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1. Introduction	

1.1. Phosphorus	–	a	versatile	element	

1.1.1. Industrial	preparation,	modifications	and	applications		

Due to its oxophilic character phosphorus[1] can solely be found as phosphatic minerals in nature, so 

that for the first time in 1669 the alchemist Hennig Brand was able to obtain it in its elemental form as 

white phosphorus.[2] After the discovery, this element with its greenish-blue luminescence was 

produced from urine and bone ash for further use as fertilizer in the early agricultural industry. Today 

P4 is prepared according to the method of Readman by the reaction of fluorapatite Ca5(PO4)3(OH, F, 

Cl) (= 3 Ca3(PO4)2 ∙ Ca(OH, F, Cl)2) with coal and quartzite in an electric arc furnace.[3,4,5] Thereby, 

elemental phosphorus shows four main modifications with several submodifications. 

The most accessible and most important modification of phosphorus in industry is white phosphorus 

P4 consisting of tetrahedral molecules in the solid state (Figure 1 - 1 centre).[6,7,8] P4 is at room 

temperature metastable to the transformation into more stable modifications[9,10] as well as it is 

oxidized to P2O5 when exposed to air. The oxidation is accompanied by chemiluminescence which 

gave the element its name φωσφóρος (phōsphóros), meaning light-bearer.[11-14] Apart from this 

interesting phenomenon white phosphorus also shows three crystalline sub-modifications with 

different orientations of the P4 tetrahedra. α-P4, the modification at room temperature, exhibits a 

random cubic solid state structure, changing into triclinic β-P4 at –76.9°C and to γ-P4 with a distorted 

bcc-structure at –170°C.[15-18]  

The most important phosphorus containing compounds in industry[19] are fertilizers and herbicides like 

glyphosate and its derivatives that are processed via H3PO2 and H3PO3.
[20] P4 itself is annealed to 

Pred
[21] for further application. Furthermore, it is used in the synthesis of species like PCl3 and POCl3

, 

which is utilized for example as chlorinating agent in drug manufacturing and the synthesis of fine 

chemicals, etc.[21,22,23] Examples are sulphur compounds like P4S10 applied as anticorrosive and anti-

wear additives in lubricating oil.[24,25] P4 was used as rat poison,[26] while it can still be found in smoke 

grenades and in firebombs,[27] which gained notoriety in World War II. 

As already mentioned the high-temperature modification and the second most important form of 

phosphorus in industry, red phosphorus, can be obtained by the irradiation or the annealing of P4 at 

200 – 400°C (Figure 1 - 1 bottom left). After its discovery by Schrötter in 1848,[28,29] a highly polymeric 

and amorphous solid state structure with random strands of P2-bridged P10-cages was revealed by 

crystallization experiments.[30,31]  

Experiments proved Pred to be less reactive than P4 which becomes already apparent in the fact that 

Pred is not pyrophoric. But by boiling Pred in PBr3 it is possible to isolate a more reactive sub-

modification called Schenck’s phosphorus with a bromine content up to 30%.[30,32]  

Due to its reduced reactivity Pred is preferred towards P4 in pyrotechnics or ammunition manufacturing, 

but it also finds application in drug manufacturing, in safety matches, which occurred after the 

discovery of the toxicity of white phosphorus, as flame inhibitor in plastic materials or as potential 

anode for sodium ion batteries. [26,27,33-35]  
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Figure 1 - 1: The different modifications of phosphorus and their preparation methods starting from P4 (centre). 
From the bottom left to the bottom right: Red phosphorus, annealed at T = 200 – 400°C; black phosphorus, 
achieved at high pressure (> 12.000 bar) and elevated temperatures (picture Pblack © Juergen Bauer – smart-
elements.com); nanorods of phosphorus, synthesized with copper halides; Hittorf’s phosphorus, prepared during 
long heating periods (picture Pviolet from commons.wikimedia.org, CC BY 3.0). 

Not even twenty years after the discovery of red phosphorus Hittorf reported on the synthesis of a new 

modification he observed during crystallisation experiments of Pred in liquid lead.[36] In 1969, Krebs et 

al. finally succeeded in the solution of the solid state structure as they were able to show that Pviolet 

consists of polymeric strands of alternating P8- and P9-units connected by P2-bridges. Thereby, the 

superimposed polymers are arranged perpendicular to each other (Figure 1 - 1 top right).[37]  

In 2004 Pfitzner et al. synthesized phosphorus nanorods by reacting P4 with copper(I) halides which 

first leads to the formation of the two copper phosphorus polymers (CuI)8P12 and (CuI)3P12. With 

addition of KCN it is possible to isolate the polymers ሾ∞ଵ P8]P4(4)[ and ሾ∞ଵ P10]P2[ that are very similar to 

those of Pviolet and also to those of Pred
 (Figure 1 - 1 bottom right). But in contrast to the perpendicular 

orientation of Pviolet, all strands of Pnanorods are parallel to each other.[38]  

The most stable modification of phosphorus at room temperature[39] is the high pressure modification 

Pblack discovered by Bridgman in 1914. Usually it is prepared from P4 at 200°C and pressures of at 

least 12.000 bar, but only recently a new low pressure synthesis was reported starting from Pred, Au, 

Sn and SnI4 via Au3SnP7.
[15,40,41] The first low pressure approach to black phosphorus was introduced 

by Krebs et al. in 1955 with Hg as a catalyst.[42] In contrast to Pred and Pviolet the solid state structure of 

Pblack consists of heavily waved double-layers in an orthorhombic crystal system (Figure 1 - 1 top 

left),[43] which can be transferred into a cubic form at 10 GPa[44] and a hexagonal system at 137 

GPa.[45] Furthermore, Pblack shows semiconducting properties and a variable band gap of about 0.3 

eV[46] depending on the number of layers of phosphorus,[47] making it applicable in batteries, 

transistors, sensor techniques and printing devices.[48-52] Because of these interesting features 

theoretical calculations were performed leading to the hypothetical modifications Pblue and Pgreen with 

crystal structures very similar to the one of Pblack and tunable band gaps of about 3 eV (Pblue) and 0.7 – 

2.4 eV (Pgreen).
[47,53]  
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1.1.2. Phosphorus	in	nature	

1.1.2.1. Biological	importance	

Although the different modifications of elemental phosphorus do not occur in nature, the element itself 

plays a significant role as it can be found in the cells of each creature.[54] It forms the phosphate 

backbone of the DNA double helix[55] which acts as storage device of genetic information.[56] Also the 

RNA, whose task is the translation of genetic information into amino acids, holds an analogous 

backbone. Additionally, phosphorus can be found as phospholipids in cell membranes, as Ca3(PO4)2 

in bones,[57] or in 2,3-bisphosphoglycerate, modulating the O2-affinity of haemoglobin. However, the 

most important phosphorus compound in organisms is the universal energy currency adenosine 

triphosphate ATP[58-60] with its three energy-rich anhydride bonds. During phosphoryl group transfer 

reactions the energy is used to activate different molecules for various metabolisms. Additionally, ATP 

is a signalling molecule in numerous signalling cascades of metabolic regulation and it’s synthesized 

in the respiratory chain by oxidative phosphorylation or in photosynthesis by photophosphorylation.[56]  

1.1.2.2. The	phosphorus	cycle	

Because of the essential role of this element for animals and plants the phosphorus cycle evolved as 

one of the slowest biogeochemical processes in the world since the majority of the phosphate 

movement takes place over soil and through oceans. The phosphorus cycle holds two reservoirs 

which are constantly exchanging phosphate. First, organic PO4
3- is stored in each organism on earth. 

This PO4
3- is released with the death of a creature resulting in the organic phosphorus compounds to 

be transferred into inorganic, poorly soluble phosphates over a long period of time. These phosphates 

enclosed in rocks are eroded into the oceans, where they deposit as sediments and therefore are 

excluded from the range of almost all organisms until tectonic events lift the seabed. Subsequently, 

rain, bacteria and fungi are able to release orthophosphate from the rocks whereby it is available as a 

fertilizer for plants with which the phosphorus is again incorporated into the organic part of the 

phosphorus cycle.[61-65]  

1.1.3. Chemical	behaviour	

Beyond its miscellaneous applications and its significance in nature phosphorus also offers a broad 

spectrum of reactions. P4 is a reducing agent which not only self-ignites in the open air but is also 

capable of reducing H2SO4 to SO2 and precipitating metals from their salt solutions.[1] Although it is a 

rather poor ligand, white phosphorus forms various complexes with Lewis-acidic metals or metal 

fragments acting as end-on[66,67] or bidentate ligand.[68-71] In literature there are also numerous 

examples for compounds exhibiting single- and double-bridging bicyclo[1.1.0]butane (butterfly) 

structural motifs[69,72-74] or for reactions in which the P4 tetrahedron is transformed into P3-,
[75-78] cyclo-

P4-,
[74,79] cyclo-P5-,

[80-82] or P6-fragments.[83-86] In contrast to the just described rich chemistry of white 

phosphorus the other modifications of this element are distinctly less reactive. 

1.1.4. The	toxicity	of	phosphorus	

Of all modifications of elemental phosphorus only P4 leads to severe symptoms of poisoning after 

exposure to high doses or repeatedly to low doses.[26] The repetitive intake may lead to severe 
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damage of tissue and organs like necrosis of the soft tissue of the mouth, termed as phosphonecrosis 

or phossy jaw. This painful disease affected especially the workers of match stick factories around the 

turn of the last century when match sticks were still made of pastes containing about 4% of P4.
[87] With 

this in view, the use of white phosphorus in cod-liver oil to cure toddlers with the bone disease rickets 

till the beginning of the 20th century seems like lunacy. The reason for the “effectivity” of this dubious 

treatment is the formation of condensed bone structures in growing bone tissue due to P4 

counteracting the softening of the bones. Still, the children suffered from decreased appetite and 

growth during the treatment. Unlike the long-term exposition the intake of one large dose of white 

phosphorus results in severe vomiting and abdominal cramps followed by symptoms like collapse of 

blood vessels or fatty infiltration into all tissues until death by multi-organ failure occurs.[88,89]  

 

1.2. Arsenic	–	the	notorious	one	

1.2.1. The	Queen	of	poisons	

In contrast to phosphorus arsenic is commonly known for its toxicity[90,91] as especially its trivalent 

compounds were used as poisons (As2O3 “white arsenic”) in assassinations driven by political 

motivations or base motives throughout the centuries. The element even became a star in films like 

“Arsenic and Old Lace” by Frank Capra or in books as “Strong Poison” by Dorothy L. Sayers in which 

a particularly insidious murder demands the entire expertise of gentleman detective Lord Peter 

Wimsey. Only with the discovery of the Marsh test, invented by James Marsh in 1836,[92] and the 

associated chances to verify arsenic, the element and its compounds vanished from the list of coveted 

toxins on which it was due to its symptoms of poisoning.  

These resemble the gastric flu as both conditions come along with severe abdominal cramps, 

diarrhoea and vomiting being caused by the ability of As compounds to tarnish cellular membrane 

processes leading to an abnormal water and electrolyte balance.[93,94] But also the reactivity of AsO4
3- 

and AsO3
3- towards the SH-groups in the active sites of enzymes is dangerous as the concerned 

enzymes are shut down. This impedes cellular energy generation or disrupts nuclear mechanisms like 

gene expression or DNA repair which might end in tumours turning arsenic into a cocarcinogen with 

mutagenic porperties. Furthermore, As interferes with the endogenous synthesis of the energy carrier 

ATP (chapter 1.1.2.1), because the involved enzymes are not able to differentiate between 

phosphorus and its heavier homologue leading to the production of adenosine triarsenate ATAs. 

However, ATAs is highly instable and prone to hydrolysis by which the energy supply in the cells 

finally collapses.[56] Due to these risks protection sequences in the DNA evolved which code the 

synthesis of the enzyme arsenic(+3)-methyltransferase catalysing the degradation of inorganic As(III) 

species.[93-101] Over the time different detoxification pathways occurred, as some marine organisms are 

able to synthesize inert arsenosugars[102] but also species like methyl arsonate, arsenocholine and 

arsenobetaine have been identified.[103,104] Scientists even found evidences for arsenic to play a role in 

the metabolism of the amino acid methionine.[105]   
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1.2.2. Natural	occurrence,	modifications	and	industrial	preparation	

Although there are only very little examples for the role of arsenic in nature it can be found as ore like 

realgar As4S4 as well as in metal arsenides like arsenopyrite Fe[AsS] (= FeAs2 ∙ FeS2). It even exists 

in pure form. In 1250, the monk Albertus Magnus from Cologne successfully isolated elemental As 

from an arsenic compound.[1] The name arsenic originates from the Arabic word al zernikh or al 

zarnikh meaning golden coloured which initially was the name for orpiment As2S3.
[106,93,1]  

The most stable modification of arsenic Asgrey that shows a rhombohedral solid state structure[107,108] 

similar to the theoretical Pblue
[53] with waved double layers of six-rings in chair conformation and 

metalloid properties (Figure 1 - 2 centre).[109-112,6] These properties lead to a huge band gap that 

occurs as soon as the crystallinity vanishes leaving an amorphous material probably suitable for 

semiconductor applications.[113,114]  

In industry, the most important modification of arsenic is prepared from arsenopyrite Fe[AsS] or 

loellingite FeAs2 by sublimating As from the ore at 650 – 700°C and precipitating it onto cold 

condensers or by the reduction of As2O3 with activated carbon at 700 – 800°C. Additionally emerging 

impurities as there are As2O3 or As2S3 are removed by a second sublimation step. Exceptionally pure 

Asgrey which is needed in solid-state technology can be achieved by sublimation from molten lead, by 

crystallization of molten arsenic or the decomposition of pure AsH3.
[1]  

If arsenic is evaporated and quenched on a cold surface or in solvents it is possible to obtain a second 

modification, the metastable yellow arsenic[115] which is the heavier analogue of P4. The first who 

managed to achieve this allotrope was Bettendorff in 1867.[116] As4, which is prepared at temperatures 

of 750°C, tends to polymerize to Asgrey in solution and solid state above 20°C and especially, when it’s 

exposed to light. Due to this facts, single crystal X-ray studies are highly difficult with the result that till 

today no molecular structure of free yellow arsenic exists.[117,118] Nevertheless, X-ray analyses of 

vapour-deposited or encapsulated As4 revealed a tetrahedral setup[7,119-123] as well as there are 

differential thermal analysis studies that give hints of at least two sub-modifications where the As4 

tetrahedra are arranged in different ways.[124]  

Beside gray and yellow arsenic an orthorhombic modification called black arsenic exists but up to date 

it was only possible to synthesize it at high temperatures or with incorporated stabilizing impurities like 

Hg[125,126] or O.[125] Up to date, all attempts to cool pure Asblack to room temperature failed which might 

be due to the fact that this allotrope is not as energetically favoured as Asgrey or As4.
[127] However, the 

mineral arsenolamprite seems to contain pure black arsenic.[128] 
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Figure 1 - 2: Modifications of arsenic starting from grey arsenic (centre). Left: Yellow As, prepared by sublimating 
Asgrey at 750°C (picture by Maria Haimerl and Martin Weber). Right: P-stabilized black arsenic, achieved at 550°C 
(Picture reprinted from Angewandte Chemie International Edition with permission from Whiley, „Synthesis and Identification of 
Metastable Compounds: Black Arsenic – Science or Fiction“, O. Osters, T. Nilges, F. Bachhuber, F. Pielnhofer, R. Weihrich, M. 
Schöneich, P. Schmidt, Vol. 51, 2994 – 2997, Copyright 2013.). 

1.2.3. The	chemistry	of	arsenic	

The chemical behaviour of grey arsenic compared to its yellow allotrope is similar to the reactivity of 

Pred and Pblack compared to P4, as Asgrey does not decompose in the air but needs elevated 

temperatures to burn to As2O3 and As2O5. On the other hand, a reaction with F2 or Cl2 occurs already 

at room temperature just like the conversion with oxidizing acids with which arsenous acid is formed.[1] 

In contrast to Asgrey, As4 is neither stable in the air nor under light nor heat as the latter cause 

polymerisation above 20°C (chapter 1.2.2). As4 is an even weaker ligand than its lighter homologue 

P4, but nevertheless, it reveals a rich complex chemistry as it is able to coordinate as an intact 

tetrahedron end-on[129] or side-on[122,130] to metal centres, likewise it is able to bind in a bridging 

manner[131]. Similar to P4 also in the case of As4 a butterfly structural motif[132,133] can be found just as 

As2-,
[134,135] As3-,

[75,136] cyclo-As4-,
[131,137,138] As5-

[139] and As6-ligands[138].  

1.2.4. Surprising	applications	

When thinking of toxic elements and compounds the first usage that comes to one’s mind is the 

application as pesticidal or insecticidal agent or as chemical weapon like it was the case for 

methylarsinechloride or Lewisit utilized in World War I and II.[93,140,141] Interesting is the application in 

the wall paint Paris Green in the 19th century consisting of CuAc2 ∙ 3 Cu(AsO2)2 that was unfortunately 

transformed to highly toxic and volatile As(III) compounds by mould and H2 emerging from gas 

lamps.[141] In contrast to this non-voluntary poisoning the use of arsenic compounds as beauty aid for 

the ladies of ancient times who aimed for noble paleness and a healthy look doesn’t seem to be the 

best idea.[140] But even more surprising is the application of mostly organic As-compounds as medicine 

like Melarsoprol[140] for African sleeping sickness or especially as chemotherapeutic agents as there 

are Salvarsan[142,143,144] and As2O3.
[142] Also in industry a wide range of usage for arsenic exists. Like 

phosphorus it is used as wood preservative, or it is an additive to bronze in order to increase the 

degree of hardness, or to molten lead for a higher surface tension.[142] In the last few decades another 

field of application emerged as very pure arsenic is an important part of solid-state technology as well 

as the direct semiconductor GaAs and its heavier homologue InAs are utilized in lasers[145] or 

fluorescence sensors,[146] whereas GaInNAsSb,[147] Cu3AsS4 and Cu12As4S13 are suitable for 
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photovoltaics.[148,149] These substances, especially GaAs and InAs are not only used as bulk-material 

but also in nanoparticles form offering enhanced and tuneable properties like for example GaAs 

exhibits an absorption and emission in the visible range at a particle radius below 10 nm.[150,151] 

1.3. Nanoparticles	

1.3.1. The	definition	

Nanoscale materials are not only interesting for compounds of arsenic as they are a versatile and 

fascinating class of matter. First, the term nanoparticles, deriving from greek νάνος (nános) meaning 

dwarf, describes materials whose individual components exhibit a diameter of about 1 to 100 nm 

(Figure 1 - 3). The comparison with a human hair, whose width is approximately 80.000 nm, clarifies 

the tiny dimensions where nanotechnology takes place, and which are also the reason for exceptional 

properties and countless applications.[152,153] Named by Taniguchi in 1974[154] nanotechnology as the 

science of nanoscopic matter has since then evolved to one of the most promising fields of research 

and industries.  

 

Figure 1 - 3: Size comparison ranging from 1 m to 0.1 nm on the top scale, while the bottom scale depicts the 
nanoparticles range from 100 nm to 1 nm. For a better understanding, some examples like a human hair or red 
blood cells are shown. Attention should be paid to the ratio of the C60 molecule to a football which is 
approximately the same as the ratio of a football to the earth, namely 1:100 ∙ 106. The image was inspired by figure 
2.1 in chapter 2 of the final report about nanoscience and nanotechnology by the Royal Society, the UK National Academy of 
Science and the Royal Academy of Engineering;  http://www.nanotec.org.uk/index.htm. The image of the Ag nanoparticles is 
reprinted from Analyst with permission from The Royal Society of Chemistry: “Gold and silver nanoparticles: A class of 
chromophores with colors tunable in the range from 400 to 750 nm“, Y. Sun, Y. Xia, Vol. 128, 686 – 691, Copyright 2003. The 
picture of the IBM logo was reprinted with permission from Springer, Nature: Springer, Nature, “Positioning single atoms with a 
scanning tunnelling microscope”, D. M. Eigler, E. K. Schweizer, Copyright 1990. All other images are either from 
de.wikipedia.org, en.wikipedia.org or commons.wikimedia.org (CC BY-SA 3.0 and CC BY-SA 4.0).  
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1.3.2. A	brief	history	

Nanoscale particles exist almost as long as the universe due to their formation in supernovae or 

planetary nebulae[155-159] (Figure 1 - 4) and as a consequence they are also abundant all over the earth 

where they can be found as inorganic compounds like aluminosilicate or iron oxide in rocks.[160] During 

forest fires or volcanic eruptions nanoscopic soot material is released in large amounts into the air.[161] 

But also organisms contain a wide variety of organic nanoparticles like proteins, the DNA or glycogen 

in their cells.[162]  

 

Figure 1 - 4: a): Image of the Red Rectangle proto-planetary Nebula, located in the monoceros constellation. 
Beside its red colour it also exhibits a blue luminescence that might derive from crystalline Si nanoparticles.[163] 
Image from https://de.wikipedia.org/wiki/Roter_Rechtecknebel (CC BY 2.0). b): Picture of a sandstorm blowing from the 
Sahara Desert over the Atlantic Ocean and the Canary Islands. Such phenomena are a source for naturally 
occurring nanoscale material similar to forest fires or volcanic eruptions. Image from 
https://earthobservatory.nasa.gov/NaturalHazards/view.php?id=2083. 

But not all of the submicron material in nature derives from natural origins, ever since the industrial 

revolution let the amount of anthropogenic nanoparticles explode. Today, the unplanned release of 

anthropogenic nanoscale matter includes amongst others diesel exhaust and soot from welding or 

smelting processes leading to blankets of smog over big cities.[164,165] Despite these rather 

inconvenient consequences, nanoparticles offer numerous opportunities, so that their application has 

a surprisingly long history throughout the centuries as already the Romans were able to manufacture 

vessels containing nanoscale material. A spectacular example for this is the Lycurgus cup, a glass 

with beautiful ornaments that appears green in normal daylight, but changes its colour to red as soon 

as it is illuminated from the inside (Figure 1 - 5). This effect is caused by colloidal gold incorporated in 

the glass.[166] Similar to the gold nanoparticles other colloidal metals were used in ancient ceramics to 

give them unique decorations or colours.[167] 

 

Figure 1 - 5: The Lycurgus cup is a glassy drinking cup garnished with scenes from the death of King Lycurgus 
and was manufactured in the Late Roman Empire around the 4th century AD. a): Image of the green cup in 
normal light. b): The cup is illuminated from inside displaying the red colour of nanoscopic gold incorporated in the 
glass. © 2017 Trustees of the British Museum.  

a) b) 

a) b) 
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The development of nanotechnology as a field of research slowly began in 1931 with the invention of 

the electron microscope, which allowed to take pictures in the nanoscale range for the first time.[168] 

About 30 years later Richard Feynman spoke about the multitudinous possibilities hidden in that world 

which is too small for our eyes.[169] Since the 1980s the progress in nanoscience proceeds faster and 

faster as new discoveries occurred, like the first synthesis of quantum dots,[170-172] or the invention of 

the scanning tunnel and the atomic force microscope, which provide far better images than the 

previous electronic microscopes.[168,173-175] Two other milestones in the history of nanoparticles are the 

discoveries of fullerenes[176] and carbon nanotubes,[177] which are as sensational as the IBM logo 

made of Xe atoms that were arranged by STM (Figure 1 - 6 c).[178] Today, the term nanotechnology 

contains a wide scientific field whose achievements shaped our modern world. Smartphones or high 

performance computers are not possible without the development of smaller and smaller 

transistors[179,180] or OLED-nano-polymer displays and even items of our everyday life comprise 

nanoparticles providing antibacterial or sturdy properties.[181]  

 

 

Figure 1 - 6: a): Schematic figure of the functional principle and b): image of the tunnel unit of Binnig’s and 
Rohrer’s scanning tunnelling microscope (Reprinted from “Scanning tunnelling microscopy”, Vol. 126, G. Binning, H. 
Rohrer, 236 – 244, Copyright 1983, with permission from Elsevier). c): Image of the IBM logo made of Xe atoms 
(Reprinted by permission from Springer, Nature: Springer, Nature, “Positioning single atoms with a scanning tunnelling 
microscope”, D. M. Eigler, E. K. Schweizer, Copyright 1990). d): Simulation of a nanoscale MoS2-transistor with a gate 
length of 1 nm, one of the smallest transistors in the world (Reprinted by permission from The American Association for 
the Advancement of Science: Science, “MoS2 transistors with 1-nanometer gate lenghts”, S. B. Desai, S. R. Madhvapathy, A. B. 
Sachid, J. P. Llinas, Q. Wang, G. H. Ahn, G. Pitner, M. J. Kim, J. Bokor, C. Hu, H.-S. P. Wong, A. Javey, Copyright 2016). 

 

1.3.3. Preparation	of	nanoscopic	material	

For the synthesis of nanoparticles two general approaches can be used which are based on opposed 

principles as the top-down preparation utilizes the physical comminution of a bulk material. On the 

other hand the bottom-up method starts from the self-organisation of atoms or molecules in chemical 

reactions.[182]  

a) b) 

c) d) 
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Figure 1 - 7: Top down approach by shredding larger materials vs bottom up methods in which nanoparticles are 
prepared by the self-organization of atoms and molecules. Image from Journal of Physics: Conference Series (CC BY 
3.0).[183] 

1.3.3.1. Top‐down	syntheses	

The most obvious way to generate nanoscale substances is to mill a macroscopic material until its 

fragments have the desired size. This process is suitable for example for bcc and hcp metals that are 

quite hard and can be narrowed to the nanoparticle range, whereas the softer fcc metals are sintered 

as soon as the rising temperatures in the mills are high enough leading to an agglomeration of the 

hitherto hackled fragments.[182] During the synthesis by laser ablation the particles are removed 

through abrupt evaporation while the bulk is battered with a high-energy laser pulse.[184] The 

lithography method rather serves the preparation of defined nanoscopic structures on surfaces by 

using protective masks and an electron beam or extreme ultraviolet radiation to erase the unprotected 

parts of the material than to synthesize free nanoparticles.[185]  

1.3.3.2. Bottom‐up	approaches	

The bottom-up methods include the aerosol syntheses,[186-188] in which flame, plasma, electric or laser 

reactors[189] generate gaseous reagents that agglomerate to nanoparticles after being quenched by 

cold inert gas. During this process, the particle size and the size distribution are controlled by the 

velocity of evaporation as well as the temperature and pressure of the chilling gases. Nevertheless, 

the formation of metastable, crystalline phases at high temperatures might lead to phase changes 

during cooling and therefore to a loss of crystallinity or to agglomeration to larger units.[190]  

A very similar preparation to the aerosol methods is the sol-gel approach where the products are not 

formed in gaseous reactions but in solution leading to materials of low density, which are applicable in 

ceramics after compression processes. However, in the course of compression undesired cracks in 

the material might occur due to compression ratios and the associated shrinkage.[190-192]  

Another way for the preparation of nanoparticles is the use of the hot-injection method where the 

reagents are dissolved in a high-boiling and sometimes coordinating solvent followed by a fast heating 

step. Depending on the source materials used this approach can be divided into two sub-methods of 

which the first is the multi-source-precursor reaction.  

Beside nanoparticular matter consisting of one element, like colloidal metals,[193] many nanoparticles 

are made of at least two components according to their applications as there are the CdS or CdSe 

quantum dots with their unique optical properties.[194] In the multi-source-precursor synthesis[195,196] 

each component of the eventual particle is present in a separate compound that are released by 

decomposition during heating to form the desired nanoscale material (Equation 1 - 1).  
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Equation 1 - 1: Preparation of CdS quantum dots via multi-source precursor synthesis using oleic acid as reagent 
and stabilizing agent to avoid an agglomeration of the particles.[197] 

Familiar to this method is the single-source-precursor preparation. Here, all components of the 

nanoparticles are combined in one compound so that not only the stoichiometry is theoretically given 

but also the bonds between the components are preformed.[198,199] Other advantages are the 

avoidance of volatile and/or overly pyrophoric species, like P4 or the highly toxic PH3, as well as the 

preparation of solid precursors that are very easily purified to yield more pure nanoscopic materials. 

Also the need for harsh reaction temperatures is decreased (Equation 1 - 2).[200]  

      

Equation 1 - 2: Single-source precursor synthesis of FeP nanoparticles by decomposition of [(CO)4Fe(PH3)] (A) 
with oleic acid and hexadecylamine as hydrolizing and stabilizing agents.[201] Instead of the gaseous, flammable 
and highly toxic PH3 complex A, which is a solid and therefore easier to handle, was used. Right: TEM picture of 
the obtained FeP particles. Reprinted from Chemical Communications, 49, C. Hunger, W.-S. Ojo, S. Bauer, S. Xu, M. Zabel, 
B. Chaudret, L.-M. Lacroix, M. Scheer, C. Nayral, F. Delpech, “Stoichiometry-controlled FeP nanoparticles synthesized from a 
single source precursor”, p. 11788 – 11790, Copyright 2013, with permission from The Royal Society of Chemistry. 

All these facts make the single-source-precursor method to an attractive approach although the 

synthesis of the precursor complexes itself can be quite challenging.  

 

1.3.4. Unique	properties	

The reason for the preparation of nanoparticles is the fact that they exhibit fascinating characteristics 

which are caused by their small size leading to an increased amount of atoms located in an 

energetically unfavourable place at the particle’s surface.[1,182] This results in an enlarged surface-to-

bulk ratio which not only extends the total surface of a material consisting of nanoparticles many times 

over compared to the corresponding bulk. It also turns nanoscale substances into very energy-rich 

compounds with a boosted reactivity explaining their use as catalysts. 
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Figure 1 - 8: Comparison of the cohesiveness affecting the atoms within a bulk material and on its surface as well 
as affecting the atoms sitting on the surface of a nanoparticle. Image inspired by Figure 316 in „Hollemann, Wiberg – 
Lehrbuch der Anorganischen Chemie“, N. Wiberg, A. F. Hollemann, 2007, p 1430. 

Nanoparticles also show a reduced melting point as a large number of atoms sits on the surface 

where they are weaker bound than the atoms in the bulk phase which are surrounded by binding 

partners from all sides (Figure 1 - 8). While in large crystalline materials lattice defects can be found 

repeatedly diminishing rigidity, the small size of nanoparticles prevents the formation of such defects 

resulting in resistant substances. Also accounted for by the size are the self-healing properties some 

coatings exhibit as the tiny units within such coatings are much easier relocated to fill a crack than 

bulk substances. On the first sight, the superior magnetic properties of nanoparticles, which allow their 

implementation in magnetic storage systems, have nothing to do with size, but on second thought this 

is not true. Similar to the highly ordered crystalline particles without any defects, magnetic 

nanoparticles exhibit a size in the range of a Weiss domain turning them into little permanent magnets. 

As it is less energy-consuming to influence a group of such flexible permanent magnets the magnetic 

capacity of nanoscale material is higher than the one of a comparable bulk substance with many 

rather immobile Weiss domains. But the most stunning characteristic nanoparticles display is their 

unique optical property that can be separated into two sub-features. The first part is the transparency 

which for example nano-Y2O3 reveals allowing the creation of ceramics made of this material whose 

constituent parts are to small to scatter the incoming VIS-light.[202] Nevertheless, UV-light is deflected 

making the transparent ceramics attractive as UV-absorbers. The second optical property of 

nanoparticles is the size-depending chromaticity like it can be seen in CdSe (Figure 1 - 9).[203] 

 

Figure 1 - 9: a): Suspensions of CdSe nanoparticles under UV light with an increasing size from left to right. b): 
Samples of the same CdSe nanoparticles under ambient light. Reprinted with permission from Journal of Chemical 
Education, 82, 11, K. J. Nordell, E. M. Boatman, G. C. Lisensky, “A Safer, Easier Faster Synthesis for CdSe Quantum Dot 
Nanocrystals”, pp 1697 – 1699, Copyright 2005, American Chemical society. 

a) 

b) 
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Again, due to the size of the individual particles, the charge carriers are constrained in all directions of 

space leading to a particle-in-the-box-like behaviour because of which the energetic orbitals are able 

to adopt only discreet values. This quantization of the energy levels is referred to as quantum 

confinement.[204-207] Therefore only certain wavelengths of light are absorbed or emitted which change 

as soon as the particle size is altered and with it the gaps between its energy levels. This behaviour 

offers a possibility to determine the size of the nanoparticles by analysis of the corresponding 

photometric and fluorimetric spectra. 

1.3.5. Tools	for	the	investigation	of	nanoparticles	

Beyond the analysis outlined above a whole range of approaches to investigate nano-material has 

evolved since the development of the electron microscope in order to ascertain not only the size, but 

also the composition, the actual binding situation and the crystallinity within the particles.[182,208] The 

method of choice to make a point about the types of bonds between the components is the rather 

insensitive attenuated total reflectance FT-IR spectroscopy. Here, the analysis is based on the 

absorption and the excitation of different vibration modes by an IR-beam with the detected loss in 

energy being distinctive of the bonding types present in the sample.  

Probably a little bit more interesting might be the elemental composition of the nanoscale substances 

which can be studied with a range of different methods like X-ray photoelectron spectroscopy (XPS), 

energy dispersive X-ray spectroscopy (EDX) or TOF-secondary ion mass spectrometry (TOF-SI-MS). 

In XPS and EDX a similar approach is used as in both examination methods nuclear electrons are 

utilized for detection. For XPS analyses an X-ray beam strikes nuclear electrons out of the sample’s 

surface whose kinetic energy, which is representative for each element, is detected. In the same way, 

an electron beam is applied in EDX to again knock nuclear electrons out of a surface. But instead of 

studying their energy, the element-specific X-rays are recorded which originate from electrons of 

higher energy levels falling down to the now unoccupied lower ones while emitting radiation. In 

contrast to these two methods the very sensitive TOF-SI-MS exploits a completely different approach 

as here ionized Ga or Ar atoms are fired at a sample releasing fragments from its surface (sputtering) 

that are analysed after a second ionization step. The now charged fragments are detected in a time-

of-flight-MS.   

Structural investigations are performed by utilizing some classic inorganic methods as there are X-ray 

analysis, small angle X-ray and neutron scattering, extended X-ray absorption fine structure (EXAFS) 

or positron lifetime spectroscopy. The general crystallinity of a sample, including the detection if the 

nanoparticles are amorphous or crystalline or the determination of the size of the crystalline parts, is 

studied by X-ray analysis. However, small angle X-ray and neutron scattering is used to gain insight 

into the form and orientation of the individual crystallites as well as into number and location of the 

points of contact between them. Akin to this, by EXAFS questions about short-range orders within a 

single particle can be answered, while lattice defects and the associated structural fluctuations are 

detected by positron lifetime spectroscopy. Another method to study the defects within a crystalline 

nano-material is the Muon spin rotation which is limited to magnetic substances and used to identify 

the magnetic structure of a sample. The defects can be ascertained due to the muons that tend to 

accumulate in such disordered parts of the crystal lattice.  
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For the structural analysis of biological nanoparticles like proteins circular dichroism is utilized to 

determine the secondary structure due to the refractive indices that provide an indication of the 

amount of β-sheets and α-helices present in a protein. Furthermore, colorimetric approaches are 

applicable to quantify for example metallic cofactors as copper by transferring it into a coloured 

complex with bicinchoninic acid.  

However, the most fascinating analytical methods concerning nanoparticles are the imaging 

techniques around the electron microscopy like the above mentioned scanning tunnel and atomic 

force microscopes, of which the latter generates 3D pictures of the samples, or the transmission and 

scanning electron microscopes. By the use of those form and size of nanoscale substances in a 

studied sample are easily determined.  

 

Figure 1 - 10: a), b): SEM Images of cubic Ag nanoparticles synthesized via polyol synthesis. c): Ag nanocubes 
after the reaction with 0.3 mL HAuCl4.

[209] Reprinted by permission from The American Association for the Advancement of 
Science: Science, “Shape-Controlled Synthesis of Gold and Silver Nanoparticles”, Y. Sun, Y. Xia, Copyright 2002. 

 

1.3.6. The	toxicity	of	nanoscale	materials	

Beside the different preparation and detection methods also reports about the toxicity of nanoparticles 

gradually emerged assuming the small size of the particles might turn them into toxins due to the 

associated potential to overcome endogenous protective barriers.[161,164,210,211] But in fact the danger 

arising from such substances might not be as grave as feared because the reactive surface of 

airborne particles leads to the agglomeration to larger units, which are less dangerous. Nevertheless, 

regarding this outstanding reactivity the surface of nanoscale material seems to be a good indication 

for its hazardousness, because the substances might react readily within the human body exactly like 

they do with their provided reaction partners. This implies the generation of reactive nitrogen or 

oxygen species in the cells causing oxidative stress which eventually leads to severe damage. Thus, 

the intake of nanoparticles might lead to inflammation and fibroses up to death by tumours in one or 

more organs depending on their capability of being absorbed into the body.[164,212-216] The occurring 

macroscopic effects are caused by microscopic reasons due to the ability of nanoscopic matter to 

penetrate the cells and their compartments, where the reactivity of the foreign matter causes oxidative 

stress or damage to the cytoskeleton.[217,218]  

 

a) b) c) 
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1.3.7. Abundant	fields	of	application	and	far	more	possibilities	

Despite the not to be underestimated toxicity, today, nanoparticles find application in all aspects of life, 

starting with medicine,[219-221] energy techniques or material sciences through to micro-[187] and 

optoelectronic[194] as well as different data storage systems[222-224] and high-performance 

ceramics.[225,226] In medicine, magnetic nanoparticles are used in tumour treatment or as contrast 

agents for MRI,[227] while other therapeutic approaches base on gene transfer strategies[228] as well as 

they utilize nanoscopic polymers or micelles as vessels in drug delivery that can be synthesized 

exactly fitting to their application.[229,230] Likewise, the antibacterial effects[231] of nanoparticles are 

known for their applicability to stimulate responses of the immune system.[232,233] Very promising is the 

research concerning artificial skin[234,235] that might be used as a realistic coating for prosthetics (Figure 

1 - 11 a), and tissue engineering.[236]  

Figure 1 - 11: a): Image of a prosthetic hand covered in artificial skin made of stretchable Si nanoribbons, which 
is not only able to sense humidity, pressure or temperature, but can also produce “body warmth” by itself due to 
an implemented heater.[235] Reprinted by permission from Springer, Nature: Springer, Nature Communications, “Stretchable 
silicon nanoribbon electronics for skin prosthesis”, J. Kim, M. Lee, H. J. Shim, R. Ghaffari, H. R. Cho, D. Son, Y. H. Jung, M. 
Soh, C. Choi, S. Jung, K. Chu, D. Jeon, S.-T. Lee, J. H. Kim, S. H. Choi, T. Hyeon, D.-H. Kim, Copyright 2014. b): Schematic 
figure of Grätzel’s dye sensitized solar cell (DSSC). Reprinted by permission from: “Molecular Photovoltaics”, A. Hegfeldt, 
M. Grätzel, Acc. Chem. Res. 2000, 33, 269 – 277, Copyright 2000, American Chemical Society. c): Photo of DSSCs. © 
Winfried Hoffmann. Reprinted with permission from MIT Technology Review, 
https://www.technologyreview.com/s/406763/window-power/#comments. 

Beside the interesting medical possibilities one of the main application fields of nanoscale material is 

catalysis as there are numerous examples for nanoparticles catalysts due to their reactive surface 

which leads to an increased reaction capacity at reduced temperatures,[237-242] being the reason why 

nanomaterials can also be found in various sensors.[243]  

In the field of energy techniques, nanoparticles play an important role for light harvesting and the 

conversion of light energy into thermal[244] or electric energy, as it is the case in solar cells with 

Grätzel’s dye sensitized solar cell (DSSC) being the first to exploit the advantages of the huge surface 

of nano-TiO2 (Figure 1 - 11 b and c).[245-247] Another possibility for energy conversion and potential 

energy storage is the solar-based water splitting, where the energy is saved in the amount of formed 

H2 retrievable by combustion.[248] In the same way, scientists all over the world work on solutions for 

the ineffectiveness of commercial Li-ion batteries and the opportunities of nanoparticles to improve 

a) b) 

c) 
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this state.[249,250] Moreover, nanoscopic substances provide the potential to be utilised in fuel cell 

technology in order to produce commercial cells operating at room temperature instead of 500 – 

1000°C.[251]  

In materials sciences nanoparticles often offer great alternatives to bulk compounds[241] as the 

nanoscale substances show for example comparable or better stability with a simultaneous loss of 

weight which is an interesting feature for automotive and aviation industry.[252-254] Promising for varnish 

and paint amongst others is the development of self-healing and pressure-sensitive coatings made of 

nano-material[255,256] which also might be a convenient property for the UV protective layers that are 

already used for wood,[257] plastics[258] or textiles.[259]  

Beside all these interesting applications for industries nanoparticles are also used for the provision of 

clean water in the dry 3rd world countries with often contaminated groundwater resources,[260] to supply 

people after natural disasters or to help survivors in war zones where all infrastructure is destroyed.[261] 

It is similar with the decomposition of oil which is released during the averages of supertankers or 

within wastewaters of refineries and subsequently pollutes huge areas of the ocean killing thousands 

and thousands of marine creatures and birds. Thus, Ziolli et al. were able to report on a heterogenous 

nano-TiO2 catalyst which corrodes the water-soluble fractions of crude-oil in seawater under UV 

irradiation.[262] However, nanoscale material is not only suitable to decompose pollutants in water, but 

it can also be incorporated in filters that destroy contaminants from the air.[263]  

Beside the fascinating examples above there are also numerous applications for nanoparticles 

containing phosphorus and arsenic (chapter 1.2.4). Apart from fluorescence sensors, InAs[264] is 

incorporated in core shell nanoparticles along with ZnSe to form fluorescence markers that can be 

implanted in vivo into cells.[265] However, indium arsenide and its lighter analogue are mainly 

component units in optoelectronics[266-268] or solid-state technology,[269] where they serve as active 

substances or as support material. In the latter case GaAs is used in combination with Fe3O4 

nanoparticles to form spintronic or magnetic storage devices,[270] with nano-MnAs for magnetic and 

memristive applications[271,272] or with ErAs nanoscale material which can be built in solar cells.[273,274] 

But not only arsenides exhibit numerous possibilities in different fields of usage, also phosphides can 

be versatilely utilised. Among the already described optical and magnetic devices especially transition 

metal phosphides like NiP, Ni2P or Co2P are qualified for catalysis[275] or photosensitizing[276] as well as 

for water splitting.[277-279] On the other hand, InP[280,281] and GaInP nanoparticles are applied including 

optoelectronics[282] or quantum computation[283], while GaP and the transition metal compound Zn3P2 

were studied amongst others for their use as thermoelectrics.[284] Also very interesting are the 

phosphides and arsenides of the group 14 elements as calculations of Lin et al. in 2018 showed a 

broad suitability in photocatalysis, photovoltaics and nanoelectronics for 2D films of SiP, SiAs and 

SiSb which still has to be confirmed in experiments.[285] However, scientists have already proven SiP2 

to be a promising anode material for Li ion batteries although it was only tested as a bulk and not yet 

in nanoparticles form.[286] The same is true for germanium and tin phosphides.[287-289] Nevertheless, it is 

assumed that not only bulk material of silicon, germanium and tin phosphides display various potential 

applications, but also their nanoparticles might have many utilizations which need to be investigated. 
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2. Research	Objectives	
As it can be seen, especially in the last chapter of the introduction, even after 30 years of constant 

development nanoscience and nanotechnology still own unimagined potential for future application, 

which in particular is true in combination with the rich chemistry of arsenic and phosphorus. As the 

fields of solid-state technology and energy techniques are increasing with the energy thirst of modern 

society heretofore unexploited nanomaterial like particles containing P and As and elements of group 

12 and 14 become more and more interesting. In this process, substances as SiP2 already proved 

their suitability. Nevertheless, a lot effort needs to be put in the studies of group 12/15 and group 

14/15 nanoscale compounds as well as in tests concerning their applicability. Also the synthetic 

methods should be considered, in order to avoid toxic or dangerous reagents. Therefore, the single-

source-precursor approach seems to be very promising, as not only harsh reaction conditions are 

avoided but also an influence on the stoichiometry of the nanoparticles’ components might be 

possible.  

For this purpose the present work addresses two main topics of which the first covers the synthesis of 

single-source-precursors containing the elements Ge, Sn and Zn in combination with phosphorus or 

arsenic and investigations on their suitability for nanoparticles preparation. In order to stabilize the 

formed complexes two different kinds of ligands were used, namely the benzamidinato ligand 

[PhC(NtBu)2] and the β-diketiminato ligand [CH(C(Me)N(2,6-iPr2C6H3))2].  

But not only the heavier homologues of group 14 might be promising single source precursors, also 

compounds with a rare silicon-arsenic double bond could display fascinating and useful features. 

Thus, in the second topic novel Si=As compounds coordinated by a benzamidinato ligand were 

synthesized.  

In detail the following tasks occurred: 

 Studies on the reactivity of the system [PhC(NtBu)2]SiCl/LiAs(SiMe3)2. 

 

 Synthesis of [CH(C(Me)N(2,6-iPr2C6H3))2]MP(SiMe3)2 complexes (M = Ge, Sn) and their use 

as single-source-precursors for nanoparticles. Studies on the synthesis of the arsenic 

analogues and their use as single-source-precursors for nanoparticles. 

 

 Synthesis of [CH(C(Me)N(2,6-iPr2C6H3))2]Ga(PH2)2 for nanoparticles studies. 

 

 Synthesis of zinc bromide complexes containing the benzamidinato ligand and studies on the 

reactivity of those compounds towards LiE(SiMe3)2 (E = P, As) for the preparation of single 

source precursors for Zn2P3 nanoparticles. 
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3. Reactivity	of	the	Amidinate	Stabilized	Chlorosylilene	Towards	
LiAs(SiMe3)2	–	Synthesis	and	Characterization	of	Compounds	
Containing	a	rare	Si=As	double	bond	

3.1. Author	contribution	
Daniela Meyer: Synthesis and characterization of 3-2, 3-3, 3-4, 3-5 and 3-6 

Gábor Balázs: DFT calculations 

Michael Seidl: Solution and refinement of the solid state structure of 3-3, support of the X-ray 
diffraction measurement of 3-2 

Manfred Scheer: Supervision of the research and revision of the manuscript 

3.2. Abstract	
Five novel compounds containing a rare silicon arsenic double bond were synthesized from the 

reaction of [PhC(NtBu)2]SiCl (3-1) with LiAs(SiMe3)2. Thus it was possible to isolate 

[PhC(NtBu)2]Si(SiMe3)=AsSiMe3 (3-2) as well as [PhC(NtBu)2]Si(H)=AsSiMe3 (3-5), both containing a 

polarized Si=As double bond. Furthermore, the compounds {[PhC(NtBu)2]Si}2=AsSiMe3 (3-3) and 

{[PhC(NtBu)2]Si=AsSiMe3}2 (3-4) could be obtained and their structure was determined by single 

crystal X-ray diffraction. The oxidation of 3-2 leads to [PhC(NtBu)2]Si(OSiMe3)=AsSiMe3 (3-6) in which 

an oxygen atom is inserted into the Si–Si bond of 3-2. In addition to the X-ray structure analysis, 

compounds 3-2, 3-5 and 3-6 were characterized by multinuclear NMR spectroscopy and mass 

spectrometry. Furthermore, DFT calculations show that all compounds possess a polarized a Si=As 

double bond. 

 

3.3. Introduction	
In the last few years, compounds with a silicon-phosphorus bond gained a lot of interest due the 

unusual bonding properties of the Si–P bond as well as the application potential as semiconducting 

materials.[1,2] Since the first synthesis of [(Mes)2Si=P(Mes*)] (Mes* = 2,4,6-tBu3C6H2) by Bickelhaupt et 

al. in 1984[3] and the first structural characterization by Nieger et al. in 1993[4] especially compounds 

with Si=P double bonds were intensely studied. Nowadays, a variety of phosphasilenes is known, 

which are stabilized by different sterically demanding and/or electron donating substituents. Examples 

are derivatives of Bickelhaupt’s phosphasilene with residues like SitBu3 or Tip (= 2,4,6-iPr3C6H2) (3-A, 

E = P), and compounds stabilized by β-diketiminato (3-B, 3-C) or benzamidinato ligands (3-D – 3-G) 

(Scheme 3 - 1).[5,6,7,8] Thereby, the use of sterically demanding ligands protects the Si=P bond from 

dimerization or polymerization while electron donating substituents are able to strongly polarize the 

double bond. As a consequence they raise the contribution of a zwitterionic mesomeric structure 

comprising a negative charge at the phosphorus (3-B, 3-D) and improve the stability of the 

phosphasilene.[9,10] Thus, it is possible not only to enhance the polarization of the Si=P bond  leading 

to an increased reactivity, but also even to reverse the polarization by carefully choosing suitable 

substituents (“push-pull” ligands), so that the normally negatively charged phosphorus atom is now 
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carrying the positive charge (3-A, E = P; R = Tip2N(Me)2Si, R’ = Tip, R’’ = NMe2).
[11] Also, the formation 

of larger compounds comprising an acyclic P=Si–Si=P chain is possible, as Roesky et al. were able to 

isolate {[PhC(NtBu)2]Si=P(Tip)}2 (3-E) by the reaction of 3-1 with TipPCl2 and the reducing agent 

KC8.
[12]   

 

Scheme 3 - 1: Selected examples of stable phospha- and arsasilenes. 3-D is formed by heating the precursor 3-
D’ to 100°C.[ 13] 

While the chemistry of the phosphasilenes is well known,[10] only little is known about their heavier 

analogues, the arsasilenes, of which the first was reported with Tip2Si=As(SiiPr3) by Driess in 1992 

followed by various representatives of type 3-A (E = As, R = tBu, R’ = Tip, R’’ = SiiPr3, Si(Ph2Me), 

Si(Cy2Me) (Cy = Cyclohexyl)) and type 3-C some years later (Scheme 3 - 1).[14,15,16,17] Hereby, Driess 

et al. were able to show, that the arsenic derivatives 3-A and 3-C can be prepared in the same way as 

their phosphorus homologues. Recently, our group was investigating the usage of transfer reagents 

like [Cp’’2Zr(η2-E4)] (E = P, As) for the synthesis of metastable compounds. Thus, we were successful 

in the preparation of the aromatic triphospha- and triarsasilabenzene derivatives 3-F and 3-G, 

respectively. Moreover, we also showed the different reactivity of silylenes and disilenes towards 

yellow arsenic, leading to compounds containing an As10 unit and an As2 unit, respectively.[18] But still, 

merely few stable examples of arsasilenes can be found in literature due to their high reactivity, which 

is similar to the analogous phosphorus compounds as the polarization of the Si=As bond is akin to the 

polarization of the Si=P bond. Therefore, arsasilenes also need to be stabilized by substituents like β-

diketiminato or benzamidinato. In the view of the rare existing examples of Si=As double bond 

compounds containing such a benzamidinato ligand we were interested in the isolation of other related 

species. So herein, we report on the reactivity of the chlorosilylene [PhC(NtBu)2]SiCl (3-1)[19] towards 
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LiAs(SiMe3)2, leading to a series compounds containing Si=As double bonds stabilized by the 

benzamidinato ligand. 

 

3.4. Results	and	Discussion	
The reaction of 3-1 with one eq. of LiAs(SiMe3)2 in toluene at –80°C leads to the formation of 

[PhC(NtBu)2]Si(SiMe3)=AsSiMe3 (3-2), which can be isolated as yellow crystals in 78% yields (vide 

infra, Scheme 3 - 2). Compound 3-2 is stable under an inert atmosphere at room temperature in 

solution as well as in the solid state. It shows good solubility in thf, but is almost insoluble in non-polar 

solvents like n-hexane. As reaction pathway for the formation of 3-2 the initial generation of the 

intermediate [PhC(NtBu)2]Si–As(SiMe3)2 (3-2’) might be proposed followed by a Me3Si shift from 

arsenic to silicon leading to 3-2. This pathway was also suggested for the similar reaction of 3-1 with 

the phosphorus derivative LiP(SiMe3)2, reported by Driess et al., which leads to 3-D’, the phosphorus 

analogue of 3-2’. 3-D’ is stable at room temperature and could be isolated. However, heating of D’ to 

100°C leads to the formation of 3-D (Scheme 3 - 1).[13] Therefore, it is likely that the formation of 3-2 

also proceeds via the migration of a SiMe3 unit from the presumably formed intermediate 3-2’. DFT 

calculations at the B3LYP/def2TZVP level of theory show that 3-2 is with 3.0 kJꞏmol−1 more stable 

than 3-2’, and both are connected via a transition state which is 125.5 kJꞏmol−1 higher in energy than 

3-2’ (Figure 3 - 1). Interestingly, 3-D’ is with 4.2 kJꞏmol−1 more stable than 3-D, however, the transition 

state connecting 3-D with 3-D’ is with 135.2 kJꞏmol−1 higher in energy than 3-D’. Due to the similar 

thermodynamic parameters of 3-2/3-2’ and 3-D/3-D’ we would expect a higher stability of 3-2’. 

Probably, the transformation of 3-2 into 3-2’ might be accelerated by intermolecular processes which 

might be the reason that all attempts to identify 3-2’ crystallographically or spectroscopically failed.  
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Figure 3 - 1: Energy diagram of the transformation of 3-2’ to 3-2 (left) and the structure of the transition state 
(right), calculated at the B3LYP/def2TZVP level of theory. 
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While we attempted to optimize the yields of 3-2, we obtained in one case a very small amount of 

yellow platelets of the compound [{PhC(NtBu)2}Si=AsSiMe3]2 (3-3) from the crude reaction mixture in 

toluene. Unfortunately, all attempts to reproduce 3-3 failed. However, it was detected several times by 

EI mass spectrometry in small amounts as a side product of the preparation of 3-2. Probably, 3-3 is 

very unstable in solutions leading to a rapid decomposition. We speculate that 3-2’ is an intermediate 

in the formation of 3-3, i.e. by the photochemical cleavage of a Me3Si group in 3-2’ followed by 

dimerization of the formed radical species [PhC(NtBu)2]Si–AsSiMe3 leading to 3-3. According to DFT 

calculations this process is strongly exothermic (−168.8 kJꞏmol−1). In one attempt to reproduce 3-2 

using thf as solvent we were able to isolate the unique compound 

[PhC(NtBu)2]Si([PhC(NtBu)2]Si)=As(SiMe3) (3-4) containing a second [PhC(NtBu)2]Si fragment bound 

to [PhC(NtBu)2]Si=As(SiMe3) via a Si–Si bond. 3-4 exhibits a central structural motif which is the 

heavier homologue to the P=Si–Si=P chain of 3-E, indicating a reaction pathway similar to the 

formation of 3-E that involves a reduction step. This is quite surprising due to the fact that in the 

synthesis of 3-4 no reducing agent was used unlike in the preparation of 3-E where KC8 was added to 

the reaction mixture.[12] In principle, one could assume, that 3-4 is formed by the reaction of 3-2 with 

the starting material 3-1. However, by carrying out such reactions, we could not yield 3-4. Also other 

attempts to form 3-4 failed. In addition, we could observe, that if in the reaction of 3-1 with 

LiAs(SiMe3)2 not all traces of water are excluded, additionally to 3-2 the compound 

[PhC(NtBu)2]Si(H)=AsSiMe3 (3-5) is formed. 3-5 is stable at room temperature under inert atmosphere 

and also well soluble in polar organic solvents, such as thf or toluene. The rational synthesis of 3-5 

was achieved by adding a controlled amount of water to a mixture of 3-1 and LiAs(SiMe3)2 in thf, 

whereby the best yield of 3-5 could be obtained by using a stoichiometry of 3-1:LiAs(SiMe3)2:H2O = 

5:5:1. Interestingly, the hydrolysis of 3-2 does not lead to the formation of 3-5 indicating that 3-2 is not 

the intermediate for the formation of 3-5. We speculate, that 3-5 is formed by the hydrolysis of the 

transient formed compound [PhC(NtBu)2]Si–As(SiMe3)2 (3-2’). Support for this is given by DFT 

calculations, which shows that the reaction of 3-2’ with H2O leading to 3-5 and Me3SiOH is strongly 

exothermic (−134.5 kJꞏmol−1). Similarly, performing the reaction of 3-1 with LiAs(SiMe3)2 in the 

presence of tris(trimethylsilyl)peroxide results in the formation of [PhC(NtBu)2]Si(OSiMe3)=AsSiMe3 (3-

6), while the reaction of 3-2 with (Me3Si)2O2 does not yield compound 3-6. 
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Scheme 3 - 2: The reaction of 3-1 with LiAs(SiMe3)2. 

Compounds 3-2, 3-5 and 3-6 were fully characterized by spectroscopic methods, i.e. 1H, 13C{1H} and 
29Si{1H}DEPT NMR spectroscopy and mass spectrometry, whereas 3-3 was confirmed by solid state 

EI mass spectrometry.  

The 1H NMR spectrum of 3-2 shows the signals of the tBu substituents and the phenyl group in the 

expected regions. The resonance signal of the As(SiMe3) residue can be found near the tBu signals 

while the signal caused by the SiMe3 substituent is located a little more in the high field (Table 3 - 1). 

The 29Si{1H} DEPT spectrum of 3-2 exhibits three singlets for its three Si atoms (Table 3 - 1). A 

comparison of the 29Si{1H}DEPT NMR spectrum of 3-2 with the 29Si{1H} NMR spectrum of 3-D clearly 

reveals the structural relation of both compounds as the signals of the silyl groups of 3-2 (δ[ppm] =     

–15.9,  –2.1 ) and 3-D (δ [ppm] = –17.5,  –3.0)[13] are in good agreement, although the signals of the 

arsenic compound are slightly down-field shifted. For the Si atom of the double bond this shift is 

significantly larger as the signal of 3-D occurs at 40.5 ppm,[13] while the corresponding signal of 3-2 

appears at 46.5 ppm. Also the 1H NMR spectra of 3-5 and 3-6 display the signals of the tBu 

substituents and the phenyl group as well as the resonance signals of the As(SiMe3) residue. For 3-6 

a singlet caused by the silicon bound OSiMe3 substituent can be found, while in case of 3-5 a signal 

for the Si–H group is detected. As the 29Si{1H} DEPT NMR spectrum of 3-2, the 29Si{1H} NMR 

spectrum of 3-6 exhibit three singlets. In contrast to this, the 29Si{1H} NMR spectrum of 3-5 shows two 

resonance signals. The 29Si NMR spectrum of 3-5 reveals a splitting of the singlets into a doublet 
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(1J(29SiH) = 215.1 Hz), unequivocally indicating the Si–H bond, and a multiplet for the SiMe3 signal 

(2J(29SiH) = 6.4 Hz).  

Table 3 - 1:29Si NMR chemical shifts of the compounds 3-2, 3-5 and 3-6. For 3-5 the J(29SiH) coupling constants 
are given as determined from the 29Si NMR spectrum. 

 
As–SiMe3 

δ [ppm] 
Si–SiMe3 
δ [ppm] 

O–SiMe3 
δ [ppm] 

Si=As 
δ [ppm] 

3-2 2.1 –15.9 - 46.5 

3-5 
3.1 

(2J(29SiH) = 6.4 Hz) 
- - 

25.7 
(1J(29SiH) = 215.1 Hz) 

3-6 2.4 - –6.6 10.0 
 

Table 3 - 2:1H NMR chemical shifts of the compounds 3-2, 3-5 and 3-6. For 3-5 also the coupling constants of the 
29Si NMR spectrum are presented. (Table 3 - 1) 

 
As–SiMe3 

δ [ppm] 
Si–SiMe3 
δ [ppm] 

O–
SiMe3 

δ [ppm] 

tBu 
δ [ppm] 

Ph 
δ [ppm] 

Si–H 
δ [ppm] 

3-2 0.8 0.5 - 1.2 6.8 – 7.3 - 

3-5 
0.8 

(2J(29SiH) = 6.4 
Hz) 

- - 1.1 6.7 – 6.9 
7.2 

(1J(29SiH) = 215.1 Hz) 

3-6 0.8 - 0.4 1.2 6.8 – 6.9 - 
 

Comparing the 29Si{1H}DEPT NMR spectrum of 3-2 to the 29Si{1H} NMR spectrum of 3-5 shows that 

the resonance signal of the central silicon of 3-5 is high field shifted compared to 3-2 (δ [ppm] = 46.5 

(3-2); 25.7 (3-5)), while the resonance signals of the SiMe3 groups are almost identical (δ [ppm] = 2.1 

(23-); 3.1 (3-5)). Both the 29Si{1H} NMR spectra of 3-2 and 3-6 show three signals, yet the signals of 

the As–SiMe3 group and the O–SiMe3 group of 3-6 are shifted to low field (3-2: δ [ppm] = –17.5 (As–

SiMe3), –2.19 (O–SiMe3); 3-6: δ [ppm] = –6.65 (As–SiMe3), –2.41 (O–SiMe3)). In contrast to the low 

field shifts of these two signals, the signal of the Si=As fragment is distinctly shifted to high field 

(Si=As: δ [ppm] = 46.5 (3-2); 9.96 (3-6)). Additionally to the 29Si{1H} DEPT and 29Si{1H} NMR spectra, 

also the 1H NMR spectra show the similarity between the three compounds 3-2, 3-5 and 3-6 as it can 

be seen in Table 3 - 2.  

All of the isolated compounds 3-2 – 3-6 were characterised by X-ray structure analysis. 3-2 can be 

isolated as yellow platelets suitable for single crystal X-ray analysis by performing the reaction at –

78°C and storing the toluene solution at the same temperature. 3-2 crystallizes in the space group 

P21/n. The asymmetric unit contains one molecule of [PhC(NtBu)2]Si(SiMe3)=AsSiMe3 and a 

disordered toluene molecule. Also 3-5 crystallizes in P21/n with one molecule in its asymmetric unit. 

The yellow crystals suitable for X-ray analysis were obtained by storing a thf solution of 3-5 at –30°C. 

Last, but not least 3-6 crystallizes as yellow blocks from toluene at –30°C in the space group P21/n. 
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Figure 3 - 2: Molecular structures of 3-2, 3-5 and 3-6. Thermal ellipsoids are shown with 50% probability level. H 
atoms and the toluene molecule are omitted for clarity. Selected lengths [Å] and angles [°]: 3-2: Si1 – Si2  
2.3451(7), Si1 – As1  2.2110(5), As1 – Si3  2.3175(6), Si1 – N1  1.8489(16), Si1 – N2  1.8462(16), N1 – C1  
1.338(2), N2 – C1  1.337(2); Si2 – Si1 – As  108.97(2), Si1 – As1 – Si3  102.49(2), N1 – Si1 – N2  70.58(7). 3-5: 
Si1 – H1  1.40(2), Si1 – As1  2.2069(5), As1 – Si2  2.3226(5), Si1 – N1  1.8371(15), Si1 – N2  1.8337(15),         
N1 – C1  1.338(2), N2 – C1  1.335(2); H1 – Si1 – As1  121.1(10), Si1 – As1 – Si2  94.803(19), N1 – Si1 – N2  
71.13(6). 3-6:  Si1 – As1A 2.2124(19), Si1 –As1B 2.225(8), As1A – Si2 2.3253(19), As1B – Si2 2.302(8),           
Si1 – O1 1.6119(15), O1 – Si3 1.6491(15), Si1 – N1 1.8445(18), Si1 – N2 1.8282(17), N1 – C1 1.339(2),  N2 – C1 
1.335(3); Si1 – As1A – Si2 94.19(7), Si1 – As1B – Si2 94.5(3), Si1 – O1 – Si3 149.23(9), As1A – Si1 – O1 
120.57(7), As1B – Si1 – O1 121.3(2), N1 – Si1 – N2 71.31(8). Disorder of the As1 atom: As1A : As1B = 81% : 
19%. 

The structures of 3-2, 3-5 and 3-6 exhibit a four-membered ring consisting of a carbon atom, two 

nitrogen atoms and a silicon atom. In the case of 3-2 the Si1 is in a tetrahedrally distorted environment 

formed by a SiMe3 group, the As1 atom and the benzamidinato ligand. The Si1–Si2 bond length of 

2.3451(7) Å is in the range of a short Si–Si single bond (Si–Si: 2.3659(4) Å – 2.413(2) Å),[19,13,20] while 

the Si1–As1 bond of 2.2110(5) Å is consistent with a Si–As double bond (Si=As: 2.218 Å).[14] The 

geometric parameters of the derivative 3-D are similar, except for the Si–P and the Si–As bond 

lengths, respectively. As depicted in Figure 3 - 2, the molecular structure of 3-5 is comparable to that 

of 3-2 apart from the orientation of the RSi=As(SiMe3) fragment (R = SiMe3 (3-2), H(3-5)) which adopts 

a cis conformation in compound 3-5 (torsion angle: H1–Si1–As1–Si2 = 0.53°) and a trans 

conformation in 3-2 (torsion angle: Si2–Si1–As1–Si3 = –175.36°) due to sterical reasons. According to 

the DFT calculations the cis isomer of 3-5 is with 11.1 kJꞏmol−1 more stable than the trans isomer, 

while in the case of 3-2 the trans isomer is with 2.15 kJꞏmol−1 more stable than the cis isomer. The 

Si1–As1 bond in compound 3-5 of 2.2069 Å is in the range of a Si–As double bond (Si=As: 2.218 

Å).[14] The Si1–H1 bond of 1.40 Å is a very short Si–H single bond (Si–H: 1.445 Å (SiHF3)
[21]) and is 

also in the range of the Si–H distance of the DFT optimised structure of 3-5 (Si–H: 1.488 Å).[22] The 

N1–Si1–N2 angle of 3-5 (71.13°) is slightly larger than it is in compound 3-2 (70.56°) which shows in 

combination with the H1–Si1–As1 angle (121.1°) the tetrahedrally distorted coordination sphere of the 

Si1 atom. Also 3-6 exhibits a structure akin to the one of 3-2 as the only differences are the oxygen 

atom formally inserted into the Si1–Si2 bond, the As–SiMe3 group which is in cis conformation similar 

to 3-5 and the slightly elongated Si–As bond with an arsenic atom disordered over two positions (3-6: 

Si1–Asav. 2.219(11) Å; 3-2: Si1–As1 2.2108(6) Å). Due to this disorder the two Si1–As bond lengths 

are slightly different, but still in the range of a Si–As double bond (3-6: Si1–As1A: 2.2124(19) Å,      

Si1–As1B: 2.225(8) Å; Si=As: 2.218 Å[14]). The length of both Si–O bonds of 1.6119(15) Å (Si1–O1) 

3-2 3-5 3-6 
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and 1.6491(15) Å (O1–Si3) are in good agreement of a slightly elongated Si–O single bond (Si–O: 

1.610(9) Å[23]).  

Yellow crystals of 3-3 suitable for single crystal X-ray structure analysis were isolated from a toluene 

solution at –30°C. Single crystals of 3-4 could be obtained by cooling a thf solution to –30°C. Like 3-3, 

3-4 crystallizes in the space group P21/c with one molecule of 3-4 and one disordered thf molecule per 

asymmetric unit. The unique feature of the structure of 3-4 is the bis-benzamidinato silicon unit 

connected via a Si–Si bond. Additionally, one silicon binds to an AsSiMe3 unit. The two [PhC(NtBu)2Si 

fragments are rotated to each other by approximately 92.2(1)° as a consequence of the sterically 

enhanced residues, because of which the two benzamidinato ligands are in a distorted gauche 

conformation (torsion angle N2–Si1–Si2–N4 = 92.43°). The Si=As double bond (Si2–As1: 2.2419(6) Å) 

is slightly elongated compared to an average Si–As double bond (Si=As: 2.218 Å)[14] or the 

corresponding bonds in 3-2 (Si1–As1: 2.2110(5) Å) and 5 (Si1–As1: 2.2069 Å). Yet, it is similar to the 

one of 3-6 (Si1–Asav. 2.219(11) Å).  

             

 

Figure 3 - 3: Molecular structures of 3-3 and 3-4. Thermal ellipsoids are shown with 50% probability level. H 
atoms and the toluene molecule are omitted for clarity. Selected lengths [Å] and angles [°]: 3-3: Si1–Si1’ 
2.4019(15), As1–Si1/As1’–Si1’ 2.2141(8), Si2–As1/Si2’–As1’ 2.3227(9), Si1–N1/Si1’–N1’ 1.864(2),                   
Si1–N2/Si1’–N2’ 1.868(3); Si2–As1–Si1/Si2’–As1’–Si1’ 103.43(3), As1–Si1–Si1’/As1’–Si1’–Si1 110.52(5), N1–
Si1–N2/N1’–Si1’–N2’ 70.03(11). 3-4: Si1–Si2 2.4183(8), Si2–As1 2.2419(6), As1–Si3 2.3240(7), Si1–N1 1.873(2), 
Si1–N2 1.864(2), Si2–N3 1.856(2), Si2–N4 1.8590(19); Si1–Si2–As1 110.40(3), Si2–As1–Si3 108.99(2),           
N1–Si1–N2 69.39(8), N4–Si2–N3 70.37(9). 

            

The structure of 3-3 is depicted in Figure 3 - 3 (left) and shows a centrosymmetric dimer in which two 

[PhC(NtBu)2]Si=AsSiMe3 units are connected via a Si–Si bond with the two benzamidinato ligands in 

an antiperiplanar arrangement. The torsion angle between both [PhC(NtBu)2]Si=AsSiMe3 fragments of 

3-3 is 176.81°. The Si1–As1 bond length of 2.2141(8) Å is in the range of a silicon-arsenic double 

bond (Si=As: 2.218 Å).[14] The Si1–Si1’ bond is an elongated single bond (2.4019(15) Å compared to 

Si–Si: 2.3659(4) Å – 2.413(2) Å[19,13,20]). The atoms Si1 and Si1’ are in a distorted tetrahedral 

3-4 3-3 
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environment (As–Si1–Si1’: 110.52(5)°), while at the arsenic atom the substituents are arranged in an 

angled coordination (Si2–As1–Si1: 103.43(3)°).  

As described above, Roesky et al. reported only recently on the synthesis of the phosphorus 

compound {[PhC(NtBu)2]Si=PTip}2 (3-E) displaying a similar structure as 3-3 (Scheme 3 - 1).[12] Both 

species show a trans-bent structure as described above. The Si–Si bond lengths do not differ 

considerably as the Si1–Si2 bond in 3-3 is only slightly longer than the one reported for 3-E (3-3:    

Si1–Si2: 2.4005(8) Å, 3-E: Si1–Si2: 2.3825(11) Å).   

The Si1–Si2 bond length of 2.4183(8) Å in 3-4 is in the range of a rather long Si–Si single bond (Si–Si: 

2.3659(4) Å – 2.413(2) Å),[19,13,20] whereby it is longer than the corresponding Si–Si bond of 3-3 

(2.4019(15) Å). The Si2 atom is in a distorted tetrahedral environment, while Si1 shows a pyramidal 

geometry similar to that found for 3-D.[24] The Si3–As1–Si2 angle of 108.99(2)° is larger than the 

corresponding angles in 3-2 (Si1–As1–Si3: 102.49(2)°), 3-5 (Si1–As1–Si2: 94.803(19)°) and 3-6    

(Si1–As1A–Si2: 94.19(7)°). However, the As1–Si2–Si1 (110.40(3)°) and Si2–As1–Si3 (108.99(2)°) 

angles of 3-4 are similar to the one in 3-3 (As–Si1–Si1’/As’–Si1’–Si1: 110.52(5)°; Si2–As–Si1/Si2’–

As’–Si1’: 103.43(3)°) showing the analogy of both compounds. 

In 2010 So et al. reported on the synthesis of monomeric silylsilylenes and their success in the 

preparation of [PhC(NtBu)2]Si–Si{[PhC(H)(NtBu)2]R} (R = Cl (3-H), H (3-I)) exhibiting a similar structure 

to the herein described compound 3-4.[25] The Si–Si distances of both 3-H (Si–Si: 2.381 Å) and 3-I (Si–

Si: 2.377 Å) are shorter than in 3-4 (Si1–Si2: 2.418 Å) due to the steric and electronic demand of the 

As(SiMe3) group bound to Si2 in 3-4. The most striking difference between the three species is the 

loss of the allylic system located at the NCN fragment of the Si2N3N4C16 ring in 3-H and 3-I due to 

the hydration of C16 which leads to structural changes as the phenyl rings are bent out of the SiN2C 

ring plane. In 3-4 the allylic system of Si2N3N4C16 is still intact as the bond lengths show ([Å]: 3-4: 

Si2–N3: 1.856(2), Si2–N4: 1.8590(19), N3–C16: 1.341(3), N4–C16: 1.340(3); 3-H: Si2–N3: 1.730, 

Si2–N4: 1.735, N3–C16: 1.491, N4–C16: 1.489; 3-I: Si2–N3: 1.753, Si2–N4: 1.759, N3–C16: 1.483, 

N4–C16: 1.487) and angles ([°]: 3-4: N3–Si2–N4: 70.34(9), Si2–N3–C16: 91.92(15), Si2–N4–C16: 

91.76(14), N3–C16–N4: 105.98(19); 3-H: N3–Si2–N4: 78.2, Si2–N3–C16: 91.3, Si2–N4–C16: 91.1, 

N3–C16–N4: 94.2; 3-I: N3–Si2–N4: 77.5, Si2–N3–C16: 91.0, Si2–N4–C16: 90.7, N3–C16–N4: 95.5). 

The Si1–Si2–R angles differ of course depending on the nature of R (3-4: Si1–Si2–As1: 110.40(3);    

3-H: Si1–Si2–Cl1: 101.1; 3-I: Si1–Si2–H1: 104.7), revealing the high steric demand of the As(SiMe3) 

residue.  

In addition to the up to this point described crystal structures, we were able to isolate compound 

{[PhC(NtBu)2]SiAs}2 (3-F) (Scheme 3 - 1) from a VT NMR sample after the reaction mixture stood for  

two weeks at r.t.. 3-F has been synthesized by our group by the reaction of 3-1 with [Cp’’2Zr(η1:1‐As4)]. 

Interestingly, species 3-F prepared from [Cp’’2Zr(η1:1‐As4)] crystallizes in the triclinic P1ത instead of the 

monoclinic space group P21/c as it is the case for 3-F obtained from a mixture of 3-1 with 

LiAs(SiMe3)2.
[18,26] 
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Scheme 3 - 3: Reaction of 3-1 with LiAs(SiMe3)2, in which 3-F was obtained as a side product 

 

 

3.5. Conclusion	
As up to date, only a handful of compounds with Si=As bonds are known today, even less stabilized 

by a benzamidinato substituent, our group decided to study the promising one pot reaction of the 

monochlorosilylene 3-1 with LiAs(siMe3)2. Thus, we were able to synthesize five novel silicon arsenic 

products, which not only are stabilized by a benzamidinato ligand but represent especially rare 

examples of compounds containing Si=As double bonds. The main product 

[PhC(NtBu)2]Si(SiMe3)=AsSiMe3 (3-2) was confirmed to be the heavier homologue of 

[PhC(NtBu)2]Si(SiMe3)=PSiMe3 (3-D) by NMR spectroscopy and X-ray structure analysis. 

Furthermore, studies on the reactivity of the 3-1/LiAs(SiMe3)2 system towards water and oxygen led to 

the successful preparation and characterization of the products [PhC(NtBu)2]Si(H)=AsSiMe3 (3-5) and 

[PhC(NtBu)2]Si(OSiMe3)=AsSiMe3 (3-6). And last, but not least, we could obtain two larger silicon 

arsenic compounds, {[PhC(NtBu)2]Si}2=AsSiMe3 (3-3) and {[PhC(NtBu)2]Si=AsSiMe3}2 (3-4), showing 

very similar dimeric structures in comparison with the monomers being connected via Si–Si bonds. 

Moreover, 3-4 can be considered as the arsenic analogue of {[PhC(NtBu)2]Si=PTip}2 (3-E). 
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3.6. Supporting	Information		
Experimental section 

General procedures  

All experiments were carried out under a dry nitrogen or argon atmosphere using standard Schlenk or 

drybox techniques. Solvents were dried by using an MBraun purification system followed by a 

distillation from sodium and stored over 3 Å mol sieve. The monochlorosilylene [PhC(NtBu)2]SiCl [27,28], 

As(SiMe3)3 and LiAs(SiMe3)2
[29] were prepared according to literature. The NMR spectra were 

recorded on a Bruker Avance 400 (1H: 400.132 MHz, 13C{1H}: 100.613 MHz, 
29Si{1H}DEPT/29Si{1H}/29Si: 79.945 MHz) and an Avance 300 (1H: 300.132 MHz) with δ referenced to 

external SiMe4 (1H, 13C{1H}, 29Si{1H}DEPT/29Si{1H}/29Si). The EI- and LIFDI-MS studies were 

performed on a Jeol AccuTOF GCX. 

Preparations 

Preparation of [PhC(NtBu)2]Si(SiMe3)=As(SiMe3) (3-2) and [{PhC(NtBu)2}Si=AsSiMe3]2 (3-3): 

LiAs(SiMe3)2 (516 mg, 1.29 mmol) in toluene (10 mL) was added to a stirred solution of 

[PhC(NtBu)2]SiCl 3-1 (382.2 mg, 1.29 mmol) in toluene (5 mL) at –80°C. The reaction mixture was 

warmed to room temperature overnight. The yellow solution was filtered and concentrated. 3-2 was 

obtained as yellow platelets at –30°C (486.2 mg, 78.4%). 3-3 could be detected by solid state EI-MS in 

the solid resulting from the reaction mixture of 3-1 and LiAs(SiMe3)2. 

1H NMR (400.132 MHz, C6D6, 298K): δ[ppm] = 0.45 (s, 9 H, R-Si(Si(CH3)-R’), 0.79 (s, 9 H,                          

R-Si(SiMe3)=AsSi(CH3)); 1.16 (s, 18 H, tBu), 6.82 – 7.03, 7.25 – 7.27 (m, 5 H, Ph); 13C{1H} NMR 

(100.613 MHz, C6D6, 298K): δ[ppm] = 0.21 (R-Si(Si(CH3)-R’), 7.83 (R-Si(SiMe3)=AsSi(CH3)), 32.05 

(NC(CH3)), 55.23 (NCMe3), 128.88, 130.26, 132.21 (Ar-C), 169.35 (NCN); 29Si{1H} DEPT NMR 

(79.945 MHz, C6D6, 298K): δ[ppm] =  –15.86 (s, SiSiMe3), 2.13 (s, AsSiMe3), 46.48 (s, Si=As(SiMe3)). 

Solid state EI-MS calcd for C21H41AsN2Si3 (3-2), 480.1788, Found 480.1777; calcd for C36H64As2N4Si4 

(3-3), 814.2634, Found 814.2824. Elemental analysis was not performed due to the sensitivity to 

hydrolysis and the thermal instability of 3-2. 

Preparation of [PhC(NtBu)2]Si([PhC(NtBu)2]Si)=As(SiMe3) (3-4): LiAs(SiMe3)2 (171 mg, 0.51 mmol) 

in thf and [PhC(NtBu)2]SiCl 3-1 (150 mg, 0.51 mmol) in thf (15 mL) were mixed at –80°C, followed by 

an immediate colour change to yellow. The reaction mixture was stirred and warmed to room 

temperature overnight. The solvent was concentrated to yield small yellow crystals of 3-4. 

Preparation of [PhC(NtBu)2]Si(H)=As(SiMe3) (3-5): A solution of LiAs(SiMe3)2 (171 mg, 0.51 mmol) 

in 10 mL thf and a solution of [PhC(NtBu)2]SiCl 3-1 (150 mg, 0.51 mmol) in thf (15 mL) were mixed at  

–80°C, whereupon the solution turned immediately yellow. Subsequently 1.83 mL of a H2O stock 

solution (0.1 mL H2O in 100 mL thf) (0.1 mmol, LiAs(SiMe3)2:H2O = 1:5) were added at –80°C. The 

reaction mixture was stirred and warmed to room temperature overnight. The solvent was removed 

and the yellow residue was extracted with n-hexane (30 mL). The filtrate was concentrated to yield 

small yellow crystals of 3-5 (50 mg, 10.4%).  
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1H NMR (400.132 MHz, C6D6, 298K): δ[ppm] = 0.85 (s, 9 H, As(Si(CH3)3), 1.12 (s, 18 H, tBu), 6.71 – 

6.89 (m, 5 H, Ph), 7.22 (s, 1 H, 1J = 215.1 Hz, R–Si–H); 13C{1H} NMR (100.613 MHz, C6D6, 298K): 

δ[ppm] = 7.28 (R-Si(H)=AsSi(CH3)), 31.45 (NC(CH3)), 55.21 (NCMe3), 130.23, 131.71 (Ar-C), 173.13 

(NCN); 29Si{1H} DEPT NMR (79.945 MHz, C6D6, 298K): δ[ppm] = 3.10 (s, R–Si(H)=As(SiMe3)), 25.72 

(s, R–Si(H)=As(SiMe3)); 
29Si NMR (79.945 MHz, C6D6, 298K): δ[ppm] = 3.10 (m, 2J = 6.36 Hz,                         

R–Si(H)=As(SiMe3)), 25.72 (d, 1J = 215.1 Hz, R–Si(H)=As(SiMe3)). LIFDI-MS calcd for C18H33AsN2Si2, 

408.1393, Found 408.1396. Elemental analysis was not performed due to the sensitivity to hydrolysis 

and the thermal instability of 3-5. 

Preparation of [PhC(NtBu)2]Si(OSiMe3)=As(SiMe3) (3-6): LiAs(SiMe3)2 (154 mg, 0.46 mmol) in thf 

was added to [PhC(NtBu)2]SiCl 3-1 (135 mg, 0.46 mmol) in thf at –80°C, followed by the reaction 

mixture turning immediately yellow. Then 0.09 mL of TMS2O2 (0.46 mmol) were added at –80°C. The 

mixture was stirred and warmed to room temperature overnight, whereby the colour changed from 

yellow to light orange. The reaction mixture was filtered and concentrated to yield small yellow crystals 

of 3-6 (63 mg, 15.9%).  

1H NMR (400.132 MHz, C6D6, 298K): δ[ppm] = 0.36 (9 H, s, O(Si(CH3)3), 0.84 (9 H, s, As(Si(CH3)3), 

1.21 (18 H, s, tBu), 6.82 – 6.96 (5 H, m, Ph); 13C{1H} NMR (100.613 MHz, C6D6, 298K): δ[ppm] = 2.28 

(R-Si(OSi(CH3)3)=AsSiMe3), 7.88 (R-Si(OSiMe3)=AsSi(CH3)), 31.26 (NC(CH3)), 55.07 (NCMe3), 

127.52, 130.27, 130.80 (Ar-C), 174.20 (NCN); 29Si{1H} DEPT NMR (79.945 MHz, C6D6, 298K): δ[ppm] 

= –6.64 (R–Si(OSiMe3)=As(SiMe3), 2.36 (R–Si(OSiMe3)=As(SiMe3), 9.96 (R–Si(OSiMe3)=As(SiMe3)). 

EI-MS calcd for C21H41AsN2OSi3, 496.1737, Found 496.2260. Elemental analysis was not performed 

due to the sensitivity to hydrolysis and the thermal instability of 3-6. 

Preparation of {[PhC(NtBu)2]SiAs}2 (3-F): THF-d8 was added to a mixture of 3-1 (15 mg, 0.05 mmol) 

and LiAs(SiMe3) (17.1 mg, 0.05 mmol) in a Young tube at –100°C. 1H- and 29Si{1H} DEPT-NMR 

spectra were recorded at –100°C, –80°C, –60°C, –40°C, –20°C, 0°C and at room temperature using a 

Bruker Avance 400. Few crystals of compound {[PhC(NtBu)2]SiAs}2 (3-F) could be isolated after two 

weeks from this sample. 3-F has already been reported by our group, but with a different space group 

and different unit cell parameters.[30] 
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NMR spectra 

[PhC(NtBu)2]Si(SiMe3)=As(SiMe3) (3-2):  

 

Figure 3 - 4: 1H-NMR spectrum of the crystals of 3-2. 

 

Figure 3 - 5: 13C{1H} NMR spectrum of the crystals of 3-2. 
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Figure 3 - 6: 29Si{1H} DEPT NMR spectrum of the crystals of 3-2.   
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PhC(NtBu)2]Si(H)=As(SiMe3) (3-5):  

 

Figure 3 - 7: 1H NMR spectrum of the crystals of 3-5. The signals of 3-5 are labeled with *. The smaller signal 
sets belong to unidentified side products. 

 

Figure 3 - 8: 13C{1H} NMR spectrum of the crystals of 3-5. The signals of 3-5 are labeled with *. The remaining 
signals belong to unidentified side products. 
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Figure 3 - 9: 29Si{1H} DEPT NMR spectrum of the crystals of 3-5 

 

Figure 3 - 10: 29Si NMR spectrum of the crystals of 3-5. The signals of 3-5 are labeled with *, the signal labeled 
with # belongs to 3-2, which crystallized as an impurity in the reaction of 3- 5. Coupling constants: 1J = 215.07 Hz 
at δ[ppm] = 24.33, 27.03 (d); 2J = 6.3607 Hz at δ[ppm] = 2.70 – 3.26 (m) 
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[PhC(NtBu)2]Si(OSiMe3)=As(SiMe3) (3-6):  

 

Figure 3 - 11: 1H NMR spectrum of the crystals of 3-6. 

 

Figure 3 - 12: 13C{1H} NMR spectrum of the crystals of 6. 
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Figure 3 - 13: 29Si{1H} NMR spectrum of the crystals of 3-6. 
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X-ray structure analysis: 

The crystal samples were processed at a Gemini R Ultra with an Atlas S2 CCD detector (3-2, 3-3, 3-4) 

and a GV50 diffractometer with a Titan S2 CCD detector (3-5, 3-6), respectively. Frames integration 

and data reduction were performed with CrysAlisPro ver. 171.38.41h.[31] Analytical absorption 

corrections from crystal faces[32] were applied to the data of 3-2, 3-3 and 3-4. A numerical absorption 

correction based on Gaussian integration over a multifaceted crystal model was applied to the data of 

3-5 and 3-6.[31] All structures were solved by SHELXT[33] using Olex2[34]. For all structures a least-

square redinement on F2 was carried out with SHELXL[35,36]. Hydrogen atoms at the carbon atoms 

were located in idealized positions and refined isotropically according to the riding model. 
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Crystallographic data 

[PhC(NtBu)2]Si(SiMe3)=As(SiMe3) (3-2): 

3-2 crystallizes from toluene at –78°C as clear, yellow blocks with one molecule of toluene inserted 

into the unit cell. The toluene molecule shows a disorder over two positions (59:41). To describe the 

disorder the restrains SADI and RIGU were applied. 

Sum formula C28 H49 As N2 Si3 

Molecular weight M [g/mol] 572.88 

Crystal system monoclinic  

Space group P 21/n 

Unit cell dimensions [Å] or [°] 13.9496(2)             90 

 12.76540(10)        108.977(2)

 19.1217(3)             90 

Volume [Å3] 3219.98(8) 

Formula units  Z 4 

Temperature  T [K] 123.15 

Crystal size [mm3] 0.3397 x 0.1728 x 0.0669 

Crystal density ρcalc [g ꞏ cm-3] 1.182 

F(000) 1224.0 

Absorption coefficient µCu-Kα [mm-1] 2.621 

Transmission Tmin / Tmax  0.887 /0.966 

Absorption correction analytical 

Wavelength (λ) [Å] 1.54184 (CuKα) 

Measured / independent reflections (Rint) 21355/ 5662 (0.0247) 

Independent reflections [I > 2σ(I)] 5069 

Index ranges hkl -16 ≤ h ≤ 16 

  -15 ≤ k ≤ 14 

 -22 ≤ l ≤ 22 

Measuring range θmin / θmax / θfull [°] 4.239/66.395/66.395 

Completeness (θfull) 0.997 

Data / restraints / parameters 5662/105/384 

R-indices (all data)  0.0357 /0.0801 

R-indices [I > 2σ(I)]  0.0306 /0.0775 

Goodness-of-fit for S (F2)  1.099 

Largest diff. peak and hole [e ꞏ Å3] 0.55 /-0.28 
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Figure 3 - 14: Molecular structure of 3-2. Thermal ellipsoids are shown with 50% probability level. H atoms are 
omitted for clarity. 

 

Distances [Å] Angles [°] 
As1 – Si1 2.2110(5) Si1 – As1 – Si3 102.49(2) 
As1 – Si3 2.3175(6) As1 – Si1 – Si2 108.97(2) 
Si1 – Si2 2.3451(7) N1 – Si1 – As1 126.64(5) 
Si1 – N1 1.8489(16) N1 – Si1 – Si2 108.62(5) 
Si1 – N2 1.8462(16) N1 – Si1 – N2 70.58(7) 
Si2 – C16 1.876(2) N2 – Si1 – As1 126.64(5) 
Si2 – C17 1.874(2) N2 – Si1 – Si2 108.65(5) 
Si2 – C18 1.875(2) C16 – Si2 – Si1 107.00(8) 
Si3 – C19 1.875(3) C17 – Si2 – Si1 109.32(8) 
Si3 – C20 1.783(2) C18 – Si2 – Si1 113.14(8) 
Si3 – C21 1.872(3) C16 – Si2 – C17 107.76(11) 
N1 – C1 1.338(2) C16 – Si2 – C18 109.86(12) 
N2 – C1 1.337(2) C17 – Si2 – C18 109.58(12) 
N1 – C2 1.491(2) C19 – Si3 – As1 109.31(9) 
N2 – C6 1.488(2) C20 – Si3 – As1 117.65(8) 
C1 – C10 1.489(3) C21 – Si3 – As1 109.00(10) 
  C19 – Si3 – C20 107.76(13) 
  C19 – Si3 – C21 106.45(13) 
  C20 – Si3 – C21 106.10(13) 
  N1 – C1 – N2 105.87(15) 
  C1 – N1 – Si1 91.56(11) 
  C1 – N2 – Si1 91.73(11) 
  C1 – N1 – C2 130.82(15) 
  C1 – N2 – C6 131.22(15) 
  N1 – C1 – C10 126.98(16) 
  N2 – C1 – C10 127.14(16) 
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{[PhC(NtBu)2]Si=AsSiMe3}2 (3-3): 

3-3 crystallizes as clear, yellow platelets from both thf and n-hexane at –18°C.  

Sum formula C36H64As2N4Si4 

Molecular weight M [g/mol] 815.11 

Crystal system monoclinic  

Space group P 21/c 

Unit cell dimensions [Å] or [°] 9.7915(2)                       90 

 16.5189(3)                    104.281(2) 

 13.5174(3)                     90 

Volume [Å3]  2118.81(8) 

Formula units  Z 2 

Temperature  T [K] 122.9(8) 

Crystal size [mm3] 0.1321 x 0.1088 x 0.0845 

Crystal density ρcalc [Mg ꞏ m-3] 1.278 

F(000) 860 

Absorption coefficient µCu-Kα [mm-1] 3.250 

Transmission Tmin / Tmax  0.075/0.242 

Absorption correction analytical 

Wavelength (λ) [Å] 1.54184 (CuKα) 

Measured / independent reflections (Rint) 12454/3728 (0.0471) 

Independent reflections [I > 2σ(I)] 3259 

Index ranges hkl -11 ≤ h ≤ 11 

  -16 ≤ k ≤ 19 

 -16 ≤ l ≤ 12 

Measuring range θmin / θmax / θfull [°] 4.307/66.779/66.779 

Completeness (θfull) 0.992 

Data / restraints / parameters 3728/0/217 

R-indices (all data)  0.0509/0.1209 

R-indices [I > 2σ(I)]  0.0444/0.1152 

Goodness-of-fit for S (F2)  1.076 

Largest diff. peak and hole [e ꞏ Å3] 0.913/-0.314 
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Figure 3 - 15: Molecular structure of compound 3-3. Thermal ellipsoids are shown with 50% probability. H atoms 
are omitted for clarity 

 

Distances [Å] Angles [°] 
As1 – Si1  2.2141(8) Si1 – As1 – Si2 103.436(3) 
As1 – Si2 2.3227(9) As1 – Si1 – Si1’ 110.52(5)                      
Si1 – Si1’  2.4019(15) N1 – Si1 – Si1‘   109.83(9) 
Si1 – N1  1.864(2) N1 – Si1 – As1 126.31(8) 
Si1 – N2 1.868(3) N1 – Si1 – N2 70.03(11) 
Si2 – C16 1.869(4) N2 – Si1 – Si1’ 108.50(9) 
Si2 – C17 1.870(4) N2 – Si1 – As1 125.65(8) 
Si2 – C18 1.870(4) As1 – Si2 – C16 117.42(13) 
N1 – C1 1.338(4) As1 – Si2 – C17 105.33(14) 
N1 – C2 1.488(4) As1 – Si2 – C18 111.80(13) 
N2 – C1 1.336(4) C16 – Si2 – C17 107.3(2) 
N2 – C6 1.488(4) C16 – Si2 – C18 107.9(2) 
C1 – C10 1.484(4) C17 – Si2 – C18 106.5(2) 
  N1 – C1 – N2 106.4(2) 
  C1 – N1 – C2 129.2(2) 
  C1 – N2 – C6 129.4(2) 
  N1 – C1 – C10 127.5(3) 
  N2 – C1 – C10 126.0(3) 
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{[PhC(NtBu)2]Si}2=AsSiMe3 (3-4): 

3-4 can be obtained as clear, yellow platelets from thf at –18°C. One molecule of thf is inserted into 

the unit cell and disordered over three positions (33% : 33% : 33%).  

Sum formula C37H63AsN4OSi3 

Molecular weight M [g/mol] 739.10 

Crystal system monoclinic  

Space group P 21/c 

Unit cell dimensions [Å] or [°] 11.3136(3)                     90 

 19.7185(4)                     100.402(2) 

 18.6791(5)                     90 

Volume [Å3]  4098.58(16) 

Formula units  Z 4 

Temperature  T [K] 122.6(10) 

Crystal size [mm3] 0.1491x 0.1248x 0.0552 

Crystal density ρcalc [Mg ꞏ m-3] 1.198 

F(000) 1584 

Absorption coefficient µCu-Kα [mm-1] 2.202 

Transmission Tmin / Tmax  0.950/0.978 

Absorption correction analytical 

Wavelength (λ) [Å] 1.54184 (Cu) 

Measured / independent reflections (Rint) 18270/7184 (0.0389) 

Independent reflections [I > 2σ(I)] 6009 

Index ranges hkl -13 ≤ h ≤ 12 

  -23 ≤ k ≤ 21 

 -21 ≤ l ≤ 22 

Measuring range θmin / θmax / θfull [°] 3.973/66.779/66.779 

Completeness (θfull) 0.987 

Data / restraints / parameters 7184/93/ 493 

R-indices (all data)  0.0503/0.0955 

R-indices [I > 2σ(I)]  0.0382/0.0896 

Goodness-of-fit for S (F2)  1.024 

Largest diff. peak and hole [e ꞏ Å3] 0.572/-0.392 
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Figure 3 - 16: Molecular structure of compound 3-4. Thermal ellipsoids are shown with 50% probability. H atoms 
are omitted for clarity. 

Distances [Å] Angles [°] 
Si1 – Si2  2.4181(8) Si1 – Si2 – As1 110.40(3) 
Si2 – As1 2.2419(6) Si2 – As1 – Si3 109.00(2) 
As1 – Si3  2.3245(7) N1 – Si1 – N2 69.38(8) 
Si1 – N1  1.8731(19) Si2 – Si1 – N1 103.97(6) 
Si1 – N2  1.865(2) Si2 – Si1 – N2 105.38(7) 
N1 – C1 1.336(3) N1 – C1 – N2 105.30(19) 
N2 – C1 1.340(3) N1 – C1 – C10 127.4(2) 
N1 – C2 1.480(3) N2 – C1 – C10 127.3(2) 
N2 – C6 1.480(3) C1 – N1 – C2 130.24(19) 
C1 – C10 1.492(3) C1 – N2 – C6  130.40(19) 
Si2 – N3 1.856(2) Si1 – Si2 – N3 118.23(7) 
Si2 – N4 1.8599(19) Si1 – Si2 – N4 107.91(6) 
N3 – C16 1.341(3) Si2 – N3 – C16 91.92(15) 
N4 – C16 1.340(3) Si2 – N4 – C16 91.76(14) 
N3 – C17 1.477(3) N3 – Si2 – N4 70.34(9) 
N4 – C21 1.4.81(3) N3 – C16 – N4 105.98(19) 
C16 – C25 1.496(3) N3 – C16 – C25 125.9(2) 
Si3 – C31 1.871(3) N4 – C16 – C25 128.1(2) 
Si3 – C32 1.884(3) C16 – N3 – C17 132.4(2) 
Si3 – C33 1.876(3) C16 – N4 – C21 130.23(19) 
  N3 – Si2 – As1 121.72(7) 
  N4 – Si2 – As1 122.60(7) 
  As1 – Si3 – C31 118.22(10) 
  As1 – Si3 – C32 104.45(10) 
  As1 – Si3 – C33 114.56(10) 
  C31 – Si3 – C32 106.86(15) 
  C31 – Si3 – C33 106.10(14) 
  C32 – Si3 – C33 105.73(14) 
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[PhC(NtBu)2]Si(H)=As(SiMe3) (3-5): 

3-5 crystallizes from n-hexane at –18°C as clear, yellow blocks. 

Sum formula C18 H33 As N2 Si2 

Molecular weight M [g/mol] 408.56 

Crystal system monoclinic  

Space group P 21/n 

Unit cell dimensions [Å] or [°] 13.89477(15)         90 

 8.74288(12)           95.7478(10)

 18.4824(2)             90 

Volume [Å3] 2233.96(5) 

Formula units  Z 4 

Temperature  T [K] 123.00(10) 

Crystal size [mm3] 0.3209x 0.111x 0.0661 

Crystal density ρcalc [Mg ꞏ m-3] 1.215 

F(000) 864.0 

Absorption coefficient µCu-Kα [mm-1] 3.083 

Transmission Tmin / Tmax  0.836/0.959 

Absorption correction gaussian 

Wavelength (λ) [Å] 1.54184 (CuKα) 

Measured / independent reflections (Rint) 13066/ 4430 (0.0274) 

Independent reflections [I > 2σ(I)] 4071 

Index ranges hkl -17 ≤ h ≤ 15 

  -10 ≤ k ≤ 7 

 -23 ≤ l ≤ 19 

Measuring range θmin / θmax / θfull [°] 3.803/73.740/67.684 

Completeness (θfull) 1.000 

Data / restraints / parameters 4430/0/221 

R-indices (all data)  0.0376 /0.0998 

R-indices [I > 2σ(I)]  0.0351 /0.0966 

Goodness-of-fit for S (F2)  1.028 

Largest diff. peak and hole [e ꞏ Å3] 0.66 /-0.84 
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Figure 3 - 17: Molecular structure of compound 3-5. Thermal ellipsoids are shown with 50% probability. H atoms 
are omitted for clarity. 

 

Distances [Å] Angles [°] 
As1 – Si1  2.2069(5) Si1 – As1 – Si2 94.803(19) 
As1 – Si2  2.3226(5) As1 – Si1 – H1  121.1(10) 
Si1 – N1 1.8371(15) N1 – Si1 – As1  120.51(5) 
Si1 – N2  1.8337(15) N2 – Si1 – As1 122.67(5) 
Si1 – H1  1.40(2) N1 – Si1 – H1 105.9(10) 
Si2 – C16  1.864(3) N2 – Si1 – H1 104.5(10) 
Si2 – C17  1.858(3) N1 – Si1 – N2 71.13(6) 
Si2 – C18 1.862(2) As1 – Si2 – C16 105.02(10) 
N1 – C1 1.338(2) As1 – Si2 – C17 112.66(9) 
N1 – C2 1.478(2) As1 – Si2 – C18 114.99(9) 
N2 – C1 1.335(2) C16 – Si2 – C17 108.2(2) 
N2 – C6 1.480(2) C16 – Si2 – C18 107.46(14) 
C1 – C10 1.487(2) C17 – Si2 – C18 108.13(17) 
  N1 – C1 – N2 106.02(14) 
  C1 – N1 – C2 131.20(15) 
  C1 – N2 – C6 130.48(14) 
  N1 – C1 – C10 127.22(16) 
  N2 – C1 – C10 126.75(15) 
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[PhC(NtBu)2]Si(OSiMe3)=As(SiMe3) (3-6): 

3-6 crystallizes from thf at –18°C as clear, yellow blocks. The arsenic atom of 3-6 is disordered over 

two positions (81% :19%). 

Sum formula C21 H419 As N2 OSi3 

Molecular weight M [g/mol] 496.75 

Crystal system monoclinic  

Space group P 21/n 

Unit cell dimensions [Å] or [°] 8.7496(2)               90 

 17.0408(4)             99.993(2)

 18.5815(4)             90 

Volume [Å3] 2728.46(11) 

Formula units  Z 4 

Temperature  T [K] 123.00(10) 

Crystal size [mm3] 0.12117 x 0.0996 x 0.0545 

Crystal density ρcalc [g ꞏ cm-3] 1.209 

F(000) 1056.0 

Absorption coefficient µCu-Kα [mm-1] 3.044 

Transmission Tmin / Tmax  0.941 /0.970 

Absorption correction gaussian 

Wavelength (λ) [Å] 1.54184 (CuKα) 

Measured / independent reflections (Rint) 15446/ 5341 (0.0413) 

Independent reflections [I > 2σ(I)] 4475 

Index ranges hkl -10 ≤ h ≤ 10 

  -14 ≤ k ≤ 20 

 -23 ≤ l ≤ 22 

Measuring range θmin / θmax / θfull [°] 3.544/73.967/67.684 

Completeness (θfull) 0.994 

Data / restraints / parameters 5341/0/274 

R-indices (all data)  0.0452 /0.0863 

R-indices [I > 2σ(I)]  0.0343 /0.0806 

Goodness-of-fit for S (F2)  1.037 

Largest diff. peak and hole [e ꞏ Å3] 0.35 /-0.30 
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Figure 3 - 18: Molecular structure of 3-6. Thermal ellipsoids are shown with 50% probability level. H atoms are 
omitted for clarity. Disorder of the As1 atom: As1A : As1B = 81% : 19% 

Distances [Å] Angles [°] 
As1A – Si1 2.2124(19) Si1 – As1A – Si2 94.19(7) 
As1A – Si2 2.3253(19) Si1 – As1B – Si2 94.5(3) 
As1B – Si1 2.225(8) As1A – Si1 – O1 120.57(7) 
As1B – Si2 2.302(8) As1B – Si1 – O1 121.3(2) 
Si1 – O1 1.6119(15) Si1 – O1 – Si3 149.23(9) 
O1 – Si3 1.6491(15) N1 – Si1 – As1A 122.05(7) 
Si1 – N1 1.8445(18) N1 – Si1 – As1B 113.56(18) 
Si1 – N2 1.8282(17) N2 – Si1 – As1A 116.53(7) 
Si2 – C16 1.872(3) N2 – Si1 – As1B 122.91(19) 
Si2 – C17 1.871(3) N1 – Si1 – N2 71.31(8) 
Si2 – C18 1.884(2) As1A – Si2 – C16 112.90(9) 
Si3 – C19 1.856(2) As1A – Si2 – C17 116.26(9) 
Si3 – C20 1.848(3) As1A – Si2 – C18 105.74(10) 
Si3 – C21 1.852(3) As1B – Si2 – C16 122.60(15) 
N1 – C1 1.339(2) As1B – Si2 – C17 106.86(16) 
N2 – C1 1.335(3) As1B – Si2 – C18 105.1(2) 
N1 – C2 1.480(3) C16 – Si2 – C17 107.13(14) 
N2 – C6 1.486(32) C16 – Si2 – C18 107.07(11) 
C1 – C10 1.492(3) C17 – Si2 – C18 107.25(12) 
  O1 – Si3 – C19 109.76(10) 
  O1 – Si3 – C20 107.82(11) 
  O1 – Si3 – C21 108.72(11) 
  C19 – Si3 – C20 111.40(14) 
  C19 – Si3 – C21 109.13(16) 
  C20 – Si3 – C21 109.96(16) 
  N1 – C1 – N2 106.38(16) 
  C1 – N1 – C2 130.89(17) 
  C1 – N2 – C6 131.29(17) 
  N1 – C1 – C10 127.05(19) 
  N2 – C1 – C10 126.54(18) 
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{[PhC(NtBu)2]SiAs}2 (3-F):[30] 

3-F crystallizes from thf-d8 at r.t. as clear, orange blocks.  

Sum formula C30H46As2N4Si2 

Molecular weight M [g/mol] 668.73 

Crystal system monoclinic  

Space group P 21/c 

Unit cell dimensions [Å] or [°] 10.9979(3)             90 

 8.9434(2)               105.572(3)

 17.5176(5)             90 

Volume [Å3] 1659.76(8) 

Formula units  Z 2 

Temperature  T [K] 123(1) 

Crystal size [mm3] 0.207 × 0.1396 × 0.0559 

Crystal density ρcalc [g ꞏ cm-3] 1.338 

F(000) 696.0 

Absorption coefficient µCu-Kα [mm-1] 3.367 

Transmission Tmin / Tmax  0.625/ 0.833 

Absorption correction analytical 

Wavelength (λ) [Å] 1.54184 (CuKα) 

Measured / independent reflections (Rint) 8574/ 2903 (0.0242) 

Independent reflections [I > 2σ(I)] 2670 

Index ranges hkl -13 ≤ h ≤ 12 

  -9 ≤ k ≤ 10 

 -20 ≤ l ≤ 20 

Measuring range θmin / θmax / θfull [°] 4.173/ 66.211/ 66.211 

Completeness (θfull) 0.998 

Data / restraints / parameters 2903/0/200 

R-indices (all data)  0.0387/ 0.0872 

R-indices [I > 2σ(I)]  0.0349/ 0.0858 

Goodness-of-fit for S (F2)  1.232 

Largest diff. peak and hole [e ꞏ Å3] 0.38/-0.32 
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Figure 3 - 19: Molecular structure of 3-F. Thermal ellipsoids are shown with 50% probability level. H atoms are 
omitted for clarity. Disorder of the N2-bond tBu group: Part1 : Part2 = 60% : 40%. 

 

Distances [Å] Angles [°] 
As1 – Si1 2.2805(9) Si1 – As1 – Si1’ 71.83(3) 
As1 – Si1’ 2.2869(9) As1 – Si1 – As1’ 108.17(3) 
As1’ – Si1 2.2869(9) As1 – Si1 – Si1’ 54.20(3) 
Si1 – N1 1.854(3) As1’ – Si1 – Si1’ 53.98(3) 
Si1 – N2 1.852(3) N1 – Si1 – As1 119.96(9) 
N1 – C1 1.339(4) N1 – Si1 – As1’ 117.19(9) 
N2 – C1 1.340(4) N2 – Si1 – As1 120.10(9) 
N1 – C2 1.477(4) N2 – Si1 – As1’ 116.86(9) 
N2 – C6 1.467(4) N1 – Si1 – N2 70.94(12) 
C1 – C12 1.494(4) N1 – C1 – N2 106.8(3) 
  C1 – N1 – Si1 91.06(19) 
  C1 – N1 – C2 130.8(3) 
  C1 – N2 – Si1 91.13(19) 
  C1 – N2 – C6 130.6(3) 
  N1 – C1 – C12 126.7(3) 
  N2 – C1 – C12 126.4(3) 
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4. Synthesis	of	‐diketiminato‐MCH2(SiMe3)	and	‐diketiminato‐
MAs(SiMe3)2	(M	=	Ge,	Sn)	and	studies	on	single	source	
precursors	for	the	preparation	of	MxEy	nanoparticles	(M	=	Ge,	Sn;	
E	=	P,	As)		

4.1. Author	contribution	
Daniela Meyer: Synthesis and characterization of 4-1, 4-2, 4-3 and 4-4, preparation and performance 
of the described nanoparticle studies 

Edwin Baquero Valesco: Performance of the TEM and SEM/EDX analyses, supervision of the studies  

Celine Nayral and Fabien Delpech: Supervision of the research 

Manfred Scheer: Supervision of the research and revision of the manuscript 

4.2. Abstract	
Four novel complexes stabilized by the versatile -diketiminato ligand were synthesized by salt 

metathesis reactions using [CH(C(Me)N(dipp))2]MCl (M = Ge (4-A), Sn (4-B)) and LiCH2(SiMe3) or 

LiAs(SiMe3)2 as starting materials. As a result the compounds [CH(C(Me)N(dipp))2]MCH2(SiMe3) and 

[CH(C(Me)N(dipp))2]MAs(SiMe3)2 (M = Ge (4-1, 4-3), Sn (4-2, 4-4)) were isolated and 

comprehensively characterized by single crystal X-ray analysis and multinuclear NMR spectroscopy. 

Furthermore, preliminary studies were performed in order to test the compounds 

[CH(C(Me)N(dipp))2]ME(SiMe3)2 as single source precursors for the preparation of MxEy nanoparticles 

(M = Ge, Sn; E = P, As). 

4.3. Introduction	
In the past few decades, nanoparticles gained a lot of interest not only in the scientific community but 

also in industry due to their unique properties, which allow their use for various applications. Thus, e.g. 

TiO2 nanoparticles can be found as protective component in suncream[1] or nanoscaled silver 

structures are used for antibacterial applications.[2] But not only transition metal based nanoparticles 

(NP) are utilized, also main group element ones are very interesting like i.e. carbon nanotubes are 

applied in batteries, transistors and composite materials,[3] while nano-Si is among others known as a 

material for solar cells.[4] Also NP of heavier homologue Ge are of great interest in areas like 

optoelectronics or energy conversion due to its size-dependent properties,[5] whereas tin NP are 

suitable as additive for silicon anodes[6] and interconnect material for on-chip and off-chip 

applications.[7] In addition to the nanoparticles of elements some nanoscaled mixed carbon and 

phosphorus containing compounds caught a lot attention, too, as group 14 carbide nanoparticles are 

imaginable as graphitic germanium carbide that might be promising as cathode for fuel cells and 

lithium-oxygen batteries[8] or as electro-optical devices.[9] Additionally, Cr-doped GeC and SnC might 

be useful in optical devices with large ranges of frequencies.[10] In the case of NP with phosphorus, i.e. 

GeP3 forms a graphene-like film, which exhibits unique properties that might be applicable in 

photovoltaic technology.[11] Like their lighter analogues also Sn phosphides are attractive for industrial 
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use, as recently Oh et al. reported on the possibility to use Sn3P4 nanoparticles as electrode material 

for Na-ion batteries.[12] 

In order to prepare nanoscale material a variety of physical and chemical methods can be used, of 

which the top down approaches like milling and photolithography are relatively easy to fabricate, but 

normally achieve nanoparticles with a great size distribution. In order to obtain homogenous particles 

the bottom up syntheses, as there are sol-gel processes or aerosol syntheses, are preferable.[13]  

One method of the bottom up approach is the multi-source precursor synthesis, in which each 

component of the resulting particles originates from a different precursor. Though such a strategy is 

very favorable for commercially available reagents as well as it is suited for mass productions, it often 

lacks control of the obtained stoichiometry during the synthesis. Also the achievement of crystalline 

and monodispersive products is quite challenging.[14] Another technique is the single-source precursor 

method, where all components of the targeted nanoparticles are combined in one complex stabilized 

by ligands. Despite the advantages of monodispersive nanoscale material and the bonds, that are 

preformed between the components, the necessary synthesis of the single-source precursors is 

usually very challenging.  

In order to stabilize such compounds the -diketiminato ligand has proven to be very useful due to its 

steric and electronic tunabilities. These properties were first described by Collins et al., who studied 

the synthesis of [CH(C(Me)N(Ar))2]Zr complexes (Ar = Ph, p-CF3Ph) and were able to show that at 

least the variation of the aromatic residues leads to a change in the degree of  and  binding 

modes.[15] In our group similar studies were performed, in which not only the aromatic flanking groups 

of the nacnac complex [LM(tol)] were varied, but also the aliphatic residues in the backbone (M = Fe, 

Co; L = L0 = CH[CHN(2,6-iPr2C6H3)]2, L
1 = CH[C(Me)N(2,6-Me2C6H3)]2, L

2 = CH[CHN(2,6-Me2C6H3)]2, 

L3 = CH[C(Me)N(2,6-iPr2C6H3)]2, L
4 = CH[C(Me)N(2,6-Et2C6H3)]2] (Scheme 4 - 1).[16,17]  

 

Scheme 4 - 1: -diketiminato ligands of -diketiminato Fe(tol).[16] 

Another, quite undesired property of the -diketiminato ligand is its sensitivity towards hydrolysis. 

However, for precursors in nanoparticles synthesis this feature is useful as the ligand, though forming 

stable complexes, can easily be removed by the reaction with various acids or bases. Thus, the 

compounds are destabilized and the embedded components are released, whereby the formation of 

nanoparticles is enabled.  

All these features make the -diketiminato ligand a potentially very useful tool to synthesize single 

source precursors for nanoparticles synthesis. Due to this, the complexes [CH(C(Me)N(dipp))2]MCl (M 

= Ge (4-A), Sn (4-B))[18] caught our attention, as they can be reacted with different lithiated 

compounds, in particular with lithiated group 15 species. In 2006, Driess et al. reported on the reaction 

of 4-A with LiN(SiMe3)2, which results in the germylene [CH(C(Me)N(dipp))2]Ge (4-C) instead of the 
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expected product [CH(C(Me)N(dipp))2]GeN(SiMe3)2 due to the basic character of LiN(SiMe3)2.
[19] Only 

two years later, Driess et al. showed that the reaction of LiP(SiMe3)2 with 4-A leads to a different result 

since [CH(C(Me)N(dipp))2]GeP(SiMe3)2 (4-D) was isolated.[20] In 2012, Fulton et al. synthesized the tin 

analogon [CH(C(Me)N(dipp))2]SnP(SiMe3)2 (4-E) (Scheme 4 - 2).[21] 

 

Scheme 4 - 2: Examples of different -diketiminato germanium and tin complexes. 

Both, 4-D and 4-E might be useful single source precursors in order to prepare nanoscale material like 

GeP3 nanofilms,[11] Sn4P3 nanoparticles[12] or the unique tear-drop shaped SnP particles, which exhibit 

fascinating structural and electrochemical properties, e.g. for an application as anode material for high-

capacity Li secondary batteries.[22]  

Herein, we report on the reactions of 4-A and 4-B with the lithiated compounds LiCH2(SiMe3) and 

LiAs(SiMe3)2 resulting in the hitherto unknown complexes [CH(C(Me)N(dipp))2]MCH2(SiMe3) (M = Ge 

(1), Sn (2)) and [CH(C(Me)N(dipp))2]MAs(SiMe3)2 (M = Ge (4-3), Sn (4-4)). Furthermore, we performed 

preliminary studies, in which the compounds  [CH(C(Me)N(dipp))2]MP(SiMe3)2 (M = Ge (4-D), Sn      

(4-E)) and [CH(C(Me)N(dipp))2]SnAs(SiMe3)2 (4-4) are tested for their suitability as single-source-

precursor for germanium and tin phosphide and tin arsenide nanoparticles, respectively. 

 

4.4. Results	and	Discussion	
The reaction of L3MCl (M = Ge (4-A), Sn (4-B)) with one eq. of LiCH2(SiMe3) in toluene leads to the 

salt metatheisis products L3 M–CH(SiMe3)2 (M = Ge (4-1), Sn (4-2)) as dark red crystals and as 

orange crystals, respectively. Analogously, the reaction of 4-A and 4-B with LiAs(SiMe3)2 results in the 

arsenic compounds L3M–As(SiMe3)2 (M = Ge (4-3), Sn (4-4). While 4-3 appears orange to light red in 

solution, the solutions of 4-4 show a dark red to brown color, from which dark red block-shaped 

crystals can be isolated.  
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Scheme 4 - 3: Reactions of 4-A and 4-B with LiCH2(SiMe3) and LiAs(SiMe3)2. 

The 1H NMR spectra of the four compounds show the typical resonance signals for the L3 ligand as 

well as the signals of the SiMe3 groups, which are shifted to low fields in the case of 4-1 and 4-2 

(Table 4 - 1). The 29Si{1H} spectra display a singlet for each compound (Table 4 - 2) and the same is 

true for the 119Sn{1H} NMR spectrum of 4-2. Surprisingly, no signals can be found in the 119Sn{1H} 

NMR spectrum of 4-4, although the single crystal X-ray analysis of the concerned sample undoubtedly 

proofed the existence of the compound as described below and mass spectrometry revealed the 

presence of tin-containing fragments. This fact might be due to the interaction of the Sn nuclei with the 

quadrupolar As nuclei leading to a broadening of the 119Sn NMR resonance signal and hence to the 

suppression of a detectable signal in the 119Sn{1H} NMR spectrum. 

Table 4 - 1: 1H NMR chemical shifts of the compounds 4-1 – 4-4. 

 
SiMe3 

δ [ppm] 
M–CH2 
δ [ppm] 

iPr 
δ [ppm] 

NMe 
δ [ppm] 

iP–H 
δ [ppm] 

CH(C(Me)N2 
δ [ppm] 

Ph 
δ [ppm] 

1 
–0.23 
(s) 

0.11 (s) 
1.13 (d), 1.16 (d), 
1.37 (d), 1.44 (d) 

1.52 (s) 
3.53 (sept), 
3.78 (sept) 

4.71 (s) 
7.08 – 
7.12 (m) 

2 
–0.16 
(s) 

–0.09 
(s) 

1.20 (d), 1.22 (d),  
1.38 (d), 1.50 (d) 

1.64 (s) 
3.45 (sept), 
3.82 (sept) 

4.77 (s) 
7.09 – 
7.21 (m) 

3 0.49 (s) - 
1.08 (d),  1.27 (“t”), 
1.54 (d) 

1.63 (s) 
3.36 (sept), 
3.85 (sept) 

5.14 (s) 
7.06 – 
7.16 (m) 

4 0.24 (s) - 
1.14 (d), 1.24 (d), 
1.29 (d), 1.58 (d) 

1.51 (s) 
3.30 (sept), 
3.98 (sept) 

4.84 (s) 
7.05 – 
7.18 (m) 

 

Table 4 - 2: 29Si{1H} NMR chemical shifts of the compounds 4-1 – 4-4. 

 
SiMe3 

δ [ppm] 
1 0.97 (s) 
2 0.47 (s) 
3 3.90 (s) 
4 4.69 (s) 
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The 1H NMR spectra of 4-1 and 4-2 suggest the structure depicted in Scheme 4 - 3. The most striking 

difference between the spectra is the shift of the CH2SiMe3 signals at δ [ppm] = 0.11 (4-1) and δ [ppm] 

= –0.09 (4-2), which is due to the proximity of the H atoms to the iPr2C6H3-π-electrons and the 

resulting shielding. Between the 1H NMR spectra of 4-3 and 4-4, there are three major differences, 

starting with the distinct high field shift of the Si(CH3)3 groups of 4-4 compared to its lighter homologue 

4-3 and the starting materials 4-D and 4-E (δ [ppm] = 0.49 (s, 4-3); 0.24(s, 4-4); 0.43 (d, 4-D); 0.46 (d, 

4-E)).[ 20,21] Furthermore, the 1H NMR spectrum of 4-4 shows four doublets for its iPr groups, while two 

of the four doublets of 4-3 are overlapping forming a pseudotriplet (Supporting Information Figure 3 

and 11). At last, a severe low field shift of one iPr signal of 4-4 can be observed as it is shifted to lower 

fields than the signals of the methyl groups in the backbone of the L3 ligand. This is not the case for 

any of the three other compounds. 

The 29Si{1H} spectra of 4-1 and 4-2 display the signals of the SiMe3 group (δ [ppm] = 0.97 (4-1); 0.47 

(4-2)). In the 119Sn{1H} NMR spectrum of 4-2 one singlet at δ = 288 ppm can be found, which appears 

in a similar region as the signal of the starting material 4-B (δ [ppm] = 224).[18] The signal of the SiMe3 

groups in the 29Si{1H}DEPT NMR spectrum of 4-4 (δ = 4.69 ppm (s)) is only slightly downfield-shifted in 

comparison to 4-3 (δ = 3.90 ppm (s)). Both signals are in the same range as the corresponding signals 

of their lighter homologues (SiMe3:δ [ppm] =2.0 (4-D); 4.0 (4-E)).[ 20,21] 

Crystals of 4-1 suitable for X-ray diffraction analysis were obtained by storing a solution of 4-1 in        

n-hexane at –30°C, leading to dark red blocks. It crystallizes in the space group P1 with two molecules 

of L3Ge–CH(SiMe3)2 in the asymmetric unit. Single crystals of 4-2 suitable for single crystal X-ray 

analysis were obtained by storing a n-hexane solution of 4-2 at –30°C. It crystallizes in the space 

group P21/n with one molecule of L3Sn–CH2(SiMe3) per asymmetric unit. 4-3 can be obtained as 

orange crystals suitable for single crystal structure analysis by storing a solution of 4-3 in n-hexane at 

–30°C. It crystallizes in the orthorhombic space group Pbca. Suitable crystals of 4-4 for single crystal 

X-ray analysis can be obtained by storing a concentrated solution of 4-4 in n-hexane at –30°C. It 

crystallizes in the triclinic space group P1 with two molecules of 4-4 in the asymmetric unit. 



 
64 

 

      

                   

Figure 4 - 1: Molecular structures of 4-1, 4-2, 4-3 and 4-4 (top left, top right, bottom left, bottom right). Thermal 
ellipsoids are shown with 50% probability level. H atoms are omitted for clarity. Selected lengths [Å] and angles 
[°]: 4-1: Ge1 – C1 2.020(3), C1 – Si1 1.856(3), Ge1 – N1 2.0190(2), Ge1 – N2 2.0239(2), N1 – C2 1.319(3),      
N2 – C5 1.317(3),   C2 – C4 1.410(3), C4 – C5 1.408(3); Ge1 – C1 – Si1 116.58(1), N1 – Ge1 – N2 88.05(8),    
C1 – Ge1 – N1 100.86(9), C1 – Ge1 – N2 96.43(9), Ge1 – N1 – C2 118.92(2), Ge1 – N2 – C5 119.21(2),           
C2 – C4 – C5 125.8(2). 4-2: Sn1 – C1 2.210(3), C1 – Si1 1.850(3), Sn1 – N1 2.208(2), Sn1 – N2 2.214(2),        
N1 – C2 1.331(3), N2 – C5 1.326(3), C2 – C4 1.407(4), C4 – C5 1.401(4); Sn1 – C1 – Si1 115.43(2),                  
N1 – Sn1 – N2 83.23(8), C1 – Sn1 – N1 99.62(1), C1 – Sn1 – N2 93.58(9), Sn1 – N1 – C2 118.11(2),              
Sn1 – N2 – C5 118.52(2), C2 – C4 – C5 128.8(3). 4-3: Ge1 – As1 2.5424(2), As1 – Si1 2.3388(5), As1 – Si2 
2.3385(4), Ge1 – N1 2.0556(1), Ge1 – N2 1.9724(1), N1 – C1 1.3184(2), N2 – C4 1.4489(2), C1 – C3 1.415(2), 
C3 – C4 1.384(2); Ge1 – As1 – Si1 96.396(1), Ge1 – As1 – Si2 126.428(1), Si1 – As1 – Si2 103.321(2),             
N1 – Ge1 – N2 90.48(5), As1 – Ge1 – N1 86.91(3), As1 – Ge1 – N2 104.31(3), Ge1 – N1 – C1 122.62(9),       
Ge1 – N2 – C4 122.36(9), C1 – C3 – C4 127.13(1). 4-4: Sn1 – As1 2.7256(3), As1 – Si1 2.3537(8), As1 – Si2 
2.3618(8), Sn1 – N1 2.213(2), Sn1 – N2 2.251(2), N1 – C1 1.336(3),    N2 – C4 1.325(3), C1 – C3 1.389(4),      
C3 – C4 1.404(4); Sn1 – As1 – Si1 109.47(2), Sn1 – As1 – Si2 94.98(2), Si1 – As1 – Si2 96.41(3), N1 – Sn1 – N2 
83.22(8), As1 – Sn1 – N1 102.16(6), As1 – Sn1 – N2 97.20(5), Sn1 – N1 – C1 116.14(2), Sn1 – N2 – C4 
116.98(2), C1 – C3 – C4 128.5(2). 

4-1 exhibits a six-membered C3N2Ge ring with the N-bound dipp flanking groups located perpendicular 
to and slightly bent below the plane of the ring as the torsion angles prove (C4–C2–N1–C7: 4.25°,  
C4–C5–N2–C19: 7.073°). At the same time the Ge1 atom is lifted out of the C3N2-plane leading to a 
half-chair conformation of the ring (C4–C2–N1–Ge1: 23.6°), which is in contrast to the mostly planar 
C3N2Ge ring of 4-A.[18] The CH2(SiMe3) group is located below the C3N2Ge ring plane similar to the 
dipp substituents which is probably due to the stereochemically active lone pair of the germanium 
atom. The Ge1–N1 and Ge1–N2 bond lengths of 2.019(2) Å and 2.024(2) Å are in the range of rather 
long single bonds (Ge–N: 1.910 – 2.042 Å),[23] which is also true for the germanium carbon bond with 
a length of 2.020(3) Å (Ge–C: 1.950(2) – 2.04(2) Å).[24,25,26,27] In comparison to 4-A, the Ge–N bonds 
are slightly elongated (4-1: Ge1–N1 2.019(2) Å, Ge1–N2 2.024(2) Å; 4-A: Ge1–N1 1.988(2) Å,     
Ge1–N2 1.997(3) Å).[18] 

4-1 4-2 

4-3 4-4 
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The single crystal X-ray analysis proved 4-2 to be isostructural to 4-1 as not only the CH2(SiMe3) 

group is oriented in the same way as it is in 4-1. Also the half-chair conformation of the C3N2Sn ring 

and the bending of the dipp flanking groups are in a similar range (4-1: C4–C2–N1–C7: 4.25°,         

C4–C5–N2–C19: 7.073°, C4–C2–N1–Ge1: –23.6°; 4-2: C4–C2–N1–C7: 8.075°, C4–C5–N2–C19: 

6.842°, C4–C2–N1–Sn1: 26.0°). The Sn1–N1 (2.208(2) Å) and Sn1–N2 (2.214(2) Å) bond lengths are 

in the range of a single bond (Sn–N: 1.97 – 2.72 Å)[28,29,30] and slightly elongated compared to the Sn–

N bond lengths of 4-B (Sn1–N1: 2.185 Å, Sn1–N2: 2.180 Å).[18] The Sn1–C1 bond length is with 

2.210(3) Å also in the range of a Sn–C single bond (2.12 – 2.451 Å).[30]  

Compound 4-3 shows a slightly distorted six-membered C3N2Ge ring with one half of the ring being 

bent more than the other one (N1–C1–C3–C4: 23.56°, N2–C4–C3–C1: 12.08°). Furthermore the N2 

bound dipp group (C18–N2–C4–C3: 26.072°) is pushed more below the plane of the C3N2Ge ring than 

the N1 bound one (C6–N1–C1–C3: 1.391°) which is likely caused by steric effects. The Ge1–As1 

(2.5424(2) Å) as well as the As1–Si1 (2.3388(5) Å) and the As1–Si2 (2.3385(4) Å) bond lengths are in 

the range of rather long single bonds (Ge–As: 2.378 – 2.506 Å,[31,32] Si–As: 2.29 – 2.40 Å[33]). The 

slightly bent orientation of the As(SiMe3)2 group of 4-3 (N1–Ge1–As1: 86.91(3) Å, N2–Ge1–As1: 

104.31(3) Å) is also observed for the P(SiMe3)2 substituent in 4-D (N1–Ge1–P1: 103.46 Å,               

N2–Ge1–P1: 94.93 Å).[20] Also the bond lengths and angles of both species are in the same range, 

despite of course those involving the pnictogen atom. 

The Sn1–As1 (2.7256(3) Å) and the As1–Si (As1–Si1: 2.3537(8) Å, As1–Si2: 2.3618(8) Å) bonds of    

4-4 are in the range of single bonds (Sn–As: 2.54 – 3.03 Å,[34,35] Si–As: 2.29 – 2.40 Å).[33] Quite 

remarkable when comparing 4-3, 4-4 and 4-E is the half-chair conformation of the six-membered ring, 

which 4-4 adopts, while 4-3 and 4-E exhibit a rather planar C3N2M ring (4-4: C3–C1–N1–Sn1: 29.1°, 

C3–C4–N2–Sn1: 20.1°; 4-3: C3–C1–N1–Ge1: 1.5°, C3–C4–N2–Ge1: 22.9°; 4-E: C2–C1–N1–Sn1: 

14.8°, C2–C3–N2–Sn1: 7.1°). The orientation of the As(SiMe3)2 group of 4-4 therefore differs from the 

alignment of the P(SiMe3)2 substituent of 4-E as the latter is almost perpendicular to the C3N2Sn 

ring,[21] while 4-4 adopts a larger angle between the As(SiMe3)2 group and the C3N2Sn ring (Figure 4 - 

2). This leads to a conformation of 4-4, that is more similar to the solid state structures of L3Pb–PPh2 

(4-F) (C2–C1–N1–Pb1: 24.259°, C2–C3–N2–Pb1: 23.604°) and L3Pb–PCy2 (G) (C2–C1–N1–Pb1: 

26.132°, C2–C3–N2–Pb1: 20.581°).[21] 

                   

Figure 4 - 2: Comparison of the crystal structures of 4-4 (left) and 4-E (right).[21] 
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Nanoparticles studies 

Over the last few centuries, nanoparticles containing phosphorus and arsenic opened numerous 

applications in optoelectronics, solid-state technology or catalysis.[36-40] Especially InP, GaInP, InAs or 

GaAs exhibit different fields of usage in various branches of industry.[41-45] But not only the group 13 

compounds are well-suited for high-tech applications, also nanoparticles of group 14 phosphides and 

arsenides might show unique properties for different applications, which can be seen, e.g. in the 

calculations of Li et al. concerning 2D films of SiP, SiAs and SiSb.[46] The reported results suggest 

promising features, that might also be true for nanoparticles of MxEy (M = Ge, Sn; E = P, As). 

Therefore, we did some preliminary studies for the use of 4-D, 4-E and 4-4 as single source 

precursors. Those complexes caught our attention because of their easy accessibility in moderately to 

high yields as well as their stable, yet simply detachable ligands. The bonds between the group 14 

and group 15 atoms in the eventual nanoparticles are preformed in the complexes as well as the 

stochiometry might already be given. We also planned to test complex 3, but unfortunately its yields 

were too small to use 3 as a suitable precursor. 

In the experiments the ligands are removed by hydrolysis using palmitic acid (PA) or hexadecylamine 

(HDA), both containting long aliphatic residues that also act as stabilizers to inhibit the agglomeration 

of the nanoparticles. The experiments were performed by the use of the hot injection method in which 

all reagents are mixed in mesitylene and the reaction vessel (Fischer-Porter-Schlenk) is dipped into a 

hot oil or metal bath. Different heating times as well as different stabilizer stoichiometries were tested 

(Table 4 - 3). The reaction temperature was set to 150°C.  

Table 4 - 3: Reaction conditions of the studies to use molecular precursors for the preparation of nanoparticles. 

1 eq. precursor 1 eq. HDA 1 eq. PA 0.5 eq. HDA 0.5 eq. PA 0.5 eq. HDA + 0.5 eq. PA 

24 h 4-D, 4-E, 4-4 4-D, 4-E, 4-4 4-D, 4-E, 4-4 4-D, 4-E, 4-4 4-D, 4-E, 4-4 

1 h 4-D, 4-E, 4-4 4-D, 4-E, 4-4 4-D, 4-E, 4-4 4-D, 4-E, 4-4  -  

 
In the experiments of 4-D a significant change in color was observed from the initially light orange, 

clear reaction mixture to a dark reddish-brown solution with a brown precipitate. However, the TEM 

images of the grids prepared from reaction mixture did not show unequivocally, if the syntheses of 

nanoparticles were successful. Only the reaction of 4-D with 1 eq. PA for 1 h led to the formation of 

nanoparticles with a large size distribution (Figure 4 - 3 b).  
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Figure 4 - 3: a) EDX spectrum of the reaction of 4-D with 1 eq. PA after 1 h at 150°C. The integration reveals a 
composition of GeP; b) TEM picture of the reaction of 4-D with 1 eq. PA after 1 h at 150°C. 

Additionally to the TEM investigations, EDX and XRD studies were performed to determine the 

composition of the obtained precipitates. While the XRD analysis only showed that each experiment 

yielded amorphous product, the SEM coupled EDX revealed compositions of GeP and Ge4P3, which 

might depend on the reaction times. So, the reaction times of 1 h mainly led to a precipitate consisting 

of Ge4P3. GeP could be received by heating the mixtures for 24 h to 150°C.  

The second tested compound was the tin phosphorus complex 4-E that was treated with stabilizers in 

different stoichiometries (Table 4 - 3). In all experiments a change in color from clear yellow to cloudy 

black could be observed and in the 24 h tests a metallic precipitate was obtained. Yet, all of the 

experiments lead to the formation of monodisperse spheric nanoparticles exhibiting an average size of 

10 to 22 nm, which are agglomerated to larger clusters (Figure 4 - 4 b). 

 

Figure 4 - 4: a) EDX spectrum of the reaction of 4-E with 0.5 eq. HDA after 24 h at 150°C. The integration reveals 
a composition of Sn:P = 2:1; b) TEM picture of the reaction of 4-E with 0.5 eq. HDA after 24 h at 150°C. c) XRD 
diffraction pattern of the reaction of 4-E with 0.5 eq. HDA after 24 h at 150°C, the peaks show a composition of 
Sn4P3. 

Again, XRD and EDX analyses were performed additionally to the very promising TEM studies that 

revealed in most cases a composition of Sn4P3 for the precipitated particles. Not for every experiment 

the results of EDX and XRD are consistent as the amount of tin detected by EDX is increased 

compared to the results of the XRD studies. This indicates an enrichment of tin on the particle surface. 

The TEM investigations showed that in case of HDA as stabilizer, a larger amount of nanoscaled 

a) 

a) c) 

b) 

b) 
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material is obtained as well as the material seems to be less blurry, hence, HDA might be considered 

as the preferred stabilizer for the use of 4-E in nanoparticles synthesis. Surprisingly, the used amount 

of stabilizers does not have much influence on the received products, which is also true for the 

reaction time as in each test particles were obtained. As 4-E could be proven to be a quite promising 

single source precursor, further experiments were performed in order to achieve separated particles. 

Therefore, higher amounts of stabilizers were chosen (Table 4 - 4). Unfortunately, it was not possible 

to inhibit the agglomeration as the following TEM pictures prove (Figure 4 - 5 b, d). 

Table 4 - 4: Reaction conditions for the subsequent nanoparticles studies of 4-E. 

1 eq. precursor 5 eq. HDA 5 eq. PA 10 eq. HDA 10 eq. PA 
24 h 4-E - 4-E 4-E 
1 h 4-E - 4-E 4-E 

 

 

Figure 4 - 5: a) XRD diffractogram of the reaction of 4-E with 5 eq. HDA after 1 h at 150°C. The composition is 
SnP; b) TEM picture of the reaction of 4-E with 5 eq. HDA after 1 h at 150°C; c) XRD pattern of the reaction of 4-E 
with 10 eq. HDA after 24 h at 150°C, the composition is Sn4P3; TEM picture of the reaction of 4-E with 10 eq. HDA 
after 24 h at 150°C. 

XRD analyses of the precipitated nanoparticles were performed which show a composition of 

metastable[47,48] SnP for the shorter reaction times and a composition of Sn4P3 for the 24 h 

experiments. Taking these results into account, it might be a possibility to control the stochiometry of 

the particles. 

The previously reported experiments were also performed with L3SnAs(SiMe3)2 in order to prepare tin 

arsenide nanoparticles (Table 4 - 3). Analogously to 4-E, the thermolysis of 4-4 in mesitylene leads to 

a color change from clear, dark red to cloudy, black and the reaction mixtures, which were heated for 

24 h formed a metallic precipitate. The TEM analysis shows, that for 4-4 the amount of used stabilizer 

and the reaction time have a lot more influence on the outcome than in case of 4-E. While no particles 

could be received for the reactions of L3SnAs(SiMe3)2 with the stabilizer HDA and PA in the 

stoichiometry 1:1 and reaction times of 24 h, monodisperse particles of average size of 10 to 14 nm 

could be obtained from the experiments with shorter heating times and lesser concentrations of used 

stabilizers (Figure 4 - 6 b). 

a) c) b) d) 
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Figure 4 - 6: a) EDX spectrum of the reaction of 4-4 with 1 eq. PA after 1 h at 150°C. The integration reveals a 
composition of Sn4As3; b) TEM picture of the reaction of 4-4 with 1 eq. PA after 1 h at 150°C; c) XRD pattern of 
the reaction of 4-4 with 1 eq. PA after 1 h at 150°C, the peaks show a composition of Sn4As3. 

The performed EDX and XRD studies reveal a composition of Sn4As3 in almost each experiment and 

are in almost all cases consistent, which might be taken as a hint that no surface enrichment of the 

particles takes place as it does in case of 4-E. Considering the TEM images the PA stabilizer might be 

the reagent of choice for 4-4 as the resulting nanoparticles seem to be less agglomerated. Again, as 

the results of the tests were very promising, further experiments with quite large amounts of stabilizers 

were done to approach separated nanoparticles (Table 4 - 5), which was not successful (Figure 4 - 7).  

Table 4 - 5: Reaction conditions for the subsequent nanoparticles experiments of 4-4. 

1 eq. precursor 5 eq. HDA 5 eq. PA 10 eq. HDA 10 eq. PA 
24 h 4-4 - 4-4 4-4 
1 h 4-4 - 4-4 4-4 

 

  

Figure 4 - 7: a) XRD diffractogram of the reaction of 4-4 with 10 eq. HDA after 1 h at 150°C. The composition is 
Sn4As3; b) TEM picture of the reaction of 4-4 with 10 eq. HDA after 1 h at 150°C; c) XRD diffractogram of the 
reaction of 4-4 with 10 eq. HDA after 24 h at 150°C, the composition is a mixture of Sn4As3 and SnAs; TEM 
picture of the reaction of 4-4 with 10 eq. HDA after 24 h at 150°C. 

The XRD analyses of the particles obtained from these experiment show that the composition of the 

resulting particles doesn’t change in case of 4-4 as significantly as for 4-E as the precipitates of the 

a) c) 

g) i) 
a) c) 

b) 

b) d) 
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thermolysis of 4-4 leads to Sn4As3 for short reaction times and to a mixture of Sn4As3 and SnAs for    

24 h (Figure 4 - 7). This indicates an opposite trend as it is described above for 4-E. 

 

4.5. Conclusion	
Different studies in the last years have shown, that NP of group 14 and 15 elements have a great 

potential for application in electronics or semiconducting technology and the single source precursor 

approach might offer an improved control of the stoichiometry of the formed particles. Therefore, we 

synthesized the four potential single source precursors [CH(C(Me)N(dipp))2]MCH2(SiMe3) (M = Ge    

(4-1), Sn (4-2)) and [CH(C(Me)N(dipp))2]MAs(SiMe3)2 (M = Ge (4-3), Sn (4-4)) bearing the -

diketiminato ligand as stabilizing substituent. The products could be obtained easily by a one pot 

synthesis of 4-A and 4-B with LiCH2(SiMe3) and LiAs(SiMe3)2, respectively. Our main interest was the 

preparation of group 14 NP with phosphorus and arsenic, in which we were able to prove that the 

three compounds [CH(C(Me)N(dipp))2]GeP(SiMe3)2 (4-D) and [CH(C(Me)N(dipp))2]SnE(SiMe3)2 (E = P 

(4-E), As (4-4)) are indeed useful as single source precursors in the synthesis of Ge4P3 and Sn4E3 (E 

= P, As) NP. 
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4.6. Supporting	Information	
Experimental section 

General procedures  

All experiments were carried out under a dry nitrogen or argon atmosphere using standard Schlenk or 

drybox techniques. Solvents were dried by using an MBraun purification system followed by a 

distillation from sodium and stored over 3 Å mol sieve. The complexes [CH(CNMe(dipp))2]MCl (M = 

Ge (4-A), Sn (4-B))[49], As(SiMe3)3, LiAs(SiMe3)2
[50] and LiCH2(SiMe3)

[51] were prepared according to 

literature. The NMR spectra were recorded on a Bruker Avance 400 (1H: 400.132 MHz, 13C{1H}: 

100.613 MHz, 29Si{1H}DEPT/29Si{1H}/29Si: 79.495 MHz, 119Sn{1H}: 149.211 MHz) and an Avance 300 

(1H: 300.132 MHz) with δ referenced to external SiMe4 (1H, 13C{1H}, 29Si{1H}DEPT/29Si{1H}/29Si, 
119Sn{1H}). The EI-MS studies were performed on a Jeol AccuTOF GCX. 

Preparations 

Preparation of [CH(CNMe(dipp))2]Ge–CH2(SiMe3) (4-1): A solution of LiCH2(SiMe3) (54 mg, 0.57 

mmol) in toluene (10 mL) were added to 4-A (300.2 mg, 0.57 mmol) in toluene (10 mL) at –80°C while 

stirring. The reaction mixture was allowed to warm to room temperature overnight whereby the color 

changed from a light yellow to deep red. The solvent was removed in vacuo and the residue was 

extracted into n-hexane (30 mL). The concentrated red filtrate was stored at –30°C to yield dark red 

crystals of 4-1 (115.9 mg, 35% yield). 

1H NMR (400.132 MHz, C6D6, 298K): δ[ppm] = –0.23 (s, 9H, Si(CH3)3), 0.11 (s, 2H, Ge–CH2), 1.13 (d, 

6H, 3JHH = 6.9 Hz, CH(CH3)Me), 1.16 (d, 6H, 3JHH = 6.8 Hz, CH(CH3)Me), 1.37 (d, 6H, 3JHH = 6.8 Hz, 

CH(CH3)Me), 1.44 (d, 6H, 3JHH = 6.9 Hz, CH(CH3)Me), 1.52 (s, 6H, NC(CH3)), 3.53 (sept., 2H, 3JHH = 

6.9 Hz, CHMe2), 3.78 (sept. 2H, 3JHH = 6.8 Hz, CHMe2), 4.71 (s, 1H, 3JHH = 6.9 Hz, CH(C(Me)N2), 7.08 

– 7.12 (m, 6H, Ph); 13C{1H} NMR (100.613 MHz, C6D6, 298K): δ[ppm] =0.8, 15.6, 22.9, 24.4, 24.6, 

25.3, 26.9, 28.9, 96.1, 124.2, 125.2, 127.0, 140,1, 144,1, 146.0, 166.5; 29Si{1H} NMR (79.945 MHz, 

C6D6, 298K): δ[ppm] = 0.97 (s); EI-MS calcd for C33H52GeN2Si 491.2482, Found 491.2660 (100 %). 

Preparation of [CH(CNMe(dipp))2]Sn–CH2(SiMe3) (4-2): To a solution of 4-B (122.5 mg, 0.21 mmol) 

in toluene (5 mL) LiCH2Si(Me3) (21 mg, 0.21 mmol) in toluene (10 mL) was added at –80°C and 

warmed to room temperature overnight while stirring. During the warming, the light yellow color of the 

mixture turned to a darker yellow. The solvent was evaporated and the remaining residue extracted 

with n-hexane. After storing the concentrated filtrate at –30°C, yellow crystals of 4-2 could be isolated 

(34.3 mg, 26% yield) 

1H NMR (400.132 MHz, C6D6, 298K): δ[ppm] = –0.16 (s, 9H, Si(CH3)3), –0.09 (s, 2H, Sn–CH2), 1.20 

(d, 6H, 3JHH = 6.8 Hz, CH(CH3)Me), 1.22 (d, 6H, 3JHH = 6.8 Hz, CH(CH3)Me), 1.38 (d, 6H, 3JHH = 6.8 

Hz, CH(CH3)Me), 1.50 (d, 6H, 3JHH = 6.8 Hz, CH(CH3)Me), 1.64 (s, 6H, NC(CH3)), 3.45 (sept., 2H, , 
3JHH = 6.8 Hz, CHMe2), 3.82 (sept., 2H, 3JHH = 6.8 Hz, CHMe2), 4.77 (s, 1H, CH(C(Me)N2), 7.09 – 7.21 

(m, 6H, Ph); 13C{1H} NMR (100.613 MHz, C6D6, 298K): δ[ppm] = 1.9, 20.7, 22.1, 23.4, 24.4, 24.7, 25.2, 

27.0, 28.5, 28.6, 28.8, 96.6, 124.2, 125.0, 126.6, 141.6, 143.8, 144.4, 167.5; 29Si{1H} DEPT NMR 
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(79.945 MHz, C6D6, 298K): δ[ppm] = 0.47 (s); 119Sn{1H} NMR (149.211 MHz, C6D6, 298K): δ[ppm] = 

288 (s). 

Preparation of [CH(CNMe(dipp))2]Ge–As(SiMe3)2 (4-3): LiAs(SiMe3)2 (128.3 mg, 0.38 mmol) in 

toluene (15 mL) were added to a stirred solution of 4-A (199.9 mg, 0.38 mmol) at –80°C turning the 

initially yellow solution immediately red. The mixture was warmed to room temperature overnight, 

followed by evaporating the solvent. The red-orange residue was extracted into n-hexane (20 mL). 

The filtrate was concentrated to 3 mL and stored at –30°C. Orange-red crystals of 4-3 were obtained 

after 3 weeks (93.4 mg, 35% yield) 

1H NMR (400.132 MHz, C6D6, 298K): δ[ppm] = 0.49 (s, 18H, Si(CH3)3), 1.08 (d, 6H, 3JHH = 6.8 Hz, 

CH(CH3)Me), 1.27 (“t”, 12H, 3JHH = 6.8 Hz, CH(CH3)Me), 1.54 (d, 6H, 3JHH = 6.6 Hz, CH(CH3)Me), 1.63 

(s, 6H, NC(CH3)), 3.36 (sept. 2H, 3JHH = 6.6 Hz, CHMe2), 3.85 (sept. 2H, 3JHH = 6.6 Hz, CHMe2), 5.14 

(s, 1H, CH(C(Me)N2), 7.06 – 7.16 (m, 6H, Ph); 13C{1H} NMR (100.613 MHz, C6D6, 298K): δ[ppm] = 

1.4, 5.8, 23.9, 24.4, 24.8, 25.1, 25.2, 28.2, 28.6, 29.1, 29.2, 102.6, 124.5, 125.5, 127.5, 141.3, 144.5, 

147.0, 166.3; 29Si{1H} DEPT NMR (79.945 MHz, C6D6, 298K): δ[ppm] = 3.90 (s); EI-MS calcd for 

C35H59AsGeN2Si2 712.2647, Found 711.2592 (0.01 %) [M – H]+ꞏ. 

Preparation of [CH(CNMe(dipp))2]Sn–As(SiMe3)2 (4-4): LiAs(SiMe3)2 (1.05 g, 2.81 mmol), dissolved 

in toluene, was added to a solution of 4-B (1.51 g, 2.62 mmol) in toluene at –80°C. An immediate 

change of the yellow solution of 4-B to dark red can be observed. The solution was warmed to room 

temperature over night while stirring. The solvent was removed under reduced pressure, the remaining 

solid was extracted with n-hexane. Dark red crystals of 4-4 were achieved from the concentrated dark 

brownish red solution after 2 days at –30°C (1.045 g, 43% yield). 

1H-NMR (C6D6, 300 MHz, r.t.): δ[ppm] = 0.24 (s, 18H, Si(CH3)3), 1.14 (d, 6H, 3JHH = 6.9 Hz, 

CH(CH3)Me), 1.24 (d, 6H, 3JHH = 6.9 Hz, CH(CH3)Me), 1.29 (d, 6H, 3JHH = 6.9 Hz, CH(CH3)Me), 1.51 

(s, 6H, NC(CH3)), 1.58 (d, 6H, 3JHH = 6.9 Hz, CH(CH3)Me), 3.30 (sept. 2H, 3JHH = 6.8 Hz, CHMe2), 3.98 

(sept. 2H, 3JHH = 6.8 Hz, CHMe2), 4.84 (s, 1H, CH(C(Me)N2), 7.05 – 7.18 (m, 6H, Ph); 13C-NMR (C6D6, 

75 MHz, r.t.): δ [ppm] = 6.1; 24.3, 24.4, 24.9, 26.1, 26.8, 28.5, 28.8, 99.1, 124.6, 125.3, 127.1, 143.6, 

144.1, 144.7, 167.6; 29Si{1H} DEPT NMR (79.945 MHz, C6D6, 298K): δ[ppm] = 4.69 (s); 119Sn{1H} NMR 

(149.211 MHz, C6D6, 298K): no signal detected; EI-MS calcd for C35H59AsSnN2Si2 758.2455, Found 

757.2787 (0.12 %) [M – H]+ꞏ. 

  



 
73 

 

NMR spectra 

[CH(CNMe(dipp))2]Ge–CH2(SiMe3) (1): 

 

Figure 4 - 8: 1H-NMR spectrum of the crystals of 4-1. 

 

Figure 4 - 9: 13C{1H}-NMR spectrum of the crystals of 4-1. 
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Figure 4 - 10: 29Si{1H}-NMR spectrum of the crystals of 4-1. 
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[CH(CNMe(dipp))2]Sn–CH2(SiMe3) (4-2): 

 

Figure 4 - 11: 1H NMR spectrum of the crystals of 4-2. 

 

Figure 4 - 12: 13C{1H} NMR spectrum of the crystals of 4-2. 
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Figure 4 - 13: 29Si{1H} NMR spectrum of the crystals of 4-2. 

 

Figure 4 - 14: 119Sn{1H} NMR spectrum of the crystals of 4-2. 
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[CH(CNMe(dipp))2]Ge–As(SiMe3)2 (4-3): 

 

Figure 4 - 15: 1H NMR spectrum of the crystals of 4-3. 

 

Figure 4 - 16: 13C{1H} NMR spectrum of the crystals of 4-3. 
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Figure 4 - 17: 29Si{1H} DEPT NMR spectrum of the crystals of 4-3. * = impurity. 

  

  

* 
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[CH(CNMe(dipp))2]Sn–As(SiMe3)2 (4-4): 

 

Figure 4 - 18: 1H NMR spectrum of the crystals of 4-4. 

 

Figure 4 - 19: 13C{1H} NMR spectrum of the crystals of 4-4. 
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Figure 4 - 20: 29Si{1H} DEPT NMR spectrum of the crystals of 4-4. 
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X-ray structure analysis: 

The crystal samples were processed at a Supernova diffractometer with an Atlas CCD detector (4-1), 

a Gemini R Ultra with an Atlas S2 CCD detector (4-2, 4-3) and a GV50 diffractometer with a Titan S2 

CCD detector (4-4), respectively. Frames integration and data reduction were performed with 

CrysAlisPro ver. 171.38.41h.[52] Analytical absorption corrections from crystal faces[53] were applied to 

the data of 4-2 and 4-3. A numerical absorption correction based on Gaussian integration over a 

multifaceted crystal model was applied to the data of 4-1 and 4-4.[52] All structures were solved by 

SHELXT[54] using Olex2[55]. For all structures a least-square redinement on F2 was carried out with 

SHELXL[56,57]. Hydrogen atoms at the carbon atoms were located in idealized positions and refined 

isotropically according to the riding model. 
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[CH(CNMe(dipp))2]Ge–CH2(SiMe3) (4-1):  

4-1 crystallizes from n-hexane at –30°C as clear, dark red blocks. 

Sum formula C33H52GeN2Si 

Molecular weight M [g/mol] 577.50 

Crystal system triclinic  

Space group P -1 

Unit cell dimensions [Å] or [°] 8.9272(2)               91.3600(10) 

 10.2432(2)             91.4300(10)

 19.8893(2)             113.304(2) 

Volume [Å3] 1668.72(6) 

Formula units  Z 2 

Temperature  T [K] 123(1) 

Crystal size [mm3] 0.113 × 0.086 × 0.026 

Crystal density ρcalc [Mg ꞏ m-3] 1.149 

F(000) 620 

Absorption coefficient µCu-Kα [mm-1] 1.739 

Transmission Tmin / Tmax  0.867/0.956 

Absorption correction gaussian 

Wavelength (λ) [Å] 1.54184 (CuKα) 

Measured / independent reflections (Rint) 12823/ 12823 (0.0486) 

Independent reflections [I > 2σ(I)] 11421 

Index ranges hkl -11 ≤ h ≤ 11 

  -12 ≤ k ≤ 12 

 -24 ≤ l ≤ 24 

Measuring range θmin / θmax / θfull [°] 4.450/ 74.084/ 67.684 

Completeness (θfull) 0.999 

Data / restraints / parameters 12823/0/348 

R-indices (all data)  0.0511/ 0.1581 

R-indices [I > 2σ(I)]  0.0438/ 0.1354 

Goodness-of-fit for S (F2)  1.096 

Largest diff. peak and hole [e ꞏ Å3] 1.24 -0.47 
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Figure 4 - 21: Molecular structure of compound 4-1. Thermal ellipsoids are shown with 50% probability. H atoms 
are omitted for clarity. 

 

Distances [Å] Angles [°] 
Ge1 – C1  2.020(3) Ge1 – C1 – Si1 116.58(13) 
C1 – Si1  1.856(3) N1 – Ge1 – N2 88.05(8) 
Ge1 – N1 2.0190(19) C1 – Ge1 – N1  100.86(9) 
Ge1 – N2  2.0239(19) C1 – Ge1 – N2  96.43(9) 
Si1 – C31  1.874(3) C1 – Si1 – C31 108.50(14) 
Si1 – C32  1.864(3) C1 – Si1 – C32 111.26(13) 
Si1 – C33  1.875(3) C1 – Si1 – C33 110.43(13) 
N1 – C2 1.319(3) Ge1 – N1 – C2 118.92(16) 
N1 – C7 1.446(3) Ge1 – N1 – C7 117.48(15) 
N2 – C5 1.317(3) Ge1 – N2 – C5 119.21(15) 
N2 – C19 1.440(3) Ge1 – N2 – C19 117.01(15) 
C2 – C4 1.410(3) N1 – C2 – C4 123.2(2) 
C4 – C5 1.408(3) N2 – C5 – C4 122.8(2) 
  C2 – C4 – C5 125.8(2) 
  C7 – N1 – C2 120.84(19) 
  C5 – N2 – C19 121.82(19) 
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[CH(CNMe(dipp))2]Sn–CH2(SiMe3) (4-2):  

4-2 crystallizes from n-hexane at –30°C as clear, orange blocks.  

Sum formula C33H52SnN2Si 

Molecular weight M [g/mol] 623.54 

Crystal system monoclinic  

Space group P21/n 

Unit cell dimensions [Å] or [°] 8.91450(10)          90 

 19.8713(2)            92.6980(10)

 19.2539(3)            90 

Volume [Å3] 3406.91(7) 

Formula units  Z 4 

Temperature  T [K] 123(1) 

Crystal size [mm3] 0.233 × 0.114 × 0.09 

Crystal density ρcalc [Mg ꞏ m-3] 1.216 

F(000) 1312.0 

Absorption coefficient µCu-Kα [mm-1] 6.448 

Transmission Tmin / Tmax  0.486/ 0.687 

Absorption correction analytical 

Wavelength (λ) [Å] 1.54184 (CuKα) 

Measured / independent reflections (Rint) 17647/ 5951 (0.0311) 

Independent reflections [I > 2σ(I)] 5459 

Index ranges hkl -10 ≤ h ≤ 10 

  -23 ≤ k ≤ 15 

 -22 ≤ l ≤ 22 

Measuring range θmin / θmax / θfull [°] 4.450/ 66.365/ 66.365 

Completeness (θfull) 0.993 

Data / restraints / parameters 5951/0/347 

R-indices (all data)  0.0363/ 0.0835 

R-indices [I > 2σ(I)]  0.0324/ 0.0835 

Goodness-of-fit for S (F2)  1.065 

Largest diff. peak and hole [e ꞏ Å3] 1.24 -0.65 
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Figure 4 - 22: Molecular structure of compound 4-2. Thermal ellipsoids are shown with 50% probability. H atoms 
are omitted for clarity. 

 

Distances [Å] Angles [°] 
Sn1 – C1  2.210(3) Sn1 – C1 – Si1 115.43(15) 
C1 – Si1  1.850(3) N1 – Sn1 – N2 83.23(8) 
Sn1 – N1 2.208(2) C1 – Sn1 – N1  99.62(10) 
Sn1 – N2  2.214(2) C1 – Sn1 – N2  93.58(9) 
Si1 – C31  1.860(3) C1 – Si1 – C31 110.20(14) 
Si1 – C32  1.870(4) C1 – Si1 – C32 112.27(15) 
Si1 – C33  1.872(4) C1 – Si1 – C33 108.43(16) 
N1 – C2 1.331(3) Sn1 – N1 – C2 118.11(16) 
N1 – C7 1.435(3) Sn1 – N1 – C7 118.44(15) 
N2 – C5 1.326(3) Sn1 – N2 – C5 118.52(17) 
N2 – C19 1.434(3) Sn1 – N2 – C19 116.94(15) 
C2 – C4 1.407(4) N1 – C2 – C4 123.7(2) 
C4 – C5 1.401(4) N2 – C5 – C4 123.5(2) 
  C2 – C4 – C5 128.8(3) 
  C7 – N1 – C2 121.0(2) 
  C5 – N2 – C19 122.2(2) 
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[CH(CNMe(dipp))2]Ge–As(SiMe3)2 (4-3): 

4-3 crystallizes from n-hexane at –30°C as clear orange plates. 

Sum formula C35H59AsGeN2Si2 

Molecular weight M [g/mol] 711.53 

Crystal system orthorhombic  

Space group Pbca 

Unit cell dimensions [Å] or [°] 11.05410(10)         90 

 20.2900(2)                  90

 33.9263(3)             90 

Volume [Å3] 7609.25(12) 

Formula units  Z 8 

Temperature  T [K] 123(2) 

Crystal size [mm3] 0.2504 × 0.2085 × 0.1714 

Crystal density ρcalc [Mg ꞏ m-3] 1.242 

F(000) 3008.0 

Absorption coefficient µCu-Kα [mm-1] 2.834 

Transmission Tmin / Tmax  0.938/ 0.956 

Absorption correction analytical 

Wavelength (λ) [Å] 1.54184 (CuKα) 

Measured / independent reflections (Rint) 54353/ 6722 (0.0273) 

Independent reflections [I > 2σ(I)] 6375 

Index ranges hkl -13 ≤ h ≤ 13 

  -20 ≤ k ≤ 24 

 -40 ≤ l ≤ 40 

Measuring range θmin / θmax / θfull [°] 4.358/ 66.747/ 66.747 

Completeness (θfull) 0.997 

Data / restraints / parameters 6722/0/ 386 

R-indices (all data)  0.0230/ 0.0545 

R-indices [I > 2σ(I)]  0.0213/ 0.0535 

Goodness-of-fit for S (F2)  1.062 

Largest diff. peak and hole [e ꞏ Å3] 0.316 -0.248 
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Figure 4 - 23: Molecular structure of compound 4-3. Thermal ellipsoids are shown with 50% probability. H atoms 
are omitted for clarity 

 

Distances [Å] Angles [°] 
Ge1 – As1  2.5424(2) Ge1 – As1 – Si1 96.396(13) 
As1 – Si1  2.3388(5) Ge1 – As1 – Si2 126.428(12) 
As1 – Si2 2.3385(4) Si1 – As1 – Si2 103.321(16) 
Ge1 – N1 2.0556(11) N1 – Ge1 – N2 90.48(5) 
Ge1 – N2 1.9724(11) As1 – Ge1 – N1  86.91(3) 
N1 – C1 1.3184(18) As1 – Ge1 – N2  104.31(3) 
N1 – C6 1.4476(18) As1 – Si1 – C30 108.16(6) 
N2 – C4 1.4489(17) As1 – Si1 – C31 107.92(7) 
N2 – C18 1.3503(18) As1 – Si1 – C32 117.60(6) 
C1 – C3 1.415(2) As1 – Si2 – C33 105.50(6) 
C3 – C4 1.384(2) As1 – Si2 – C34 118.21(5) 
Si1 – C30  1.877(2) As1 – Si2 – C35 109.36(6) 
Si1 – C31  1.8733(19) Ge1 – N1 – C1 122.62(9) 
Si1 – C32  1.8668(19) Ge1 – N1 – C6 113.48(8) 
Si2 – C33  1.8767(16)  Ge1 – N2 – C4 122.36(9) 
Si2 – C34  1.8750(16) Ge1 – N2 – C18 118.57(9) 
Si2 – C35  1.8699(17) N1 – C1 – C3 122.86(12) 
  N2 – C4 – C3 122.66(13) 
  C1 – C3 – C4 127.13(13) 
  C1 – N1 – C6 123.84(11) 
  C4 – N2 – C18 119.00(11) 
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[CH(CNMe(dipp))2]Sn–As(SiMe3)2 (4-4): 

4-4 crystallizes from n-hexane at –30°C as dark red blocks. 

Sum formula C39H59AsSnN2Si2 

Molecular weight M [g/mol] 757.63 

Crystal system triclinic  

Space group P-1 

Unit cell dimensions [Å] or [°] 9.5581(2)          89.533(2) 

 10.1755(2)        89.4200(10)

 21.0618(4)        70.134(2) 

Volume [Å3] 1926.41(7) 

Formula units  Z 2 

Temperature  T [K] 122.99(10) 

Crystal size [mm3] 0.0747 × 0.0955 × 0.147 

Crystal density ρcalc [Mg ꞏ m-3] 1.306 

F(000) 788.0 

Absorption coefficient µCu-Kα [mm-1] 6.993 

Transmission Tmin / Tmax  0.498/ 0.674 

Absorption correction gaussian 

Wavelength (λ) [Å] 1.54184 (CuKα) 

Measured / independent reflections (Rint) 52876/ 7740 (0.0858) 

Independent reflections [I > 2σ(I)] 7479 

Index ranges hkl -11 ≤ h ≤ 11 

  -12 ≤ k ≤ 12 

 -26 ≤ l ≤ 26 

Measuring range θmin / θmax / θfull [°] 4.198/ 74.344/ 67.684 

Completeness (θfull) 0.999 

Data / restraints / parameters 7740/0/386 

R-indices (all data)  0.0279/ 0.0676 

R-indices [I > 2σ(I)]  0.0268/ 0.0671 

Goodness-of-fit for S (F2)  1.072 

Largest diff. peak and hole [e ꞏ Å3] 1.67 -1.07 
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Figure 4 - 24: Molecular structure of compound 4-4. Thermal ellipsoids are shown with 50% probability. H atoms 
are omitted for clarity. 

 

Distances [Å] Angles [°] 
Sn1 – As1  2.7256(3) Sn1 – As1 – Si1 109.47(2) 
As1 – Si1  2.3537(8) Sn1 – As1 – Si2 94.98(2) 
As1 – Si2 2.3618(8) Si1 – As1 – Si2 96.41(3) 
Sn1 – N1 2.213(2) N1 – Sn1 – N2 83.22(8) 
Sn1 – N2 2.251(2) As1 – Sn1 – N1  102.16(6) 
N1 – C1 1.336(3) As1 – Sn1 – N2  97.20(5) 
N1 – C6 1.438(3) As1 – Si1 – C30 111.51(11) 
N2 – C4 1.325(3) As1 – Si1 – C31 116.50(11) 
N2 – C18 1.442(3) As1 – Si1 – C32 106.36(11) 
C1 – C3 1.389(4) As1 – Si2 – C33 115.61(10) 
C3 – C4 1.404(4) As1 – Si2 – C34 111.41(11) 
Si1 – C30  1.868(3) As1 – Si2 – C35 108.10(11) 
Si1 – C31  1.874(3) Sn1 – N1 – C1 116.14(18) 
Si1 – C32  1.874(3) Sn1 – N1 – C6 124.64(16) 
Si2 – C33  1.884(3) Sn1 – N2 – C4 116.98(16) 
Si2 – C34  1.881(3) Sn1 – N2 – C18 121.82(16) 
Si2 – C35  1.866(3) N1 – C1 – C3 124.1(2) 
  N2 – C4 – C3 124.2(2) 
  C1 – C3 – C4 128.5(2) 
  C1 – N1 – C6 117.3(2) 
  C4 – N2 – C18 118.6(2) 
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Nanoparticles studies  

[CH(CNMe(dipp))2]Ge–P(SiMe3)2 (4-D): 

4-D and different stoichiometries of stabilizers were mixed in 3 mL of mesitylene. The mixtures were 
dipped into a 150°C oil bath and heated for either 24 h or 1 h. Grids for TEM analyses were prepared 
from the reaction solutions. The obtained particles were precipitated and washed twice with ethanol. 
Samples for EDX and XRD analyses were prepared from the washed and dried solid. 

Table 4 - 6: Amounts of 4-D and stabilizers used in the 24 h reactions as well as the achieved yields and the 
observed color changes. 

24 h 
Ia IIa IIIa IVa V 

1 eq. HDA 0.5 eq. HDA 1 eq. PA 0.5 eq. PA 0.5 eq. HDA + 0.5 eq. PA 
 4-D HDA 4-D HDA 4-D PA 4-D PA 4-D HDA PA 

m [mg] 69.9 24.9 70.1 13.2 70.1 27.1 69.9 14 69.9 13.9 14 
n [mmol] 0.1 0.1 0.1 0.05 0.1 0.1 0.1 0.05 0.1 0.05 0.05 

Yield [mg] 10.4 10.4 10.1 11.3 11.6 
Color (start) Clear orange Clear orange Clear orange Clear orange Clear orange 

Color (end) 
Dark brown 

Brown 
precipitate 

Dark brown 
Brown 

precipitate 

Dark brown 
Brown 

precipitate 

Dark brown 
Brown 

precipitate 
Dark red 

 

Table 4 - 7: Amounts of 4-D and stabilizers used in the 1 h reactions as well as the achieved yields and the 
observed color changes. 

1 h 
Ib IIb IIIb IVb 

1 eq. HDA 0.5 eq. HDA 1 eq. PA 0.5 eq. PA 
 4-D HDA 4-D HDA 4-D PA 4-D PA 

m [mg] 70.2 25.2 70.2 13.3 70.2 27.0 69.9 14 
n [mmol] 0.1 0.1 0.1 0.05 0.1 0.1 0.1 0.05 

Yield [mg] 4.0 2.8 2.9  –  
Color (start) Clear orange Clear orange Clear orange Clear orange 

Color (end) 
Dark reddish 

brown 
Dark reddish 

brown 
Dark red Dark red 
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Ia 

 

 

Figure 4 - 25: a) TEM image; b) EDX spectrum; c) XRD diffractogram of the reaction Ia. 

Composition 
EDX Ge4P3

XRD amorphous 
 

Ib 

 

 

Figure 4 - 26: a) TEM image; b) EDX spectrum; c) XRD diffractogram of the reaction Ib. 

Composition 
EDX Ge4P3

XRD amorphous 
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N

Ge

N
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P

SiMe3
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GeP@PA
1 h

N

Ge

N

dipp

dipp

P

SiMe3

SiMe3

4-D

a) b) c) 

a) b) c) 
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IIa 

 

 

Figure 4 - 27: a) TEM image; b) EDX spectrum; c) XRD diffractogram of the reaction IIa. The EDX spectrum 
shows some slight impurities of chlorine, which are caused by traces of 4-A. 

Composition 
EDX GeP
XRD amorphous 

 

IIb 

  

 

Figure 4 - 28: a) TEM image; b) EDX spectrum; c) XRD diffractogram of the reaction IIb. 

Composition 
EDX Ge4P3 
XRD amorphous 
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IIIa 

 

 

Figure 4 - 29: a) TEM image; b) EDX spectrum; c) XRD diffractogram of the reaction IIIa. 

Composition 
EDX GeP 
XRD amorphous 

 

IIIb 

 

 

Figure 4 - 30: a) TEM image; b) EDX spectrum of the reaction IIIb. No XRD analysis was performed. 

Composition 
EDX GeP 
XRD  –  
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IVa 

 

 

Figure 4 - 31: a) TEM image; b) XRD diffractogram of the reaction IIIa. 

Composition 
EDX GeP with an excess of Ge 
XRD amorphous  

 

IVb 

 

 

Figure 4 - 32: TEM image of the reaction IVb. 

Composition 
EDX GeP with an excess of Ge 
XRD –  

 
Due to the very small yield, only a EDX analysis was carried out. 
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V 

 

 

Figure 4 - 33: a) TEM image; b) EDX spectrum; c) XRD diffractogram of the reaction V. 

Composition 
EDX GeP 
XRD amorphous 

 

  

+ 0.5 eq. HDA + 0.5 eq. PA
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[CH(CNMe(dipp))2]Sn–P(SiMe3)2 (4-E):  

As well as 4-D also 4-E was mixed with different stoichiometries of stabilizers in 3 mL of mesitylene, 
dipped into a 150°C oil bath and heated for either 24 h or 1 h. Grids for TEM analyses were prepared 
from the reaction solutions. The obtained particles were precipitated and washed twice with ethanol. 
Samples for EDX and XRD analyses were prepared from the washed and dried solid. 

Table 4 - 8: Amounts of 4-E and stabilizers used in the 24 h reactions as well as the achieved yields and the 
observed color changes. 

24 h 
VIa VIIa VIIIa IX X 

1 eq. HDA 0.5 eq. HDA 1 eq. PA 0.5 eq. PA 0.5 eq. HDA + 0.5 eq. PA 
 4-E HDA 4-E HDA 4-E PA 4-E PA 4-E HDA PA 

m [mg] 69.9 24.0 70.0 12.1 69.9 25.0 70.3 12.9 70.1 12.1 13.0 
n [mmol] 0.1 0.1 0.1 0.05 0.1 0.1 0.1 0.05 0.1 0.05 0.05 

Yield [mg]  – 8.5 5.8 7.8 4.0 
Color (start) Clear yellow Clear yellow Clear yellow Clear yellow Clear yellow 

Color (end) 
Colorless 

Black 
precipitate 

Cloudy black 
Colorless 

Black 
precipitate 

Colorless 
Black 

precipitate 
Cloudy black 

 

Table 4 - 9: Amounts of 4-E and stabilizers used in the 1 h reactions as well as the achieved yields and the 
observed color changes. 

1 h 
VIb VIIb VIIIb 

1 eq. HDA 0.5 eq. HDA 1 eq. PA 
 4-E HDA 4-E HDA 4-E PA 

m [mg] 69.9 23.9 69.8 12.1 70.1 24.9 
n [mmol] 0.1 0.1 0.1 0.05 0.1 0.1 

Yield [mg] 7.5 3.1 9.0 
Color (start) Clear yellow Clear yellow Clear yellow 
Color (end) Cloudy black Cloudy black Cloudy black 
 

VIa 

 

 

Figure 4 - 34: TEM image of the reaction VIa. No further analysis has been carried out. The particles show an 
average size of 14 nm. 

+ 1 eq. HDA
mesitylene

SnP@HDA
24 h

N

Sn

N

dipp

dipp

P

SiMe3

SiMe3

4-E
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VIb 

 

 

Figure 4 - 35: a) TEM image; b) XRD diffractogram of the reaction VIb. The particles show an average size of 22 
nm. 

Composition 
EDX Sn:P = 12:1 
XRD SnP 

 

VIIa 

 

 

Figure 4 - 36: a) TEM image; b) EDX spectrum; c) XRD diffractogram of the reaction VIIa. The average size of 
the particles is about 19 nm. 
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VIIb 

 

 

Figure 4 - 37: a) TEM image; b) EDX spectrum; c) XRD diffractogram of the reaction VIIb. The average size of 
the particles is about 22 nm. 

Composition 
EDX Sn4P3 
XRD amorphous 

 

VIIIa 

 

 

Figure 4 - 38: a) TEM image; b) EDX spectrum; c) XRD diffractogram of the reaction VIIIa. The average size of 
the particles is about 17 nm. 
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VIIIb 

 

 

Figure 4 - 39: a) TEM image; b) EDX spectrum; c) XRD diffractogram of the reaction VIIIb. The particles display 
an average size of 10 nm. 

Composition 
EDX Sn4P3 
XRD amorphous 

 

IX 

  

 

Figure 4 - 40: a) TEM image; b) XRD diffractogram of the reaction IX. The particles have an average size of 12 
nm. 
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X 

  

 

Figure 4 - 41: a) TEM image; b) EDX spectrum; c) XRD diffractogram of the reaction X. The average particle size 
is about 30 nm. 

Composition 
EDX Sn4P3 
XRD Sn4P3 

 

 

Due to the promising results of the first orienting studies of 4-E, further experiments with higher 
amounts of stabilizers were done in order to separate the agglomerated particles. These reactions 
were carried out in the same way as the previously described studies. 

Table 4 - 10: Amounts of 4-E and stabilizers used in the 24 h reactions as well as the observed color changes. 

24 h 
XIa XIIa XIIIa 

5 eq. HDA 10 eq. HDA 10 eq. PA 
 4-E HDA 4-E HDA 4-E PA 

m [mg] 70.1 118.7 70.1 237.0 70.0 251.4 
n [mmol] 0.1 0.5 0.1 1.0 0.1 1.0 

Color (start) Clear yellow Clear yellow Clear yellow 

Color (end) 
Colorless 

Black precipitate 
Colorless 

Black precipitate 
Colorless 

Black precipitate 
 

Table 4 - 11: Amounts of 4-E and stabilizers used in the 1 h reactions as well as the observed color changes. 

1 h 
XIb XIIb XIIIb 

5 eq. HDA 10 eq. HDA 10 eq. PA 
 4-E HDA 4-E HDA 4-E PA 

m [mg] 70.3 118.5 69.9 236.5 70.1 251.7 
n [mmol] 0.1 0.5 0.1 1.0 0.1 1.0 

Color (start) Clear yellow Clear yellow Clear yellow 

Color (end) Cloudy black Cloudy black Cloudy black 
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N
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a) b) c) 
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Xia 

 

 

Figure 4 - 42: a) TEM image; b) XRD diffractogram of the reaction XIa. The average size of the particles is about 
20 nm. 

Composition 
EDX – 
XRD Sn4P3 

 

Xib 

 

 

Figure 4 - 43: a) TEM image; b) XRD diffractogram of the reaction XIb. The particles have an average size of 13 
nm. 
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EDX – 
XRD SnP 
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XIIa 

 

 

Figure 4 - 44: a) TEM image; b) XRD diffractogram of the reaction XIIa. The particles show an average size of 35 
nm. 

Composition 
EDX – 
XRD Sn4P3 

 

XIIb 

 

  

Figure 4 - 45: a) TEM image; b) XRD diffractogram of the reaction XIIb. The particles exhibit an average size of 
18 nm. 

Composition 
EDX – 
XRD SnP 
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XIIIa 

 

 

Figure 4 - 46: a) TEM image; b) XRD diffractogram of the reaction XIIIa. The particles exhibit an average size of 
12 nm. 

Composition 
EDX – 
XRD Sn4P3 

 

XIIIb 

 

 

Figure 4 - 47: a) TEM image; b) XRD diffractogram of the reaction XIIIb. The average size of the particles is 
about 18 nm. 
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EDX – 
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[CH(CNMe(dipp))2]Sn–As(SiMe3)2 (4-4): 

Also in case of 4-4 reaction mixtures of compound 4-4 and different stoichiometries of stabilizers were 
dissolved in 3 mL of mesitylene, dipped into a 150°C oil bath and heated for either 24 h or 1 h. Grids 
for TEM analyses were prepared from the reaction solutions. The obtained particles were precipitated 
and washed twice with ethanol. Samples for EDX and XRD analyses were prepared from the washed 
and dried solids. 

Table 4 - 12: Amounts of 4-4 and stabilizers used in the 24 h reactions as well as the achieved yields and the 
observed color changes. 

24 h 
IVXa XVa XVIa XVII XVIII 

1 eq. HDA 0.5 eq. HDA 1 eq. PA 0.5 eq. PA 0.5 eq. HDA + 0.5 eq. PA 
 4-4 HDA 4-4 HDA 4-4 PA 4-4 PA 4-4 HDA PA 

m [mg] 70.0 21.9 70.2 11.1 70.1 23.8 70.1 11.9 70.1 11.0 12.1 
n [mmol] 0.1 0.1 0.1 0.05 0.1 0.1 0.1 0.05 0.1 0.05 0.05 

Yield [mg]  6.0 –  –  – –  
Color (start) Clear red Clear red Clear red Clear red Clear red 

Color (end) 
Colorless 

Black 
precipitate 

Colorless 
Tin mirror 
Metallic 

precipitate 

Colorless 
Tin mirror 
Metallic 

precipitate 

Colorless 
Tin mirror 
Metallic 

precipitate 

Colorless 
Tin mirror  

Metallic precipitate 

 
If a tin mirror or a spherical metallic precipitate was obtained from the experiments, only a TEM 
analysis has been carried out. 

Table 4 - 13: Amounts of 4-4 and stabilizers used in the 1 h reactions as well as the achieved yields and the 
observed color changes. 

1 h 
IVXb XVb XVIb 

1 eq. HDA 0.5 eq. HDA 1 eq. PA 
 4-4 HDA 4-4 HDA 4-4 PA 

m [mg] 69.9 22.0 70.3 11.0 70.0 24.0 
n [mmol] 0.1 0.1 0.1 0.05 0.1 0.1 

Yield [mg] 5.8 13.4 19.8 
Color (start) Clear red Clear red Clear red 
Color (end) Cloudy black Cloudy black Cloudy black 
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IVXa 

 

 

Figure 4 - 48: a) TEM image; b) EDX spectrum; c) XRD diffractogram of the reaction IVXa. 

Composition 
EDX Sn4As3 
XRD Sn4As3/SnAs 

 

IVXb 

 

 

Figure 4 - 49: a) TEM image; b) EDX spectrum; c) XRD diffractogram of the reaction IVXb. The average size of 
the particles is about 10 nm. 

Composition 
EDX Sn4As3 
XRD Sn4As3 
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XVa 

 

 

Figure 4 - 50: TEM image of the reaction XVa. The size of the particles is about 6 nm. 

 

XVb 

 

 

Figure 4 - 51: a) TEM image; b) EDX spectrum; c) XRD diffractogram of the reaction IVXb. The average size of 
the particles is about 10 nm. 
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EDX Sn4As3 
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XVIa 

 

 

Figure 4 - 52: TEM image of the reaction XVIa. 

 

XVIb 

 

 

Figure 4 - 53: a) TEM image; b) EDX spectrum; c) XRD diffractogram of the reaction XVIb. The average size of 
the particles is about 10 nm. 
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XVII 

 

 

Figure 4 - 54: TEM image of the reaction XVII. The particles display an average size of 14 nm. 

 

XVIII 

 

 

Figure 4 - 55: TEM image of the reaction XVIII. The particles display an average size of 10 nm. 
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Analogous to 4-E also for 4-4 further experiments with higher amounts of stabilizers were performed to 
separate the agglomerated particles. Again the reactions were done like the previously described 
studies. 

Table 4 - 14: Amounts of 4-4 and stabilizers used in the 24 h reactions as well as the observed color changes. 

24 h 
IXXa XXa XXIa 

5 eq. HDA 10 eq. HDA 10 eq. PA 
 4-4 HDA 4-4 HDA 4-4 PA 

m [mg] 70.3 111.2 70.2 223.3 69.8 237.0 
n [mmol] 0.1 0.5 0.1 1.0 0.1 1.0 

Color (start) Clear red Clear red Clear red 

Color (end) 
Colorless 

Black precipitate 
Colorless 

Black precipitate 
Colorless 

Black precipitate 
 

Table 4 - 15: Amounts of 4-4 and stabilizers used in the 1 h reactions as well as the observed color changes. 

1 h 
IXXb XXb XXIb 

5 eq. HDA 10 eq. HDA 10 eq. PA 
 4-4 HDA 4-4 HDA 4-4 PA 

m [mg] 69.8 111.5 70.0 222.9 70.1 237.2 
n [mmol] 0.1 0.5 0.1 1.0 0.1 1.0 

Color (start) Clear red Clear red Clear red 

Color (end) Cloudy black Cloudy black Cloudy black 

 

XXa 

 

 

 

Figure 4 - 56: a) TEM image; b) XRD diffractogram of the reaction IXXa. The average size of the particles is 
about 35 nm. 

Composition 
EDX – 
XRD Sn4As3/SnAs 
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IXXb 

 

 

Figure 4 - 57: a) TEM image; b) XRD diffractogram of the reaction IXXb. The average size of the particles is 
about 24 nm. 

Composition 
EDX – 
XRD Sn4As3 

 

XXa 

 

 

Figure 1: a) TEM image; b) XRD diffractogram of the reaction IXXb. The average size of the particles is about 33 
nm. 
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Figure 4 - 58: a) TEM image; b) XRD diffractogram of the reaction XXb. The average size of the particles is about 
38 nm. 

Composition 
EDX – 
XRD Sn4As3 

 

 

XXIa 

 

 

Figure 4 - 59: TEM image of the reaction XXIa. 
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XXIb 

 

 

Figure 4 - 60: a) TEM image; b) XRD diffractogram of the reaction XXIb. The average size of the particles is 
about 10 nm. 
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5. Thesis	Treasury	

5.1. Synthesis	of	new	single‐source‐precursors	for	zinc	phosphide	
nanoparticles	

5.1.1. Author	contribution	
Daniela Meyer: Synthesis and analytics of the described compounds 

Michael Seidl:   Solution and refinement  of the solid state structures of 5-1-2 and 5-1-3 

5.1.2. Introduction	

With the theoretical invention of the transistor in 1925 by Lilienfeld[1] followed by its practical realization 

by the physicist Oskar Heil[2] in 1934 the golden times of solid-state technology began and with it the 

rise of semiconducting materials application. The most famous semiconductor is likely silicon due to its 

wide-spread use in solar cells in which it is the prime constituent. Si is well-suited as it is not only 

abundant in earth’s crust, therefore cheap, and nontoxic, it is also very easy to prepare in a highly pure 

form. However, its efficiency of 18 to 25%, depending on the crystallinity of the electricity generating 

layers,[3] is unfavourable so that scientists all over the world are searching for an alternative which on 

the one hand includes all the advantages of silicon, while on the other hand offers a higher 

effectiveness. Such alternatives are for example FeS2, CuO or Zn3P2.
[4] For decades, zinc phosphide 

has only been a rodenticide, the toxic part of poisoned wheat, releasing PH3 when it gets in contact 

with gastric acid.[5,6] But after the discovery of its semiconducting features it was focussed as new 

photovoltaic material because of its elements’ availability and its broad direct band gap due to which 

the compound is able to absorb a large range of the light of the solar spectrum. Its electronic 

properties even surpass the ones of Si.[7] Furthermore, studies of bulk-Zn3P2 as well as tests with 

nanoparticles of zinc phosphide revealed quantum effects occurring in the nanoscale material leading 

to an increase of the band gap.[8-10] The emission of those nanocorpuscles could be determined to 424 

– 535 nm for spherical quantum dots,[11] while the unique trumpet-shaped nanoparticles exhibit an 

emission of about 585 nm at room temperature.[12] Additionally to their mainly temperature-

independent luminescence,[13,14] it could also be shown that thin films of nanocrystalline Zn3P2 display 

a transmittance of about 87% with a simultaneously decreased reflectance so that the substance 

might also be useful as solar cell coating.[15] Beside the hitherto described application in photovoltaics 

Zn3P2 is promising in optoelectronics as well as in combination with ZnO in photon detectors,[16] or as 

nano-wires in water which show disinfecting properties when being irradiated solely with visible 

light.[17]  

Bulk-Zn3P2 exists in a black, tetragonal form and at elevated temperatures in a cubic form.[18-20] Yet, 

there is another zinc phosphide of the composition ZnP2 that shows not only a red, tetragonal crystal 

structure, but also a black monoclinic one which is transformed to a pseudo-cubic form at pressures 

higher than 15 kbar.[21,19] Even ZnP4 can be prepared, either from the elements at pressures of about 4 

GPa[22] or from ZnP2 and Pblack at 500°C and 40 kbar.[19] Monoclinic ZnP2 was also thought to be a 

promising material for Li ion batteries due to its electronic properties, but during the charge/discharge 

cycles a decomposition of the LiP and ZnP2 phases accompanied by a capacity fade of the cell was 

observed.[23]  
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For the preparation of nanoscale Zn3P2 the top down approach of laser ablation[16] is as useful as the 

bottom up synthesis utilizing multi source precursors. Like the bulk material, nano-Zn3P2 can be 

prepared from the elements, but also from a whole variety of molecular compounds like ZnS, ZnMe2, 

zinc perchlorate or zinc alkoxide in combination with PH3, P(SiMe3)3 or trioctylphosphine (TOP).[13,14,4] 

All these syntheses have in common that for zinc and phosphorus separate starting materials are used 

in order to achieve the nanoscopic product. But so far there is no example for a single source 

precursor approach in which complexes of zinc with P containing substituents are decomposed to form 

the desired nanoparticles (chapter 1.3.3.2). Nevertheless, potential reagents can be found as there is 

compound 5-1-A, showing a central cage-like structural motif of 6 Zn and 4 P atoms,[24] along with 5-1-

B and 5-1-C with a Zn3P3 or a Zn2P2 core.[25,26] In contrast to these complexes with more than one Zn 

and P atom, species 5-1-D displays a zinc centre with a PHPh substituent and a stabilizing β-

diketiminato ligand (Scheme 5-1 - 1).[27]  

 

Scheme 5-1 - 1: Examples for different Zn–P complexes. 

Beside the highly tunable β-diketiminato ligand also the smaller amidinato substituent is very useful in 

order to stabilize a compound although a tense four-membered ring instead of a six-membered ring is 

formed if the amidinato residue acts as a η2-ligand. Still, this type of ligands is also very variable as its 

flanking groups and the backbone substituent can be changed as easily as it is the case for the β-

diketiminato residue.[28] But although the class of amidinates is wellknown,[29,30] it took some time, until 

the amidinato ligand was found in many different complexes of main group elements just like in 

compounds containing transition metals.[31-40]  

In the following the three new complexes [PhC(NtBu)2]2Zn (5-1-1), {[PhC(NtBu)2]Zn2Br3}n (5-1-2) and 

[PhC(NtBu)2]H ꞏ ZnBr2 (5-1-3) bearing a Zn metal centre that is coordinated by the benzamidinato 

ligand [PhC(NtBu)2] will be presented as well as the reactivity of 5-1-3 towards the lithiated compounds 

LiP(SiMe3)2 and LiAs(SiMe3)2. 

 

5.1.3. Results	and	Discussion	

The reaction of one eq. of [PhC(NtBu)2]Li (5-1-E) prepared in situ and one eq. ZnBr2 in toluene at        

–80°C led to the formation of [PhC(NtBu)2]2Zn (5-1-1) where both bromine atoms are replaced by a 

benzamidinato ligand, instead of the expected compound [PhC(NtBu)2]ZnBr. 5-1-1 shows a good 

solubility in toluene. As the stoichiometric reaction of in situ prepared 5-1-E with one eq. ZnBr2 led to 

the substitution of both halogen atoms, the same experiment was performed using two eq. of zinc 
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bromide, leading to the formation of the polymeric compound {[PhC(NtBu)2]Zn2Br3}n (5-1-2) as 

colourless crystals, that are only poorly soluble in toluene or C6D6. In another attempt to synthesize the 

monomeric analogue of 5-1-2, 5-1-E was isolated[41] before the stoichiometric reaction with ZnBr2. 

Regardless of several attempts, only the product of hydrolysis [PhC(NtBu)2]H ꞏ ZnBr2 (5-1-3) could be 

isolated. The compound displays a good solubility in polar solvents like toluene. 

 

Scheme 5-1 - 2: Preparation of 5-1-1 and 5-1-2 via the in situ formation of 5-1-E. 

 

 

Scheme 5-1 - 3: Synthesis of 5-1-3 starting from 5-1-E. 

 The compounds 5-1-1 and 5-1-3 were fully characterized by 1H and 13C{1H} NMR spectroscopy, 

showing the expected sets of signals, while the NMR spectroscopic studies of the polymeric 5-1-2 did 

not lead to an informative spectrum. 

The 1H NMR spectrum of 5-1-1 exhibits a signal for the tBu groups at 1.21 ppm and the signal for its 

aromatic phenyl groups appears at 7.01 – 7.38 ppm which are both in the typical region for this type of 

ligand. Similar to the 1H NMR spectrum of 5-1-1, also the 1H NMR spectrum of compound 5-1-3 shows 

signals of the ligand (δ [ppm] = 1.21 (s, 18H, tBu), 7.02 – 7.04 (m, 3H, Ph), 7.23 – 7.25 (m, 2H, Ph)) 

although one signal for each tBu group should exist. Also, the signal of the NH residue of 5-1-3 (δ 

[ppm] = 3.27 ppm) displays an integral of only 0.4 H atoms instead of 1 H atom which might be caused 

by the lower relaxation time of the N bound hydrogen in comparison to the other relaxation times 
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leading to an apparently smaller integral. These two facts lead to the conclusion, that the molecular 

structure in solid state (Scheme 5-1 - 3) and in solution might differ from each other or both tBu 

residues happen to be chemically equivalent. 

Colourless crystals suitable for single crystal X-ray analysis could be obtained by storing the thf 

solution of 5-1-1 and 5-1-2 at –30°C. 5-1-1 crystallizes in the space group C2/c with four molecules 

per unit cell. The single crystal X-ray structure analysis of 5-1-2 revealed a monoclinic space group of 

I2/a with four fomula units per unit cell. Colourless crystals of 5-1-3 suitable for X-ray analysis could be 

obtained from a toluene solution stored at –30°C. [PhC(NtBu)2]H ꞏ ZnBr2 crystallizes in the 

orthorhombic space group P212121 and was refined as a 2-component inversion twin (Flack parameter 

0.43(5)). 

              

 

 

 

Figure 5-1 - 1: Molecular structures of 5-1-1, 5-1-2 and 5-1-3. Thermal ellipsoids are shown with 50% probability. 
H atoms are omitted for clarity. Selected lengths [Å] and angles [°]: 5-1-1: Zn1 – N1 2.0009(13), Zn1 – N1‘ 
2.0010(13), Zn1 – N2 2.0343(13), Zn1 – N2‘ 2.0342(13), N1/N1‘ – C1/C1‘ 1.332(2), N2/N2‘ – C1/C1‘ 1.331(2), 
C1/C1‘ – C10/C10‘ 1.499(2);      N1/N1‘ – Zn1 – N2/N2‘ 66.04(5), N1/N1‘ – C1/C1‘ – N2/N2‘ 111.37(13). 5-1-2: 
Zn1/Zn1‘ – N1/N1‘ 1.960(3), Zn1/Zn1‘ – Br1/Br1‘ 2.4796(7), Zn1 – Br1‘/Zn1‘ – Br1 2.4597(5), Zn1/ Zn1‘ – Br2 
2.3957(8), N1/N1‘ – C1 1.337(3); N1/N1‘ – Zn1/Zn1‘ – Br2 112.37(7), Zn1 – N1 – C1/Zn1‘ – N1‘ – C1 113.83(19),               
Zn1 – Br2 – Zn1‘ 80.14(3), Zn1 – Br1/Br1‘ – Zn1 86.879(19); N1/N1‘ – Zn1/Zn1‘ – Br1/Br1‘ 109.16(8),                  
N1 – Zn1 – Br1‘/N1‘ – Zn1‘ – Br1 124.22(7), N1 – C1 – N1‘ 116.3(4), Br1 – Zn1/Zn1‘ – Br1‘ 93.122(19),       
Br1/Br1‘ – Zn1/ZN1‘ – Br2 113.02(2), Br1‘ – Zn1 – Br2/Br1 – Zn1‘ – Br2 103.60(3). 5-1-3: Zn1 – Br1 2.3162(12),      
Zn1 – Br2 2.3221(12), Zn1 – N1 1.998(6), N1 – C5 1.306(10), N2 – H2 0.8600, N2 – C5 1.327(9); Br1 – Zn1 – Br2 
118.01(5), Br1 – Zn1 – N1 117.11(18), Br2 – Zn1 – N1 123.55(18), H2 – N2 – C5 114.1, N1 – C5 – N2 125.2(7). 

Typically for benzamidinato complexes compound 5-1-1 shows two four-membered rings as main 

structural motif, which are twisted against each other with a torsion angle of 84.5°. Therefore, the Zn 

centre is coordinated by its substituents in a distorted tetrahedral way as it can be seen by comparing 

5-1-1 5-1-2

5-1-3
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the concerned angles (N1/N1’–Zn1–N2/N2’ 66.04(5)°, N1–Zn1–N2’/N2–Zn1–N1’ 133.55(5)°) with the 

tetrahedral angle of 109.5°. The Zn1–N bond lengths of 5-1-1 are in the range of rather short single 

bonds (5-1-1: Zn1–N1 2.0009(13) Å, Zn1–N2 2.0010(13) Å; Zn–N: 1.97 – 2.28 Å[42,43]). All remaining 

bond lengths and angles are in the typical range of the ligand.  

The X-ray analysis of crystals of 5-1-2 reveals a quite unexpected solid state structure as the product 

of the reaction of in situ generated E with 2 eq. of ZnBr2 turns out to be polymeric in the solid state. 

Also the bridging binding mode of the benzamidinato ligand is rather uncommon compared to the 

frequently observed coordination to one metal centre. Here, each [PhC(NtBu)2] fragment binds to a 

Zn2Br3 unit leading to a one-dimensional strand. This results in a distorted tetrahedral environment 

around the zinc atoms (N1/N1’–Zn1/Zn1’–Br2 112.37(7)°, Br1–Zn1/Zn1’–Br1’ 93.122(19)°) although 

the distortion is not as accentuated as it is in case of 5-1-1 due to the benzamidinato substituent which 

is not coordinating to one metal centre as in compound 5-1-2. Another remarkable feature are the 

Zn1–N1/Zn1 – N1’ bond lengths of 1.960(3) Å, which are short compared to the Zn–N bond lengths of 

5-1-1 and those reported in literature (5-1-1: Zn1–N1 2.0009(13) Å, Zn1–N2 2.0010(13) Å; Zn–N: 1.97 

– 2.28 Å[42,43]). In contrast to the short Zn–N bonds, the Zn1/Zn1’–Br1/Br1’ bonds of 2.4796(7) Å are 

exceptionally long compared to the Zn1/Zn1’–Br2 bonds of 2.3957(8) Å which are in the range of a 

Zn–Br single bond (Zn–Br: 2.37 – 2.42 Å [44,45]). Apart from these deviations the bond lengths and 

angles are in the range of the typical values of the ligand. 

The zinc atom of 5-1-3 is not coordinated by the ligand in an η1:η1 fashion but only binds to the 

nitrogen atom N1, which is similar to 5-1-2. Additionally, due to steric reasons the N1 bound tBu group 

is adjusted parallel to the phenyl ring which is in contrast to the N2 bound tBu residue or the tBu 

substituents of the compounds 5-1-1 and 5-1-2. Another conspicuousness is the N1–C5 bond length 

of 1.306 Å which is significantly shorter than the length of N2–C5 (1.328 Å) or the average N–C bond 

length of the [PhC(NtBu)2] ligand (5-1-1: N1–C1 1.332(2) Å, N2–C2 1.331(2) Å; 5-1-2: N1–C1 1.337(3) 

Å, Chapter 3.4: 5-1-1: N1–C1 1.338(2) Å, N2–C1 1.337(2) Å; 5-1-2: N1–C1 1.338(2) Å, N2–C1 

1.335(2) Å). This shows a partial localisation of the N–C double bond between the atoms N1 and C5 

although both C–N bonds of 5-1-3 are still in the range of a C–N double bond and a C–N(sp2) single 

bond[46]. The Zn1–N1 bond length of 1.998(6) Å is an average Zn–N single bond (Zn–N: 1.97 – 2.28 

Å[42,43]), the same is true for the Zn–Br bonds (Zn1–Br1 2.3162, Zn1–Br2 2.3221, Zn–Br: 2.37 – 2.42 

Å[44,45]), which are due to the coordination of the ligand significantly longer than the Zn–Br bonds of 

free ZnBr2 (Zn–Brgaseous 2.204 Å[47]). Due to the η1 coordination behaviour of the benzamidinato ligand 

in 5-1-3, the N1–C1–N2 angle is quite large (125.3°).  

 

 

 

As 5-1-3 might be a suitable starting material to synthesize a molecular precursor complex for the 

preparation of zinc phosphide nanoparticles, it was reacted with the lithiated compounds LiE(SiMe3)2 

(E = P, As). Here, the conversion of 5-1-3 with LiAs(SiMe3)2 only led to the decomposition of both 
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compounds. Nevertheless, the reaction of 5-1-3 with the lighter homologue LiP(SiMe3)2 resulted in the 

formation of 5-1-C, which is also formed by the reaction of ZnBr2 and LiP(SiMe3)2, that has been done 

at our workgroup.[48]  

 

Scheme 5-1 - 4: Reaction of 5-1-3 with LiP(SiMe3)2. 

5-1-C has already been synthesized in 1990 by Goel et al. with Zn[N(SiMe3)2]2 and HP(SiMe3)2 as 

starting material.[25] As described, the formation of 5-1-C can be clearly identified by 31P and 31P{1H} 

NMR spectroscopy where two sets of broad multiplets at –184.9 ppm and –239.7 ppm can be found 

(literature: δ [ppm] = –183.0 (br, s); –237.3 (br, s)).[25] 

Suitable crystals for the X-ray analysis of 5-1-C could be obtained from the toluene solution which was 

stored at –30°C. Again, the received data didn’t differ much from literature, but here the measurement 

was performed at 183 K and not at room temperature like by Goel et al.[25] Due to the fact that the X-

ray experiment was initially planned at 123 K, a phase transition of 5-1-C accompanied by a loss in 

crystallinity could be observed at 137.5 K.  

 

Figure 5-1 - 2: Molecular structure of 5-1-C. Thermal ellipsoids are shown with 50% probability. H atoms are 
omitted for clarity. Selected lengths [Å] and angles [°]: Zn1/Zn1‘ – P1/P1‘ 2.4139(6), Zn1 – P1‘/Zn1‘ – P1 
2.4145(7), Zn1/Zn1‘ – P2/P2‘ 2.2921(7), P1/P1‘ – Si1/Si1‘ 2.2542(9), P1/P1‘ – Si2/Si2‘ 2.2513(9), P2/P2‘ – 
Si3/Si3‘ 2.2238(10), P2/P2‘ – Si4/Si4‘ 2.2337(10); P1 – Zn1/Zn1‘ – P1‘ 90.46(2), Zn1 – P1/P1‘ – Zn1‘ 89.54(2),           
P1/P1‘ – Zn1/Zn1‘ – P2/P2‘ 125.14(3), P1 – Zn1‘ – P2‘/P1‘ – Zn1 – P2 143.97(3). 

 

5.1.4. Conclusion		

In summary, it was possible to synthesize the three novel zinc complexes [PhC(NtBu)2]2Zn (5-1-1), 

{[PhC(NtBu)2]Zn2Br3}n (5-1-2) and [PhC(NtBu)2]H ꞏ ZnBr2 (5-1-3) with a stabilizing benzamidinato 

ligand, that has not been used for the coordination to this metal yet. Moreover, studies regarding the 

reactivity of 5-1-3 towards the lithiated compounds LiE(SiMe3)2 (E = P, As) have been performed, of 

N

N

Ph

tBu

ZnBr2

5-1-3

H

tBu

+ LiP(SiMe3)2

toluene, -80°C to r.t.
P

Zn

P

Zn
P

P

SiMe3

Me3Si

SiMe3

Me3Si

Me3Si

SiMe3

SiMe3Me3Si

5-1-C
28%



 
121 

 

which the phosphorus analogue led to the formation of compound 5-1-C reported by Goel et al. For 5-

1-C, a hitherto unknown phase transition was observed. Goel et al. additionally showed a thermal 

decomposition study of their compound 5-1-C which forms the polymeric product [ZnP(SiMe3)]n in 

refluxing toluene instead of the desired Zn3P2.
[49] These results induced us to no longer consider 5-1-C 

as a suitable single source precursor of Zn/P containing nanoparticles. 
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5.1.5. Supporting	Information	

Experimental section  

General procedures 

All experiments were carried out under a dry nitrogen or argon atmosphere using standard Schlenk or 

drybox techniques. Solvents were dried by using an MBraun purification system and stored over a 

dried 3 Å mol sieve. Fine powder of ZnBr2 was dried at 350°C before use. The starting materials i.e. 

[PhC(NtBu)2]Li[50,51] (prepared in situ), As(SiMe3)3 and LiAs(SiMe3)2
[52] were synthesized according to 

the literature procedures. The NMR spectra were recorded on a Bruker Avance 400 (1H: 400.132 

MHz, 13C: 100.613 MHz) with δ referenced to external SiMe4 (
1H, 13C). The EI- and LIFDI-MS studies 

were performed on a Jeol AccuTOF GCX. 

 

Preparations 

Preparation of [PhC(NtBu)2]2Zn (5-1-1): According to literature, PhLi (3.6 mL, 7.2 mmol, 1.8 M in 

dibutyl ether) was added to tBuN=C=NtBu (1.06 mL, 6.86 mmol) in toluene (20 mL) at –80°C. The 

reaction mixture was allowed to warm to room temperature over 5 h. Then it was added to a 

suspension of ZnBr2 (1.79 g, 7.9 mmol) in toluene (10 mL) at –80°C. The resulting white suspension 

was stirred and warmed to room temperature over night. The mixture was filtrated and the slightly 

yellow solution was concentrated and stored at –30°C to yield colourless crystals of 5-1-1 (yield: 1.58 

g, 6%). 

1H NMR (400.132 MHz, C6D6, 298K): δ[ppm] = 1.21 (s, 36 H, tBu), 7.01 – 7.05, 7.22 – 7.8 (m, 10 H, 

Ph); 13C{1H} NMR (100.613 MHz, C6D6, 298K): δ[ppm] = 25.5, 33.5, 51.1, 68.5, 127.2, 129.8, 138.9. 

Elemental analysis was not performed due to the sensitivity to hydrolysis of 5-1-1. 

Preparation of {[PhC(NtBu)2]Zn2Br3}n (5-1-2): Similar to 5-1-1, 5-1-2 was synthesized by preparing 

[PhC(NtBu)2]Li with PhLi (3.6 mL, 7.2 mmol, 1.8 M in dibutyl ether) and tBuN=C=NtBu (1.06 mL, 6.86 

mmol) in toluene and adding it to ZnBr2 (3.0 g, 13.3 mmol) in toluene at –80°C. The work-up 

procedure is the same as for 5-1-1. The storage of the concentrated solution at – 30°C led to the 

formation of colourless crystals of 5-1-2 (yield: 314.3 mg, 7.3%).  

Preparation of [PhC(NtBu)2]H ꞏ ZnBr2 (5-1-3): For the preparation of 5-1-3, E (199.8 mg, 0.8 mmol) 

was dissolved in toluene (10 mL) and added to a suspension of ZnBr2 (189.1 mg, 0.8 mmol) in toluene 

(5 mL) at –80°C. The reaction mixture was allowed to warm to room temperature while stirring over 

night. Subsequently, the white solid was separated from the colourless solution by filtration. Colourless 

crystals could be obtained from the solution after concentration (yield: 113.3 mg, 35%). 

1H NMR (400.132 MHz, C6D6, 298K): δ[ppm] = 1.21 (s, 18 H, tBu), 3.27 (br. s, 0.4 H, NH),                         

7.02 – 7.04, 7.23 – 7.25 (m, 5 H, Ph); 13C{1H} NMR (100.613 MHz, C6D6, 298K): δ[ppm] = 29.1, 33.3, 

33.6, 51.1, 127.2, 129.8, 173.3. EI-MS was performed but only led to peaks of the ligand.  
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Reaction of 5-1-3 with LiP(SiMe3)2: LiP(SiMe3)2 (140.7 mg, 0.48 mmol) in toluene (5 mL) was added 

to 5-1-3 (110.3 mg, 0.24 mmol) in toluene (5 mL) at –80°C. The mixture was stirred and warmed to 

room temperature over night. The white suspension was filtrated to yield a colourless solution from 

which colourless crystals of 5-1-C were obtained after concentration (yield: 56.6 mg, 28%). 

Reaction of 5-1-3 with LiAs(SiMe3)2: LiAs(SiMe3)2 (244 mg, 0.71 mmol) in toluene (5 mL) was added 

to 5-1-3 (164.1 mg, 0.36 mmol) in toluene (5 mL) at –80°C. The mixture was stirred and warmed to 

room temperature over night. The brown suspension was filtrated to yield a yellow solution. 

Unfortunately, NMR spectrometric studies revealed the decomposition of the reagents. 
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NMR spectroscopy 

[PhC(NtBu)2]2Zn (5-1-1): 

 

Figure 5-1 - 3: 1H NMR spectrum of 5-1-1. 

 

 

Figure 5-1 - 4: 13C{1H} NMR spectrum of compound 5-1-1. 
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[PhC(NtBu)2]H ꞏ ZnBr2 (5-1-3): 

 

Figure 5-1 - 5: 1H NMR spectrum of the crystals of 5-1-3. 

 

 

Figure 5-1 - 6: 13C {1H} NMR spectrum of 5-1-3. 
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X-ray structure analysis 

The crystal samples were processed at a Supernova diffractometer with an Atlas CCD detector (5-1-3) 
and a GV1000 diffractometer with a Titan S2 CCD detector (5-1-1, 5-1-2, 5-1-C), respectively. Frames 
integration and data reduction were performed with CrysAlisPro ver. 171.38.41h.[53] Analytical 
absorption corrections from crystal faces[54] were applied to the data of 5-1-2. A numerical absorption 
correction based on Gaussian integration over a multifaceted crystal model was applied to the data of 
5-1-1, 5-1-3 and 5-1-C.[52] All structures were solved by SHELXT[55] using Olex2[56]. For all structures a 
least-square redinement on F2 was carried out with SHELXL[57,58]. Hydrogen atoms at the carbon 
atoms were located in idealized positions and refined isotropically according to the riding model. 
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 [PhC(NtBu)2]2Zn (5-1-1): 

5-1-1 crystallizes from toluene at –30°C as clear, colourless blocks.  

Sum formula C30H46N4Zn 

Molecular weight M [g/mol] 528.08 

Crystal system monoclinic  

Space group C2/c 

Unit cell dimensions [Å] or [°] 24.6589(12)         90 

 8.5217(2)             128.813(7) 

 18.2174(8)           90 

Volume [Å3] 2982.9(3) 

Formula units  Z 4 

Temperature  T [K] 123 

Crystal size [mm3] 0.468 x 0.193 x 0.149 

Crystal density ρcalc [g ꞏ cm-3] 1.176 

F(000) 1136.0 

Absorption coefficient µCu-Kα [mm-1] 1.302 

Transmission Tmin / Tmax  0.833 /0.923 

Absorption correction gaussian 

Wavelength (λ) [Å] 1.54184 (CuKα) 

Measured / independent reflections (Rint) 8354/ 2924 (0.0362) 

Independent reflections [I > 2σ(I)] 2760 

Index ranges hkl -30 ≤ h ≤ 30 

 -10 ≤ k ≤ 8 

 -22 ≤ l ≤ 22 

Measuring range θmin / θmax / θfull [°] 4.603/74.134/67.684 

Completeness (θfull) 0.991 

Data / restraints / parameters 2924/0/215 

R-indices (all data)  0.0382/0.1024 

R-indices [I > 2σ(I)]  0.0366/0.1004 

Goodness-of-fit for S (F2)  1.044 

Largest diff. peak and hole [e ꞏ Å3] 0.421/-0.465 
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Figure 5-1 - 7: Molecular structure of 5-1-1. Thermal ellipsoids are shown with 50% probability level. H 
atoms are omitted for clarity. 

 

Distances [Å] Angles [°] 
Zn1 – N1 2.0009(13) N1 – Zn1 – N1‘ 144.47(8) 
Zn1 – N1‘  2.0010(13) N1 – Zn1 – N2 66.04(5) 
Zn1 – N2 2.0343(13) N1 – Zn1 – N2‘ 133.55(5) 
Zn1 – N2‘ 2.0342(13) N2 – Zn1 – N2‘ 124.75(8) 
N1/N1‘ – C1/C1‘ 1.332(2) N2 – Zn1 – N1‘ 133.55(5) 
N2/N2‘ – C1/C1‘ 1.331(2) N1‘ – Zn1 – N2‘ 66.04(5) 
N1/N1‘ – C2/C2‘ 1.471(2) Zn1 – N1/N1‘ – C1/C1‘ 91.65(9) 
N2/N2‘ – C6/C6‘ 1.466(2) Zn1 – N1/N1‘ – C2/C2‘ 136.89(10) 
C1/C1‘ – C10/C10‘ 1.499(2) Zn1 – N2/N2‘ – C1/C1‘ 90.23(9) 
  Zn1 – N2/N2‘ – C6/C6‘ 138.26(10 
  N1/N1‘ – C1/C1‘ – N2/N2‘ 111.37(13) 
  N1/N1‘ – C1/C1‘ – C10/C10‘ 123.78(14) 
  N2/N2‘ – C1/C1‘ – C10/C10‘ 124.84(14) 
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{[PhC(NtBu)2]Zn2Br3}n (5-1-2): 

5-1-2 crystallizes from toluene at –18°C as clear, colourless blocks.  

Sum formula C15H23Br3N2Zn2 

Molecular weight M [g/mol] 601.82 

Crystal system monoclinic  

Space group I2/a 

Unit cell dimensions [Å] or [°] 12.5113(3)         90 

 19.5824(4)         102.335(2) 

 13.6821(2)         90 

Volume [Å3] 3274.75(11) 

Formula units  Z 4 

Temperature  T [K] 123 

Crystal size [mm3] 0.158 x 0.12 x 0.10 

Crystal density ρcalc [g ꞏ cm-3] 1.221 

F(000) 1168.0 

Absorption coefficient µCu-Kα [mm-1] 6.069 

Transmission Tmin / Tmax  0.319/0.490 

Absorption correction analytical 

Wavelength (λ) [Å] 1.54184 (CuKα) 

Measured / independent reflections (Rint) 9430/ 3246 (0.0190) 

Independent reflections [I > 2σ(I)] 2818 

Index ranges hkl -15 ≤ h ≤ 11 

 -23 ≤ k ≤ 23 

 -16 ≤ l ≤ 16 

Measuring range θmin / θmax / θfull [°] 4.004/73.513/67.684 

Completeness (θfull) 0.999 

Data / restraints / parameters 3246/50/131 

R-indices (all data)  0.0838/0.2723 

R-indices [I > 2σ(I)]  0.0782/0.2723 

Goodness-of-fit for S (F2)  1.303 

Largest diff. peak and hole [e ꞏ Å3] 1.890/-1.005 
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Figure 5-1 - 8: Molecular structure of 5-1-2. Thermal ellipsoids are shown with 50% probability level. H 
atoms are omitted for clarity. 

 

Distances [Å] Angles [°] 
Zn1/Zn1‘ – N1/N1‘ 1.960(3) N1 – Zn1 – Br2/N1‘ – Zn1‘ – Br2 112.37(7) 
Zn1/Zn1‘ – Br1/Br1‘ 2.4796(7) Zn1 – N1 – C1/Zn1‘ – N1‘ – C1 113.83(19) 
Zn1 – Br1‘/Zn1‘ – Br1 2.4597(5) Zn1 – Br2 – Zn1‘ 80.14(3) 
Zn1/ Zn1‘ – Br2 2.3957(8) Zn1 – N1 – C8/Zn1‘ – N1‘ – C8‘ 119.00(18) 
N1 – C1/ N1‘ – C1 1.337(3) Zn1 – Br1 – Zn1‘/Zn1 – Br1‘ – Zn1‘ 86.879(19) 
N1 – C8/ N1‘ – C8‘ 1.514(3) N1 – Zn1 – Br1/N1‘ – Zn1‘ – Br1‘ 109.16(8) 
C1 – C2 1.470(7) N1 – Zn1 – Br1‘/N1‘ – Zn1‘ – Br1 124.22(7) 
  N1 – C1 – N1‘ 116.3(4) 
  N1 – C1 – C2 123.3(10) 
  N1‘ – C1 – C2 120.3(10) 
  C1 – N1 – C8/C1 – N1‘ – C8‘ 125.8(3) 
  Br1 – Zn1 – Br1‘/B1 – Zn1‘ – Br1‘ 93.122(19) 
  Br1 – Zn1 – Br2/Br1‘ – Zn1‘ – Br2 113.02(2) 
  Br1‘ – Zn1 – Br2/Br1 – Zn1‘ – Br2 103.60(3) 
 

 

  



 
131 

 

[PhC(NtBu)2]H ꞏ ZnBr2 (5-1-3): 

5-1-3 crystallizes from toluene at –30°C as clear, colourless blocks.  

Sum formula C15H24Br2N2Zn 

Molecular weight M [g/mol] 457.55 

Crystal system orthorhombic  

Space group P212121 

Unit cell dimensions [Å] or [°] 11.0391(6)         90 

 11.5844(8)         90 

 14.2911(8)         90 

Volume [Å3] 1827.57(19) 

Formula units  Z 4 

Temperature  T [K] 123 

Crystal size [mm3] 0.249 x 0.055 x 0.041 

Crystal density ρcalc [g ꞏ cm-3] 1.663 

F(000) 912.0 

Absorption coefficient µCu-Kα [mm-1] 6.916 

Transmission Tmin / Tmax  0.431/1.000 

Absorption correction gaussian 

Wavelength (λ) [Å] 1.54184 (CuKα) 

Measured / independent reflections (Rint) 5907/ 3528 (0.0386) 

Independent reflections [I > 2σ(I)] 3317 

Index ranges hkl -13 ≤ h ≤ 13 

 -13 ≤ k ≤ 14 

 -17 ≤ l ≤ 17 

Measuring range θmin / θmax / θfull [°] 4.914/74.046/67.684 

Completeness (θfull) 0.997 

Data / restraints / parameters 3528/0/188 

R-indices (all data)  0.0585/0.1487 

R-indices [I > 2σ(I)]  0.0562/0.1461 

Goodness-of-fit for S (F2)  1.036 

Largest diff. peak and hole [e ꞏ Å3] 1.56/-0.84 

Flack parameter 0.43(5) 
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Figure 5-1 - 9: Molecular structure of 5-1-3. Thermal ellipsoids are shown with 50% probability level. H 
atoms are omitted for clarity. 

 

Distances [Å] Angles [°] 
Zn1 – Br1 2.3162(12) Br1 – Zn1 – Br2 118.01(5) 
Zn1 – Br2 2.3221(12) Br1 – Zn1 – N1 117.11(18) 
Zn1 – N1 1.998(6) Br2 – Zn1 – N1 123.55(18) 
N1 – C1 1.488(9) Zn1 – N1 – C2 118.1(5) 
N1 – C5 1.306(10) Zn1 – N1 – C5 116.1(5) 
N2 – H2 0.8600 H2 – N2 – C5 114.1 
N2 – C5 1.327(9) H2 – N2 – C12 114.1 
N2 – C12 1.501(9) N1 – C5 – N2 125.2(7) 
C5 – C6 1.496(10) N1 – C5 – C6 115.1(6) 
  N2 – C5 – C6 119.6(6) 
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{Zn[P(SiMe3)2]2}2 (5-1-C): 

5-1-C crystallizes from toluene at –30°C as clear, colourless blocks.  

7 C24H72P4Si8Zn2 

Molecular weight M [g/mol] 840.15 

Crystal system triclinic  

Space group P-1 

Unit cell dimensions [Å] or [°] 9.7559(4)         81.627(3) 

 10.6338(4)       67.874(3) 

 12.6143(4)       81.605(3) 

Volume [Å3] 1193.40(8) 

Formula units  Z 1 

Temperature  T [K] 182.96(18) 

Crystal size [mm3] 0.336 x 0.105 x 0.075 

Crystal density ρcalc [g ꞏ cm-3] 1.169 

F(000) 448.0 

Absorption coefficient µCu-Kα [mm-1] 4.530 

Transmission Tmin / Tmax  0.425/0.757 

Absorption correction gaussian 

Wavelength (λ) [Å] 1.54184 (CuKα) 

Measured / independent reflections (Rint) 7093/ 4611 (0.0267) 

Independent reflections [I > 2σ(I)] 4030 

Index ranges hkl -12 ≤ h ≤ 9 

 -13 ≤ k ≤ 12 

 -15 ≤ l ≤ 12 

Measuring range θmin / θmax / θfull [°] 3.801/74.804/67.684 

Completeness (θfull) 0.982 

Data / restraints / parameters 4611/0/184 

R-indices (all data)  0.0418/0.0980 

R-indices [I > 2σ(I)]  0.0359/0.0934 

Goodness-of-fit for S (F2)  0.941 

Largest diff. peak and hole [e ꞏ Å3] 0.434/-0.597 
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Figure 5-1 - 10: Molecular structure of 5-1-C. Thermal ellipsoids are shown with 50% probability level. H 
atoms are omitted for clarity. 

 

Distances [Å] Angles [°] 
Zn1/Zn1‘ – P1/P1‘ 2.4139(6) P1 – Zn1/Zn1‘ – P1‘ 90.46(2) 
Zn1 – P1‘/Zn1‘ – P1 2.4145(7) Zn1 – P1/P1‘ – Zn1‘ 89.54(2) 
Zn1/Zn1‘ – P2/P2‘ 2.2921(7) P1/P1‘ – Zn1/Zn1‘ – P2/P2‘ 125.14(3) 
P1/P1‘ – Si1/Si1‘ 2.2542(9) P1 – Zn1‘ – P2‘/P1‘ – Zn1 – P2 143.97(3) 
P1/P1‘ – Si2/Si2‘ 2.2513(9) Zn1/Zn1‘ – P1/P1‘ – Si1/Si1‘ 99.26(3) 
P2/P2‘ – Si3/Si3‘ 2.2238(10) Zn1/Zn1‘ – P1/P1‘ – Si2/Si2‘ 118.08(3) 
P2/P2‘ – Si4/Si4‘ 2.2337(10) Zn1 – P1‘ – Si1‘/Zn1‘ – P1 – Si1 103.83(3) 
  Zn1 – P1‘ – Si2‘/Zn1‘ – P1 – Si2 133.54(3) 
  Zn1/Zn1‘ – P2/P2‘ – Si3/Si3‘ 102.60(3) 
  Zn1/Zn1‘ – P2/P2‘ – Si4/Si4‘ 106.70(4) 
  Si1/Si1‘ – P1/P1‘ – Si2/Si2‘ 107.09(4) 
  Si3/Si3‘ – P2/P2‘ – Si4/Si4‘ 105.94(4) 
 

The cooling of 5-1-C to 137.5 K leads to a phase transition during which the total loss of crystallinity 
was observed. 
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5.2. Studies on the preparation of GaxPy nanoparticles 

5.2.1. Author contribution 

Daniela Meyer: Preparation and performance of the described studies 

Edwin Baquero Valesco: Performance of the TEM and SEM/EDX analyses, supervision of the studies  

Susanne Bauer: Synthesis and analytics of 5-2-B 

5.2.2. Introduction 

A special branch of the above mentioned transistor technique, which started with the use of 

semiconductors like Ge or Si, each owning an indirect band gap, is the field of light emitting diodes 

(LED) utilizing materials with direct band gaps. The main component of a LED is the semiconducting 

crystal often doped with electron donating or electron accepting substances in order to enhance the 

electric generation of free charge carriers electrons e- and holes h+. In the course of recombination of 

those charge carriers over a direct band gap, radiation of light occurs matching the energy difference 

between the conduction band and the valence band (Figure 5-2 - 1). Therefore, LEDs emit a defined 

wavelength specific to the element or compound.[1,2]  

 

Figure 5-2 - 1: Comparison between two models of a direct and an indirect band gap. Image from Journal of 

Materials Research, “MATLAB User Interface for Simulation of Silicon Germanium Solar Cell”, A. K. Singh, J. Tiwari, A. Yadav, 
R. K. Jha, 2015, CC BY 3.0. 

The first compound to exhibit the phenomenon of electroluminescence was carborundum SiC 

discovered by Henry Joseph Round in 1907, who observed that the material began to glow yellow 

when a power of about 10 V was applied. At higher currents colours of orange, green and blue 

occurred.[2] Further investigations about this fascinating topic were done by the young Russian 

scientist Oleg Losev by studying SiC and also ZnO2,[3] but it was Georges Destriau who tested 

different inorganic substances in alternating electric fields and who introduced the term 

electroluminescence for the first time.[4] Nevertheless, these properties of some inorganic elements 

and compounds remained a part of fundamental research until in 1948 Bardeen and Brattain invented 

the bipolar junction transistor[5] which became the basis of a laser diode developed in 1962.[6-10] Only 

six years later, the commercial production of LEDs began although they were limited by effectivity and 

colour as the mainly used semiconductors GaAs and GaAsP only emitted a red colour.[11] In the next 

decades, the gaps in the visible spectrum were closed[11,12] at what the synthesis of defect-free GaN 

for the preparation of blue LEDs in 1989 was the biggest obstacle to overcome.[13-16] Henceforth, the 

production of white light LED setups was possible and with them a replacement for the inefficient, yet 
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still indispensable light bulbs. Today, the improvement of LED technique[11,17] still goes on so that the 

current-saving, cold light sources rose from the use as little signal lamps to the application in 

illumination systems for whole cities.  

During this process, gallium has always been one of the most important elements as it forms 

compounds with interesting optical features in combination with arsenic, phosphorus or nitrogen 

leading to substances suitable for substituting the semiconductors diamond, silicon or tin.[18] In this 

course, GaP is not only applicable for nonlinear optics due to its high nonlinear second order 

coefficient, the transparency or the large refractive index.[19] Its nanoparticles, exhibiting a variety of 

shapes like columns or wires, may be used in photonics, sensors and other optical usages,[20,21,19] 

while layers of porous GaP were found to show an emission in the blue and ultraviolet range of the 

light spectrum.[22] Doping gallium phosphide with different elements as there are Eu, N, Cu, C, Li, Zn, 

Te or Nd enhances the photoluminescence of the material or leads to changes in the radiated 

wavelength because of the new light emitting centres.[23-30]  

In order to prepare gallium phosphide usable in LEDs setups be it bulk-GaP or nanostructures, 

different approaches can be used. While for the synthesis of bulk GaP the elements are reacted at 

high temperatures,[31] the nanoscopic material is prepared by multi-source-precursor methods with 

P(SiMe3)3 and tBu3Ga[32] or Ga, Ga2O3 and Pred.[33,34] But in contrast to the previous chapter (chapter 

5.1) the single-source precursor approach has been taken into account. Complex 5-2-A has been 

synthesized from GaCl3 and P(SiMe3) and was subsequently thermally decomposed which leads to 

the formation of GaP and Me3SiCl.[35]  

But not only compound 5-2-A became apparent to be a suitable precursor for the preparation of GaP, 

also [CH(C(Me)N(2,6-iPr2C6H3))2]Ga(PH2)2 (5-2-B)[36] stabilized by a β-diketiminato ligand might be a 

promising candidate for the preparation gallium phosphide nanoparticles.  

 

Scheme 5-2 - 1: Examples for single source precursors probably suitable for the GaP synthesis. 

 

5.2.3. Results and Discussion 

As the β-diketiminato ligand forms stable complexes with various metal centres and it can also be 

removed very easily due to its sensitivity towards moisture it was the ligand of choice for a potential 

single source precursor for GaP nanoparticles. Another advantage of 5-2-B is its straightforward 

synthesis by the reaction of 1 eq. [CH(C(Me)N(2,6-iPr2C6H3))2]GaCl2 (5-2-C) with 2 eq. of NaPH2 from 

which 5-2-B can be isolated in reasonable yields.[36]  
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Scheme 5-2 - 2: Preparation of 5-2-B.[36] 

Due to the reasons that were already discussed above, different amounts of the stabilizers HDA and 

PA were used for the nanoparticles tests of 5-2-B (5-2-B:HDA = 1:1, 5-2-B:PA = 1:1, 5-2-B:HDA:PA = 

1:0.5:0.5). The reaction conditions are similar to the previously described experiments using 

mesitylene as solvent and the hot injection method. In contrast to the reactions of [CH(C(Me)N(2,6-

iPr2C6H3))2]MP(SiMe3)2 (M = Ge, Sn) and [CH(C(Me)N(2,6-iPr2C6H3))2]SnAs(SiMe3)2 only very small 

changes in the colour of the mixtures of 5-2-B could be observed at 150°C for 24 h. Therefore, the 

temperature was increased to 180°C for 24 h. As a result, in all cases the reaction mixtures turned 

from colourless to orange, but only for 5-2-B:HDA = 1:1 and for 5-2-B:HDA:PA = 1:0.5:0.5 an 

additional precipitate was formed. This suggests that HDA is a more suitable stabilizer for the 

reactions of 5-2-B. The precipitate of the reaction of 5-2-B:HDA = 1:1 was further studied by TEM, 

EDX and XRD. The TEM samples, that were taken from the crude reaction mixture, show the 

presence of solids with different shapes and sizes but the formation of nanoparticles could be ruled 

out unequivocally.  

 

Figure 5-2 - 2: a) XRD diffractogram of the reaction of 5-2-B with 1 eq. of HDA (180°C, 24 h) revealing an 
amorphous composition of the precipitate; b) TEM picture of the reaction. 

 While the XRD investigations only proved the solids of the reaction of 5-2-B with 1 eq. of HDA to be 

amorphous, the EDX studies clearly showed a composition of GaP with a small excess of Ga (Ga:P = 

1.33:1).  

N

Ga

N

dipp

dipp

PH2

PH2

5-2-B

N

Ga

N

dipp

dipp

Cl

Cl

5-2-C

+ 2 NaPH2
thf, -80°C to r.t.

- NaCl

a) b) 



 
140 

 

5.2.4. Conclusion 

The experiments of 5-2-B in order to prepare GaP exhibit that although the precipitate formed during 

the reactions has the fitting composition (Ga:P = 1.3:1) no nanoparticles could be obtained. Thus, 5-2-

B does not represent a suitable single source precursor for the synthesis of GaP nanoparticles. 
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5.2.5. Supporting Information 

Experimental Section 

General Prodecures 

All experiments were carried out under a dry nitrogen or argon atmosphere using standard Schlenk or 

drybox techniques. Solvents were dried by using an MBraun purification system followed by a 

distillation from sodium and stored over 3 Å mol sieve. The complexes [CH(C(Me)N(2,6-

iPr2C6H3))2]Ga(PH2)2 (5-2-B), [CH(CNMe(dipp))2]GaCl2 (5-2-C)[36] and NaPH2
[37] were prepared 

according to literature. The NMR spectra were recorded on a Bruker an Avance 300 (1H: 300.132 

MHz, 31P{1H}:121.5 MHz, 31P: 121.5 MHz) with δ referenced to external SiMe4 (1H) and H3PO4
 

(31P{1H}, 31P).  

Nanoparticles studies 

5-2-B and different stoichiometries of stabilizers were mixed in 3 mL of mesitylene. The mixtures were 

dipped into an oil bath at 180°C and heated for 24 h, except for reaction II which was heated for 72 h. 

The grid for the TEM analysis was prepared from the reaction solutions. The obtained particles were 

precipitated and washed twice with ethanol. Samples for EDX and XRD analyses were prepared from 

the washed and dried solid. 

Table 5-2 - 1: Amounts of 5-2-B and stabilizers used in the 24 h reactions as well as the achieved yields and the 
observed color changes. 

24 h 
I II (72 h) III 

1 eq. HDA 1 eq. PA 0.5 eq. HDA + 0.5 eq. PA 

 5-2-B HDA 5-2-B PA 5-2-B HDA PA 

m [mg] 70.5 31.5 70.2 32.1 69.3 15 16.1 

n [mmol] 0.12 0.12 0.12 0.12 0.12 0.06 0.06 

Yield [mg] 16.6  -   -  

Color 
(start) 

Clear colourless Clear colourless Clear colourless 

Color (end) 
Orange 

Orange precipitate 
Orange 

Orange 
Orange precipitate 

 

 

Figure 5-2 - 3: a) TEM image; b) XRD diffractogram of the reaction I. 

Composition 

EDX GaP (Ga:P = 1.33:1) 

XRD  -  

a) b) 
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6. Conclusion 

6.1. English version 

In summary, the present work provides a variety of potential single source precursors for the synthesis 

of group 14 element pnictogenide nanoparticles (MxEy with M = Ge, Sn; E = P, As), which are 

stabilized by a β-diketiminato ligand that can easily be removed by acidic or basic reagents under mild 

conditions. Furthermore, five novel compounds exhibiting a rare silicon arsenic double bond with a 

coordinating benzamidinato ligand could be synthesized and characterized and also studies on the 

preparation and the reactivity of hitherto unknown benzamidinato zinc complexes were successfully 

performed.  

6.1.1. Five novel arsasilene complexes 

Following the reaction of [PhC(NtBu)2]SiCl and LiP(SiMe3)2 reported by Driess et al. in 2011, it could 

be shown that a simple one-pot synthesis using [PhC(NtBu)2]SiCl and the arsenic compound 

LiAs(SiMe3)2 leads to the formation of [PhC(NtBu)2]Si(SiMe3)=As(SiMe3) (3-1) (Figure 6-1 - 1 top left). 

Studies on the reactivity of the reaction mixture of the starting materials towards water and oxygen 

revealed the formation of a hydrolysis product [PhC(NtBu)2]Si(H)=As(SiMe3) (3-2) and an oxidation 

product [PhC(NtBu)2]Si(OSiMe3)=As(SiMe3) (3-5) (Figure 6-1 - 1 top middle and right). Additionally, the 

species {[PhC(NtBu)2]Si}2=AsSiMe3 (3-3) and {[PhC(NtBu)2]Si=AsSiMe3}2 (3-4) could be obtained in 

reactions which were performed to reproduce 3-1 (Figure 6-1 - 1 bottom). Yet, all attempts to 

synthesize 3-3 and 3-4 selectively failed. 

               

 

            

 
Figure 6-1 - 1: The solid state structures of the compounds 3-1, 3-2, 3-3, 3-4 and 3-5.  

 

3-1 3-2 3-5 

3-3 3-4 
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3-1 was prepared from the reaction of [PhC(NtBu)2]SiCl with LiAs(SiMe3)2, it was fully characterized by 

NMR spectroscopy, EI mass spectrometry and X-ray structure analysis whereby it was necessary for 

the latter to permanently cool the reaction mixtures to –80°C to grow suitable crystals. 3-2 could be 

obtained by adding a defined amount of water to the thf solutions (H2O:[PhC(NtBu)2]SiCl:LiAs(SiMe3)2 

= 1:5:5), which may not be exceeded to avoid decomposition. It was also fully characterized by the 

typical spectroscopic methods but in addition by 29Si NMR spectroscopy to unequivocally detect the 

Si–H coupling. In a similar way to 3-2, a stoichiometric quantity of (SiMe3)2O2 mixed with 

[PhC(NtBu)2]SiCl and LiAs(SiMe3)2 leads to the formation of compound 3-5 (Scheme 6-1 - 1). In the 

case of 3-3 and 3-4, just a few crystals appeared as side products of the synthesis of 3-1. It was also 

possible to detect the molecular peak of 3-4 by solid state EI mass spectrometry.  

 

Scheme 6-1 - 1: Overview of the preparation of the arsasilenes 3-1 to 3-5. 

Also, some studies concerning the reactivity of 3-1 were performed, especially investigations in order 

to transform 3-1 into 3-2 and 3-5, but these attempts were not conclusive as 3-2 and 3-5 can only be 

obtained from the reaction of the monochlorosilylene with LiAs(SiMe3)2 and water or (SiMe3)2O2, 

respectivley. Additionally, VT NMR investigations were done to elucidate the mechanistic details of the 

formation of 3-1 and possibly to gain hints on the formation of the arsenic analogue of Driess’ 

[PhC(NtBu)2]SiP(SiMe3)2, which was not successful. But instead, crystals of the literature known 

compound {[PhC(NtBu)2]SiAs}2 3-F with a yet unknown unit cell were isolated from the thf-d8 mixture.  
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6.1.2. Nanoparticles from [CH(C(Me)N(2,6-iPr2C6H3))2]ME(SiMe3)2 (M = Ge, Sn; E = P, As) 

As it has already been described in the chapters 1.3.7 and 4.2, numerous possibilities exist to utilize 

nanoparticles and especially the still scarcely explored nanoscale material containing elements of 

group 14 and 15 might show interesting properties. In general, nanoparticles can be synthesized by 

various methods, starting either from bulk material (top down approaches like milling) or from atoms 

and molecules (bottom up method). The bottom up approach of hot injections starts with the solution 

of the precursors in a high boiling, sometimes coordinating solvent, followed by a fast heating step, 

that leads to the decomposition of the starting material and the formation of the nanoscopic material. If 

a separate starting material for each component of the resulting nanoparticles is used, the method is 

called multi source precursor approach. In contrast to this is the single source precursor method, in 

which all components of the nanoparticles are combined in one molecule. As this approach shows 

important advantages like mild reaction conditions and the avoidance of volatile and/or pyrophoric 

substances, the single source precursor approach was the method of choice to prepare MxEy 

nanoparticles (M = Ge, Sn; E = P, As). As the most promising complexes to decompose in order to 

achieve the desired nanoscopic matter, the two literature known compounds [CH(C(Me)N(2,6-

iPr2C6H3))2]MP(SiMe3)2 (M = Ge (4-D), Sn(4-E)) and the novel [CH(C(Me)N(2,6-

iPr2C6H3))2]SnAs(SiMe3)2 (4-4) were studied. Previously, the heavier homologues of 4-D and 4-E 

[CH(C(Me)N(2,6-iPr2C6H3))2]MAs(SiMe3)2 (M = Ge (4-3), Sn(4-4)) were successfully synthesized and 

fully characterized (Figure 6-1 - 2).  

4-3 and 4-4 are prepared by the reaction of [CH(C(Me)N(2,6-iPr2C6H3))2]MCl (M = Ge, Sn) with 

LiAs(SiMe3)2, whereby 4-4 is achieved in good yields, while 4-3 can only be isolated in minor 

quantities amounts because of which 4-3 is discarded as single source precursor.  

                    

Figure 6-1 - 2: Left: Solid state structure of 4-3. Right: Solid state structure of 4-4. 

Therefore, only the tin analogon 4-4 was used in the hot injection nanoparticles tests with PA as 

starting material, leading to the formation of agglomerated spherical particles, which could not be 

separated. Nevertheless, the particles show an average size of 10 to 14 nm and a composition of 

mostly Sn4As3, proving the applicability of 4-4 for the synthesis of tin arsenide nanoscale material 

(Figure 6-1 - 3).  
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Figure 6-1 - 3: Left: TEM images of the nanoparticles formed during the decomposition of 4-4 with 1 eq. PA. 
Right: XRD diffractogram of the nanoparticles revealing a composition of Sn4As3. 

 

Beside 4-4, also the phosphorus compounds 4-D and 4-E were studied for their potential use in the 

synthesis of nanoparticles, which showed that the Ge compound 4-D is not a suitable precursor. 

Despite decomposing to the desired germanium phosphide Ge4P3 which could be proven by EDX, 

investigations using TEM analysis clearly displayed the absence of regular shaped and similar sized 

nanoparticles leading to the discard of 4-D (Figure 6-1 - 4).  

  

Figure 6-1 - 4: Left: TEM images of the decomposition of 4-D with 1 eq. PA (1 h). Right: EDX spectrum of the 

precipitate obtained from the decomposition of 4-D consisting of Ge4P3. 

On the other hand, its heavier homologue 4-E provided in the reactions with HDA very satisfactory 

results as the complex not only decomposes to Sn4P3 as required, but also forms agglomerated 

spherical nanoparticles with an average size of about 10 to 22 nm (Figure 6-1 - 5).  

 

Figure 6-1 - 5: Left: Nanoparticles from the reaction of 4-E with 0.5 eq. HDA (1 h). Right: XRD diffractogram of 
the reaction products of 4-E with a composition of Sn4P3. 
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In summary, the analyses performed in the course of the experiments show that both tin compounds 

[CH(C(Me)N(2,6-iPr2C6H3))2]SnE(SiMe3)2 (E = P (4-E), As (4-4)) are suitable and promising single 

source precursors for the synthesis of nanoparticles.  

Additionally to the synthesis of 4-3 and 4-4 which were especially prepared for their use as single 

source precursors, also basic reactivity studies were done using [CH(C(Me)N(2,6-iPr2C6H3))2]MCl (M = 

Ge, Sn) and the lithiated compound LiCH2SiMe3 as starting material. Those approaches led to the 

formation of [CH(C(Me)N(2,6-iPr2C6H3))2]MCH2SiMe3 (M = Ge (4-1), Sn (4-2)), that were fully 

characterized by NMR spectroscopy, mass spectrometry, elemental analysis and X-ray structure 

analysis (Figure 6-1 - 6).  

           

Figure 6-1 - 6: Left: Crystal structure of 4-1. Right: Solid state structure of 4-2. 

 

6.1.3. Single source precursors containing phosphorus, zinc and gallium 

Zinc phosphide precursors 

As nanoscale Zn2P3 is thought to be a promising material for future photovoltaic application easy and 

non-toxic synthetic methods like the single source precursor approach are very attractive raising the 

interest in the preparation novel zinc phosphorus compounds useful for the decomposition to 

nanoparticles. Here, the focus is on the synthesis of a new family of zinc complexes stabilized by a 

variable benzamidinato ligand which might be convertible into P containing precursors. Thus, the 

isolation of three different Zn compounds [PhC(NtBu)2]2Zn (5-1-1), {[PhC(NtBu)2]Zn2Br3}n  (5-1-2) and 

[PhC(NtBu)2]H · ZnBr2 (5-1-3) was successful, of which the reaction of the latter with LiP(SiMe3)2 

results in {Zn[P(SiMe3)2]2}2 (5-1-C).  

While 5-1-1 can be obtained by mixing one eq. tBuN=C=NtBu, one eq. PhLi and one eq. ZnBr2, the 

polymeric 5-1-2 is the unexpected product of the reaction of one eq. tBuN=C=NtBu with one eq. PhLi 

and two eq. ZnBr2 (Figure 6-1 - 7 top). Because both of the more obvious approaches didn’t lead to a 

monomeric zinc bromine complex, [PhC(NtBu)2]Li, the product of the reaction of tBuN=C=NtBu and 

PhLi, was isolated and then reacted in a 1:1 stoichiometry with ZnBr2. However, due to traces of water 

that could not be avoided, the reaction resulted in compound 5-1-3 (Figure 6-1 - 7 bottom left) which 

was then mixed with LiP(SiMe3)2 in order to obtain a precursor for zinc phosphide nanoparticles. The 
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achieved product is the literature known species 5-1-C, that was already thermally decomposed by the 

authors of the corresponding publication who did not get the desired Zn2P3. As the crystal structure of 

5-1-C was previously determined at room temperature, it was now possible to detect a phase 

transition at 137 K while performing the X-ray analysis at low temperatures (Figure 6-1 - 7 bottom 

right).  

                                   

 

                                                     

 

Figure 6-1 - 7: Crystal structure of 5-1-1, 5-1-2, 5-1-3 and 5-1-C.  

 

Preliminary investigations for the usage of [CH(C(Me)N(2,6-iPr2C6H3))2]Ga(PH2)2 in nanoparticle 

synthesis 

Also, studies concerning the preparation of GaP nanoparticles were realized using the gallium 

compound [CH(C(Me)N(2,6-iPr2C6H3))2]Ga(PH2)2 (5-2-B) which was initially synthesized and 

characterized by Susanne Bauer. The experiments were performed similar to those described in 

chapter 4.4 with HDA and PA as decomposing and stabilizing agents.  

Unfortunately, it was not possible to obtain any nanocorpuscles (Figure 6-1 - 8), yet, the EDX analyses 

of the precipitate revealed the desired composition of GaP with a slight excess of Ga.  

 

Figure 6-1 - 8: TEM image of the precipitate of reaction of 5-2-B with 1 eq. HDA.  

5-1-1 5-1-2 

5-1-3 5-1-C 
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6.2. German version – Zusammenfassung  

Zusammenfassend stellt die vorliegende Arbeit eine Reihe von möglichen single-source-Precursoren 

zur Synthese von Pnictogenid-Nanopartikeln der Gruppe 14 (MxEy mit M = Ge, Sn; E = P, As) vor, die 

von einem β-Diketiminato-Liganden stabilisiert werden, welche leicht durch saure oder basische 

Reagenzien unter milden Bedingungen entfernt werden können. Darüber hinaus konnten fünf neue 

Verbindungen charakterisiert werden, die eine seltene Silicium-Arsen-Doppelbindung mit einem 

koordinierenden Benzamidinatoliganden aufweisen. Außerdem wurden erfolgreich Untersuchungen 

zur Herstellung und Reaktivität bisher unbekannter Benzamidinato-Zinkkomplexe durchgeführt.  

6.2.1. Fünf neuartige Arsasilen-Komplexe 

Gemäß der von Driess et al. berichteten Reaktion von [PhC(NtBu)2]SiCl und LiP(SiMe3)2 ergab die 

Durchführung einer einfachen Eintopfsynthese von [PhC(NtBu)2]SiCl mit LiAs(SiMe3)2 die Bildung von 

[PhC(NtBu)2]Si(SiMe3)=As(SiMe3) (3-1) (Abbildung 6-2 - 1 oben links). Studien über das 

Reaktionsverhalten der beiden Ausgangsmaterialen gegenüber Wasser und Sauerstoff führten zur 

Isolierung des Hydrolyseprodukts [PhC(NtBu)2]Si(H)=As(SiMe3) (3-2) sowie des Oxidationsprodukts 

[PhC(NtBu)2]Si(OSiMe3)=As(SiMe3) (3-5) (Abbildung 6-2 - 1 oben Mitte und rechts). Hingegen war es 

nicht möglich, die Bildung der Spezies {[PhC(NtBu)2]Si}2=AsSiMe3 (3-3) und 

{[PhC(NtBu)2]Si=AsSiMe3}2 (3-4) zu reproduzieren, die in Reaktionen zur Verbesserung der Ausbeute 

von 3-1 als Nebenprodukte erhalten wurden (Abbildung 6-2 - 1 unten).  

               

 

            

 

Abbildung 6-2 - 1: Kristallstrukturen von 3-1, 3-2, 3-3, 3-4 und 3-5.  

3-1 3-2 3-5 

3-3 3-4 



 
150 

 

3-1 wurde aus der Reaktion von [PhC(NtBu)2]SiCl mit LiAs(SiMe3)2 dargestellt und durch NMR-

Spektroskopie, EI-Massenspektrometrie und Röntgenanalyse vollständig charakterisiert, wobei die 

Reaktionsmischungen im Falle von letzterem permanent auf –80°C gekühlt werden mussten, um 

geeignete Kristalle zu erhalten. 3-2 konnte durch Zugabe einer genau definierten Menge Wasser zu 

den Reaktionslösungen (H2O:[PhC(NtBu)2]SiCl:LiAs(SiMe3)2 = 1:5:5) erhalten werden, welche 

allerdings nicht überschritten werden darf, um eine Zersetzung zu vermeiden. 3-2 wurde ebenfalls 

vollständig charakterisiert, wobei zusätzlich die Si-H-Kopplung im 1H-NMR-Spektrum ebenso wie im 

29Si-NMR-Spektrum eindeutig nachgewiesen wurde. Ähnlich wie bei 3-2 muss eine stöchiometrische 

Menge an (SiMe3)2O2 zu einer Lösung von [PhC(NtBu)2]SiCl und LiAs(SiMe3)2 zugegeben werden, um 

die Verbindung 3-5 zu erhalten (Schema 6-2 - 1). Im Falle von 3-3 und 3-4 wurden nur wenige 

Kristalle als Nebenprodukte bei der Synthese von 3-1 erhalten. Nur 3-4 konnte durch Festkörper-EI-

Massenspektrometrie zusätzlich charakterisiert werden.  

 

 

Schema 6-2 - 1: Überblick über die Darstellung der Arsasilene 3-1 bis 3-5. 

Es wurden zudem einige Untersuchungen zur Reaktivität von 3-1 unternommen, insbesondere 

Experimente, ob sich 3-1 in 3-2 und 3-5 überführen lässt. Es war jedoch nicht möglich, die beiden 

letzteren auf einem anderen Weg darzustellen als in Schema 6-2 - 1 gezeigt. Zusätzlich wurden VT-

NMR-Untersuchungen durchgeführt, um mechanistische Details der Bildung von 3-1 aufzuklären und 

möglicherweise Hinweise auf die Bildung des Arsenanalogons des von Driess et al. berichteten 

[PhC(NtBu)2]SiP(SiMe3)2 zu erhalten, was nicht jedoch erfolgreich war. Stattdessen wurden Kristalle 

des von Scheer et al. beschriebenen {{PhC(NtBu)2]SiAs}2 3-F mit einer bis dato unbekannten 

Elementarzelle aus der thf-d8-Lösung isoliert. 
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6.2.2. Nanopartikeldarstellung unter der Verwendung der β-Diketiminato-Komplexe 

[CH(C(Me)N(2,6-iPr2C6H3))2]ME(SiMe3)2 (M = Ge, Sn; E = P, As) 

Wie bereits in den Kapiteln 1.3.7 und 4.2 beschrieben, bestehen zahlreiche Möglichkeiten zur 

Verwendung von Nanopartikeln und insbesondere das noch kaum erforschte nanoskalige Material mit 

Elementen der Gruppen 14 und 15 könnte interessante Eigenschaften aufweisen. Ganz allgemein 

lassen sich Nanopartikel auf verschiede Weisen darstellen, wobei entweder von einem bulk-Material 

(Top-down-Methoden wie etwa Mahlen in Kugelmühlen) oder von Atomen und Molekülen (Bottom-Up-

Herangehensweise) ausgegangen wird. Im Falle von letzterem nutzt die Hot-injection-Methode das 

Lösen des Ausgangsmaterials in hochsiedenden und manchmal koordinierenden Lösungsmitteln, 

gefolgt von schnellem Aufheizen, um die Precursoren zu zersetzen und dadurch Nanopartikel zu 

bilden. Wird dabei für jede Komponente der entstehenden Nanopartikel eine eigene 

Ausgangsverbindung verwendet, spricht man vom Multi-source-precursor-Ansatz. Im Gegensatz dazu 

nutzt die Single-source-precursor-Methode Moleküle, in denen alle Komponenten des späteren 

Partikels bereits vorliegen. Dadurch ergeben sich einige Vorteile, wie etwa milde 

Reaktionsbedingungen und die Vermeidung von flüchtigen und/oder pyrophoren Substanzen, sodass 

die Synthese der single-source-Precursor und deren Nutzung als Ausgangsprodukte zur Herstellung 

von MxEy-Nanokpartikeln (M = Ge, Sn; E = P, As) die Methode der Wahl war. Dabei schienen die 

beiden literaturbekannten Verbindungen [CH(C(Me)(2,6-iPr2C6H3))2]MP(SiMe3)2 (M = Ge (4-D), Sn (4-

E)) sowie das neuartige [CH(C(Me)N-(2,6-iPr2C6H3))2]SnAs(SiMe3)2 (4-4) äußerst vielversprechend für 

die Zersetzung in die gewünschten nanoskopischen Substanzen zu sein. Zuvor wurden jedoch die 

schwereren Homologen von 4-D und 4-E [CH(C(Me)N(2,6-iPr2C6H3))2]MAs(SiMe3)2 (M = Ge (4-3), Sn 

(4-4)) erfolgreich synthetisiert und vollständig charakterisiert (Abbildung 6-2 - 2).  

4-3 und 4-4 wurden dabei durch die Reaktion von [CH(C(Me)N(2,6-iPr2C6H3))]MCl (M = Ge, Sn) mit 

LiAs(SiMe3)2 dargestellt, wobei 4-4 in guten Ausbeuten erhalten werden konnte, während 4-3 in nicht 

ausreichenden Mengen isolierbar war, weshalb 4-3 als möglicher single-source-Precursor nicht in 

Betracht gezogen wurde.  

                    

Abbildung 6-2 - 2: Links: Kristallstruktur von 4-3. Rechts: Molekülstruktur von 4-4. 

Daher wurde nur das Zinn-Analogon 4-4 in den Nanopartikel-Tests verwendet. Dabei wurden alle 

Experimente gemäß der hot-injection-Methode in Mesitylen bei einer Gesamtreaktionszeit von 1 h 

oder 24 h und einer Temperatur von 150 ° C durchgeführt. Im Fall von 4-4 führten diese Ansätze zur 

Bildung agglomerierter, sphärischer Teilchen, die allerdings nicht separierbar waren. Nichtsdestotrotz 

zeigen die Partikel eine durchschnittliche Größe von 10 bis 14 nm und eine Zusammensetzung von 

hauptsächlich Sn4As3 (Abbildung 6-2 - 3), was zeigt, dass 4-4 gut geeignet ist, um Zinnarsenid-

Nanopartikel darzustellen. 
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Abbildung 6-2 - 3: Links: TEM-Aufnahmen der aus der Zersetzung von 4-4 mit 1 äq. PA erhaltenen Nanopartikel. 

Rechts: XRD-Diffraktogramm der Partikel mit einer Zusammensetzung von Sn4As3. 

Neben 4-4 wurden auch die Phosphorverbindungen 4-D von Driess und 4-E von Fulton auf ihre 

Eignung für die Synthese von Nanopartikeln hin untersucht, wobei sich ergab, dass die Ge-

Verbindung 4-D kein geeigneter Precursor ist. Trotz der Zersetzung zum gewünschten 

Germaniumphosphid Ge4P3, welches durch EDX-Analyse nachgewiesen werden konnte, zeigten 

Untersuchungen mit TEM-Analyse deutlich, dass keine regelmäßig geformten Nanopartikel von 

ähnlicher Größe vorhanden waren (Abbildung 6-2 - 4), was dazu führte, dass 4-D als potentieller 

single-source-Precursor verworfen wurde.  

  

Abbildung 6-2 - 4: Links: TEM-Aufnahmen der Zersetzung von 4-D mit 1 äq. PA (1 h). Rechts: EDX-Spektrum 
des aus der Zersetzung von 4-D erhaltenen Niederschlags mit einer Zusammensetzung von Ge4P3. Die 
durchgeführten XRD-Analysen ergaben einen amorphen Feststoff. 

Das schwerere Homologe 4-E lieferte dagegen in den Reaktionen mit HDA sehr zufriedenstellende 

Ergebnisse, da der Komplex nicht nur wie erforderlich agglomerierte sphärische Nanopartikel mit einer 

durchschnittlichen Größe von etwa 10 bis 22 nm bildet, sondern auch zu Sn4P3 zerfällt (Abbildung 6-2 

- 5).  

 

Abbildung 6-2 - 5: Links: TEM-Bild der Nanopartikel aus der Umsetzung von 4-E mit 0,5 äq. HDA (24 h). Rechts: 
XRD-Diffraktogramm der Produkte der Reaktion von 4-E mit einer Zusammensetzung von Sn4P3. 



 
153 

 

Zusammengefasst zeigen die im Verlauf der Experimente durchgeführten Analysen, dass die beiden 

Zinnverbindungen [CH(C(Me)N(2,6-iPr2C6H3))2]SnE(SiMe3)2 (E = P (4-E), As (4-4)) geeignete und 

vielversprechende molekulare Vorstufen für die Synthese von Nanopartikeln sind. 

Zusätzlich zu den Synthesen von 4-3 und 4-4, die speziell für ihre Verwendung als Precursor 

hergestellt wurden, wurden auch grundlegende Untersuchungen zur Reaktivität von [CH(C(Me)N(2,6-

iPr2C6H3)2]MCl (M = Ge, Sn) mit der lithierten Verbindung LiCH2SiMe3 durchgeführt. Diese Ansätze 

resultierten in der erwarteten Bildung von [CH(C(Me)N(2,6-iPr2C6H3))]MCH2SiMe3 (M = Ge  (4-1), Sn 

(4-2)), die vollständig durch NMR-Spektroskopie, Massenspektrometrie, Elementar- und 

Röntgenstrukturanalyse charakterisiert wurden (Abbildung 6-2 - 6).  

           

Abbildung 6-2 - 6: Links: Festkörperstruktur von 4-1. Rechts: Molekülstruktur von 4-2. 

 

6.2.3. Phosphor, Zink und Gallium enthaltende molekulare Vorstufen 

Zinkphosphid-Precursor 

Nanoskaliges Zn2P3 verspricht ein geeignetes Material für zukünftige photovoltaische Anwendungen 

zu sein, sodass einfache und ungiftige Synthesemethoden wie die der single-source-Precursor-

Methode sehr attraktiv scheinen und somit das Interesse an der Herstellung neuer 

Zinkphosphorverbindungen für die Zersetzung zu Nanopartikeln geweckt wird. In dieser Arbeit liegt 

nun der Fokus auf der Synthese einer neuen Familie von Zinkkomplexen, stabilisiert durch einen 

vielseitigen Benzamidinatoliganden, die in P-haltige Vorstufen umgewandelt werden können. So war 

es möglich, die drei Zn-Verbindungen [PhC(NtBu)2]2Zn (5-1-1), {[PhC(NtBu)2]Zn2Br3}n (5-1-2) und 

[PhC(NtBu)2]H · ZnBr2 (5-1-3) erfolgreich darzustellen, wobei letzteres in der Reaktion mit LiP(SiMe3)2 

zur Bildung von {Zn[P(SiMe3)2]2}2 (5-1-C) führt. 

Während 5-1-1 erhalten werden kann, indem ein äq. tBuN=C=NtBu, ein äq. PhLi und ein äq. ZnBr2 zur 

Reaktion gebracht werden, ist das polymere 5-1-2 das unerwartete Produkt der Reaktion von einem 

äq. tBuN=C=NtBu und einem äq. PhLi mit zwei äq. ZnBr2 (Abbildung 6-2 - 7 oben). Da diese beiden 

naheliegenden Ansätze nicht zu einem monomeren Zinkbromidkomplex führten, wurde das 

Intermediat der Umwandlung von tBuN=C=NtBu und PhLi [PhC(NtBu)2]Li zunächst isoliert und dann 

1:1 mit ZnBr2 umgesetzt. Die Reaktion ergab allerdings durch Spuren von Wasser, die sich nicht 

vermeiden ließen, die Verbindung 5-1-3 (Abbildung 6-2 - 7 unten links), welche dann mit LiP(SiMe3)2 

zu einem potentiellen Vorläufer für Zinkphosphid-Nanopartikel reagierte. Das erzielte Produkt ist die 
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literaturbekannte Spezies 5-1-C, die von den Autoren der entsprechenden Publikation bereits 

thermisch zersetzt wurde, wobei aber nicht das gewünschte Zn2P3 erhalten werden konnte. Da die 

Kristallstruktur von 5-1-C zuvor bei Raumtemperatur bestimmt wurde, war es nun möglich, bei der 

Durchführung der Röntgenstrukturanalyse bei tiefen Temperaturen einen Phasenübergang bei 137 K 

zu beobachten (Abbildung 6-2 - 7 unten rechts).  

                  

 

                                  

 

Abbildung 6-2 - 7: Kristallstrukturen von 5-1-1, 5-1-2, 5-1-3 und 5-1-C.  

 

Voruntersuchungen zur Verwendung von [CH(C(Me)N(2,6-iPr2C6H3))2]Ga(PH2)2 in der 

Nanopartikelsynthese 

Abschließend wurde eine Studie zur Herstellung von GaP-Nanopartikeln unter Verwendung der von 

Susanne Bauer erstmals synthetisierten und charakterisierten Galliumverbindung [CH(C(Me)N(2,6-

iPr2C6H3))2]Ga(PH2)2 (5-2-B) durchgeführt. Die Experimente wurden dabei analog zu der in Kapitel 4.4 

beschriebenen Vorgehensweise mit HDA und PA als Zersetzungs- und Stabilisierungsmittel 

durchgeführt. 

Obwohl es im Zuge dieser Experimente nicht möglich war, Nanopartikel zu erhalten (Abbildung 6-2 - 

8), zeigten die EDX-Analysen des gebildeten Niederschlags die gewünschte Zusammensetzung von 

GaP mit einem leichten Galliumüberschuss. 

5-1-1 5-1-2 

5-1-3 5-1-C 
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Abbildung 6-2 - 8: TEM-Aufnahme des Niederschlags aus der Reaktion von 5-2-B mit 1 äq. HDA. 
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7. Appendix  

7.1. List of numbered compounds 

Numbered 
compound 

Structural formula Crystal structure 

Starting material 

3-1 

 

- 

Synthesized during this thesis 

3-2 

 

 

3-3 

  

3-4 

 

 

3-5 

 

 

N

N

Si

tBu

Ph

tBu

Cl

N

N

Si

tBu

Ph

tBu

As

SiMe3

SiMe3

N

N

Si

N

Si N

Ph

Ph
As

As

SiMe3

SiMe3

tBu

tBu
tBu

tBu

N

N

Si

N

Si N

Ph

Ph

As

SiMe3

tBu

tBu

tBu

tBu

N

N

Si

tBu

Ph

tBu

As

SiMe3

H
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3-6 

 

 

3-F 
Already 
known in 
literature 

 

 

 
Starting material 

4-A 

 

- 

4-B 

 

- 

Ligand used 

L3 

 

- 

Synthesized during this thesis 

4-1 

 

 

N

N

Si

tBu

Ph

tBu

As

SiMe3

O

SiMe3

N

N

Si

As

Si

As

N

N

tBu

Ph

tBu

tBu

Ph

tBu

N

Ge

N

dipp

dipp

Cl

N

Sn

N

dipp

dipp

Cl

N N

Me

dipp

Me

dipp

N

Ge

N

dipp

dipp

C
H2

SiMe3
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4-2 

 

 

4-3 

 

 

4-4 

 

 
Starting material 

5-1-E 

 

- 

Synthesized during this thesis 

5-1-1 

 
 

5-1-2 

  

N

Sn

N

dipp

dipp

C
H2

SiMe3

N

Ge

N

dipp

dipp

As

SiMe3

SiMe3

N

Sn

N

dipp

dipp

As

SiMe3

SiMe3

N

N

LiPh

tBu

tBu

N

N

Zn

N

N

Ph

tBu tBu

Ph

tButBu

N N

Ph

tBu tBu

Zn Zn

Br
Br

Br

Zn

N N

Zn

Ph

tBu tBu

Br

Br
Br

n
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5-1-3 

 

 

5-1-C 
Already 
known in 
literature 

 
 

Starting material 

5-2-B 

 

- 

 

7.2. List of Abbreviations 

NMR Spectroscopy 

NMR Nuclear Magnetic Resonance 

δ chemical shift 

ppm part per million 

Hz Hertz, s−1 

J coupling constant, Hz 

s singlet 

d doublet 

t triplet 

sept septet 

m mulitplet 

VT variable-temperature 

DEPT Distortionless enhancement by polarization transfer 

Solvents and other chemicals 

THF Tetrahydrofurane  C4H8O 

Toluene C7H8 

Et2O Diethylether  C4H10O 

Mesitylene C9H12 

HDA Hexadecylamine C16H35N 

PA Palmitic acid C16H32O2 

N

N

Ph

tBu

ZnBr2

H

tBu

P

Zn

P

Zn
P

P

SiMe3

Me3Si

SiMe3

Me3Si

Me3Si

SiMe3

SiMe3Me3Si

N

Ga

N

dipp

dipp

PH2

PH2
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Mass Spectrometry 

MS Mass Spectrometry 

[M]+ molecular ion peak 

m/z mass to charge ratio 

LIFDI liquid injection field desorption ionization 

EI electron ionization 

Electron microscopy and related analytic methods 

TEM Transmission electron microscope 

SEM Scanning electron microscope 

AFM Atomic force microscope 

STM Scanning tunnel microscope 

EDX Energy dispersive X-ray spectroscopy 

XRD Powder X-ray diffraction 

Substituents 

Ph Phenyl, -C6H5 

dipp 2,6-diisopropylphenyl 

R organic substituent, specified in text 

Me Methyl, -CH3 

tBu tert-Butyl, -C4H9 

Other 

Å Angstroem 1 Å = 1∙10−10 m 

T Temperature  [K] or [°C] 

c Concentration [mol · L−1] 

n Amount of substance [mol] 

ν Wavelength [nm] 

d Distance [Å] 

∢ Angle [°] 

r.t. room temperature 

eq. Equivalent 

M metal, specified in text 

E group 15 element 

NP Nanoparticle 

UV 
Ultraviolet range of the light spectrum 

ν = 100 – 380 nm 

VIS 
Visible range of the light spectrum 

ν = 380 – 740 nm 

FT-IR Fourier-transform infrared 
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