines with the ligand to form a coordination entity with a certain composition 

and spatial configuration. The first manufactured coordination polymer is Prussian Blue, a dark 

blue pigment synthesized by Diebach in 1704. The correct structure for coordination 

compounds and the basis for modern coordination chemistry was proposed by Alfred Werner 

in 1893. Influenced by the nature of the central transition metal ion, different coordination 

numbers, the metal to ligand ratio and the nature of ligands,1-2 metal coordination polymers 

exhibit fascinating structural topologies, ranging from linear, to honeycomb, to square planar, 

to diamondoid, and polycatenanes.3-4 In recent decades, coordination polymers were proposed 

as potential materials for molecular storage, luminescence, catalysis, electrical conductivity, 

and magnetism.5  

Due to the hard-soft-acid-base theory, silver as a soft acid tends to coordinate with soft base 

sulfur and exhibits a high affinity for sulfur. Silver (I) has a flexible coordination number from 

2 to 7,6 and binds strongly to various sulfur compounds, which offer the possibility to design 

silver-sulfide coordination polymers with desired characteristics, for example 

photoluminescence. Here, the ligand can tune to metal charge transfer, the metallophilic 

interaction and the metal-centered electronic states. Compared to other metals, such as copper(I) 

and gold(I), a relatively small number of publications deals with the luminescence silver (I) 

coordinate complex.7,8 The thermal instability and light sensitivity of silver(I) increases the 

challenging task of such analyses. However, due to the anti-bacterial and biocompatibility of 

silver(I),9 designing luminescence and stable silver(I) coordination polymers is still an exciting 

prospect. Various silver thiolate coordination polymers were synthesized in this work, and their 

unique optical and rheology properties were studied. Moreover, based on this silver thiolate 

coordination polymer, high quality thin semiconductor silver sulfide films were prepared, 

which showed a high photoconductivity. 
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2. State of the art 

This chapter introduces the crystal structure and property of silver sulfide (Section 2.1.1), 

different coordination states of silver(I) and properties of silver(I) coordination polymers 

(Section 2.1.2), different kinds of interaction forces of supramolecular gels and polymer gels 

(Section 2.2), and the principle of charge carrier dynamics resolved by terahertz spectroscopy 

(Section 2.3). 

 

2.1 Silver sulfide and silver(I) coordination polymer 

2.1.1 Ag2S 

In 1833, Michael Faraday discovered that the electrical conductivity of silver sulfide 

increases with increasing temperature, which is the opposite compared to metallic conductors, 

where the electrical conductivity decreases with the increasing temperature.10 11 This is the first 

observation of one of the defining characteristics of a semiconductor.12 A semiconductor is a 

substance with conductivities between an insulator and a conductor with unique properties13, 

widely used in electronic devices, optical sensors, and light emitters.14-15 In the following 

decades, more important and unique properties of semiconductors were discovered. In 1839, 

Edmond Becquerel discovered the photovoltaic effect of semiconductors.16 In 1873, 

Willoughby Smith discovered the photoconductivity effect of semiconductors.17 In 1874, 

Ferdinand Braun observed the rectification effect of semiconductors.18 Since 1947, three 

scientists Bardeen, Brattain and Shockley in Bell labs managed to make the first working 

transistor -- the point-contact transistor.19 Various new semiconductor devices have been 

invented with more advanced technology, materials, and applications. In the 1980s, the 

semiconductor quantum dots (nanocrystals within a few nanometers) were found by Alexey I. 

Ekimov,20 which helped achieve high-speed electronic devices and high-performance 

luminescence detectors, such as quantum dot photovoltaic solar cell and quantum dot display.21-

23 The unique properties of silver sulfide, such as low toxicity, low production cost, narrow 

band gap, and the tunable luminescence range of Ag2S quantum dots (QDs) should be 

explored.24-27 
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2.1.1.1 Crystal forms of Ag2S 

Ag2S has three polymorphous modifications (Ŭ-Ag2S, ɓ-Ag2S, and ɔ-Ag2S) with 

significantly different structures and properties.28-29 At low temperature (below 450 K), 

acanthite Ŭ-Ag2S exists as a semiconducting phase with a monoclinic crystal structure. Under 

equilibrium conditions, from 452 to 859 K, argentite ɓ-Ag2S exists as superionic conductivity 

with a body-centered cubic (bcc) crystal structure. At high temperatures (from 860 K to melting 

point 1115K), ɔ-Ag2S have a face-centered cubic (fcc) crystal structure. The homogeneity range 

of Ag2S is shown in Figure 2.1.24, 28 

 

Figure 2.1. Homogeneity range of Ag2S. Figure is adapted with permission from Bulletin of Alloy Phase 

Diagrams 1986, 7, 263-269.28 

The unit cell of Ŭ-Ag2S belongs to the space group P21/c with parameters a = 0.4231 nm, b 

= 0.6930 nm, c = 0.9526 nm and ɓ = 125.5°,30 the structure is displayed in Figure 2.2.31 The Ŭ-

Ag2S phase is generally to be regarded as stoichiometric, while cubic ɓ-Ag2±ŭS and ɔ-Ag2±ŭS (ŭ 

=Ӊ 0.002) is a non-stoichiometric phases. The non-stoichiometric ɓ-Ag2±ŭS (ŭÒ0.002) phase has 

high electronic conductivity of about 1.3×105 S·m-1, while the Ŭ-Ag2S phase has low electronic 
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conductivity from 0.09 to 0.16 Sm-1 at 300 K.32-33 According to the report of Sadovnikov et al.,  

Ag2S nanocrystals with diameter less than 50 nm are non-stoichiometric with ~Ag1.93S 

composition.34 

 

Figure 2.2. The arrangement of Ag and S atoms in Ŭ-Ag2S (space group P21/c): (a) the contour of 

doubled unit cell, (b) monoclinic unit cell. The lengths of Ag1-S is 0.2511 nm, and Ag2-S is 0.2548 nm. 

Figure is adapted with permission from Superlattices and Microstructures 2015, 83, 35-47.31 

In another article from Sadovnikov et al.35, the in-situ acanthite Ŭ-Ag2S - argentite ɓ-Ag2S 

phase transformation was explained. When the temperature decreases below 450 K, the ɓ-Ag2S 

phase transforms to Ŭ-Ag2S. During the transformation process S atoms in the bcc sublattice 

will distort to monoclinic sublattice. Silver atoms in the positions of the argentite (bcc) will  

concentrate in the position of acanthite (monoclinic) (shown in Figure 2.3). The occupations of 

Ag in Ŭ-Ag2S is almost 1 (shown in Table 2.1). 



2. State of the art 

 

5 

 

 

Figure 2.3. (a) The experimental (blue) and calculated (red) XRD patterns of Ŭ-Ag2S (space group P21/c), 

the difference between them is shown in the lower spectra. (b) The experimental (blue) and calculated 

(red) XRD patterns of ɓ -Ag2S (space group Im3
_

m), the difference between them is shown in the lower 

spectra. Figure is adapted and modified with permission from Physical Chemistry Chemical Physics 

2015, 17, 20495-20501.35 

Sadovnikov et al. explained the superionic conductivity of the ɓ-Ag2S phase as well.29  When 

the temperature is above 433 K, Ag2S exhibits argentite ɓ-Ag2S phase.  However, the 

occupations of these two positions are very low, 0.0978 and 0.0711 (shown in Table 2.2). 

Therefore, to maintain the structure's stability, the mobility of Ag or Ag+ should be very high. 

Moreover, the vacant site concentration is more than 92%, which provides the possibility of 

jumping cations.  This makes the ɓ-Ag2S phase a superionic conductor. 
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Table 2.1. Refined crystal structure of monoclinic (space group No. 14-P21/c(P121/c1)) silver sulfide 

with Ŭ-Ag2S acanthite type structure: Z = 4, a = 0.42264(2) nm, b = 0.69282(3) nm, c = 0.95317(3) nm, 

and ɓ = 125.554(2)Á.31
 

 

Table 2.2. Refined crystal structure of cubic (space group No. 229 ï Im3
_

m(I4/m3
_

2/m)) silver sulfide 

with ɓ-Ag2S argentite type structure: Z = 2, a = b = c = 0.4874(1) nm.29
 

 

Table 2.3. Refined crystal structure of cubic (space group No. 225 ïFm3
_

m(F4/m3
_

2/m)) silver sulfide 

with ɔ-Ag2S argentite type structure: Z = 4, a = b = c = 0.62831(8) nm.36 

 

Similar to the ɓ-Ag2S phase, the ɔ-Ag2S phase also has superionic conductivity. Because in 

the ɔ-Ag2S phase, the occupancies of these positions are 0.88, 0.15, and 0.027,36 Ag atoms are 

in constant motion over all possible positions, which provides the superionic conductivity 

(shown in Table 2.3).  

For acanthite-type Ŭ-Ag2S the band gap is ~1 eV at room temperature37,38, the temperature 

coefficient is dEg/dT = 1.2 × 10-3 eV/K. The optical gap changes from 0.85 eV to 0.75 eV at the 

transition point. For argentite type ɓ-Ag2S, the temperature coefficient is dEg/dT = 3 × 10-4 

eV/K (shown in Figure 2.4).  
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Figure 2.4. Optical absorption of Ag2S at different temperatures. Figure is adapted with permission 

from Philosophical Magazine 1977, 36, 941-958.37 

Ŭ-Ag2S has a small carrier concentration (about 1014-1015 cm-3) and a large negative Seebeck 

coefficient at room temperature. These properties indicate that Ŭ-Ag2S is an intrinsic 

semiconductor and electrons are the dominant charge carriers (carrier mobility is 86.87 cm2V-

1s-1).32   

 

2.1.1.2 Ag2S quantum dots (QDs) 

The band gap between conduction band and valence band is a fixed value related to the 

material for bulk semiconductors.39 When the size of the material becomes sufficiently tiny 

(less than ~10 nm), the bandgap increases and more discrete energy levels appear as the size of 

the nanoparticle decrease, which is known as the quantum confinement effect.40-41 This 

phenomenon results when the movement of an exciton is impeded, and the total energy of 

exciton does not change. Therefore, the required energy increases to create exciton-hole pair 

when the particle size decreases to the exciton Bohr radius,42-43 which can be defined as the 

separation distance between electrons and holes  (shown in Figure 2.5). The optical wavelength 

corresponding to a given bandgap energy Eg can be calculated according to the Planck-Einstein 

relation.44  
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c: the speed of light, 3.0×108 m/s; 

h: Planck's constant, 6.63×10-34 J·m.  

For semiconductor nanocrystals, also called quantum dots (QDs), the optical wavelength 

decreases with the decreasing particle size due to the increase of Eg. 

 

Figure 2.5. Scheme of quantum confinement effect. Figure is adapted  with permission from the 

Photoactive Semiconductor Nanocrystal Quantum Dots 2017, 1-30.45 

Because of the narrow band gap, high absorption coefficient (~104),46 and low toxicity in 

organisms47, Ag2S QDs are a promising material with near infrared (NIR) emission. Wang's 

group synthesized Ag2S QDs with NIR emission in 2010.48 Their Ag2S QDs emit at 1058 nm 

under 785 nm excitation with the size of 10.2 nm. In their further work in 2014, they obtained 

a series of uniform Ag2S QDs sizing from 2.4 to 7 nm with emissions from 975 to 1175 nm  (as 

shown in Figure 2.6).42 
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Figure 2.6. PL emission spectra under an excitation of 785 nm and TEM image of different size Ag2S 

QDs. Figure is adapted with permission from the Journal of Physical Chemistry C 2014, 118, 4918-

4923.48 

 

2.1.2 Ag-S coordination polymer 

2.1.2.1 Coordination chemistry of silver cations 

Silver is the 47th element in the periodic table. Its electron configuration is [Kr]4d105s1. In 

group IB, silver has the lowest first ionization energy (731.0 KJ·mol-1) and higher second (2070 

KJ·mol -1) and third ionization energy (3361 KJ·mol-1) than copper (1st ionization energy is 

745.5 KJ·mol-1, 2nd ionization energy is 1957.9 KJ·mol-1, 3rd ionization energy is 3555 KJ·mol-

1) and gold (1st ionization energy is 890.1 KJ·mol-1, 2nd ionization energy is 1980 KJ·mol -1). 

Because of the low first ionization energy and high second ionization energy, the +1 oxidation 

state is the predominant state of silver, and the range of the increasing oxidation states is limited. 

Resulting from its full d-subshell, silver(I) (+1 oxidation state) is stable and tends to form 

coordination complexes, such as Ag(NH3)2OH, a typical linear silver coordination complex, 

where the sp hybridization of Ag+ forms two hybrid orbitals filled by the electrons of NH3 

molecules. Fox et al. 49 studied the coordination chemistry of silver cations in the mixed solvent 

system based on the simple water model. The optimized structures of Ag+(H2O)n with n=1-4, 

derived with the B3LYP method described by Becke50 are shown in Figure 2.7. 
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Figure 2.7. Fully optimized structures of Ag+(H2O)n, n=1-4, derived with the B3LYP model (the three-

parameter hybrid Hartee-Fock/density functional). Bond lengths are in Å. Figure is adapted with 

permission from Journal of the American Chemical Society 2002, 124, 13613-13623.49 

The most common coordination numbers of silver(I) complexes are two, three, and four.51-

54 A Cambridge Structural Database CSD search yields 3319 crystal of silver(I) coordination 

complexes.55 In these reported solid-state structures of silver(I) complexes, 24.2% are two-

coordinate, 22.7% are three-coordinate, 43.9% are four-coordinate, 4.7% are five-coordinate, 

3.9% are six-coordinate, and the remaining 0.6% have coordination numbers greater than six.56 

 

2.1.2.2 Silver(I) -thiolate coordination polymer 

Ag(I) exhibits a high affinity for sulfur and can coordinate and complex with various kinds 

of sulfur sources, such as mercaptans, thioacids, thioethers (single bond to carbon), thioketones, 

thioamides and dithiocarbamates (double bonded).57-64 The stability of these complexes are 
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related to log Kf (stability constant of formation).65 Table 2.4 shows log Kf for some typical 

silver(I) complexes. With the value of log Kf ~13, mercaptans have very strong binding. 

Thioethers have similar log Kf value to amines ~3. The log Kf value of carboxylates are very 

low.66 Silver(I)-thiolate coordination polymers exhibit multiple properties, such as 

luminescence, photothermal, thermochromic and semiconductivity.67-68 

 

Table 2.4. Log Kf value for some typical silver-organosulfur, silver-amino and silver-carboxylato 

complexes. (Table is adapted with permission from the Environmental Toxicology and Chemistry: An 

International Journal 1999, 18, 9-22.69) 

 

 

Li et al.70 synthesized layered silver(I) dithiocarboxylate coordination polymer [Ag(Py-4-

CSS)]n with the ligand sodium pyridine-4-dithiocarboxylate (Py-4-CSSNa) (shown in Figure 

2.8). Each Ag(I) ion coordinates two sulfur atoms and one nitrogen atom specifically shown in 

Figure 2.8 c. The short Ag··· Ag distance indicates the existence of argentophilicity and the 

[Ag(Py-4-CSS)]n  layers stack along the c axis promoted by weak Ag···S  interactions between 

the layers. [Ag(Py-4-CSS)]n  has a photothermal conversion efficiency of 22.1%, two times 

higher than for pure Ag2S. 

 



2. State of the art 

 

12 

 

 

Figure 2.8. (a) Packing scheme, (b) interlayer Ag···S interactions , (c) the single layer, and (d) the 

secondary building unit of [Ag(Py-4-CSS)]n. Color codes: silver, dark blue; sulfur, yellow; nitrogen, 

light blue; carbon, gray; hydrogen, white. Figure is adapted with permission from Inorganic chemistry 

2019, 58, 6601-6608.70 

 

2.1.2.3 Lamellar structure  of Ag(I) thiolate 

In 1991, Dance et al.71 exhibited a series of alkane thiolates to calculate the X-ray diffraction 

patterns of polycrystalline Ag(I) thiolate, shown in Figure 2.9 a (b is defined as the axial 

direction normal to the layers; kd as the large interlayer repeat distance b). They presented a 

model that Ag and S atoms comprised parallel slabs with the substituents distributed on both 

sides of each slab (Figure 2.9 b). Figure 2.9 c displays the network of a slab, a quasi-hexagonal 

network with trigonal-planar coordination of Ag by three SR moieties and RS coordinated by 

three Ag atoms. 
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Figure 2.9. (a) Interlayer spacings from the pronounced (0k0) reflections. (b) Scheme of the layered 

crystal structure. The thickness of the central Ag-S slab is labeled as 2t1. The total thickness of one layer 

is labeled as 2t1+ 2t2 (see (b)). (c) The scheme of the central slab of AgSR. Ag: white circle; S: gray 

circle; R: black circle. Figure is adapted with permission from  Inorganic Chemistry 1991, 30, 183-

187.71 

In 2019, Veselska et al.72 synthesized new lamellar silver thiolate coordination polymers 

[Ag(p-SPhCO2H)]n, with emission wavelengths at 484, 528, and 700 nm, when excited at 324, 

352, 368, and 396 nm at 93 K. The crystallographic data and Rietveld refinement parameters 

of [Ag(p-SPhCO2H)]n, and the structure is shown in Figure 2.10, similar to the model 

established by Dance et al.71, with distorted hexagons of Ag3S3. Ag(I) atoms in trigonal 

geometry are connected to three bridging ɛ3-sulfur atoms. Because of the similar structure of 

[Ag(p-SPhCO2H)]n and [Cu(p-SPhCO2H)]n, the heterometallic material [Ag0.85Cu0.15(p-

SPhCO2H)]n can be obtained.72 When excited at 344 nm at 93 K, [Ag0.85Cu0.15(p-SPhCO2H)]n 

has an emission at 485, 524, and 560 nm. When excited at 372 nm at 93 K, it has an emission 

at 690 nm. Therefore, the emission range can be tuned by the excitation range. 
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Figure 2.10. Structure of [Ag(p-SPhCO2H)] n,(a) representation of the Ag3S3 network on the (ab) plane, 

(b) view of the distorted Ag3S3 cycle, (c) view of the lamellar structure with the hydrogen bonds between 

the carboxylic acids (dotted red lines), and (d) bond distances and angles in the Ag3S3 hexagons.  Blue: 

Ag(I); yellow: S; red: O; and gray: C. Hydrogen atoms are omitted for clarity. The figure is adapted 

and modified with permission from Inorganic chemistry 2018, 58, 99-105.72 

 

2.1.2.4 The subsequent reaction of silver(I) thiolate 

In their review, Bell et al.69 not only systematically introduced the structural chemistry and 

geochemistry of silver sulfur compounds, but also presented an overall scheme for the 

environmental cycle of Ag(I), showing that formation of Ag2S is the most probable outcome 

for Ag(I) in silver thiolates in a sulfur-rich environment  (shown in Figure 2.12). 
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Figure 2.12. Schematic of possible outcomes for silver(I) in an environment rich in sulfur as S(II-) or as 

organic mercaptans (RSH). Figure is adapted with permission from Environmental Toxicology and 

Chemistry: An International Journal 1999, 18, 9-22.69 

Chen et al.73 used silver the thiolate AgSC12H25 as melt precursor for the synthesis of Ag 

nanodisks. The intense narrow reflections of layered AgSC12H25 shown in Figure 2.13 d, which 

has the same structure of lamellar silver(I) thiolate as we shown in Figure 2.9 a,b, the interlayer 

distance is 34.9 Å, and the in-plane Ag-Ag distance is ~4.5Å. After heating AgSC12H25 under 

nitrogen flow at ~200 °C, Ag nanodisks are obtained (TEM shown in Figure 2.13 b,c, XRD 

shown in Figure 2.13 e) with an average diameter of ~16 nm and thickness of ~2.3 nm. This 

reaction is based on Ag+ which is reduced by SR-, the two SR* radicals yield disulfide. The 

reaction equation is shown in Figure 2.13 a. Two processes can explain the formation of this 

morphology: the first process is nucleation, AgSC12H25 decomposes to small metallic silver 

clusters by heating; the second process involves thiol ligand sterically hindering the Ag 

interplanar diffusion of Ag. Therefore, Ag atoms tend to aggregate in-plane. This simple 

method offers ample possibilities for shape control. 



2. State of the art 

 

16 

 

 

Figure 2.13. (a) The equation for the reaction of AgSC12H25  to silver nanodisks; (b) TEM image of a Ag 

nanodisk; (c)  HRTEM image of a nanodisk witha [111] projection of the cubic silver structure with the 

unit cell marked, and the fast fourier transformation (FFT ) of the Ag nanodisks micrograph; (d) XRD 

pattern of AgSC12H25; (e) XRD pattern of Ag nanodisks produced at 180 °C for 2 h . Figure is adapted 

and modified with permission from Inorg. Chem. 2005, 44, 9817-9822.73 

 

2.1.2.5 Luminescent silver(I) complexes 

In metal complexes, the metal-ligand bonds are generally polar because the electron density 

is dominantly located on the metal side or the ligand side. Therefore, the electronic transition 

can be classified as metal-centered, ligand-to-metal charge transfer (LMCT), metal-to-ligand 

charge transfer (MLCT), ligand-to-ligand charge transfer (LLCT), metal-to-metal charge 

transfer (MMCT), and ligand-centered.74 For d10 metal ions, there are several more possible 

electron transition states for luminescence. 

For multinuclear d10 metal complexes and d10 metal ions with donor ligands, the lowest-

energy transition contains contributions from the metal center or LMCT. It is almost not 

possible to distinguish these two kinds of transitions. Therefore, the emission state may be due 
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to both the metal centered and LMCT and possibly also modified by metallophilic 

interactions.75-76 

Silver (I) chalcogenid clusters with long-lived green to orange luminescence was taken here 

to show the possible change transfer for silver(I) complexes.77 The photophysical data of 

[Ag4(ɛ-dppm)4(ɛ4-E)]2+ (E = S, Se, Te) is shown in Table 2.5, the structure is shown in Figure 

2.14.78 The molecular orbital diagrams are shown in Figure 2.15. The highest occupied 

molecular orbital (HOMO) is mainly from the bonding interaction between the chalcogen atom 

and silver atoms. The lowest unoccupied molecular orbital (LUMO) mainly contributes from 

silver atoms. Therefore, the emission originate mainly from LMCT [(E2-)ŸAg4], probably with 

mixing of metal centered (d-s/s-p) silver states. The Ag-Ag interaction mainly contributed form 

5s and 5p orbitals. 

Table 2.5. Photophysical data for Ag4(ɛ-dppm)4(ɛ4-E)]2+ (E = 1-S, 2-Se, 3-Te). (Table is adapted with 

permission from Inorganic Chemistry 1996, 35, 5116-511778). 
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Figure 2.14. A perspective scheme of [Ag4(ɛ-dppm)4(ɛ4-E)]2+ (E = S, Se, Te) with the atomic numbering 

scheme. Figure is adapted with permission from Dalton Transactions 1997, 227-230.79 

 

 

 Figure 2.15. Molecular orbital diagrams of complexes [Ag4(ɛ-dppm)4(ɛ4-E)]2+ (E = S-1a, Se-2a, Te-

3a). Figure is adapted and modified with permission from Dalton Transactions 1997, 227-230.79  
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2.1.2.6 Argentophilic interaction 

The metallophilic interaction is a weak electrostatic attractive force between two metal 

cations,80 which tend to have attractive interactions rather than repulsion when their distances 

are smaller than the sum of the van der Waals radii.81 

Metallophilic interaction occurs mainly between low-valent closed-shell [(nī1)d10ns0] and 

pseudo-closed shell [(n - 1)d8ns0] metal ions,82-83  such as Cu(I), Ag(I), Au(I), Hg(II), Pd(II), 

Pt(II). In 1987, Martin Jansen summarized possible bonding interactions between metal cations 

with a closed-shell electronic configuration.84,85-87  

When the distance between two or more low-coordinated silver cations with a [Kr]4d10 

electronic configuration is shorter than the van der Waals contact of ~3.44 Å, argentophilic 

interactions should be considered.88 Depending on whether ligands connect Ag(I) cations or not, 

the argentophilic interactions are categorized as supported and unsupported (as shown in Figure 

2.16). In the unsupported situation (shown in Figure 2.16 1a-1c), the Ag-Ag contact is the 

closest distance between independent molecules, which is easy to evaluate. In the supported 

situation (shown in Figure 2.16 2a-2g), ligand bridges can shorten or elongate the Ag-Ag 

distance. Therefore, the Ag-Ag contact is hard to evaluate in the supported situation. 

The argentophilic interactions can occur between pairs of silver atoms and multinuclear units 

such as chains and layers. When silver exhibits multi-argentophilic interactions, there is no 

significant change in length compared to the standard distance and argentophilic interactions 

without directionality. 
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Figure 2.16. The scheme of supported (1a-c) and unsupported (2a-g) silver(I) cations. Figure is adapted 

with permission from Angewandte Chemie International Edition 2015, 54, 746-784.88 

Since in the molecules and aggregates the internal molecular motions will be affected by 

argentophilic interactions, the vibrational spectra such as Raman spectra can be used to measure 

and confirm the effect (with a proper reference system in hand). 

Che et al.89 published the spectroscopic evidence for argentophilicity in binuclear silver (I) 

complexes. The molecular structure of [Ag2(ɛ-dcpm)2](CF3SO3)2  

(dcpm=bis(dicyclohexylphosphino)methane) is shown in Figure 2.17. The Ag-Ag separation 

distance is 2.948 Å as revealed by X-ray structural analyses. The 261 nm UV absorption band 

for [Ag2(ɛ-dcpm)2](CF3SO3)2 in acetonitrile is assigned to a 4dů* Ÿ 5pů transition. originating 

from Ag(I)īAg(I) interactions. In the Raman spectra, the entire intensity appears in the AgīAg 

stretch fundamental (80 cm-1) and overtone bands.  
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Figure 2.17. (a) Perspective view of [Ag2(ɛ-dcpm)2](CF3SO3)2; (b) UV-vis absorption spectra; (c) 

Raman spectra for [Ag2(ɛ-dcpm)2](CF3SO3)2 in acetonitrile (solvent subtraction artifacts are marked 

by (+). Figure is adapted with permission from Journal of the American Chemical Society 2000, 122, 

2464-2468.88 

Since silver(I) complexes can exhibit various photoluminescence phenomena, their 

absorption and photoluminescence characteristics are extensively studied for mononuclear and 

multinuclear silver(I) complexes. There are several possible electronic transfers between metal 

and ligand associated with the optical properties, which has been discussed in the previous 

section. The argentophilicity affects the photoluminescence properties mainly by ligand-to-

metal-metal charge transfer (LMMCT) and metal-to-metal transfer (MMCT). If ligands have 

suitable HOMOs, the absorption and emission properties are mainly determined by LMMCT. 

Huang et al.90 synthesized a metal-organic framework [Ag3(BTC)(pyz)]n·(H 2O)n (pyz = 

pyrazine), which is a repeated Ag3 unit sustained by 1,3,5-benzenetricarboxylic acid (1,3,5-

H3BTC) and argentophilic interactions (as shown in Figure 2.18 a). The temperature dependent 

luminescence property was studied. When the temperature decreased from 298 K to 77 K, the 

emission intensity sharply rose, with redshift of ~6 nm due to the stronger self-association of 

the silver(I) ions through argentophilic interactions (as shown in Figure 2.18 b).91 






















































































































































































