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Summary  
 

Polymers with covalently bonded metal atoms in their backbone are of potential 

interest, because of their expected electrical activity. As far as we are aware, such 

polymers are known only with the element tin. Until now, however, such polymers, 

generally referred as polystannanes, have not been synthesized in pure form, most 

often they comprised cyclic products, and have been only poorly characterized.  

 

In this work, attention was first directed to develop a synthetic route for strictly linear 

polystannanes. This objective was successfully met with a facile dehydropolymerization 

of dialkytin dihydrides with the Wilkinson’s catalyst, which was found to be the most 

effective of 30 compounds examined. This convenient, rapid and high-yield synthesis 

was employed to produce a variety of polystannanes comprising different side groups. 

The monomer precursors, monomers and polymers were conveniently analyzed with 
1H, 13C and 119Sn NMR spectroscopy to determine purity and degree of conversion. The 

polymers synthesized were of a yellow color, featured consistencies that ranged from 

soft to honey-like, number average molar masses of 10 to 70 kg/mol and a 

polydispersity of 2 – 3.  

 

By variation of the catalyst concentration the molar masses of the synthesized 

polymers could be adjusted. A strong influence of the temperature on the degree of 

conversion was observed. Determination of the molar mass at different degrees of 

conversion indicated that polymerization did not proceed according to a statistical 

condensation mechanism, but, likely, by growth onto the catalyst, probably by a 

stannylen insertion.  

 

The poly(dialkylstannane)s were found to be thermotropic and displayed first-order 

phase transitions from one liquid-crystalline phase into another or directly to the 

isotropic state, depending on the length of the side groups. By contrast,  

poly(di(ω-alkylphenyl)stannane)s only featured a glass transition at low temperatures. 

More specifically, poly(dibutylstannane) showed an endothermic phase transition at 

~ 0 °C from a rectangular to a pure nematic phase, as determined by X-ray diffraction.  
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As expected, polystannanes were semi-conductive, temperature-dependent, time-

resolved pulse radiolysis microwave conductivity measurements of 

poly(dibutylstannane) yielded values of charge-carrier mobilities of 0.1 to 0.03 cm2 V-1 s-1, 

which are similar to those found for π-bond-conjugated carbon-based polymers. Even 

simple temperature-dependant two point conductivity measurements permits to 

unveil the semi-conducting properties of poly(di(3-propylphenyl)stannane).  

 

The liquid-crystalline characteristics of the poly(dialkylstannane)s permitted facile 

orientation of these macromolecules, for instance, by mechanical shearing, 

crystallization from solution onto oriented poly(tetrafluoroethylene) friction-transfer 

layers or tensile drawing of blends with poly(ethylene). Interestingly, 

poly(dialkylstannane)s with short side groups invariably arranged parallel to the 

external orientation direction, while the polymers with longer side groups had a 

tendency to order themselves perpendicular to that axis.  

 

Finally, a detailed study was conducted to investigate the environmental stability of the 

polystannanes synthesized in this work. Unfortunately, the polymers, like many  

semi-conducting polymers, rapidly degraded when exposed to light. Remarkably, it was 

established that not the high-energy UV light was responsible for the decomposition of 

these materials, but daylight (350-550 nm). When the polystannanes were exposed to 

ambient, the polymers not only oxidized, but also appeared to break up into oligomers, 

which apparently cross-linked with each other. 
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Zusammenfassung 
 

Polymere mit kovalent gebundenen Metallatomen im Polymerrückgrat könnten für 

viele Anwendungen interessant sein. Von solchen Verbindungen wird zum Beispiel 

elektrische Aktivität erwartet. So weit wir wissen, sind entsprechende Polymere bis 

anhin nur mit Zinn erwähnt worden. Trotz einiger Bemühungen konnten solche 

Polymere mit Zinn im Polymerrückgrat (Polystannane) bis jetzt nie rein hergestellt 

werden. Meistens entstanden Gemische von linearen und zyklischen Produkten, die nur 

spärlich charakterisiert wurden.  

 

Die Hauptaufmerksamkeit dieser Arbeit galt deshalb der Entwicklung einer Synthese 

zur Herstellung von reinen linearen Polystannanen. Dies gelang mit Hilfe einer 

katalytischen Dehydropolymerisation von Dialkyzinndihydriden mit dem Wilkinson 

Katalysator, als effektivstem von 30 untersuchten Verbindungen. Diese einfache, 

schnelle und in gutem Umsatz ablaufende Synthese erlaubte eine Vielzahl 

verschiedener Polystannane mit unterschiedlichen Seitenketten herzustellen. Die 

verschiedenen Materialeigenschaften der synthetisierten Polymere wurden 

charakterisiert und vergleichen. Die Monomer-Vorstufen, Monomere und Polymere 

liessen sich auf einfache Weise mittels 1H, 13C and 119Sn NMR Spektroskopie auf Reinheit 

und Umsatz charakterisieren. Die synthetisierten Polymere zeigten alle eine markante 

gelbe Färbung, waren von weicher bis honigartiger Konsistenz, besassen ein 

Zahlenmittel der molare Masse zwischen 10 und 70 kg/mol und eine Polydispersität 

von 2 - 3.  

 

Durch Variation der Katalysatorkonzentrationen liess sich die molare Masse der 

synthetisierten Polymere einstellen. Bemerkenswert war ferner der markante Einfluss 

der Temperatur auf den Umsatz. Durch Messungen der molaren Masse bei 

verschiedenen Umsätzen konnte ein statistischer Kondensationsmechanismus als 

Polymerisationsart ausgeschlossen werden. Das Polystannanmolekül muss aus diesem 

Grund am Katalysator, vermutlich via Stannyleninsertion, wachsen.  

 

Poly(dialkylstannan)e sind thermotrop und zeigen Phasenübergänge erster Ordnung 

von flüssigkristallinen Phasen in eine Andere oder direkt zu isotropen Phasen, je nach 
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Länge der Seitengruppen. Im Gegensatz dazu haben Poly(di(ω-alkylphenyl)stannan)e 

Glasübergänge zweiter Ordnung bei tiefen Temperaturen.  

Im Speziellen, zeigt Poly(dibutylstannan) einen endothermen Phasenübergang bei  

ca. 0 °C von einer rechteckigen nematischen Phase zu einer reinen nematischen Phase, 

welche mit Röntgenanalyse erfasst werden konnte.  

 

Wie angenommen, zeigen diese Polystannane Halbleiter-Eigenschaften. 

Ladungsträger-Mobilitäten von 0.1 bis o.03 cm2 V-1 s-1 in Poly(dibutylstannan) konnten 

mittels temperaturabhängiger, zeitaufgelöster Puls-Radiolyse Mikrowellenleitfähigkeit 

gemessen werden. Diese Werte sind vergleichbar mit denen von organischen  

π-konjugierten Polymeren, die mit der gleichen Methode gemessen wurden. Sogar 

mittels simpler temperaturabhängiger Zweipunkt-Leitfähigkeitsmessungen konnten 

die Halbleiter-Eigenschaften von Poly(di(3-propylphenyl)stannan)e erfasst werden.  

 

Die flüssigkristallinen Eigenschaften dieser Materialien lassen sich einfach nutzen, um 

orientierte Proben herzustellen. Verschiedene Methoden lassen sich zur Orientierung 

dieser Makromoleküle anwenden, wie zum Beispiel mechanisches Verstreichen, 

kristallisieren aus der Lösung auf einer vororientierten Poly(tetraflorethylen)-

Oberfläche oder durch Verstrecken eines Verbundwerkstoffes mit Poly(ethylen). 

Interessanterweise lassen sich Poly(dialkylstannan)e mit kurzen Seitenketten immer in 

Richtung der externen Orientierungsrichtung anordnen, während Polystannane mit 

langen Seitengruppen die Tendenz haben, sich senkrecht zur vorgegebenen 

Orientierungsachse anzuordnen. 

 

Zum Schluss wurde eine detaillierte Studie über die Stabilität der synthetisierten 

Polystannane  gegenüber der Umwelt durchgeführt. Unglücklicherweise zeigten die 

Polystannane, wie die meisten polymeren Halbleiter, schlechte Lichtbeständigkeit. 

Interessanterweise ist nicht das hochenergetische UV-Licht für den Abbau dieser 

Polymere zuständig, sondern Tageslicht (350-550 nm). Als Feststoff reagiert 

Polystannan mit Luftsauerstoff und oxidiert, jedoch scheint das Polymer nicht nur zu 

einer niedermolekularen Verbindung abgebaut zu werden, sondern vielmehr auch zu 

vernetzten Strukturen. 
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Résumé 
 

Un intérêt tout particulier a été porté aux polymères dont la chaîne principale est formée 

par des atomes métalliques au travers de liaisons covalente et cela en raison de leur 

activité électrique. Pour autant que nous le sachions, de tels polymères avec de l’étain 

dans la chaîne principale, couramment appelés polystannanes, n’ont pu être à ce jour 

synthétisé en forme pure et la plupart des mélanges de produits cycliques et linéaires 

obtenus ne furent qu’insuffisamment caractérisés. 

 

L'objectif principal de ce travail a été par conséquent de développer une synthèse visant à 

la fabrication de polystannanes linéaires pures. Parmi les 30 composés testés, le 

catalyseur Wilkinson s’est relevé être le plus performant pour la polymérisation 

catalytique des l’hydrures d’étain. Cette synthèse, simple, rapide et à haut degré de 

conversion a rendu possible la fabrication et la comparaison d’une multitude de 

polystannanes avec différents groupes latéraux. Les précurseurs, les monomères et les 

polymères analysés à l’aide de spectroscopie RMN 1H, 13C et 119Sn afin de déterminer leurs 

pureté et le degré de conversion. Les polymères synthétisés étaitent tous jaunes, de 

consistance molle à mielleuse et ayant une masse molaire moyenne entre 10 et 70 kg/mol 

et une polydispersivité de 2 à 3. 

 

Nos recherches indiquent que la masse molaire des polymères synthétisés peut être 

ajustée par variation de la concentration du catalyseur, et que la température à une 

influence significative sur la conversion. Les mesures de la masse molaire à différents 

taux de conversion permettent d’exclure un mécanisme de polymérisation par 

condensation statistique et soutiennent la thèse de la croissance sur le catalyseur par 

insertion de stannylènes. 

 

Les poly(dialkylstannane)s sont thermotropes et se distinguent par des transitions de 

phases de premier ordre passant d’une phase liquide cristalline à une autre ou 

directement à une phase isotrope, selon la longueur des groupes latéraux. Les  

poly(di(ω-alkylphenyl)stannane)s, en revanche, présentent seulement une transition 

vitreuse à basse température. Plus spécifiquement, des analyses cristallographique aux 

rayons-X confirment que les poly(dibutylstannane)s sont caractérisés par une transition 
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endotherme à ~ 0 °C passant d'une phase rectangulaire nématique à une phase 

purement nématique. 

 

Comme attendu, les polystannanes possèdent des caractéristiques semi-conductrices. La 

radiolyse d’impulsion de la conductivité micro-onde à différentes températures et 

résolutions temporelles a montré que les poly(dibutylstannane)s ont des valeurs de 

mobilité de porteur de charge de 0.1 à 0.03 cm2 V-1 s-1. Ces valeurs sont équivalentes à 

celles obtenues pour des polymères organiques semi-conducteurs. Même une simple 

mesure de conductivité à deux points montre les propriétés semi-conductrices du 

poly(di(3-propylphenyl)stannane). 

 

Les caractéristiques liquides cristallines des poly(dialkylstannane)s permettent une 

orientation facile de ces macromolécules, notamment par cisaillement mécanique, par 

cristallisation en solution sur une surface pré-orientée de poly(tétrafluoroéthylène) ou par 

étirement d’un composite avec du poly(éthylène). Curieusement, alors que les 

poly(dialkylstannanes) avec des groupes latéraux courts s’arrangent invariablement 

parallèlement à la direction d'orientation externe, ceux avec de longs groupes latéraux 

s’orientent perpendiculairement à cet axe. 

 

Pour terminer, une étude détaillée fut entreprise afin de déterminer la stabilité des 

polystannanes synthétisés au cours de ce travail. Malheureusement, ces polymères, 

comme beaucoup de polymères semi-conducteurs, se dégradent rapidement une fois 

exposés à la lumière. Il est à relever que ce n’est pas la lumière UV, mais la lumière du jour 

(350-550 nm), qui est responsable de la décomposition de ces matériaux. Exposés à l’air  

ambiant, les polystannanes non seulement s’oxydent mais il semble que la chaîne de 

polymères se réduise et tend à former des interconnections. 
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Introduction 

  
Tin (Sn) is a chemical element of the main group IV and is therefore located in same 

group as the elements carbon, silicon, germanium and lead. Tin is the fist metallic 

element in that group. It is a poorly malleable metal, that forms a transparent oxide 

layer at its surface and, therefore, hardly oxidizes in air.1 For this reason tin is often 

found in alloys or as a coating layer on metal surfaces to prevent corrosion.2, 3 As a result 

of the position between germanium and lead in the periodic table, tin displays 

oxidation numbers +2 and +4. Both frequently occur; for instance SnCl2 is a stable, 

somewhat hygroscopic compound. Compounds of the composition SnR2 (where R is an 

organic group, like an alkyl or an aryl) are highly reactive and behave similar to the 

carbenes known in carbon chemistry. These so called stannylenes SnR2, are known to 

recombine and from smaller or larger cyclo-oligostannanes.4   

 

Currently organotin compounds are often applied as hydrochloric acid scavengers or 

heat stabilizers in poly(vinylchloride),5-7 and also as biocides,7, 8 textile and wood 

preservatives,7, 9, 10 anti-fouling coatings,7 molluskicides,7 disinfectants,7 pesticides,7, 11 

polyurethane catalyst,7, 12 curing agents for polysiloxanes7 and as lubricants.7 However, 

because of their toxicity, organotin compounds are more and more banned from the 

above mentioned applications and increasingly being replaced by more ecologically 

friendly species.7, 13  

 

Similarities between the chemistry of Sn and carbon were recognized already in early 

times, and, accordingly, analogous reactions were performed with these elements.14-19 

The resulting compounds containing hydrocarbon groups bound to tin, refered to as 

organotin compounds or stannanes, were firstly described by Edward Frankland20 in 

1850 who synthesized diethyltindiiodide. Nowadays, initial organotin compounds are 

typically made from tin halides by Grignard reactions or transmetallation with organo 

aluminium, -lithium or -sodium compounds.16, 21, 22 Conversion of compounds of the 

composition R4Sn with tin halides yields by a comproportionation alkyltinhalogenides 

and these are typical starting materials for tin hydrides, tin oxides and tin 

hydroxides.7, 23-25 In the last years organotin compounds were further extensively used 

in organic chemistry for generating carbon-carbon bonds by a cross-coupling reaction 

catalyzed with palladium (Stille-reaction).26, 27 
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As far as we aware, tin is the only known metallic element that has been reported to 

form organo-metallic polymers comprising a backbone of metal atoms that are bonded 

to each other by covalent bonds. Such polymers, referred to as polystannanes, are 

expected to exhibit electronic activity, because of electron delocalization along the tin 

backbone.28  
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Figure 1-1: Schematic representation of a linear polystannane macromolecule.   

 

Remarkably, the first preparation of oligo- or polystannanes was published by Löwig 

already in 1852,29 only 2 years after Franklands report on the isolation of organotin 

compounds20 (considered to be the first publications on organotin compounds30, 31). 

Löwig29 prepared oligo- or polystannanes (Figure 1-1) by an exothermic reaction of 

iodoethane with a Sn/K or a Sn/Na alloy, in the presence of quartz sand which was 

used to control the reaction rate. After work-up of the reaction mixture, fractions of 

organotin compounds with elemental compositions close to those of 

oligo(diethylstannane)s or poly(diethylstannane) were obtained. Cahours obtained 

similar products and attributed the formation of the so-called stannic ethyl to a 

reaction of the Wurtz type (Scheme 1-1).32, 33 Interestingly, already in 1858, stannic ethyl 

was formulated as a polymeric compound denoted with the composition n(SnC4H5).34 In 

1917 Grüttner35, who reinvestigated results on hexaethyl-distannanes  

(H5C2)3Sn-Sn(C2H5)3 reported by Ladenburg36 in 1870 confirmed the presence of Sn-Sn 

bonds and predicated for the first time that tin could form chain like compounds. In 

1943, it was postulated that “diphenyltin” exists as a type of polymeric material 

because of its yellow color,37 and indeed a bathochromic shift of the wavelength at 
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maximum absorption with increasing number of Sn atoms was found later in the case 

of oligo(dibutylstannane)s comprising up to 15 Sn atoms.28, 38   
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Scheme 1-1: Three common synthesis routes used to prepare polystannanes: (1) polymerization of  tin 

dichlorides by Wurtz or Wurtz-like reactions, (2) electrochemical reactions and (3) catalytic 

dehydropolymerization of tin dihydrides, the method applied in this work. 

 

The Wurtz reaction is still used for the preparation of poly(dialkylstannane)s.39 

Treatment of dialkyltin dichlorides with sodium (Scheme 1-1) lead to polystannanes of 

high molar mass, however, in low yields and with formation of (cyclic) oligomers during 

the reactions.17, 40-45 Other synthetic efforts to prepare high molar mass polystannanes 

by electrochemical reactions (Scheme 1-1) 46, 47 or by catalytic dehydropolymerization of 

dialkylstannanes R2SnH2 (Scheme 1-1) 45, 48-51
 were also made. Unfortunately, frequently, 

the polymers prepared by those methods were not isolated and typically contained 

significant fractions of cyclic oligomers.  

 

Linear polystannanes are known to decompose in solution under the influence of light 

to cyclo-oligostannanes.45, 49 Therefore, cyclic oligostannanes appear to be 

thermodynamically more stable than linear polystannanes and polymers exist only for 

kinetic reasons. 
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Objective and Scope of Thesis 
 

The principal objective of this thesis was to develop a facile, reproducible route to 

prepare linear polystannanes free of cyclic oligomers in high conversion, which, in 

addition, allows the preparation of polystannanes with different side groups and to 

investigate their material properties, stability and ability to be oriented. Thus, Chapter 2 

deals with a facile, high-yield synthetic route to linear poly(dibutylstannane) of 

relatively high molar mass through catalytic dehydropolymerization of dibutylstannane 

with the catalyst [RhCl(PPh3)3]. In Chapter 3 the synthetic route described in chapter 2 is 

applied to create a variety of alkylstannanes (R2SnH2), with R = ethyl, propyl, butyl, 

pentyl, hexyl, octyl or dodecyl. The polymerization products were analyzed by 1H, 13C and 
119Sn NMR spectroscopy, IR spectroscopy and quantitative measurements of the H2 gas 

which evolved during the reaction. The isolated polystannanes were also characterized 

by X-ray scattering and thermal analysis, which permitted the detection and 

identification of thermal phase transitions. In Chapter 4 the electronic charge carriers 

mobility in poly(dibutylstannane), measured by pulse-radiolysis time-resolved 

microwave conductivity techniques (PR-TRMC) at different temperatures is described. 

The mobility of the charge carriers was measured above and below a characteristic 

phase transition.  Chapter 5 describes processing properties of poly(dialkylstannane)s. 

More specifically, orientation of polystannanes of different side group lengths with 

various methods was investigated. The films were characterized with UV-vis 

spectroscopy with polarized light, X-ray diffraction and polarization microscopy. The 

influence of the side group on the orientation of the polystannane backbone towards 

an externally driven orientation axis was studied. Chapter 6 deals with a 

comprehensive study on the stability of polystannanes in solution and in the bulk, 

revealing the high sensibility of polystannanes towards ambient. In Chapter 7 a new 

polystannane class is described, which contains aromatic rings in the side groups. The 

synthesis of these polystannanes with ω-alkylphenyl side groups and their properties, 

as well as the chemical and thermal analysis is described. Further, the conductivity of  

poly(di(3-propylphenyl)stannane)s was measured with temperature-dependent two 

point measurements. Finally general conclusions and a short outlook are presented in 

Chapter 8. 
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Parts of the results described in this thesis are based on publications, which have been 

published, submitted or will be submitted. 
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Chapter 2 

 

 

 

Facile Synthesis of 

Linear Poly(dibutylstannane) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract 
 

We present a facile, high-yield synthetic route to linear poly(dibutylstannane) of 

relatively high molar mass (Mw = 20 x 103 g/mol) through dehydropolymerization of 

dibutylstannane with the catalyst [RhCl(PPh3)3]. Unlike previously synthesized 

polystannanes, the present materials were entirely free of cyclic oligomers. A reversible 

phase transition was observed at a temperature of ~1 °C, which was found to be 

associated with a marked change in crystalline order. The material appeared to be in a 

liquid-crystalline-like state at room temperature and could be readily oriented by 

simple shearing processes, which resulted in highly ordered films. 
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Introduction 
 

Linear polymers of the type -(SnR2)-n (polystannanes) are of potential interest because 

of their semi-conducting nature.1  This class of materials has been synthesized by three 

different methods (see overview in Table 2-1): i) via the Wurtz reaction from 

dialkyldichlorostannanes and sodium, which was reported to be poorly reproducible2 

and gives rise to a significant fraction of cyclic oligomers;1-4 ii) electrochemical 

polymerization of dialkyldichlorostannanes yielding product comprising an unknown 

fraction of cyclic oligomers,5, 6 and iii) catalytic dehydropolymerization of 

dialkyldihydrostannanes, which so far has yielded mixtures containing a significant 

fraction of cyclic oligomers as byproducts that apparently could not be separated from 

the polymeric material.1, 7-14 Thus, an efficient synthesis of linear high-molecular-weigh 

polystannanes that are free of (cyclic) oligomers is still lacking, and, accordingly, 

relatively little is known about processing and materials properties of these interesting 

organometallic polymers.  

 

Here, we present a facile synthesis and selected characteristics of 

poly(dibutylstannane) that is free of detectable quantities of cyclic oligomers. This 

particular polystannane was selected as a model polymer, because its linear structure 

can be readily distinguished from cyclic oligomeric products with 1H NMR spectroscopy.1 

 

* Sn *n
 H HSnn

[RhCl(PPh3)3]

- n H2

 
 

 
Scheme 2-1: Synthesis of poly(dibutylstannane). 
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Table 2-1: Selected examples of preparation methods and characterization data of poly(dibutylstannane). 
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Experimental 
 

Synthesis of dibutylstannane (dibutyltin dihydride) 

A quantity of 60 g Bu2SnCl2 (Johnson Matthew, Zürich, Switzerland) was purified by 

dissolution in 300 ml pentane followed by precipitation upon cooling to -78 °C. The 

solids were collected by filtration, the purification procedure was repeated and the 

white product dried under vacuum (ca. 2 mbar) at room temperature over night, 

yielding 54.2 g (90 %). Subsequently, Bu2SnCl2 (typically 20 g) was converted to Bu2SnH2 

as described in the literature.1 The compound can be stored under argon in the dark at 

ca. 4 °C for weeks (under ambient conditions, a white precipitate was observed after a 

few hours). Elemental analysis (in % w/w, calculated values in brackets): C 40.52 

(40.89), H 8.21 (8.58). NMR analysis (in C6D6, room temperature, chemical shifts in ppm, 

coupling constants in Hz, t: triplet, q: quintet, se: sextet, m: multiplet): 1H: 0.83 (t, 6 H, 
3J(H,H) 7.4, CH3), 0.94 (t×t, 4 H, 3J(H,H) 7.8, 4J(H,H) 2.1, SnCH2-), 1.28 (se, 4 H, 3J(H,H) 6.9,  

-CH2CH3), 1.49 (m, 2H, SnCH2CH2-), 4.76 (q, 2H, 3J(H,H) 2.1, 1J(119Sn,H) 1675, 1J(117Sn,H) 1597). 
13C: 7.47, 14.15, 27.49, 31.03. 119Sn: -203.4. The spectra agree with those previously 

reported.1, 15 

 

Synthesis of poly(dibutylstannane) 

A quantity of 157 mg (0.17 mmol) of chlorotris(triphenylphosphine)rhodium(I) 

(Wilkinson’s catalyst) was placed in a Schlenk tube. The Schlenk tube was evacuated 

and flushed with argon three times before 46 ml of dichloromethane were added 

through a septum. The mixture was stirred for a few minutes in order to dissolve the 

catalyst completely. The reaction vessel was then wrapped with white soft tissue, 

which was subsequently surrounded with aluminum foil to protect the reaction 

mixture from ambient light. Thereafter, 2.00 g (5.7 mmol) Bu2SnH2 was added drop-

wise with a syringe to the stirred solution, whereupon a violent evolution of gas 

(supposedly hydrogen) begun, which slowed down after a few minutes. The reaction 

mixture was stirred for additional 2 h and then cooled for 1 h to -78 °C with an 

isopropanol/dry ice bath. The precipitated yellow polymer was collected under argon 

with a vacuum filter and washed with 40 ml cold (-78 °C) dichloromethane. The 

product was dried and stored protected from light in vacuum (ca. 2 mbar); yield 1.44 g 

(72 %). Elemental analysis (in % w/w, calculated values in brackets): C 40.82 (41.25),  

H 7.53 (7.79). For NMR data, see Table 2-2. 
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Table 2-2: NMR data for poly(dibutylstannane) and cyclic oligomers (in C6D6 at room temperature). 

Chemical shifts (δ) are given in ppm and coupling constants (J) in Hz.  

 

Experiment Literature1 

Nucleus Polymer 
Cyclic 
oligomer Polymer 

Cyclic 
oligomer Group 

t, 1.13 1) t, 1.03 1) t, 1.12 6) t, 1.02 6) CH3 

m, 1.62 m, 1.51 m, 1.60 - 1.63 m, 1.45 – 1.53 2 CH2 

1H 

m, 1.90 m, 1.81 m, 1.87 - 1.95 m, 1.77 – 1.83 CH2 

12.08 10.03 11.69 9.64 CH2 

14.38 14.40 14.00 14.00 CH3 

29.03 28.47 28.63 28.07 CH2 

13C 

34.02 33.77 33.62 33.37 CH2 

-190.5 2) -201.8 3), 4) -189.6 -200.9 3), 7) Sn 119Sn 

 -202.9 5)  -202.1 5) Sn 
 

1) 3J(H,H) 7.2 Hz; 2) J(Sn,Sn) 163.9Hz; 3) pentamer; 4) J(Sn,Sn) 454.2 Hz,  475.8 H
5) hexamer; 6) 3J(H,H) 7 Hz; 7) J(Sn,Sn) 466.6 Hz 
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Results and Discussion 
 

Linear poly(dibutylstannane) was synthesized at room temperature by 

dehydropolymerization of dibutylstannane with a catalyst under exclusion of ambient 

light (Scheme 2-1). In preliminary experiments, a number of transition metal 

compounds were explored as catalysts, including [RhCl(PPh3)3], [{Rh(cod)}2(μ-Cl)2], 

[Ni(cod)2], [Pd(PPh3)4], [ZrH2(cp)2], K2[Pd(CN)4]⋅3H2O, and K2[PdCl4]. Of those compounds, 

only [RhCl(PPh3)3] yielded polymer without a detectable amount of cyclic oligomers, 

and, therefore, the results reported below refer to materials synthesized with this 

particular catalyst. Upon addition of [RhCl(PPh3)3] to a solution of dibutylstannane, a 

gaseous product evolved immediately indicating that the polymerization started 

instantly. The final product, which was isolated and characterized by elemental analysis 

as described above, was soluble in common organic solvents such as benzene, 

dichloromethane and degassed tetrahydrofuran.  

 

Distinction between linear poly(dibutylstannane) and its cyclic oligomers can readily be 

made, as in the solvent C6D6  all signals in the 1H and 119Sn and most in the 13C NMR 

spectra significantly differ (Table 2-2, Figure 2-1). There was no evidence for the 

presence of cyclic products in all spectra of the polymers synthesized with [RhCl(PPh3)3], 

as illustrated by, for instance, the 119Sn NMR spectrum in Figure 2-1, in which only one 

signal arose that corresponded to the polymeric species. The satellites accompanying 

the main signal are most likely due to 117Sn-119Sn couplings (coupling constant 163.9 Hz). 

Such couplings are characteristic only for compounds with more than one tin atom. We 

are not aware that 119Sn-117Sn couplings have been previously reported for 

polystannanes; this is in contrast to cyclic oligostannanes which seem to exhibit higher 

coupling constants than the linear polymer, i.e. the 117Sn satellites in the 119Sn NMR 

spectra of the cycles are well separated from the main signal1, 15 while the satellites 

appear to be more difficult to resolve in the polystannanes. A value of 163.9 Hz is on the 

lower end of the range of 1J(119Sn-117Sn) reported so far (typically 250 – 13000 Hz). Since, 

remarkably, in multinuclear tin compounds 2J(119Sn-117Sn) can exceed 1J(119Sn-117Sn),15, 16 we 

cannot attribute the 119Sn-117Sn coupling of 163.9 Hz unambiguously to 1J(119Sn-117Sn) or 
2J(119Sn-117Sn). 
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Poly(dibutylstannane) was stable in the solid state under ambient conditions  for weeks 

(as concluded from NMR spectroscopy). Solutions of the polymer in d6-benzene did not 

show any degradation when stored in the dark for 1 d; however, after 1 h in ambient 

light the 1H, 13C and 119Sn NMR signals characteristic for poly(dibutylstannane) 

completely vanished and signals of cyclic oligomers (pentamer and hexamer) appeared 

instead (Figure 2-1). The latter observations are consistent with findings reported by 

other authors.1, 7  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2-1: 119Sn NMR spectra of cyclic dibutylstannane oligomers (a) and linear poly(dibutylstannane) (b). 

The oligomers were obtained by photochemical degradation of the polymer. 

 

UV/vis spectra displayed an absorption maximum at 382 nm (extinction coefficient 

3130 M-1cm-1), in agreement with the literature1 (NB: the extinction coefficient reported 

was calculated for a dimeric unit). 

 

The molar masses of the poly(dibutylstannane)s were estimated with gel permeation 

chromatography, using atactic-polystyrene standards for calibration.1, 7-10 At present, 

maximum values obtained for our polymers were Mn = 6 x 103 g/mol,  

Mw = 20 x 103 g/mol, which corresponds to linear chain molecules comprising of the 

order of n ≈ 85 Sn repeat units. These values are comparable with those of the high-

molar mass fractions in previously synthesized polymer/cyclic oligomer mixtures.1 

a

b
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Although the absolute values of the molar masses may differ considerably due to the 

calibration method, the polymeric nature of the product is not in dispute. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2-2: Differential scanning calorimetry (DSC) thermograms of poly(dibutylstannane) (nitrogen, 

heating rate 5 °C/min). The following peak transition temperatures were recorded: 0.2 °C during the first 

heating (8.9 J/g), -25.8 °C in first cooling (-9.2 J/g), 1.2 °C at second heating (10.1 J/g) and -25.4 °C at second 

cooling (-9.3 J/g). 

 

Thermogravimetric analysis (TGA), carried out under nitrogen at a rate of 5 °C/min, 

indicated that thermal decomposition of the polymer commenced at ca. 250 °C. Above 

320 °C, the mass remained constant at 30.6 % of the initial mass. This is less than the 

calculated Sn-content in poly(dibutylstannane) (51.0 %), indicating that volatile alkyl-tin 

compounds formed during decomposition.  

 

Differential scanning calorimetry (DSC) thermograms, recorded in the range of -50 °C 

to 120 °C, displayed a reversible endothermic transition around 1 °C (heating) and 

exotherm at about -25 °C (cooling, Figure 2-2). Variable-temperature wide-angle X-ray 

diffraction (WAXD) indicated that these transitions were associated with a distinct 

change in crystalline order (cf. Figure 2-3). The few, relatively sharp diffraction rings in 

the WAXD-pattern at room temperature (Figure 2-3 right) reveal that order is still 

present above the endothermic transition at ~1 °C. 
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+25 °C-25 °C
 

 
Figure 2-3: Wide-angle X-ray diffraction patterns of poly(dibutylstannane) cooled to -50 °C and thereafter 

heated to -25 °C (left) and at room temperature (right). 

 

 
 

Figure 2-4: Optical microscope image of an oriented film of poly(dibutylstannane) produced by shearing 

at room temperature; crossed polarizers, sample placed at an angle of  45 ° with respect to the polarizers. 
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Consistent with that observation, the samples were highly birefringent at room 

temperature, but, remarkably, displayed properties not unlike those of a viscous fluid. It 

would appear that above 1 °C the present polymer adopted a liquid-crystalline-like 

state. Upon cooling to -70 °C (5 °C/min) and subsequent heating to 120 °C, no striking 

change in birefringence was noted and no clearing temperature was observed. The 

above reference to a liquid-crystalline-type phase is corroborated by the fact that highly 

birefringent, oriented poly(dibutylstannane) films could easily be prepared simply by 

smearing a bulk sample on a glass slide (Figure 2-4), which is of obvious interest from a 

polymer processing and applications point of view. 
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Chapter 3 

 

 

 

Synthesis and Characterization of 

Linear Poly(dialkylstannane)s 
 

 

 

Abstract 
 

A comprehensive study was made of the synthesis of a spectrum of 

poly(dialkylstannane)s  by catalytic dehydropolymerization of dialkylstannanes 

(dialkyltin dihydrides, R2SnH2, prepared by reduction of R2SnCl2), with R = ethyl, propyl, 

butyl, pentyl, hexyl, octyl and dodecyl. The polymerization reactions were followed by  
1H and 119Sn NMR spectroscopy, IR spectroscopy (disappearance of the Sn-H vibration) 

and quantitative measurement of H2 which evolved during the reaction. Among the 

numerous metal complexes employed as catalyst, [RhCl(PPh3)3] was found to be 

particularly suited for the preparation of these polymers. The reaction parameters 

temperature, solvent, R2SnH2 concentration and [RhCl(PPh3)3]/R2SnH2 ratio were varied, 

with the most prominent influence on the monomer conversion arising from variation 

of the  reaction temperature. The number-average molar masses of the polymers were 

in the range of 1·104 – 1·105 g/mol, depending on the reaction conditions. For the generic 

case of the polymerization of Bu2SnH2 with [RhCl(PPh3)3] as catalyst, it was 

demonstrated that poly(dibutylstannane) did not form by a random polycondensation, 

but by growth at a rhodium complex, whereat only a minor part of [RhCl(PPh3)3] was 

converted to catalytically active species by reaction with tin hydrides. The polymers 

featured phase transitions into liquid-crystalline states, on occasion at remarkably low 

temperatures. A particularly high phase transition temperature was observed for 

poly(dipropylstannane), which also featured a high density, indicative of a specifically 

favorable packing of the propyl groups. 
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Introduction 
 

Polystannanes, i.e. polymers of the composition (SnR2)n, belong to the rare examples of 

polymers that comprise a backbone of covalently bonded metal atoms and are worth 

exploring already for that reason. As far as we are aware, compounds with the chemical 

composition of oligo- or polystannanes were prepared first by Löwig in 1852.1 In an 

exothermic reaction, iodoethane (ca. 1/16 pound) was converted with a Sn/K or a Sn/Na 

alloy (ca. 4 Loth, i.e. 60 – 70 g); Sn/Na was found to be more suited for the reaction, in 

particular at a Sn:Na ratio of 6:1 m/m), in the presence of quartz sand (1 – 1.5 parts per 

part of Sn/Na alloy) which was used to control the reaction rate.1 After evaporation of 

volatile components, extraction and segregation procedures using diethyl ether and 

absolute ethanol, several fractions were collected which contained substances with 

elemental compositions close to those of oligo(diethylstannane)s or 

poly(diethylstannane). For instance, in one fraction, a substance of the following 

elemental composition was found (in % m/m; N.B. the values of C and H were 

recalculated from the indicated quantities of the combustion gases H2O and CO2, 

further the actual atomic mass numbers were employed): C 27.06 (27.17), H 5.99 (5.70) 

Sn 66.44 (67.13); the values in brackets refer to poly(diethylstannane). Similarly, Cahours 

obtained a few years later in 1860 in treatment of iodoethane with Na/Zn a compound 

comprising 27.30 % C and 5.79 % H (recalculated values).2 Since the atomic masses of H, 

C and Sn at that early time were taken as 1 g/mol, 6 g/mol and 59 g/mol, respectively, 

an ethyl group was represented with the formula C4H5 and, therefore, the composition 

of the tin compound was indicated with SnC4H5 and, accordingly, called stannic ethyl, 

stanethylium, stannäthyl, or stannéthyle.1-6 Stannic ethyl was described as a highly 

viscous liquid 1, 2, 5 which still was not solid at -12 °C.1 Its density was indicated to be 

“1.558” (probably g/cm3) at 15 °C.1 Already Löwig assumed that stannic ethyl was formed 

from Na/Zn and iodoethane under release of NaI, 1 and, remarkably, Cahours attributed 

the formation of stannic ethyl to a reaction of the Wurtz type.2, 5 Indeed, the Wurtz 

reaction7 has been shown to be suited for the preparation of poly(dialkylstannane)s by 

treatment of dialkyltin dichlorides with sodium.8-14 Such reactions lead to 

polystannanes of high molar mass, however, in low yields as (cyclic) oligomers were 

also produced during the reactions. It should be noted that oligomers may also result 

by degradation processes of polystannanes.14, 15 These aspects may explain why stannic 

ethyl was described as a highly viscous liquid instead of a solid substance. Upon 
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heating, stannic ethyl was found to decompose to elemental tin and tetraethyl tin 

(named distannethyl).2, 5 It was also attempted to prepare stannic methyl by the Wurtz 

reaction, which would correspond to poly(dimethylstannane), but the elemental 

analyses do not justify the assumption that this compound was successfully  

prepared.2, 16 

 

It has been often mentioned9, 17-21 that stannic ethyl (or “diethyl tin”) was also prepared 

by Frankland in 1852 or 1853.3, 4 Upon immersion of a zinc foil into a solution of diethyltin 

dichloride, this author obtained a highly viscous, brownish-yellow liquid which he 

attributed to stannic ethyl, suggesting that this compound was formed under release 

of ZnCl2.3, 4 However, the reported elemental composition (C 30.31 %, H 6.24 %, 

recalculated from the quantities of the combustion gases CO2 and H2O),3 is not 

consistent with that of poly(diethylstannane). Also, the experiment could not be 

reproduced by an other author.8 

 

Interestingly, already in 1858, stannic ethyl was formulated as a polymeric compound 

denoted with the composition n(SnC4H5).22 Nota bene in 1925, i.e. in the embryonic 

period of polymer science, it was explicitly proposed that dimethylstannane, prepared 

by a reaction of the Wurtz type, was present as a species of the formula (R2Sn)x.17 

Unfortunately, however, only oxidation products of the latter compound were analyzed, 

and, therefore, it is not unevoqually clear if poly(dimethylstannane) was indeed 

obtained. Attempts in 1939 to determine molar masses by freezing point depression 

yielded ambiguous results.9  In 1943, it was postulated that “diphenyltin” exists as a 

type of polymeric material because of its yellow color,23 and, indeed, a bathochromic 

shift of the wavelength at maximum absorption with increasing number of Sn atoms 

was found later in the case of oligo(dibutylstannane)s comprising up to 15 Sn atoms.24,25  

In 1961, so-called “hexameric diethyltin” was presented as a cyclic six-membered 

oligostannane,26 and a few years after, the formation of crystalline cyclic-nonamers and 

waxy cyclic-hexamers of “diethyltin” was described.27 It was reported in 1992 that the 

Wurtz reaction can yield linear poly(dibutylstannane) of high molar mass;12 however, 

reinvestigation of this reaction resulted in materials of a bimodal molar mass 

distribution, with the product containing predominantly oligomers.14  Finally, conclusive 

experimental evidence for a polystannane of a high molar mass was presented in 1993, 



 30 

which was synthesized by catalytic dehydropolymerization of dibutylstannane with 

zirconium catalysts.28  

 

Besides the above mentioned Wurtz reaction,10-13 also electrochemical reactions have 

been shown to result in linear polystannanes,29, 30 which in some cases were also 

thought to be branched.31 A simple and effective way to produce polystannanes 

obviously is the catalytic dehydrocoupling of R2SnH2.14, 15, 28, 32-34 Unfortunately, the 

polymers prepared by those methods were frequently not isolated and typically 

contained significant fractions of cyclic oligomers.14, 28, 32 Also, some of these synthetic 

efforts yielded polystannanes only in low yields,33, 34 Recently, however, we 

demonstrated that Wilkinson’s catalyst35 is well suited for the polymerization of 

dibutylstannane, Bu2SnH2, which produces not only linear poly(dibutylstannane) of high 

molar mass in high yields, but also does not give rise to the formation of cyclic 

byproducts.15 Remarkably, the resulting poly(dibutylstannane) appeared to be present 

in a liquid-crystalline state at room temperature15 and, interestingly, featured 

semiconductive properties as revealed by the pulse-radiolysis time-resolved microwave 

conductivity technique (PR-TRMC) (see Chapter 4).36  

 

This chapter describes a comprehensive study of the preparation and characteristics of 

linear polystannanes synthesized by catalytic dehydrocoupling of a number of 

dialkylstannanes, including investigations of the polymerization process (influence of 

reaction parameters, kinetics, mechanistic aspects), and the thermal behavior and 

selected structural characteristics of the polymers produced.  

 

Experimental 
 

General Methods 

Elemental analyses were performed by the Microelemental Analysis Laboratory of the 

Department of Chemistry at ETH Zürich. 

 

Infrared spectra of liquid samples were recorded with a Bruker Vertex 70 FTIR 

spectrometer with the attenuated total reflection (ATR) technique by use of a Si-crystal.  
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1H, 13C and 119Sn NMR spectra were obtained with a Bruker UltraShield 300 MHz/54 mm 

or a Bruker UltraShield 500 MHz/54mm Fourier transform spectrometer. The NMR 

tubes were protected from light by complete enwrapping into aluminum foil. The 

aluminum foil was removed only immediately prior to the measurements. For 

quantitative analysis of poly(dibutylstannane)/cyclo-oligo(dibutylstannane) ratios by 

integrated intensities in 119Sn NMR spectra, 1000 scans were accumulated with a delay 

time between the pulses of 0.5 s. The polymer signal was integrated from -186 to  

-195 ppm and that of the cycles from -197 to -206 ppm. The integrated values thus 

obtained represented poly(dibutylstannane)/cyclo-oligo(dibutylstannane) ratios 

without the need to apply a pronounced correction factor, as demonstrated by 

comparison with the corresponding ratios obtained from integrated signal intensities 

in 1H NMR spectra in benzene and toluene (c.f. Figure 3-1). 

 

Molar masses were determined with gel permeation chromatography (GPC), employing 

a PL gel 5 μm Mixed-D column from Polymer Laboratories Ltd. (Shropshire, United 

Kindom) with tetrahydrofuran (THF) as the eluent. For calibration atactic-poly(styrene) 

standards were used. 

 

Membrane osmometry was performed at 45 °C in toluene with an OSMOMAT 090 

from Genotec (Berlin, Germany), using a two-layer cellulose triacetate membrane with 

a cut off value of 5’000 g/mol.  

 

Thermal analysis was performed by differential scanning calorimetry (DSC) with a 

DSC822e instrument (Mettler Toledo, Greifensee, Switzerland) equipped with an 

intracooler and thermogravimetric analysis (TGA) with a TGA/SDTA851e from Mettler 

Toledo under nitrogen atmosphere or air at heating and cooling rates of 5 °C/min, if not 

otherwise indicated. Melting temperatures of monomer precursors and monomers 

were determined by DSC at a heating rate of 2 °C/min. 

 

Simultaneous wide- and small-angle X-ray scattering (SWAXS) experiments were 

performed using a SAXSess instrument (Anton Paar) with a line collimation set-up. The 

measurements were carried out in a total angular window ranging from 0.05° to 41° 

with the scattering vector being defined as q=4π/λ sin(θ/2), using a Cu-Kα radiation 

(λ=0.1542 nm). The beam was attenuated by a semi-transparent nickel foil beam stop. A 
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highly sensitive SWAXS imaging plate slide positioned at a distance of 264.5 mm from 

the sample was used to collect the signal. The temperature of the sample holder could 

be controlled between -30°C and 160°C. Samples were placed between two mica foils, 

which were clamped and sandwiched in a steel holder. Due to the high contrast to  

X-rays between Sn and alkyl side groups, 4 minutes of exposure time were sufficient for 

data acquisition. In temperature-dependent experiments, samples were first heated to  

100 °C in order to eliminate their thermal history and then equilibrated for 30 minutes 

at a given temperature prior to collecting the scattering data. Diffractograms of mica 

were measured as a background and subtracted from the sample diffractograms to 

yield the data reported. All scattering signals were treated with SaxquantTM software by 

Anton Paar.  

 

Optical microscopy at ambient was conducted with a Leica DM400M polarizing 

microscope. For investigations at variable temperatures, a Leica DMRX polarizing 

microscope equipped with a Linkam THMS 600 heating-/cooling stage was used. The 

stage was flushed with argon and first cooled to -50 °C, followed by an increase in 

temperature (typically at a rate of 5 °C/min) up to 100 °C.  

  

Densities of the polymers were determined by helium gas pycnometry at 25 °C 

(Ultrapycnometer – 1000, Quantachrome, Odelzhausen, Germany equipped with a 

Haake DC10 Thermostat). 

 
Materials 

All solvents were purchased in puriss p.a. purity from Fluka, Buchs (Switzerland) and 

were used without purification. All deuterated solvents were purchased from 

Cambridge Isotope Laboratories (Innerberg, Switzerland) with a deuterium fraction  

of > 99%. Tetrachlorostannane was purchased from Fluka, Buchs (Switzerland), 

dicholorodiethylstannane and dichlorodioctylstannane from ABCR GmbH (Karlsruhe, 

Germany), all Grignard reagents from Sigma Aldrich (Buchs, Switzerland), 

dibutyldichlorostannane, [RhCl(PPh3)3], [RhCl(CO)(PPh3)2], [Rh(μ-Cl)Et2]2, [Ni(cod)2], 

[NiCl2(PPh3)2], [ZrH2(Cp)2], [Co2(CO)8], [Rh(μ-Cl)(CO)2]2, [Mo(cp)(CO)3]2, [IrH(CO)(PPh3)3], 

[IrCl(CO)(PPh3)2], [Ir(μ-Cl)(cod)]2, [PdCl2(PEt3)2], and [Rh(μ-Cl)(cod)]2 from Johnson Matthey 

(Zürich, Switzerland), [WH2(cp)2], [Pd(PPh3)4], [Pt(acac)2], [PdCl2], [Ir(acac)(cod)], 
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[ZrClH(Cp)2], [TiCl2(cp)2], [PdCl2(PPh3)2] from ABCR GmbH (Karlsruhe, Germany), and 

H[AuCl4] from Fluka (Buchs, Switzerland). [RuCl2(PCy3)2(=CHSPh)] was kindly donated by 

Ciba Specialty Chemicals Inc. (Basel, Switzerland), and [PtCl2(PPh3)2] was synthesized 

from [PtCl2(styrene)2] as described in the literature37. The above used acronyms refer to 

the following groups: Et = ethyl, Ph = phenyl, Cy = cyclohexyl, cod = 1,5-cyclooctadiene, 

cp = cyclopentadienyl, acac = acetylacetonate (2,4-pentanedionate). 

 
Important remarks to the treatment of polystannanes 

Note that polystannanes are sensitive to light10, 14, 15, 28 and moisture,29 in particular in 

solution. We protected the in this work synthesized poly(dialkylstannane)s from light, 

oxygen and moisture as carefully as possible, to keep the exposure of the samples at a 

minimum. Therefore reaction vessels were completely wrapped with soft tissue and 

subsequently surrounded with aluminum foil. Reactions were always carried out under 

argon atmosphere and the analyses of the polymers were performed either 

immediately after synthesis or after storage in argon-flushed brown glass vessels in a 

refrigerator at a temperature of ca. -20 °C. 

 
Synthesis of tetraalkylstannanes (R4Sn) 

Tetrachlorostannane (quantities see Table 3-1a) was dissolved in hexane. The hexane 

solution was added slowly (typically over a period of 1 h) to ice-cooled alkyl magnesium 

halide (bromide or chloride) / diethyl ether solution with a dropping funnel. The 

reaction vessel was connected to a balloon filled with argon in order to protect the 

substances from oxygen and moisture. After the addition of the tetrachlorostannane 

solution was completed, the reaction mixture was boiled under reflux for 2 h. 

Thereafter the diethyl ether was removed by distillation under argon at ambient 

pressure, followed by addition of toluene (the same volume as the volume of removed 

diethyl ether). The replacement of diethyl ether by toluene allowed an increase in the 

reaction temperature to ca. 90 °C, which is known to increase the yields of the 

conversion reactions with Grignard’s reagent,38 the reaction mixture was kept for 1 h 

under reflux. Thereafter the mixture was cooled with ice water, and a solution 

composed of 5 % m/m concentrated HCl and 95 % m/m water was slowly added until 

the aqueous phase became clear. The organic phase, which separated from the 

aqueous phase, was removed with a separating funnel, dried with anhydrous 

magnesium sulfate and filtered through celite. The solvents were removed with a 
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rotary evaporator at a bath temperature of 40 °C, initially at 335 mbar for removal of 

hexane and in a second step commencing at 77 mbar and finally down to 25 mbar for 

the elimination of toluene. The resulting product was then dried in vacuum  

(ca. 0.5 mbar) overnight. No further purification was performed, if not otherwise 

indicated. The tetraalkylstannes thus obtained were analyzed by NMR spectroscopy 

(Table 3-2, Table 3-3) and DSC for determination of their melting temperatures        

(Table 3-1a; melting temperatures of tetraalkylstannanes which solidified below -65 °C 

could not be detected). 

 
Table 3-1: Synthesis parameters for monomer precursors R4Sn (a), R2SnCl2 (b), R2SnH2 (c) and polymer 

(R2Sn)n (d). Also included are selected analytical data of monomer precursors and polymers. (Tm: melting 

temperature at ambient pressure, ν(Sn-H): IR-absorbtion vibration of the Sn-H bond, Tb: boiling 

temperature at the indicated pressure pb, ρ 25°C: density at 25 °C). The molar masses were determined in 

the reaction mixture with GPC against poly(styrene) standards. 
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Synthesis of dialkyldichlorostannanes (R2SnCl2) 

Dialkyldichlorostannanes were obtained by the Kocheshkov reaction of 

tetraalkylstannanes with SnCl4.39, 40 Neat tetraalkylstannane was poured into a two-

necked round-bottom flask equipped with reflux condenser (all quantities see  

Table 3-1b). The top of the condenser was connected with a balloon filled with argon in 

order to protect the reaction mixture from oxygen and moisture. The second neck was 

closed by a septum through which neat tetrachlorostannane was added with a syringe. 

Thereafter the reaction mixture was heated to 100 °C for 2 h and to 220 °C for an 

additional 4 h. The resulting product was recrystallized from pentane (ca. 100 ml / 20 g) 

and dried in vacuum (ca. 0.5 mbar) for 24 h. The compounds were obtained in the from 

of colorless crystals and were analyzed by NMR spectroscopy (Table 3-2, Table 3-3), 

elemental analysis (Table 3-4) and DSC for the determination of the melting 

temperature (Table 3-1b). 
 

Synthesis of dialkylstannanes (R2SnH2) 

Dialkyldichlorostannanes (quantities see Table 3-1c) were reduced with an excess of 

Li[AlH4] by the method developed by Finholt, Bond, Wilzbach and Schlesinger.41, 42 A 

solution of dialkyldichlorostannane in diethyl ether (typically 0.4 M) was added 

dropwise with a dropping funnel to the same volume of ice-cooled Li[AlH4] suspension 

in diethyl ether, which was protected from air by argon counter flow. After addition 

during approximately 1 h, the reaction mixture was stirred for an additional hour at 

0 °C, before the ice bath was removed in order to allow the mixture to warm up to 

room temperature. The reaction mixture was then quenched with ice water and the 

organic phase was separated from the water phase with a separating funnel. The ether 

phase was dried over anhydrous magnesium sulfate. The solution was filtered through 

celite and the solvent was removed with a rotary evaporator at 40 °C and ambient 



 36 

pressure. The resulting liquids were distilled or recrystallized at low temperatures  

(cf. Table 3-4) depending on their boiling temperature. Thereafter the liquids were 

collected in containers which were closed with a septum and degassed by bubbling 

argon by a syringe needle which was immersed in the dialkylstannane for at least 5 min 

(this procedure was found to be essential). The containers were immediately 

completely wrapped with soft tissue and aluminum foil to protect them from light and 

stored in a refrigerator at -20 °C (N.B. a sample of Bu2SnH2 which was stored under 

these conditions for 13 months yielded a polystannane with the same characteristics as 

a polymer obtained from a freshly prepared Bu2SnH2). The obtained dialkylstannanes 

were analyzed by NMR spectroscopy (Table 3-2, Table 3-3), infrared spectroscopy     

(Table 3-1c) and elemental analysis (Table 3-4). 

 

Synthesis and isolation of poly(dialkylstannane)s ((R2Sn)n) 

Polymerization of dialkylstannanes (quantities see Table 3-1d) was conducted following 

the previously described procedure for poly(dibutylstannane).15 A quantity of 

dialkylstannane was added with a syringe to a solution of [RhCl(PPh3)3] (4 % mol/mol 

with respect to R2SnH2) in dichloromethane. After 2 h (during which a sample was 

withdrawn regularly with a syringe for GPC analysis), the solution was cooled to -78 °C 

for at least 30 min. The precipitated yellow polymer was filtered off and washed with 

small amounts of cold dichloromethane (-78 °C). Thereafter, the isolated polymer was 

dried in vacuum (ca. 0.5 mbar) for 12 h. The product was stored in a refrigerator (-20 °C) 

in brown glass vessels which were flushed with argon. The resulting 

poly(dialkylstannane)s were analyzed by helium pycnometry (Table 3-1d), GPC  

(Table 3-1d), elemental analysis (Table 3-4), NMR spectroscopy (Table 3-5), TGA  

(Table 3-6), DSC (Table 3-7), optical microscopy (Table 3-7), and X-ray scattering  

(Figure 3-8). 
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Table 3-2: 13 C and 119 Sn NMR data for the synthesized tin precursors and monomers. Chemical shifts (δ) 

are given in ppm and coupling constants (J) in Hz. i broad, overlapping signals;  measured in a toluene-d8;  
b benzene-d6 

-CH3 -CH2- Sn-CH2 Sn 
Compound 

δ 13C  J(Sn,C) δ 13C J(Sn,C) δ 13C J(117/119Sn,C) δ 119Sn 

Pr4Sna 19.24 3J 52 20.92 2J 20 12.13 1J 299/312 -17.63 

Pe4Sna 14.30  
22.71 
27.18 
37.15 

 
2J 20 
3J 49 

9.39 1J 298/312 -12.91 

Hex4Sna 14.34  

23.12 
27.50 
31.92 
34.65 

 
2J 20 

 

3J 49 

9.45 1J 298/311 -12.96 

Dod4Sna 14.21  

23.07 
27.53 
29.80i 

30.18i 

32.38 
34.95 

 
2J 20 

 
 
 

3J 50 

9.74 1J 298/311 -12.93 

Pr2SnCl2
a 17.51  28.15  18.70  124.81 

Pe2SnCl2
a 13.63  

24.38 
25.76 
35.13 

 21.99 
 

 122.85 

Hex2SnCl2
a 14.34  

25.03 
26.01 
31.48 
33.11 

 

22.84  124.99 

Dod2SnCl2
a 14.36  

25.14 
26.13 
29.44 
29.90 
29.94 
30.13 
30.18 
30.19 
32.41 
33.50 

 

23.16  124.58 

Et2SnH2
a 12.61 2J 26   -1.21 1J 362/379 -181.82 

Pr2SnH2
a 18.41 3J 56 21.89 2J 24 9.82 1J 358/375 -208.44 

Bu2SnH2
b 14.24  27.59 

31.11 
2J 23 

3J 56/59 7.51 1J 358/375 - 203.93 

Pe2SnH2
a 13.85  

22.24 
27.86 
36.07 

 

2J 24 
3J 57 

6.95 1J 358/374 -203.57 

Hex2SnH2
a 14.31  

23.01 
28.52 
31.80 
33.95 

 
2J 24 

 

3J 54/57 

7.38 1J 357/374 -203.63 

Oc2SnH2
a 14.36  

23.14 
28.62 
29.65 
29.78 
32.40 
34.34 

 
2J 23 

 

 

 

3J 56 

7.43 1J 357/374 -203.76 

Dod2SnH2
a 14.36  

23.11 
28.61 
29.71 
29.91 
30.14 
30.20 
30.24i 

32.42 
34.34 

 
2J 24 

 

 

 

 

 

 

3J 56 

7.43 1J 355/374 -203.91 
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Table 3-3: 1 H NMR data for the synthesized tin precursors and monomers. Chemical shifts (δ) are given in 

ppm and coupling constants (J) in Hz; t = triplet, q = quintet, se = septet, m = multiplet. 

 

Measured in a toluene-d8; b benzene-d6; i overlapping of signals from the –CH3 and –CH2- groups; ii overlapping 

of the signals of –CH2- and Sn–CH2- groups; iii overlapping of the signals of a –CH3 and Sn–CH2- group 
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Polymerization of dibutylstannane by continuous addition of catalyst 

Typically, 2 g of dibutylstannane were placed in a Schlenk tube, which was entirely 

wrapped with soft tissue and aluminum foil and flushed with argon. 30 ml toluene 

were added through a septum. A solution of 235 mg [RhCl(PPh3)3] in 2 ml 

dichloromethane was slowly added (typically during 4 h) with a syringe pump  

(Razel Scientific Instruments; St. Albans, USA) up to a final ratio of 3 % mol/mol 

[RhCl(PPh3)3] / Bu2SnH2 in the reaction solution. The polymer was subsequently isolated; 

because of its good solubility in cold toluene (-78 °C) an excess (10 times the toluene 

content) of cold methanol (-78 °C) needed to be added in order to cause the polymer to 

precipitate. Yields of 50 – 70 % were achieved by this method.     

 

 

Chemical shift 

Figure 3-1: 1H and 119Sn NMR spectra of a sample containing a mixture of linear (L) poly(dibutylstnnane) 

and cyclic (C) oligo(dibutylstannane)s. The signals labeled “s” are due to 119Sn-119Sn or 119Sn-117Sn couplings, 

respectively. 



 40 

Synthesis of poly(dibutylstannane) for in-situ investigations 

An amount of 7.7 mg corresponding to 4 % mol/mol catalyst (based on the ratio of 

metal atoms and Bu2SnH2 molecules) was placed in a Schlenk tube. The Schlenk tube 

was evacuated and flushed with argon three times before 1 ml of solvent 

(dichloromethane-d2, toluene-d8, benzene-d6 or tetrahydrofuran-d8) was added with a 

syringe through a septum. The mixture was stirred under argon for a few minutes. 

During this period, some of the catalysts dissolved immediately, while other catalysts 

dissolved after the subsequent addition of Bu2SnH2 (see below). Thereafter, 41.7 μl        

(48 mg, 0.2 mmol) Bu2SnH2 was added with a micro-pipette to the stirred solution 

under argon counter flow. After two hours (if not otherwise indicated) the reaction 

mixture was transferred into an NMR tube. 1H and 119Sn NMR spectra were recorded to 

determine the monomer conversion and the ratio of linear poly(dibutylstannane) and 

cyclic oligo(dibutylstannane). Finally, the reaction mixture was diluted with ca. 3 ml 

tetrahydrofuran and the molar masses were determined by GPC.  
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Figure 3-2: Typical gel permeation chromatogram (GPC) of a reaction mixture of poly(dibutylstannane) in 

toluene. 

 

In order to monitor the reaction kinetics with [RhCl(PPh3)3] at various temperatures, 

different quantities of [RhCl(PPh3)3] (in the range of 1.90 – 37.95 mg) were placed in a 

Schlenk tube as described above; however, as solvent typically 2 ml of toluene were 

employed. After stirring for 10 min, the catalyst dissolved completely or only partially at 

higher catalyst concentrations or lower temperatures. The reaction vessel was fixed 

onto a laboratory shaker (Heidolph Unimax 1010, shake velocity 100 min-1, Merck, 
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Dietikon, Switzerland) which was placed into a bath fitted with a thermostat (Julabo 

F26, from Merck). After 15 min of temperature equilibration, the Schlenk tube was 

disconnected from the argon counter flow and connected to a gas buret by Bunte43 (the 

reaction vessel was rigorously protected from light as described above). Thereafter, an 

amount of Bu2SnH2 (typically 83.4 μl, 96 mg,) was added with a micro pipette equipped 

with a needle through a septum. The evolution of gas, which accompanied the 

polymerization, was followed periodically in the gas buret until the volume did not 

change anymore over a period of 60 min. Thereafter sample of 0.5 ml was taken from 

the reaction mixture and diluted with 2.5 ml tetrahydrofuran. The resulting solution 

was subsequently used for GPC analysis.  
 

Table 3-4: Calculated and found chemical composition (in % m/m) of dialkyldichlorostannes, 

dialkylstannanes and poly(dialkylstannane)s; n.a.: not applicable; HV: high vacuum. 

 
Compound  C H Cl Purification 

found 26.08 4.95 25.79 Pr2SnCl2 calc. 26.13 5.12 25.71 
recrystallisation 

(pentane at -78 °C) 
found 35.89 6.59 21.47 Pe2SnCl2 calc 36.19 6.68 21.36 

recrystallisation 
(pentane at -78 °C) 

found 40.19 7.20 19.84 Hex2SnCl2 calc. 40.04 7.28 19.70 
recrystallisation 

(pentane at -78 °C) 
found 54.84 9.81 13.45 Dod2SnCl2 calc. 54.57 9.54 13.42 

recrystallisation 
(pentane at -78 °C) 

found 27.33 6.34 n.a. Et2SnH2 calc. 26.86 6.76 n.a. 
distillation 

(81 mbar at 30 °C) 
found 35.11 7.82 n.a. Pr2SnH2 calc. 34.83 7.79 n.a. 

distillation 
(18 mbar at 24 °C) 

found 40.84 8.47 n.a. Bu2SnH2 calc. 40.90 8.58 n.a. 
distillation 

(1.7 mbar at 26 °C) 
found 45.37 9.27 n.a. Pe2SnH2 calc 45.67 9.20 n.a. 

distillation 
(0.5 mbar at 58 °C) 

found 49.59 9.70 n.a. Hex2SnH2 calc. 49.52 9.70 n.a. 
recrystallisation 

(pentane at -78 °C) 
found 55.83 9.97 n.a. Oc2SnH2 calc. 55.35 10.45 n.a. 

recrystallisation 
(pentane at -78 °C) 

found 63.34 11.36 n.a. Dod2SnH2 calc. 62.75 11.41 n.a. 
recrystallisation 
(ether at -30 °C) 

found 27.36 5.66 n.a. (SnEt2)n calc. 27.17 5.70 n.a. 
precipitated - washed with 

CH2Cl2 – 12 h HV 
found 35.68 6.48 n.a. (SnPr2)n calc. 35.17 6.89 n.a. 

precipitated - washed with 
CH2Cl2 – 12 h HV 

found 40.76 7.61 n.a. (SnBu2)n calc. 41.25 7.79 n.a. 
precipitated - washed with 

CH2Cl2 – 12 h HV 
found 44.96 8.45 n.a. (SnPe2)n calc 46.02 8.50 n.a. 

precipitated - washed with 
CH2Cl2 – 12 h HV 

found 48.19 8.49 n.a. (SnHex2)n calc. 49.86 9.07 n.a. 
precipitated - washed with 

CH2Cl2 – 12 h HV 
found 53.96 9.61 n.a. (SnOc2)n calc. 55.68 9.93 n.a. 

precipitated - washed with 
CH2Cl2 – 12 h HV 

found 62.62 10.68 n.a. (SnDod2)n calc. 63.03 11.02 n.a. 
precipitated - washed with 

CH2Cl2 – 12 h HV 
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Results and Discussion 
 

In order to develop a comprehensive view of the polymerization of dialkylstannanes 

and the resulting polymers, the following issues are addressed in this study: 

 

1. Analytical tools for the investigation of the reaction process and the resulting 

polymers. 

 

2. Comparison of the catalytic activity of [RhCl(PPh3)3] with that of other transition 

metal complexes, and the influence of solvents on the polymerization of 

Bu2SnH2. 

 

3. Reaction kinetics, influence of reaction parameters and solvents on the 

polymerization of Bu2SnH2 and principal mechanism of polymerization with 

[RhCl(PPh3)3] as catalyst. 

 

4. Use of [RhCl(PPh3)3] for the preparation of poly(dialkylstannane)s with alkyl 

groups of different lengths and characterization of the resulting polymers. 

 

Determination of monomer conversion and polymer analysis 

The conversion of the monomers R2SnH2 was monitored in situ by the decrease of the 

Sn-H signal in 1H NMR spectra (around 4.7 ppm, Table 3-3), 119Sn NMR spectra (generally 

around -205 ppm, except poly(diethylstannane), Table 3-2) or IR spectra (around  

1835 cm-1, Table 3-1c); note that the Sn-H signals in 1H NMR and IR spectra were well 

separated from the other peaks of the respective compounds. For qualitative 

investigations, IR measurements using the ATR technique were particularly rapid and 

simple as a drop of the reaction solution can be placed directly on the ATR crystal 

without sample workup. In order to quantitatively determine the kinetics of the 

monomer conversion, in-situ measurements in NMR tubes were not suited because of 

the evolution of H2 gas which accompanies the polymerization. As an alternative, the 

volume of this gas was monitored with a gas buret by Bunte.43 
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Figure 3-3: Conversion determined by the volume of evolved H2 of dibutylstannane to 

poly(dibutylstannane) as a function of reaction time during the first 90 minutes, in the presence of 

[RhCl(PPh3)3] (4  % mol/mol) in toluene at various temperatures. 

 

Characterization of the poly(dialkylstannane)s included their chemical structure, purity 

and molar mass, which were examined with elemental analyses, NMR spectroscopy 

and GPC. 1H and 13C NMR spectra gave evidence for the presence of the respective alkyl 

groups and the absence of significant amounts of organic impurities. Most 

conveniently, linear polymers and cyclic oligomers could be distinguished from each 

other by 119Sn NMR spectra (Figure 3-1).10, 14, 15, 44 The 119Sn NMR shifts of 

poly(dialkylstannane)s appeared typically at ca. -190 ppm (with the exception of 

poly(diethylstannane), Table 3-5), while the corresponding cyclic oligomers were shifted 

to higher fields by approximately 10 ppm. It has been reported14 that the signals of 

cyclic oligo(dialkylstannane)s and linear poly(dialkylstannane)s are also separated in 
1H NMR spectra - at least for the dibutyl and dihexyl derivatives. However, in our 

experiments a clear difference in chemical shifts of hydrogen atoms in propyl, butyl or 

octyl groups was visible only in specific solvents such as benzene or toluene (shift 

difference ca. 0.1 ppm), while in, e.g., tetrahydrofuran or dichloromethane the signals of 

the linear polymer and the cyclic oligomers essentially coincided. Hence 1H NMR spectra 

allowed a quantitative determination of the fraction of cyclic oligomers dissolved in 

toluene or benzene, preferentially by evaluation of the signals of the methyl groups 

(Figure 3-1), provided, however, that the dialkylstannanes reacted completely without 

formation of additional products. Otherwise, possible overlap of signals renders the 
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evaluation of the ratio between the poly(dialkylstannane) and the cyclic products more 

difficult. On the other hand, the signals of the cyclic products were well separated from 

other signals in 119Sn NMR spectra and, therefore, the fraction of the cyclic products 

could be estimated readily by integration of the corresponding signal intensities in 
119Sn NMR spectra. However, it has to be considered that the signal intensities in 
119Sn NMR spectra might not be proportional to the concentration of related species 

due to differences in relaxation time or NOE (nuclear Overhauser effect). Two samples 

of reaction mixtures with 100 % monomer conversion comprising both linear polymer 

and cyclic oligomers resulted in a polystannane/cyclic oligomers ratio of, respectively, 

81:19 and 66:34 from 1H NMR spectra compared to 86:14 and 71:29 from 119Sn NMR 

analysis (Figure 3-1), using the NMR parameters indicated in the experimental section. 

Hence, it appears that evaluation of 119Sn NMR spectra leads to a reasonable estimation 

of the fraction of cyclic oligomers. Remarkably, the time required for recording 
119Sn NMR spectra with sufficient signal/noise ratio was relatively short (10 min). 

Signals of cyclic oligomers and linear polymers were also separated in 13C NMR spectra; 

a distinctive difference in the chemical shift of ca. 2 ppm was observed for the carbon 

atom of the Sn-CH2- groups of the linear and cyclic products, while the differences 

between the other signals were less pronounced and in general difficult to distinguish 

from each other. 

 

In previously reported studies, molar masses of poly(stannane)s were quantified with 

gel permeation chromatography (GPC) on the basis of poly(styrene)  

standards.10, 14, 15, 29, 32, 45 Of course, this method may result in a considerable systematic 

error. On the other hand, GPC is an efficient method and, in fact, well suited for a 

relative comparison of the molar masses of polymers of the same chemical structure, 

thus allowing semi-quantitative studies of the influence of reaction parameters on the 

molar mass. Moreover, GPC allowed molar mass determination of polystannanes in 

their reaction solutions. The shapes of the GPC traces were found to be similar in all 

samples; an example is shown in Figure 3-2. In the following, mainly molar masses at 

the peak maximum (Mp) elution curves are indicated since those values could be 

determined most accurately in reaction solutions. The calculation of Mp, were 

frequently in the range of 2·104 – 3·104 g/mol, and number average molar masses (Mn) of 

2·104 – 3.5·104 g/mol and weight average molar masses (Mw) of 5.5·104  –  8·104 g/mol. 

Thus Mp appeared to be somewhat, but not markedly below Mn. Regarding the issue of 
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reproducibility, it is important to note that the molar mass varied within some limits 

when experiments were repeated under the same conditions. Typically, when a 

number of poly(dibutylstannane)s were prepared in separate experiments or with 

different batches of monomer but under otherwise similar conditions for instance 

(polymerization of dibutylstannane at room temperature in toluene at a 

[RhCl(PPh3)3]/Bu2SnH2 ratio of 4 % mol/mol), Mp was found in the range of 1.5·104 g/mol 

and 3.0·104 g/mol. We attribute these differences to, among other things, differences in 

the purity of the monomer or small variations in the experimental conditions which 

could critically affect the quantity of the catalytic active species. Therefore, in order to 

compare the influence of reaction parameters on Mp, all experiments of the 

corresponding reaction series were performed with the same batch of Bu2SnH2 and 

during the same day. In the following, we considered differences in Mp to be significant 

only if the values differed by more than a factor of 2. 
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Figure 3-4: a) Conversion of dibutylstannane in toluene at 20 °C after the evolved gas volume was 

constant over a period of 60 minutes and b) molar mass of resulting poly(dibutylstannane) as a function 

of the [RhCl(PPh3)3]/H2SnBu2 ratio. Dotted lines are  guides for the eye only. 

 

Extensive investigations were performed also with membrane osmometry using 

samples of poly(dibutylstannane) (Mn from GPC: 2.1⋅104 g/mol) and of 

poly(didodecylstannane) (Mn from GPC: 1.0⋅104 g/mol). Due to the sensitivity of 

poly(dialkylstannane)s degradation to light and ambient, the samples were dissolved 

immediately before measurements were carried out. As could be concluded from the 
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development of the osmotic pressure, low molar mass components slowly penetrated 

the membrane (size exclusion limit M ca. 0.5·104 g/mol), thus yielding an apparent 

increase in molar mass of the dissolved poly(dialkylstannane) with time. For instance, 

the apparent Mn of a poly(dibutylstannane) sample increased during an equilibrium 

time from 2 min to 60 min from 3.0⋅104 to 4.8 ⋅104 g/mol and of 

poly(didodecylstannane) from 1.6·104 to 2.9·104 g/mol. Experiments with a poly(styrene) 

standard sample suggested that the equilibrium between the osmosis chambers was 

established essentially within 2 min and, therefore, the measurements of the 

polystannanes at 2 min equilibrium time were taken to be the more reliable. The results 

from membrane osmometry indicate that Mn obtained from GPC are somewhat lower 

but still in the same order than those obtained from membrane osmosis.  

 

Finally, for the sake of complementness we note that attempts to determine molar 

masses by light scattering failed because the dissolved polystannanes decomposed 

under the action of the light, as expected,10, 14, 15, 28,30 and, also, matrix-assisted laser 

desorption/ionization time of flight mass spectroscopy (MALDI-TOF-MS) did not yield 

satisfactory results. 

 

Catalytic activity of selected metal complexes 

The activity of a group of 25 convenient transition metal compounds, including 

[RhCl(PPh3)3] (indicated in Table 3-8) were scrutinized for their activity for the catalytic 

polymerization of dibutylstannane (Bu2SnH2), here used as a model system. First, 

rhodium compounds were considered, as well as complexes based on iridium as this 

element is positioned below rhodium in the periodic table. Platinum compounds were 

also reported to catalyze the polymerization of dialkylstannanes (although conversion 

was not complete),44 and consequently complexes of platinum and its sister metal 

palladium were applied in additional studies. Zirconium catalysts with cyclopentadienyl 

(cp) as ligands were found to yield polystannanes, although with a considerable 

amount of cyclic oligomers,14, 28, 32 and, thus, zirconium compounds and other transition 

metal complexes containing cyclopentadienyl were also investigated. Finally, selected 

complexes with Ni, Co, Ru and Au were employed for comparison. 

 

Polymerizations were carried out in four different deuterated solvents (benzene, 

toluene, tetrahydrofuran and dichloromethane) under argon atmosphere for 2 h with 
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each of the 25 metal complexes, and the reaction solutions were subsequently poured 

into NMR tubes for 1H NMR and 119Sn NMR analysis. In addition, each of the as-prepared 

reaction mixtures was also analyzed with GPC.  

 

When dibutylstannane was added to the transition metal compounds, hydrogen 

evolved in most cases, suggesting the formation of Sn-Sn bonds. However, 

poly(dibutylstannane)s of considerable molar mass were formed only under the action 

of seven metal complexes, four of which were based on rhodium, two on zirconium and 

one on nickel, see Table 3-8. The ratios of cyclic and linear reaction products indicated in 

this table were estimated from 119Sn NMR spectra. 1H NMR evaluation of reaction 

mixtures in benzene or toluene confirmed corresponding results from 119Sn NMR 

spectra (in tetrahydrofuran or dichloromethane; 1H NMR spectra of samples could not 

be evaluated because of overlapping signals, as indicated above). The compounds 

(H[AuCl4], [Co2(CO)8], [Ir(acac)(cod)], [NiCl2(PPh3)2], [PdCl2(PEt3)2], [PdCl2(PPh3)2],  
[Pd(PPh3)4], [PdCl2], [Pt(acac)2], [PtCl2(PPh3)2]) also caused the formation of H2 upon 

addition of Bu2SnH2, however, significant amounts of high molar mass products were 

not detected. Finally, the complexes ([IrCl(CO)(PPh3)2], [Ir(μ-Cl)(cod)]2, [IrH(CO)(PPh3)3], 

[Mo(cp)(CO)3]2, [TiCl2(cp)2], [WH2(cp)2], [Rh(μ-Cl)(CO)2]2, [RuCl2(Pcy3)2(=CHSPh)]) did not 

display any catalytical activity when contacted with Bu2SnH2. 

 

While the choice of the solvent influenced the monomer conversion markedly, the 

molar mass of the polymer principally depended on the transition metal compound. 

Since all reaction mixtures were homogeneous - latest after dibutylstannane addition - 

the dependence of the conversion on the nature of the solvents are attributed to 

different reaction processes or reaction rates and not directly to differences in the 

solubility of the catalyst or reaction intermediates. Generally, conversion in 

dichloromethane or tetrahydrofuran reached at best that in benzene or toluene, 

although reactions with the catalyst [RhCl(PPh3)3] and [Ni(cod)2] also reached 100 % 

conversion in at least one of the former two solvents. 

 

Four catalysts yielded 100 % conversion of dibutylstannane in at least one solvent  

(cf. Table 3-8). However, detectable amounts of cyclic oligomers in the resulting 

reaction mixtures were absent only in the experiments with [RhCl(PPh3)3] and possibly 

in those with [Ni(cod)2]; in the latter case the detection limit of cyclic products was only 
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ca. 30 % as a result of the NMR signal broadening, likely to be due to the paramagnetic 

nature of nickel species present in the reaction solution, which obscures the results. 

 

The complex [RhCl(CO)(PPh3)2] yielded small, and [ZrH2(cp)2] large amounts of cyclic 

oligomers. Polymers of the highest molar masses (Mp up to 6.9·104 g/mol) were found 

in the reaction systems containing the rhodium-olefin compounds [Rh(cod)(μ-Cl)]2 or 

[Rh(C2H4)(μ-Cl)]2, but the conversions were well below 100 % and, in addition, a 

signature of an unidentified byproduct was evident in 119Sn-NMR spectra around  

-88 ppm. While most of the rhodium complexes examined were catalytically active, 

none of the iridium compounds yielded noteworthy amounts of linear 

poly(dibutylstannane); in particular [IrCl(CO)(PPh3)2] was completely inactive. Although, 

the corresponding rhodium complex lead to 100 % conversion of dibutylstannane. 

 

Thus, the data listed in Table 3-8 lead to the following conclusions: 

 

1. Within the limited scope of the tested compounds, no systematic dependencies 

are evident of the catalytic activity of the complexes on particular ligands or the 

metal atom. Thus, the catalytic activity seems to be delicately dependent on the 

entire metal-ligand system, although rhodium and, as known from the 

literature14, zirconium complexes appear to be catalytically active with a variety 

of coordinated ligands. 

 

2. The most suited catalyst with respect to complete monomer conversion and 

exclusive formation of linear polymer was [RhCl(PPh3)3]; [Ni(cod)2] might also be 

appropriate, but conclusive evidence was hampered due to very broad NMR 

signals. Hence, further studies were conducted with [RhCl(PPh3)3] as the catalyst.  

 

Polymerization of Bu2SnH2 with [RhCl(PPh3)3] 

 A detailed study was conducted on the influence of the reaction temperature and the 

[Rh(PPh3)3Cl]/Bu2SnH2 ratio on the conversion of dibutylstannane, on the product 

distribution (linear polymer vs. cyclic oligomers) and on the molar mass of the resulting 

polymer in toluene - a solvent which enabled the distinction of linear polymer and 

cyclic oligomers also by 1H NMR spectroscopy. 
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In order to monitor the kinetics of monomer conversion at different reaction conditions, 

the volume of the formed H2 gas was measured with a gas buret by Bunte.49 Samples 

were removed from the reaction mixtures at various times, subsequently diluted under 

ambient conditions with a five-fold volume of tetrahydrofuran (THF), to arrest the 

polymerization at ambient atmosphere and immediately injected in the GPC column in 

order to analyze molar masses.  

 

Influence of polymerization temperature 

At a catalyst/monomer [Rh(PPh3)3Cl]/Bu2SnH2 ratio of 4 % mol/mol, the rate of Bu2SnH2 

conversion depended markedly on the reaction temperature in the range of -10 °C to 

20 °C (Figure 3-3). The polymerization rate rapidly decreased with decreasing 

temperature. At 20 °C, the reaction was finished within 2 min, while completion of the 

reaction at 10 °C required ca. 2 h. Further, it was found that, even over more extended 

periods of time, 100 % conversion was not attained at temperatures below 0 °C. At -5 °C, 

for instance final Bu2SnH2 conversion of ca. 75 % was obtained after ca. 2.5 h, and at  

-10 °C the catalytic activity virtually expired after ca. 3.5 h when the monomer 

conversion amounted only to ca. 30 %. The rate of monomer consumption could not be 

described with an integer order kinetics.  

 

Importantly, at the end of the reactions, which was considered to be that moment 

when no gas evolution was observed during a period of 1 h, the molar masses Mp 

evaluated from GPC (2⋅104 – 3⋅104 g mol-1) were not significantly influenced by the 

reaction temperature. 

  

After 30 min at 20 °C and a [Rh(PPh3)3Cl]/Bu2SnH2 ratio of 4 % mol/mol, i.e. under 

conditions where the monomer was virtually completely converted, the two 

dominating peaks at 24.5 ppm and -5.1 ppm in 31P-NMR spectra indicated the presence 

of [Rh(PPh3)3Cl] and free PPh3. The remaining [Rh(PPh3)3Cl] induced complete 

polymerization of supplementary added Bu2SnH2 (25 % of the initial Bu2SnH2 quantity), 

as suggested from the absence of the Sn-H stretching vibration in IR spectra. Repetition 

of this procedure (in 30 min intervals) lead to a weak signal of the Sn-H vibration after 

the third and a strong signal after the fourth addition, indicating that the catalytic 

system became essentially inactive after the third addition of monomer. The value of 

Mp in the reaction solution (1.5·10-4 g/mol) did not change upon the first supplementary 
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Bu2SnH2 addition and decreased thereafter by ca. 15 % after the second and by ca. 30 % 

in total after the third and fourth supplementary addition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5:  a) Gel permeation chromatograms of dibutylstannane reaction mixtures at different 

dibutylstannane conversions, in reaction with continuous addition of [RhCl(PPh3)3]. b) NMR spectra 

representative of the butyl groups in the reaction mixtures at the different conversions (indicated). 
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Catalyst/monomer ratio 

Further, experiments were performed at a reaction temperature of 20 °C at constant 

initial Bu2SnH2 concentration, but different [RhCl(PPh3)3]/Bu2SnH2 ratios. This ratio was 

found to significantly affect the maximum Bu2SnH2 conversion, which became 

incomplete below a [RhCl(PPh3)3]/Bu2SnH2 ratio of 4 % mol/mol, reaching only 16 % at a 

0.5 % mol/mol (Figure 3-4). On the other hand, a lower catalyst/monomer ratio lead to 

a (non-linear) increase in molar mass of the resulting poly(dibutylstannane). The 

highest Mp values (around 7·104 gmol-1) were found at [RhCl(PPh3)3]/Bu2SnH2 ratios of 

0.5 – 1 % mol/mol. Since the increase in molar mass of the polymer was accompanied 

by a significant decrease in conversion of Bu2SnH2, the preparation of polymers with 

higher molar mass was judged to be inefficient under such experimental conditions. 

Based on the above observations, however, polymers of high molar mass and 100 % 

monomer conversion could be prepared when the concentration of active catalyst was 

kept low by very slow and continuous addition with a syringe pump of [RhCl(PPh3)3] in 

dichloromethane ( [RhCl(PPh3)3] is soluble in dichloromethane in higher concentrations 

than in toluene) to a Bu2SnH2 solution in toluene. Here, the catalyst was added to the 

monomer solution, while in the above procedures the reverse was true, i.e. the 

monomer was added to the catalyst. During the reaction, small amounts were removed 

from the reaction mixture and immediately diluted with tetrahydrofuran-d8 in order to 

interrupt the polymerization reaction. Analysis of these samples with 1H NMR 

spectroscopy disclosed that monomer conversion was not yet completed at a 

[RhCl(PPh3)3]/Bu2SnH2 ratio of 2 % mol/mol  (80 % monomer conversion) while the 

Bu2SnH2 was completely polymerized at a [RhCl(PPh3)3]/Bu2SnH2 ratio of  

3 % mol/mol (Figure 3-5). The Mp decreased from 9.3·104 at a [RhCl(PPh3)3]/Bu2SnH2 ratio 

of 0.5 % (12 % monomer conversion) to 6.0·104 at 2 % mol/mol (Mn = 7.2·104 g/mol,  

Mw = 13.4·104 g/mol) and remained at this level at a ratio of 3 % mol/mol (Figure 3-5).    

 

Monomer concentration 

In order to investigate if variations of the monomer Bu2SnH2 concentration in toluene 

could result in poly(dibutylstannane) with high molar mass and 100 % monomer 

conversion, the volume of the solvent was varied by a factor of 20 (0.25 to 5 times the 

volume of solvent used in the above experiments [RhCl(PPh3)3]/Bu2SnH2 ratio  

1 % mol/mol). However, monomer conversion after 120 min never exceeded 50 % and 

there was no unambiguous trend for a dependence of the monomer conversion on the 
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solvent volume, also, the values of Mp did not differ significantly from each other 

(4.3·104 g mol-1 – 5.6·104 g mol-1). When the polymerization was carried out in neat 

Bu2SnH2, i.e. in the absence of solvent, monomer conversion was not complete after  

120 min and the molar mass of the formed polymer was Mp of 1.0·104 g/mol only. 

 

Mechanism 

The results of the above experiments provide some insights into the mechanism of the 

polymerization process: 

 

If the Sn-H bonds would react randomly with each other, the molar mass should 

increase with conversion according to that for simple polycondensation as proposed by 

Carothers,46 i.e. high molar masses would be obtained only at very high monomer 

conversions. Evidently, this is not substantiated by the experimental findings, as shown 

in Figure 3-4; quite to the contrary, the highest molar masses were obtained at low 

Bu2SnH2 conversion. Accordingly, a polymerization mechanism analogous to that 

proposed for catalysts based on elements of the group IV in the periodic table47, 48 

(Figure 3-6) can be excluded in the present case.  
 

The development of molar mass with monomer conversion, however, is in agreement 

with polymerization proceeding by a catalytic active rhodium complex site at which the 

polymer grows, for instance, via formation of stannylene intermediates, which may 

arise from α-H elimination, similar to a mechanism suggested for the formation of 

polygermanes (Figure 3-6).49 Since, the final monomer conversion did not always reach 

100 %, depending on the [RhCl(PPh3)3]/Bu2SnH2 ratio or the temperature, and since after 

100 % monomer conversion additional monomer did not result in an increase in the 

average molar mass, it appears that the growth of poly(dibutylstannane) does not 

proceed via a “living polymerization” process. Apparently growth is arrested by a chain-

termination reaction such as reductive elimination, e.g. of H-Rh-Sn(polymer) moieties 

(Figure 3-6), reactions with impurities (for instance Bu3SnH or Bu2ClSnH), or reactions 

which cause deactivation of the catalyst.  
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Figure 3-6: Schematic of two different polymerization mechanisms. a) A modified path as proposed for 

zirconium catalysts, were the molar mass should follow Carothers’equation (see text). b)  Mechanism 

involving chain growth at a rhodium atom by stannylene insertion. 

 

The molar mass of poly(dibutylstannane) depended on the [RhCl(PPh3)3]/Bu2SnH2 ratio, 

rather than on the volume of solvent (toluene). It increased with decreasing 

catalyst/monomer ratio to a maximum Mp near 105 g/mol (at a polymerization 

temperature 20 °C). Of course, at high [RhCl(PPh3)3]/Bu2SnH2 ratios only relatively little 

Bu2SnH2 is available per catalytically active species and, therefore, the molar mass of 

the resulting polymer is limited by the lack of monomer. Concomitantly, the Bu2SnH2 

conversion decreased below 100 % at [RhCl(PPh3)3]/Bu2SnH2 ratios below 3 –  

4 % mol/mol. It seems therefore that the molar mass is determined at low 

[RhCl(PPh3)3]/Bu2SnH2 ratios by the rate ratios of the polymer growth and the chain-

termination reaction. 

 

At [RhCl(PPh3)3]/Bu2SnH2 ratios of 1.5, 2 and 3 % mol/mol (also at 20 °C), the maximum 

monomer conversion was 77, 78 and 91 %, respectively, indicating that [RhCl(PPh3)3] had 

reacted completely to catalytic inactive species. Accordingly, if each of the rhodium 

atoms had initiated one polystannane chain, the ratio of tin atoms in one polymer 
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chain was at most 51, 39, and 30, respectively (i.e. if the Bu2SnH2 would have been 

converted exclusively to polymer). However, the average number of tin atoms in a 

polymer chain, estimated from Mp, is 4 – 5 times larger (i.e. 240, 167 and  

119, respectively), and therefore it appears that a considerable fraction of rhodium 

atoms was most likely never involved in the polymerization process. Thus it cannot be 

excluded that each catalytically active rhodium atom initiates the growth of only one 

polymer chain.  The reaction of [RhCl(PPh3)3] with Bu2SnH2 probably leads to several 

compounds of which only a part is catalytically active. Indeed, oxidative addition of 

Bu3SnH to [RhCl(PPh3)3] proceeds at room temperature under release of PPh3 and 

formation of [RhClH(SnBu3)(PPh3)2]50 and analogous reactions may occur with Bu2SnH2. 

Therefore, the free PPh3 which was present after addition of Bu2SnH2 to [RhCl(PPh3)3] 

(see above) would be a consequence of the formation of Rh-Sn complexes. Since Rh 

complexes with even five coordinated tin atoms are known,51 the reaction of 

[RhCl(PPh3)3] with Bu2SnH2 can readily result in a number of different complexes. 

 

Upon a decrease in temperature from 20 °C to 10 °C, the time required for complete 

Bu2SnH2 conversion increased by a factor of ca. 50. Such an extreme sensitivity to 

temperature is uncommon. The molar mass of poly(dibutylstannane) obtained in this 

temperature range was little affected, indicating that the ratio between the polymer 

growth rate and the termination rate was little temperature dependent, i.e. the lower 

monomer conversion is likely to be due to a decrease in the rate of the formation of 

catalytic active and inactive species. Hence, it appears that the reaction rate of 

[RhCl(PPh3)3] to catalytic active species markedly decreases with decreasing 

temperature, and the extreme temperature dependency of the over-all reaction 

suggests that the formation of the catalytic active species is a complex process which 

involves many reaction steps. Unfortunately, at present we do not have spectroscopic 

evidence for the nature of the catalytically active species.  

 

Other Poly(dialkylstannane)s  

Monomers. In addition to Bu2SnH2, the compounds R2SnH2 with R = ethyl (Et), propyl (Pr), 

pentyl (Pe), hexyl (Hex), octyl (Oc), and dodecyl (Dod) were also employed as monomers. 

These compounds were prepared by reduction of the corresponding 

dialkyldichlorostannanes (R2SnCl2) with lithium aluminum hydride (Scheme 3-1, 

Equation 3).41, 42, 52, 53 Dialkyldichlorostannanes that were not commercially available 
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were synthesized according to Scheme 3-1 (Equation 1 and 2). First, tetraalkylstannanes 

(SnR4) were prepared by Grignard reaction54-62 of SnCl4 with alkylmagnesium halides in 

diethylether/hexan solutions (Scheme 3-1, Equation 1);54-62 after the reaction was 

initiated half of the solvent was exchanged by toluene thus allowing to increase the 

reaction temperature, which is known to increase the yield of Grignard’s reactions.38 

The tetraalkylstannane thus obtained were subsequently converted with 

stoichiometric quantities of SnCl4 to the dialkyldichlorostannanes (Scheme 3-1, 

Equation 2; erroneously referred to as Kocheshkov comproportionation reaction39, 40, 63-65 

as it was obviously overseen that Buckton described this reaction type already in  

18596, 66).  Nota bene: the Grignard method has been reported not to be suited for the 

direct synthesis of dialkyltindichlorides from SnCl4.67 

 

 

 

 

 

 

 

 

 

 
 

Scheme 3-1:  Reaction scheme for the preparation of the monomer precursors, the monomers and the 

polystannanes. (1) Grignard reaction of SnCl4 with alkylmagnesuim halides; (2) comproportionation 

reaction of tetraalkylstannanes with SnCl4; (3) reduction of dialkyldichlorostannanes with Li[AlH4]; and  

(4) catalytic dehydopolymerisation of dialkylstannanes to polystannanes.  

 

Polymerisation. Polymerization of the above monomers was carried out with  

4 % mol/mol [RhCl(PPh3)3]/dialkylstannane ratio in dichloromethane at room 

temperature for 2 h. Only in the case of (Dod)2SnH2 this was not sufficient to convert 

the entire amount of dialkylstannane (only ca. 50 % had reacted after 2 h); therefore the 

same amount of catalyst was added again for complete monomer conversion. The 

molar masses of the polymers, as analyzed by GPC, are collected in Table 3-1d (Mw and 

Mn between 2.7⋅104-9.7⋅104 and 1.0⋅104-4.0⋅104 g mol-1, respectively). After conversion of 

the monomer, 119Sn, 1H and 13C NMR spectra of the reaction mixtures revealed only one 

 ⎯⎯⎯→RMgBr
4 4SnCl SnR  (1) 

   

 ⎯⎯⎯⎯→
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type of dialkylstannane moiety (Table 3-5) with chemical shifts in 119Sn NMR spectra 

that are characteristic for the linear poylmers14, 15, 28, 44 (a deviation of ca. 20 ppm in the 

case of (SnEt2)n is attributed to the limited length of the ethyl groups). Generally, 

signals of cyclic oligostannanes emerged only when solutions of the polymers were 

exposed to light. 

 

Characterization. The polystannanes precipitated from the reaction mixtures by 

cooling to -78 °C (yields 65 - 90 %, Table 3-1d). The 1H, 13C, and 119Sn NMR spectra of the 

collected products did not distinguish significantly from the spectra recorded in the 

reaction solutions. However, the molar masses of the isolated products invariably were 

found to be below the corresponding values determined in the reaction mixtures. For 

example, for a poly(dibutylstannane) sample Mn decreased from 3.6⋅104 to 2.1⋅104 g/mol 

and Mw from 9.1⋅104 to 5.9⋅104 g/mol, and a poly(dioctylstannane) sample  Mn changed 

from 4.0⋅104 to 2.8⋅104 g/mol and Mw from 9.7⋅104 to 7.1⋅104 g/mol, which may be due to 

disruption of Sn-Sn bonds in the polymer main chain during the isolation process or 

during redissolving. 

 

Table 3-5: NMR data for the synthesized poly(dialkylstannane)s; chemical shifts (d) are given in ppm.   
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In the solid state all polymers were thermally quite stable. Thermogravimetric analysis 

(TGA) did not reveal significant evidence for decomposition below 200 °C under 

nitrogen as well as in air. The maximum rate of decomposition was detected in the 

range of 280 – 300 °C in nitrogen atmosphere and 240 – 300 °C in air (Table 3-6). There 

was no systematic dependency of the thermal stability on the length of the alkyl 

groups. In most cases, the residual masses at 450 °C did not correspond to the tin 

content of the polymers. Lower residual masses are obviously due to the formation of 

volatile tin compounds, while higher masses might originate in the formation of tin-

carbides or, in presence of air, tin oxides.  

 
Table 3-6: TGA analysis of linear poly(dialkylstannane)s and calculated mass fraction of tin in the 
polymers.  
 

Polymer Atmosphere 

Temperature 
at max. rate of 
decomposition 

[°C] 

Remaining 
mass at 450 °C 

[%] 

Mass fraction 
of tin in the 

polymer 
 [%] 

nitrogen 283 27 (SnEt2)n air 255 55 66 

nitrogen 293 30 (SnPr2)n air 261 50 58 

nitrogen 302 31 (SnBu2)n air 239 51 51 

nitrogen 296 25 (SnPe2)n air 275 49 45 

nitrogen 295 36 (SnHex2)n air 290 46 41 

nitrogen 302 30 (SnOc2)n air 299 41 34 

nitrogen 289 28 (SnDod2)n air 268 34 26 

 

 

Differential scanning calorimetry (DSC) of the polystannanes in the temperature range 

between -50 °C and 120 °C  revealed one thermally reversible phase transition for 

polymers with the shorter (up to butyl) and two for the longer alkyl groups (Figure 3-7a). 

In the following, the lower (or single) phase transition temperatures are designated  T1 

and the higher phase transition temperatures (if existing)  T2. In repeated heating-

cooling cycles, the transition temperatures in the first heating traces differed from the 

reversible transition temperatures in the further traces by a few degrees only. This is 

not uncommon and ascribed to differences in crystallite sizes when solids are obtained 

by precipitation (first heating trace) or by solidification of a melt (further traces). The 
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phase transition temperatures obtained from melting-crystallization cycles are 

collected in Table 3-7. As commonly observed for polymeric species, the transition 

temperatures recorded upon heating were shifted to lower temperatures upon cooling 

(ca. 10 – 30 °C). Finally, the first crystallization enthalpies, were significantly lower for 

the two poly(dialkylstannane)s with the shortest alkyl groups (ca. 2 – 3 J/g) than with 

the longer alkyl groups (ca. 10 – 15 J/g), and the enthalpies of the 2nd phase transition  

(ca. 2 – 7 J/g, observed only for longer alkyl groups) were lower than those of the  

1st transition. While T2 increased with increasing length of the alkyl group there was no 

systematic trend in T1. T1 of (SnBu2)n (1 °C) and (SnPe2)n (6 °C) were low and also T1 of 

(SnEt2)n was below room temperature. By contrast, T1 of (SnPr2)n was unexpectedly high 

(93 °C). Interestingly, (SnPr2)n also showed a particularly high density, which for the 

different poly(dialkylstannane)s ranged from 1.16 to 1.58 g/cm at 25 °C (Table 3-1d). As 

expected the densities decreased continuously with increasing length of the alkyl 

groups due to a decrease in content of the heavier element Sn. As noted, a conspicuous 

exception to his trend, however was (SnPr2)n, for which a density was measured that 

significantly exceeded that of (SnEt2)n. The unusually high values of both T1 and density 

of (SnPr2)n may originate in a favorable packing of propyl groups in this particular 

poly(dialkylstannane). 

 
Table 3-7: Transition temperatures and enthalpies of poly(dialkylstannane)s; from 2nd run DSC 

thermograms. 
 

 

 

 

 

 

 

 

 

a) birefringence became weaker but the transition temperature was not sharp 

Transition 
temperatures [°C]  

from DSC 

Enthalpy 
[J g-1] 

Polymer 
1st 

transition 
2nd 

transition 
1st 

transition 
2nd 

transition 
heating 15 -- 1.8 -- (SnEt2)n cooling 6 -- -1.6 -- 
heating 93 -- 3.4 -- (SnPr2)n cooling 63 -- -6.6 -- 
heating 1 -- 10.1 -- (SnBu2)n cooling -26 -- -9.3 -- 
heating 6 57 10.6 1.5 (SnPe2)n cooling -16 42 -10.1 -2.1 
heating 34 68 10.1 6.7 (SnHex2)n cooling 21 43 -7.2 -10.1 
heating 29 74 14.3 5.2 (SnOc2)n cooling 13 58 -13.5 -5.8 
heating 55 91 12.7 2.1 (SnDod2)n cooling 39 80 -24.9 -3.8 
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In order to investigate the phase transitions qualitatively with other methods, all 

polymers were examined in the optical microscope between crossed polarizers, and 

selected polystannanes also with X-ray diffraction. Films of all compounds were found 

to be birefringent below the first phase transition temperature. Since the polymers are 

sensitive to light, attention was paid when thin films were examined in the microscope 

at elevated temperature, which was accomplished by flushing with argon permitting 

observations at temperatures up to ca. 100 °C. No change in birefringence was evident 

upon heating above the 1st phase transition of thin films of (SnEt2)n, (SnPr2)n, (SnBu2)n 

and (SnPe2)n, even at 100 °C. In the case of the (SnHex2)n and (SnDod2)n, birefringence 

became significant weaker above the first transition temperature, while for (SnOc2)n it 

vanished above T1 (Table 3-7, Figure 3-7b). For (SnHex2)n and (SnDod2)n, birefringence 

disappeared only above the second transition temperatures (Table 3-7). Upon cooling of 

(SnHex2)n, (SnOc2)n, (SnDod2)n, the materials became notably birefringent only at the 

temperatures below the 1st phase transition (Table 3-7, Figure 3-7b). Based on the optical 

microscope images alone, one might conclude that all samples except (SnOc2)n show 

still some order after the first phase transition. Remarkably, however, when samples of 

(SnOc2)n were oriented by smearing with a spatula (as reported previously for 

(SnBu2)n),15 and subsequently heated above the first phase transition temperature 

followed by cooling, the orientation evident from the birefringence did not change: 

only heating above T2, lead to a loss in orientation, which was not recovered by cooling. 

The observed transition temperatures in (SnHex2)n, (SnOc2)n and (SnDod2)n are in 

general agreement with transition temperatures detected in DCS thermograms.  

 

Figure 3-8a shows the small-angle X-ray scattering (SAXS) of poly(dibutylstannane) at 

temperatures below and above the first DSC endothermic transition, i.e. at -5 °C and 

5 °C.  At -5 °C, two peaks were observed, at 5 nm-1 and 6 nm-1, respectively, while at 5 °C 

only the peak at 6 nm-1 remained. The presence of two peaks, with the one at lower q 

less intense, and the persistent birefringence are consistent with a columnar 

rectangular phase at -5 °C, in which the scattered intensity maxima are observed at q 

values given by: 

  
 
 (1)      2 2

2

2

2

b
k

a
hq += π
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Figure 3-7: a) DSC thermograms of poly(dioctylstannane); recorded for subsequent heating / cooling 

cycles (under N2, rate 5 °C/min). b) Optical microscopy images of the sample at the various temperatures 

indicated; crossed polarizers. The sequence of the heating/cooling steps proceeded is indicated with the 

arrous (under argon, rate 5 °C/min). 
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Where the Miller indices (h,k) = (1,0) and (0,1) yield the lattice parameters a=1.3 nm and 

b=1.1 nm, respectively. Similar rectangular structures have been indeed reported 

recently for dendronized comb-like polymers with alkyl tails decorating the polymer 

backbone.68 The calculated distance between two extended butyl chains connected to a 

Sn atom, with the standard bond lengths for Sn-C, C-C and C-H of 220, 150 and 110 pm, 

respectively, and the standard bond angles at the carbon and tin atoms of 109° results 

in 1.3 nm. These data also suggest that polystannane backbones occupy the edges of 

the rectangular lattice, while the butyl tails fill the volume within the rectangular unit 

cell by adopting a bilayer-like structure. When the temperature is increased above T1, 

the only remaining peak at 6 nm-1 indicates that the two dimensional order is lost, 

although relatively sharp interfaces between the alkyl tails and polymer backbone are 

still present. Because the resulting phase is still birefringent, these data suggest the 

presence of a nematic phase above T1, where polymer-alkyl tail interfaces are still 

preferentially aligned along the original columnar direction, but with a liquid-like two 

dimensional order with a correlation length of 1.1 nm. Wide-angle X-ray scattering 

(WAXS) data at larger q indicate that the alkyl tails remain amorphous within the 

considered temperature range and the corresponding endothermic peak observed by 

DSC at 0 °C can then be attributed to a transition from a columnar rectangular to a 

nematic phase, which remained stable up to degradation. Figure 3-8b, depicts this 

transition from a columnar rectangular phase to a nematic structure. 

 

Figure 3-8c shows X-ray patterns of poly(dioctylstannane) at -15 °, 10 °C (< T1) and 40 °C      

(> T1). At -15 °C, a sharp peak and two very weak peaks spaced as q1:q2:q3=√1:√4:√9 were 

identifiable, consistent with the presence of a lamellar phase with a period of 2.2 nm. 

Indeed, the second and third reflections (q2, q3), although very weak, appear 

systematically. At 10 °C, the diffractogram closely resembled to that measured at -15 °C, 

whereat the first reflection is sharp and the second and third weak but still noticeable. 

However, at 40 °C, the first peak became weaker, much broader and shifted to larger q, 

while the second and third reflections disappeared completely. These findings indicate 

a transition to an isotropic polymer fluid with an interchain distance of 1.7 nm, as also 

supported by the complete lost of birefringence at and beyond this temperature. The 

increase from 1.1 to 2.2 nm in the correlation length of the interfaces in the liquid-

crystalline phases from poly(dibutylstannane) to poly(dioctylstannane) is consistent 

with the calculation of an extended SnOc2 distance of 2.3 nm, which suggests that the 
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lamellar phase is of the smectic A type - that is with the alkyl tails orthogonal to 

lamellar planes. Again, WAXS data indicate the alkyl tail to be present in the 

amorphous state, which allows the attribution of the corresponding endothermic 

transition in DSC to a first-order smectic-isotropic transition, as sketched in Figure 3-8d. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-8: a) SAXS patterns of poly(dibutylstannane) at temperatures below and above T1, at -5 °C and 

5 °C, respectively. b) Scheme of proposed changes in the structure of liquid-crystalline polymers  below 

and above T1. c) SAXS patterns of poly(dioctylstannane) at -15°C, 10°C (below T1) and 40°C (above T1). d) 

Scheme of proposed order-disorder changes in the structure of the polymers  below and above T1. e) SAXS 

patterns of poly(didodecylstannane) at 20°C, 40°C, 70°C and 100°C. f) Scheme of proposed changes in 

liquid-crystalline structures below and above T1.  
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Figure 3-8e, finally, shows the diffractograms for poly(didodecylstannane) at different 

temperatures. At 20 °C (< T1), the polymer is organized into a well ordered lamellar 

phase of a periodicity of 3.3 nm (up to 5 pronounced reflections, labeled as q1:q2:q3:q4:q5: 

√1:√4:√9:√16:√25, can be distinguished). Also in this case, the period increases 

consistently and fits with the calculation of an extended SnDod2 length of 3.3 nm, 

indicating that the alkyl tails could be organized as a bilayer and adopted a smectic A 

arrangement. When the temperature was increased to 40 °C, the higher order 

reflections of the lamellar phase decreased in intensity and a shoulder appeared at  

3 nm-1, indicating that liquid crystalline order decreased. At 70 °C, i.e. well above T1, all 

the high order peaks from q2 upwards disappeared and the first order peak was present 

together with a broad amorphous liquid-like peak. Finally at 100 °C (> T2) the 

diffractogram is typical for an isotropic polymer fluid with 2.1 nm interchain distance. 

The gradual appearance of a broad isotropic peak and disappearance of the lamellar 

phase are consistent with the progressive loss of the birefringence above the 

temperature T1. At the same time, the endothermic enthalpy measured by DSC for T1 

can be attributed to the lamellar-isotropic order-disorder transition, although in the 

DSC thermograms this transition appears to occur in a sharper way than what revealed 

by SAXS. Figure 3-8f depicts the lamellar-isotropic transition and the changes in typical 

length scales as measured by SAXS. 

 

Conclusions 
 

Among a variety of complexes, the compound [RhCl(PPh3)3] was found to be particularly 

suited as a catalyst (precursor) for the polymerization of dialkylstannanes with the alkyl 

groups ranging from ethyl to dodecyl. In all cases, only linear polymers were obtained, 

i.e. detectable amounts of cyclic oligomers were absent, independent of the reaction 

conditions examined (temperature, solvent, dialkylstannane concentration, 

[RhCl(PPh3)3]/R2SnH2 ratio). However, the influence of the temperature on the 

polymerization reaction itself was particularly pronounced. While at room temperature 

invariably monomer conversion of 100 % was achieved, already at slightly lower 

temperatures the conversion, as well as the reaction rate considerably decreased. 

Further, polymerization was less efficient at low [RhCl(PPh3)3]/R2SnH2 ratios. Finally, also 

the nature of the solvent in which the reaction was conducted affected the monomer 

conversion (tetrahydrofuran less suited than dichloromethane, benzene or toluene).
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Table 3-8: Polymerisation of dibutylstannane in the presence of 4 % mol/mol of the most reactive 

catalysts in different solvents, and molar masses of the resulting polymers (Mp in g/mol, i.e. molar mass 

at the peak maximum in GPC analysis), after 2 h reaction time at room temperature. Left column: 

conversion in %a (in brackets % of cyclic by-productb); right column: Mp in g/mol. Only catalysts yielding 

poly(dibutylstannane) with Mp > 6000 g/mol are listed. cod = 1,5-cyclooctadiene, cp = cyclopentadienyl, 

acac = acetylacetonate (2,4-pentanedionate). 

 

 

a Conversion of Bu2SnH2 determined by integration of the tin hydride signal in 1H NMR spectra;  b Amount of 

cyclic products determined by comparison of the linear and cyclic signals in 119Sn NMR spectra; c small amount 

of not identified product at ca. -88 ppm in 119Sn NMR; d no cyclic species observed, however, due to the very 

broad NMR signals caused by the presence of paramagnetic nickel species, the detection limit of the cyclic 

products was only ca. 30 % .  

 

 

The number average molar masses of the polymers generally were in the range of  

1·104 – 1·105 g/mol, depending on the reaction conditions and the alkyl substituents. 

Polystannanes of the highest molar masses were obtained under conditions where the 

monomer was not fully converted to polymer, or when the catalyst was added slowly to 

the reaction solution; in which case also 100 % monomer conversion was observed. The 

reaction temperature, on the other hand, did not have a pronounced influence on the 

molar mass of the resulting polymer. The molar mass of poly(dibutylstannane) formed 

at low monomer conversion appeared to be somewhat higher than that at high 

monomer conversion. This finding is not compatible with random condensation of  

Sn-H groups, but is consistent with polymer growth at a catalytic active rhodium 

species. In our studies we concluded that, [RhCl(PPh3)3] itself is not active, but is 

converted by reaction with dialkylstannanes into a catalytic species. Since a relatively 

high [RhCl(PPh3)3]/R2SnH2 ratio (3 – 4 % mol/mol) was required to obtain 100 % 
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monomer conversion, it appears that most of the [RhCl(PPh3)3] molecules reacted to 

catalytically inactive compounds. 

 

The poly(dialkylstannane)s were isolated by precipitation in yields of 65 – 90 %. The 

polymers featured a phase transition from a solid to a soft, ordered state. This 

transition occurred at relatively low temperatures (0 – 15 °C) in the case of (SnEt2)n, 

(SnBu2)n and (SnPe2)n and at a remarkably high temperature for (SnPr2)n (91 °C). The 

latter polymer was also characterized by a particularly high density, possibly due to a 

particularly favored packing of the alkyl groups. In addition, the polymers with pentyl or 

longer alkyl groups exhibited a second phase transition at higher temperature. For 

(SnBu2)n the endothermic transition around 0 °C was attributed to the transition from a 

liquid-crystalline columnar rectangular to a liquid-crystalline nematic phase. For 

(SnOc2)n and (SnDod2)n, however the first transitions at T1 were identified as transitions 

between lamellar smectic phases to isotropic phases and that at T2 to an isotropic 

polymer melt. 

   



 66 

References 

 
1  C. Löwig, Mitt. Naturforsch. Ges. Zürich, 1852, 2, 556. 

2  A. Cahours, Ann. Chim. Phys., Sér. 3, 1860, 58, 5. 

3  E. Frankland, Phil. Trans. Royal Soc. London, 1852, 142, 417. 

4  E. Frankland, Ann. Chem. Pharm. (Liebig’s Ann.), 1853, 85, 329. 

5  A. Cahours, Ann. Chem. Pharm. (Liebig’s Ann.), 1860, 114, 227. 

6  G. B. Buckton, Proc. Royal Soc. London, 1857-1859, 9, 685. 

7  A. Wurtz, Ann. Chim. Phys., Sér. 3, 1855, 44, 275. 

8  P. Pfeiffer, R. Prade, H. Rekate, Chem. Ber., 1911, 44, 1269. 

9  T. Harada, Sci. Papers Inst. Phys. Chem. Res. (Tokyo), 1939, 35, 290. 

10  N. Devylder, M. Hill, K. C. Molloy, G. J. Price, Chem. Commun., 1996, 711. 

11  S. J. Holder, R. G. Jones, R. E. Benfield, M. J. Went, Polymer, 1996, 37, 3477. 

12  W. K. Zou, N. L. Yang, Polym. Prep. (Am. Chem. Soc. Div. Polym. Chem.), 1992, 33, 188. 

13  A. Mustafa, M. Achilleos, J. Ruiz-Iban, J. Davies, R. E. Benfield, R. G. Jones, D. 

Grandjean, S. J. Holder, React. Funct. Polym., 2006, 66, 123. 

14  T. Imori, V. Lu, H. Cai, T. D. Tilley, J. Am. Chem. Soc., 1995, 117, 9931. 

15  F. Choffat, P. Smith, W. Caseri, J. Mater. Chem., 2005, 15, 1789. 

16  A. Cahours, Ann. Chem. Pharm. (Liebig’s Ann.), 1860, 114, 334. 

17  C. A. Kraus, W. N. Greer, J. Am. Chem. Soc., 1925, 47, 2568. 

18  E. Krause, R. Becker, Chem. Ber., 1920, 53, 173. 

19  K. Sisido, S. Kozima, T. Isibasi, J. Organomet. Chem., 1967, 10, 439. 

20  P. Pfeiffer, R. Lenhardt, H. Luftensteiner, R. Prade, K. Schnurmann, P. Truskier, Z. 

anorg. Chem., 1910, 68, 102. 

21  G. B. Buckton, Ann. Chem. Pharm. (Liebig’s Ann.), 1859, 109, 218. 

22  A. Strecker, Ann. Chem. Pharm. (Liebig’s Ann.), 1858, 105, 306. 

23  K. A. Jensen, N. Clauson-Kaas, Z. anorg. allg. Chem., 1943, 250, 277. 

24  L. R. Sita, Organometallics, 1992, 11, 1442. 

25  L. R. Sita, K. W. Terry, K. Shibata, J. Am. Chem. Soc., 1995, 117, 8049. 

26  W. P. Neumann, Angew. Chem., 1962, 74, 122. 

27  W. P. Neumann, J. Pedain, Ann. Chem. (Liebig’s Ann.), 1964, 672, 34. 

28  T. Imori, T. D. Tilley, J. Chem. Soc., Chem. Commun., 1993, 1607. 



 67 

29  M. Okano, N. Matsumoto, M. Arakawa, T. Tsuruta, H. Hamano, Chem. Commun., 

1998, 1799. 

30  M. Okano, K. Watanabe, Electrochem. Commun., 2000, 2, 471. 

31  M. Okano, K. Watanabe, S. Totsuka, Electrochem. Soc.  Japan, 2003, 71, 257. 

32  V. Y. Lu, T. D. Tilley, Macromolecules, 2000, 33, 2403. 

33  H. G. Woo, J. M. Park, S. J. Song, S. Y. Yang, I. S. Kim, W. G. Kim, Bull. Korean Chem. 

Soc., 1997, 18, 1291. 

34  H. G. Woo, S. J. Song, B. H. Kim, Bull. Korean Chem. Soc., 1998, 19, 1161. 

35  J. A. Osborn, F. H. Jardine, J. F. Young, G. Wilkinson, J. Chem. Soc. A, 1966, 1711. 

36  M. P. de Haas, F. Choffat, W. Caseri, P. Smith, J. M. Warman, Adv. Mater., 2006, 18, 

44. 

37  A. Albinati, W. R. Caseri, P. S. Pregosin, Organometallics, 1987, 6, 788. 

38  A. Bokranz, H. Plum, Fortschr. Chem. Forsch., 1971, 16, 365. 

39  G. J. M. van der Kerk, J. G. A. Luijten, J. Appl. Chem., 1957, 7, 369. 

40  K. A. Kozeschkow, Ber. Deutsch. Chem. Gesell., 1933, 66, 1661. 

41  A. E. Finholt, A. C. Bond, H. I. Schlesinger, J. Am. Chem. Soc., 1947, 69, 1199. 

42  A. E. Finholt, A. C. Bond, K. E. Wilzbach, H. I. Schlesinger, J. Am. Chem. Soc., 1947, 69, 

2692. 

43  H. Bunte, J. Gasbeleucht. Verw. Beleuchtungsarten Wasserversorg., 1888, 895. 

44  S. M. Thompson, U. Schubert, Inorg. Chim. Acta, 2004, 357, 1959. 

45  J. R. Babcock, L. R. Sita, J. Am. Chem. Soc., 1996, 118, 12481. 

46  W. H. Carothers, Trans. Faraday Soc., 1936, 32, 39. 

47  N. R. Neale, T. D. Tilley, J. Am. Chem. Soc., 2002, 124, 3802. 

48  N. R. Neale, T. D. Tilley, Tetrahedron, 2004, 60, 7247. 

49  I. Manners, Annu. Rep. Prog. Chem., Sect. A,, 1997, 129. 

50  F. Glockling, G. C. Hill, Inorg. Phys. Theor., 1971, 2137. 

51  D. P. Krut'ko, A. B. Permin, V. S. Petrosyan, O. A. Reutov, Izv. Akad. Nauk. SSSR, Ser. 

Khim, 1984, 33, 2787, Engl.  Trans.: Russ. Chem. Bull., 1984, 33, 2553 

52  G. J. M. van der Kerk, J. G. Noltes, J. G. A. Luijten, J. Appl. Chem., 1957, 7, 366. 

53  C. R. Dillard, E. H. Mcneill, D. E. Simmons, J. B. Yeldell, J. Am. Chem. Soc., 1958, 80, 

3607. 

54  W. J. Pope, S. J. Peachey, Proc. Chem. Soc., 1903, 19, 290. 

55  P. Pfeiffer, K. Schurmann, Ber. Deutsch. Chem. Gesell., 1904, 37, 319. 

56  W. J. Jones, D. P. Evans, T. Gulwell, D. C. Griffiths, J.  Chem. Soc., 1935, 39. 



 68 

57  G. Schott, C. Harzdorf, Z. Anorg. Allg. Chem., 1960, 307, 105. 

58  J. C. Maire, Ann. Chim. Sci. Mat., 1961, 6, 969. 

59  I. Földesi, Acta Chim. Acad. Sci. Hung., 1965, 45, 237. 

60  I. L. Marr, D. Rosales, J. L. Wardell, J. Organomet. Chem., 1988, 349, 65. 

61  M. Regitz, B. Giese, Methoden der Organischen Chemie (Houben-Weyl). Thieme: 

Stuttgart, Vol. E19a, 1989. 

62  J. P. Testa, C. A. Dooley, J. Label. Compd. Radiopharm., 1989, 27, 753. 

63  K. A. Kozeschkow, Ber. Deutsch. Chem. Gesell., 1929, 62, 996. 

64  W. P. Neumann, Die Organische Chemie des Zinns. Stuttgart, 1967. 

65  A. G. Davies, Organotin Chemistry. Weinheim, 2004. 

66  G. B. Buckton, Ann. Chem. Pharm. (Liebig’s Ann.), 1859, 112, 220. 

67  E. Krause, A. von Grosse, Die Chemie der metall-organischen Verbindungen. Berlin, 

p 335, 1937. 

68  N. Canilho, E. Kasëmi, R. Mezzenga, A. D. Schlüter, Macromolecules, 2007, 40, 

2822. 

 

 

 

 



 

 69 

Chapter 4 

 

 

 

Charge Mobility in the  

Room-Temperature Liquid-Crystalline 

Semiconductor  

Poly(dibutylstannane) 
 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract 

 

The mobility of charge along the σ-bonded chains of tin atoms in poly(dibutylstannane) 

decreases from  ca 0.1 to 0.03 cm2/Vs in going from its crystalline to  liquid-crystalline 

phase which extends to ca 50 oC below room temperature on cooling. The high mobility 

and the ease with which the polymer chains can be oriented, make it a potential 

candidate for applications in molecular electronic devices.  
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Introduction 
 

Considerable attention has been paid in recent years to the semiconductive properties 

of polymeric materials based on π-bond-conjugated backbones of carbon with a view 

to their application in molecular (opto)electronic devices. Much less effort has been 

directed to polymeric materials based on sigma-bonded backbones of other group 4 

elements, despite evidence that polysilanes, polygermanes and polystannanes also 

display semiconductive properties.1-7 For instance, charge mobilities in dialkyl-

substituted silicon and germanium polymers, determined using the pulse-radiolysis 

time-resolved microwave conductivity technique (PR-TRMC),6-10 are similar in 

magnitude to those found for π-bond-conjugated carbon-based polymers,11 i.e. on the 

order of 0.01 cm2/Vs or higher. The one-dimensional, intrachain nature of charge 

transport in polysilanes has been demonstrated by PR-TRMC measurements on 

oriented solid samples,7,12 and on isolated polymer chains in dilute solution.13 

 

Recently a new synthetic route has been developed for the preparation of a high 

molecular weight, linear poly(dibutylstannane),14 free from the cyclic oligomeric 

impurities formed in certain previous synthetic methods.5 Here we show that this 

polystannane derivative also exhibits rapid charge transport and has the added 

advantages for device applications that it is liquid crystalline at room temperature,5, 14 

can be readily aligned by shearing and is thermally stable up to 250 oC (in a nitrogen 

atmosphere).14 The mobilities obtained for this material in the solid and liquid 

crystalline phases have been determined and are compared with those previously 

reported for  analogous polysilane and polygermane compounds. 

 

The reversible, sub-ambient phase transition in poly(dibutylstannane) is illustrated by 

the differential scanning calorimetry (DSC) scans in Figure 4-1.  

 



 

 71 

-40 -20 0 20 40 60 80 100 120

0.
1 

W
g-1

en
do

th
er

m
al

cooling

heating
H

ea
t f

lo
w

 [W
 g

-1
]

Temperature  [°C]  
 

Figure 4-1:  Differential scanning calorimetry (DSC) scans of Poly(dibutylstannane) for first heating and 

cooling cycles. 

 

 

Results and Discussion 
 

Endo- and exotherms are found, repectively, at ca 0 oC on heating and ca -25 oC on 

cooling, which are ascribed to a transition from a low temperature crystalline solid 

phase, K, to a liquid-crystalline mesophase, M, at elevated temperatures.5,14 On the basis 

of UV-vis absorption, Raman, and X-ray diffraction spectra,5, 15 the polymer chains in the 

mesophase are concluded to be hexagonally packed with a disordered backbone 

configuration, similar to the hexagonal columnar mesophase found for polysilanes and 

polygermanes.16-19 This is consistent with our observations from X-ray diffraction 

patterns. The main peak corresponding to a distance of 11.28 Å is attributed to the (100) 

plane and the next three (less-pronounced) peaks, corresponding to 6.51 Å, 5.60 Å, and 

4.38 Å (broad) to the (110), (200) (or (020)), and (210) (or (120)) planes, respectively. The 

diameter of the quasi-cylindrical columns forming the 2-D hexagonal lattice is 

therefore 13.0 Å which seems reasonable for a structure consisting of a rather rigid 

polymer backbone with butyl side chains. On entering the crystalline phase, the 
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bathochromic shift and narrowing of the optical spectra have been taken to indicate 

the occurrence of backbone ordering with possibly the adoption of an all-anti 

configuration.5, 15, 20 

  

The conductive properties of poly(dibutylstannane) were determined using the  

PR-TRMC technique in which a low (micromolar) concentration of charge carriers is 

formed in the bulk material by a nanosecond pulse of ionizing radiation and any 

change in conductivity, resulting from the presence of mobile charge carriers, is 

monitored as an increase in the microwave dielectric loss of the sample. Readily 

measureable conductivity transients were found in both the crystalline solid and liquid-

crystalline mesophase of poly(dibutylstannane), as shown in Figure 4-2 by the traces 

obtained at -20 oC and +20 oC respectively on heating. 
 

 
 

Figure 4-2: Transient changes in the conductivity of Poly(dibutylstannane) on 5 ns pulsed ionization at  

-20 oC (crystalline solid phase) and  +20 oC (liquid crystalline phase). 
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The conductivity decays after the pulse over a timescale of tens to hundreds of 

nanoseconds as a result of recombination and/or trapping of the mobile charge carriers 

formed in the pulse. 

  

The sum of the mobilities of the charge carriers, Σμ1D, can be determined from the end-

of-pulse conductivity per unit dose, [Δσ/D]eop, as described in the experimental section. 

The values of Σμ1D obtained are plotted as a function of temperature in Figure 4-3. On 

cooling the sample from room temperature, the mobility first decreases slightly down 

to ca -20 oC. On further cooling however an abrupt increase, by a factor of ~3.5, occurs 

within the range -25 to -30 degrees with little further change on cooling to -50 oC. On 

the subsequent heating trajectory, Σμ1D increases up to -10 oC followed by a sharp 

decrease in the region of 0 oC to a value close to that initially found at room 

temperature. Only a very slight increase is observed on further heating up to ca 100 oC.  

 

 
Figure 4-3: The temperature dependence of the one-dimensional charge mobility, Σμ1D, in 

poly(dibutylstannane). 

 

The temperatures at which abrupt changes in the mobility occur are very close to those 

found for the K-to-M phase transition in the DSC and optical measurements. We 

ascribe these changes, therefore, to a substantially higher mobility in the crystalline 
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phase of poly(dibutylstannane) than in the mesophase. The lower mobility in the latter 

phase is thought to find its origin in the higher degree of static and/or dynamic 

disorder in the polymer backbone conformation resulting from "melting" of the alkyl 

side-chains. A marked decrease in charge mobility at the K-to-M transition has 

previously been found to be a general feature of dialkyl-substituted polysilanes and  

poly(di-n-hexylgermane).6-11  

 

The values of Σμ1D at 10 degrees below and 10 degrees above the K to M transition 

temperature are listed in Table 4-1, together with the K->M and M->K transition 

temperatures for all of the dialkyl-substituted group-4 polymers investigated using   

PR-TRMC. 

 
Table 4-1: The crystalline solid (K) to mesophase (M) transition temperatures, charge mobilities in K and 

M, and optical absorption maxima in M for dialkyl-substituted linear polymers (PDnX, where n is the 

number of carbon atoms) of silicon, germanium and tin. Also given are the σ-bond lengths (d(E-E)) and 

rotational barriers (Erot).  

 

Transition 

temperature 

[oC] 

Σµ1D 

[cm2/Vs] 

λmax(M) 

[nm] 

d(E-E) 

[Å] 

Erot 

[eV] 

Reference Compound 

M→K K→M M K     

PD4Si  38 74 0.021 0.108 315 2.35 0.041  9, 10, 19, 21 

PD5Si  40 67 0.028 0.204 315   3, 8, 9, 10 

PD6Si  24 42 0.018 0.450 318   6, 8, 9, 10 

PD8Si  -3 11 0.025 0.540 318   8, 9, 10 

PD9Si  -7 23 0.015 0.171 318    9, 10 

PD10Si 22 55 0.019 0.138 318   9, 10 

PD6Ge 23 36 0.021 0.078 324 2.50 0.029 6, 21 

PD4Sn -25 0 0.027 0.097 382 2.85 0.018 14, 21, this work 

  

Perhaps surprisingly, the mesophase mobilities all lie within the rather narrow range of 

0.015 to 0.028 cm2/Vs with no apparent systematic dependence on the nature of the 

backbone element. This could possibly be due to a fortuitous compensation of the 

factors influencing charge delocalization and charge migration. Thus, while the 
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decreasing electronegativity with increasing atomic number might be expected to 

result in a larger degree of electronic coupling (as evidenced by the increasing 

bathochromic shift in the absorption spectra given in Table 4-1), the increase in bond 

length,21 also given in Table 4-1, may compensate for this effect. This has, in fact, been 

shown to be the case in band structure calculations for polymeric chains of Si, Ge and 

Sn.22 The values derived for the electron and hole effective masses for a trans-planar 

backbone conformation were found to be similar in magnitude and to lie within the 

ranges 0.10±0.01 and 0.13±0.01 respectively for all three elements. While the effective 

masses calculated for a helical backbone conformation were considerably larger, here 

again no significant systematic dependence on atomic weight was apparent.  

  

  
 
Figure 4-4: Optical micrograph (crossed polarizers) of an oriented film of poly(dibutylstannane) produced 

by shearing the material at room temperature.  

 

An additional factor which might be expected to influence the transport of charge is 

the barrier to σ-bond rotation which decreases substantially with increasing atomic 
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weight (bond length) as shown by the data in Table 4-1.21 This could result in an increase 

in the static and dynamic disorder within the backbone particularly in the more fluid 

mesophase. However, from the similarity of the mobility values, we conclude that this 

is not a dominant factor.  

 

The decrease in mobility at the transition from the crystalline to the liquid-crystalline 

mesophase is a general feature of the PDnM compounds. This has also been found to 

be a general characteristic of mesomorphic discotic materials.23 As for the latter 

compounds this is attributed to the increase in dynamic structural disorder on 

"melting" of the alkyl side chains. An additional possible effect could be the adoption of 

an all-anti chain configuration in the crystalline phase which has been found to occur 

for some of the PDnSi derivatives.24,25 The actual backbone conformation in the solid 

phase of poly(dibutylstannane) could not be conclusively determined on the basis of  

X-ray diffraction measurements.5 

  

Unlike the present PDnM compounds, the mobility values for the mesophase of 

columnar discotic materials determined by PR-TRMC have been found to be quite 

strongly dependent on the size of the aromatic core with values ranging from a low of 

ca 0.01 cm2/Vs for triphenylene derivatives (18 p-orbital core) to ca 0.4 cm2/Vs for hexa-

peri-hexabenzocoronene derivatives (42 p-orbital core).23 Values for π-bond conjugated 

polymers cover an even greater range depending on backbone structure and 

morphology; from ca 10 cm2/Vs or larger for single crystal polydiacetylenes to less than 

0.01 cm2/Vs for mixed-morphology polyphenyl and polyphenylenevinylene 

derivatives.26 In this regard it is worth emphasizing that, because of the low electric 

field strenth (<100 V/cm) and the ultrahigh frequency (ca. 30 GHz) used in PR-TRMC 

measurements, the random diffusional motion of the charge carriers is only slightly 

perturbed. This, together with the nanosecond time-response of detection, ensures 

that the mobilities measured are effectively zero-field, trap-free values characteristic of 

the most well-organized domains within the sample. Mobilities determined by DC 

time-of-flight or field-effect transistor measurements are much more sensitive to the 

barriers to charge transport presented by domain boundaries. As a result of increased 

attention to both purity and structural organization in the latter measurements the 

mobility values obtained have increased by many orders of magnitude over recent 

years and now approach those measured by PR-TRMC.   
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The promise and uniqueness of poly(dibutylstannane) as an intrinsically one-

dimensional semiconductive material lies mainly in the stability of its liquid crystalline 

phase on cooling down to temperatures almost 50 degrees below ambient. The fact 

that in this phase the polymer is malleable and can be readily aligned, for instance by 

shearing (see Figure 4-4), is an indication of how the one-dimensional, vectorial 

transport potential could be incorporated into device structures. The results of the 

present work show that even in this molecularly flexible state, the mobility of charges 

is within the range required for technologically viable electronic devices. 

 

 

Experimental 
 

The sample of (poly(dibutylstannane) or [Sn(n-C4H9)2]n) studied in the present work had 

a number-averaged molecular weight of Mn = 1.3⋅104 g mol-1 and Mw = 5.9⋅104 g mol-1 

with a polydispersity of 4.4, corresponding to an average of  60-250 monomer units per 

chain. The density as determined with a helium pycnometer amounts to 1.38 g/cm3. 

Poly(dibutylstannane) exists at room temperature in a liquid crystalline mesophase, M, 

as evidenced by its waxy, maleable texture and its readiness to align on shearing 

(Figure 4-4). A reversible transition to a crystalline solid phase, K, occurs on cooling 

below room temperature. As shown by the differential-scanning-calorimetry traces in 

Figure 4-1, the M->K transition occurs at ca -25 oC  and the return to the mesophase at 

ca 1 oC, i.e. with a hysteresis of 27 degrees. X-ray diffraction studies show the polymer 

chains to be arranged in a two-dimensional hexagonal lattice in the mesophase with 

an interchain distance of 13.0 Å. The distance between the tin atoms within a chain is 

2.85 Å.21 

 

The application of the pulse-radiolysis time-resolved microwave conductivity technique 

(PR-TRMC) to the study of the (semi)conductive properties of molecular materials has 

been described in detail in recent review articles.11, 27, 28 Briefly, a 3x3.55x7.1 mm3 bulk 

sample of the material contained within a Ka-band (26.5-42 GHz) microwave cavity is 

uniformly ionized with a nanosecond duration pulse of 3 MeV electrons from a Van de 

Graaff accelerator. For the radiation doses used, the concentration of carriers formed in 

the pulse is on the order of 10 micromolar or approximately 1 ppm in terms of monomer 
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units. The formation of mobile charge carriers is monitored as an decrease in the 

microwave power reflected by the sample which is directly proportional to the 

radiation induced conductivity, Δσ. The sum of the one-dimensional mobility of the 

carriers, Σμ1D, is determined from the dose normalized end-of-pulse conductivity using 

the expression: 

 

 

 Σμ1D  =  3Ep[Δσ/D]eop/Weop  (1) 
 

 

The factor of 3 in (1) takes into account that the polymer chains are randomly oriented 

in the bulk sample used. The parameter Ep is the average energy in electron volts 

deposited per ionization event and is taken to be 22 eV, the value used in the analysis of 

the previous PR-TRMC results for dialkyl silane and germane polymers.6, 7 Weop is the 

probability that initially formed electron-hole pairs survive to the end of the pulse. 

Taking this parameter to have its maximum value of unity results in the calculation of 

lower limits to the values of Σμ1D from the measured values of [Δσ/D]eop.  
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Chapter 5 

 

 

 

Oriented  

Poly(dialkylstannane)s 
 

 

 

 

 

 

 

 

Abstract 
 

The semi-conducting inorganic (or “organometallic”) polymers poly(dibutylstannane), 

poly(dioctylstannane) and poly(didodecylstannane) were oriented by shear forces, 

tensile drawing of blends with poly(ethylene) and deposition from solution onto glass 

slides coated with an oriented, friction-deposited poly(tetrafluoroethylene) (PTFE) layer. 

Orientation of the polystannanes was examined by polarization microscopy, UV-vis 

spectroscopy with polarized light and X-ray diffraction and their direction was found to 

depend on the length of the alkyl side groups and the method of orientation. 

Remarkably, in some cases the polystannane backbones were oriented parallel and in 

other instances perpendicular to the direction of the external orientation stimuli. The 

latter structural arrangement was most conspicuous for polymers with dodecyl side 

groups, which were found to align parallel to the applied orientation direction, forcing 

the polymer backbone into a perpendicular position. Finally, UV-vis spectra indicated 

that changes in the backbone conformation of certain polystannanes might be induced 

by applying mechanical stress. 



 82 

Introduction 

 
As far as we are aware, polymers which comprise a backbone of covalently-bonded 

metal atoms so far have been synthesized only with tin.1-10 These polymers, which 

typically are of the composition  (SnR2) n and termed polystannanes, are structurally 

related to corresponding polymers with the semi-metals silicon or germanium  

(i.e. elements that are located in the periodic table in the same group as tin) and are of 

potential interest as semi-conductors.11-13 However, synthesis of linear polystannanes in 

high yield, and free of cyclic oligomers has been achieved only recently2, 3 and, therefore, 

until now the properties of polystannanes have been relatively little explored.  

 

Here, we present the formation of oriented structures of poly(dialkylstannane)s, 

encouraged by the reported uniaxial orientation of polysilanes,14-21 bearing in mind, of 

course, that parameters which influence orientation processes, such as melting 

temperature, solubility, and chain rigidity differ for polysilanes and polystannanes. A 

variety of techniques have been developed to induce orientation of polymer molecules, 

which is well known to be highly beneficial for mechanical, optical and electronical 

properties. Orientation by shearing is suited,2, 19 as well as solid-state drawing if the 

mechanical behavior of the polymer permits large elongation. Also, polymers have been 

(co-)oriented with the assistance of a matrix polymer which was subjected to tensile 

deformation.14, 17 Oriented polymer structures can be prepared also by crystallization 

from the melt or solution onto highly oriented, thin films of poly(tetrafluoroethylene) 

friction-deposited onto, for instance, glass slides.15, 22 In this work we used all of these 

methods to produce oriented poly(dialkylstannane)s and investigated the role of the 

orientation process and the length of the alkyl groups on the orientation behavior of 

the different poly(dialkylstannane)s.  
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Results 
 

Orientation by shearing 

It would appear most convenient to orient poly(dialkylstannane)s by drawing of self-

supported films. However, this technique could not be applied because the mechanical 

strength of the films was not appropriate - depending on the alkyl group, the polymers 

were too brittle or too soft. Hence, orientation was induced by shearing, which 

previously was successfully applied for poly(dibutylstannane) taking advantage of its 

liquid-crystalline state at room temperature.2, 3, 23 It was attempted to orient also 

poly(dioctylstannane) and poly(didodecylstannane) by shearing onto glass slides, 

however, not only at room temperature, but also at 40 °C for poly(dioctylstannane) and 

60 °C for poly(didodecylstannane). At these temperatures these materials are without 

order, as opposed to their liquid-crystalline lamellar structure present at room 

temperature.3 Thin films of the various polymers were prepared by shearing with a 

razor blade at a rate of about 5 cm/s onto quartz glass slides at the above-referred 

temperatures. Samples produced at room temperature featured pronounced 

birefringence when placed at a 45° angle between crossed polarizers in the optical 

microscope (Figure 5-1, left), whereas no light was transmitted essentially at angles of  

0° and 90°, respectively, indicative of a high degree of orientation. Similar polarized 

optical microscopy investigations of the samples sheared at elevated temperature 

revealed that orientation could be induced by shearing poly(dioctylstannane) at 40 °C, 

but no significant orientation was found in samples of  poly(didodecylstannane) made 

at 60 °C (resp., Figure 5-1d, e, left).  
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Figure 5-1: Optical microscopy images taken between crossed polarizers at an angles of 45° with respect 

to the polarization directions (left) and optical absorption spectra at 0°, 45° and 90° between the 

polarization plane of the light and the shearing direction (right) of poly(dialkylstannane) films, prepared 

by shearing onto a quartz glass slide. a) Poly(dibutylstannane), b) poly(dioctylstannane),  

c) poly(didodecylstannane), all sheared at room temperature; d) poly(dioctylstannane) sheared at 40 °C; 

and e) poly(didodecylstannane)  sheared at 60 °C. Note the reversal of the sign of dichroism (see text) for 

poly(dioctylstannane) and poly(didodecylstannane) upon shearing at elevated temperatures. 
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As the polystannanes absorb UV light (with a maximum at 374 nm, 375 nm and 

409 nm, respectively, for isotropic, solid dibutyl, dioctyl and didodecyl derivatives), 

orientation was also manifested in dichroism. Moderate dichroism was observed for all 

the samples produced by shearing at room temperature (dichroic ratios 1.6 – 3.0)  

(cf. Figure 5-1, right). In these cases, the absorbance was higher with parallel than 

perpendicular orientation, which implies that the polystannane backbones were 

oriented preferentially parallel to the direction of shear (see schematic Table 5-1). 

Interestingly, a slight preference of the perpendicular orientation was found after 

shearing poly(dioctylstannane) and poly(didodecylstannane) at elevated temperature 

(dichroic ratios ca. -1.2; N.B. a negative sign indicates that the absorption at 

perpendicular polarization, i.e., with the electric field E perpendicular to the shearing 

direction, dominates). For the sake of completeness it should be mentioned that 

poly(dioctylstannane) sheared at room temperature gave rise to an additional 

absorption maximum at 409 nm (besides the one at 374 nm in the non-oriented state), 

which was evident both with the polarization of light parallel and perpendicular to the 

shearing direction. In the other cases, only one absorption maximum was observed, at 

similar spectral positions for both orientations, and relatively close to the respective 

values of the isotropic samples; the largest difference was found for 

poly(dibutylstannane) (375 nm and 361 nm, respectively, for parallel and perpendicular 

orientation directions).  
 

Table 5-1: Schematic summary of the orientation direction of the different polystannane chains, 

represented in black; the direction of external orientation stimuli, i.e. shearing, tensile drawing or PTFE 

alignment direction indicated in grey.    
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Orientation by drawing of solution-cast polystannane-poly(ethylene) blends  

In a second set of experiments, blends of the polystannanes with ultra-high molar 

mass poly(ethylene) (commonly referred to as UHMWPE) were prepared in p-xylene 

solutions, followed by casting and drying. The polystannane contents typically were 10 

or 25 % w/w and in the case of poly(dibutylstannane) also 30, 40, 50 and 70 % w/w, 

based on UHMWPE. The blends, including those with 70 % w/w poly(dibutylstannane), 

appeared homogeneous but opaque. In the optical microscope no large-scale phase 

separation between the two polymers was detected. Blends with polystannane 

contents ≤ 40 % w/w could be readily drawn on a hot stage at ca. 110 °C, to draw ratios 

up to 40, yielding rather transparent tapes.  
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Figure 5-2: Polarized optical absorption spectra of oriented polystannane/UHMWPE blends at different 

angles φ between the polarization plane of the light and the orientation direction of the films (parallel 

(φ = 0°), in 5°-steps to perpendicular (φ = 90°)). a) Poly(dibutylstannane), b) poly(dioctylstannane)  

c) poly(didodecylstannane), all 10 % w/w blends with UHMWPE, draw ratio ca. 20;  

d) poly(dibutylstannane), draw ratio ca. 30, e) poly(dioctylstannane), draw ratio ca. 10,  

f) poly(didodecylstannane) draw ratio ~15, all 25 % w/w blends with UHMWPE.   

 

Samples comprising 10 or 25 % w/w polystannane were investigated with polarized  

UV-vis spectroscopy (Figure 5-2). Upon orientation of the 

poly(dibutylstannane)/UHMWPE blend films, a bathochromic shift of the absorption 

maximum to 395 - 414 nm was observed. This shift of 20 – 40 nm could result from a 
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change in backbone conformation, similar to that reported for polysilanes which passes 

a structural transition when subjected to high pressure, mechanical stretching or 

rubbing.24 The UV-vis spectra of the drawn poly(dibutylstannane)/UHMWPE blends 

featured a pronounced dichroism, with the highest absorbance for the polarization 

plane of light parallel to the drawing direction. At the perpendicular position, 

absorbance was so weak that uncertainties regarding the extrapolated baseline, 

resulting from light scattering, due to oriented pores in the poly(ethylene) matrix, 

prevented reliable calculation of the dichroic ratios of the absorption of this 

polystannane. Nonetheless, these ratios were estimated to be in the range of 10 – 35 for 

samples with 10 – 40 % w/w poly(dibutylstannane) and draw ratios between, 

respectively, 7 and 40.  

 

 

  
 
 

 

 

 

Figure 5-3: Wide-angle X-ray diffraction (WAXD) patterns of a) drawn poly(dibutylstannane)/UHMWPE 

blend (25 % w/w polystannane, draw ratio ~10); b) reference UHMWPE film drawn to same draw ratio;  

c) oriented poly(dibutylstannane) sample sheared onto a microscope glass slide. Double arrows indicate 

drawing or shearing direction. 
   

Remarkably, maximum absorbance in UV-vis spectra of orientedpoly(dioctylstannane) 

and poly(didodecylstannane) blends with UHMWPE was recorded at angles 

perpendicular to the polarizer, which indicates orientation of the polystannane 

backbones perpendicular to the drawing direction (Figure 5-2, Table 5-1). In the case of 

poly(dioctylstannane) (10 % w/w), an absorption maximum detected with the 

perpendicular polarizer position was observed at 406 nm, which was, as in the case of 

poly(dioctylstannane), red-shifted by ca. 30 nm compared to isotropic samples. By 

contrast, the absorption maximum with parallel polarizer position (376 nm) was 

essentially unchanged. At 25 % w/w poly(dioctylstannane) content, however, two 

absorption maxima (375 nm and one at 415 nm) emerged at each polarizer position 

a cb
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(Figure 5-2e) (note that the maximum absorption wavelength was independent on the 

polarizer position). The (negative) dichroic ratios observed for the poly(dioctylstannane) 

samples were higher at the second absorption maximum (415 nm), but still much lower 

(-2 to -3) than those of poly(dibutylstannane). Finally, the absorption maxima of 

oriented poly(didodecylstannane)/UHMWPE (contents 10 and 25 % w/w, Figure 5-2c,  

f) at parallel and perpendicular polarizer position did not shift significantly with respect 

to those of isotropic films. At both concentrations, however, detectable dichroism at 

the absorption maxima of the polystannane was observed (ca. -3 at 10 % w/w and -6.5 

at 25 % w/w).  

 

Wide angle X-ray diffraction (WAXD) patterns  of the oriented 

poly(dibutylstannane)/UHMWPE blends featured-in addition to the pronounced 

poly(ethylene) unit cell reflections (Figure 5-3b), distinct spots associated with the 

former polymer (Figure 5-3a). In particular, the reflection at 2θ = ~3.3° (Q = 0.51 Å-1), 

located perpendicular to the orientation direction of the poly(ethylene) 

macromolecules, corresponds to a lattice distance of 12 Å, which is in the range 

expected for the spacing between two parallel poly(dibutylstannane) chains with their 

alkyl moieties in the extended state (13 Å, with standard bond lengths for Sn-C, C-C and 

C-H of 2.2, 1.5 and 1.1 Å, respectively, and the standard bond angles at the carbon and tin 

atoms of 109°).25, 26 That position, of course, indicates a parallel orientation of the 

polymer chains with respect to the drawing axis. For comparison purposes, a WAXD 

pattern of a sheared film of poly(dibutylstannane) is shown in Figure 5-3c, revealing 

some, but substantially less perfect uniaxial orientation than obtained with solid-state 

tensile drawing of the blends with UHMWPE.  

 

Unfortunately, Bragg reflections of poly(dioctylstannane) and poly(didodecylstannane) 

appeared in the area of the beam stop or overlapped with spots due to UHMWPE, and, 

hence, no textural information could be reliable derived from the diffraction patterns of 

these blend samples. 

 

Orientation by drawing of melt-compounded polystannane-poly(ethylene) blends  

In a next set of experiments, blends of 1, 5, 10 and 25 % w/w poly(dibutylstannane) in 

high-density poly(ethylene) (HDPE) were prepared by melt-compounding and extrusion 

at 220 °C into tapes of ca. 0.5 mm thickness and 8 mm width (Figure 5-4). The densities 
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of the polymer blends (0.94, 0.96, 0.98 and 1.02 gcm-3 for 1, 5, 10 and 25 % w/w 

polystannane at 25 °C) were, within the experimental precision, in agreement with the 

calculated densities, using 1.41 g cm-3 for poly(dibutylstannane) and 0.93 g cm-3 for the 

extruded HDPE. 

 

Tensile tests of the extruded blend tapes were performed at room temperature, where 

– as noted - poly(dibutylstannane) is present in a nematic liquid-crystalline state.3 The 

elongation at break (2200 – 2500 %) of blends comprising up to 10 % w/w 

poly(dibutylstannane), did not change significantly from that of neat HDPE, while at 

contents of 10 and 25 % w/w only a slight decrease was detected. The Young’s modulus 

and yield stress of the blends decreased essentially linearly with increasing 

polystannane content (Figure 5-5). It was observed that the tapes became white upon 

drawing due to pore formation. As a result of the relatively large sample thicknesses 

and the opacity induced by light scattering at the pores, the stretched tapes were not 

suited for  UV-vis measurements with polarized light. However, WAXD patterns of the 

stretched tapes (Figure 5-6) showed that the 25 times drawn blend exhibited a high 

degree of uniaxial orientation and crystalline order. The diffraction patterns of 

poly(dibutylstannane) closely resembled those in stretched UHMWPE blend samples 

(cf. Figure 5-3a).  

 

 

 

 
   
 
 
 

 

 

 

 

 

 
 

Figure 5-4: Reflected light photographs of melt-compounded and extruded poly(dibutylstannane)/high-

density poly(ethylene) blend tapes of different polystannane contents (left to right: 0, 1, 5, 10, 25 % w/w).  

1 cm
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Figure 5-5: Young’s modulus ( ) and yield stress ( ) vs. poly(dibutylstannane) content of melt-

compounded and extruded blend tapes with high-density poly(ethylene) (HDPE). 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-6: Wide angle X-ray diffraction patterns of: a) as-extruded 25 % w/w 

poly(dibutylstannane)/HDPE tape; b) after drawing to a draw ratio of 25; arrows indicate diffraction spots 

resulting from poly(dibutylstannane); c) reference, neat HDPE sample drawn 25 times. Double arrows 

indicating drawing direction. 
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Orientation by crystallization of polystannanes onto oriented PTFE layers 

Oriented films were also prepared by crystallization of the three polystannanes from 

solution onto glass slides that were coated with a friction-deposited, thin layer of 

uniaxially oriented poly(tetrafluoroethylene) (PTFE).22 UV-vis spectra of such samples 

revealed that the loci of absorption maxima of the polystannanes did not differ 

noteworthy from those observed for non-oriented samples. Dichroism was observed in 

the case of poly(dibutylstannane) (dichroic ratio ~ 2) and poly(didodecylstannane) 

(dichroic ratio ~-3), whereas no significant dichroism was detected for 

poly(dioctylstannane) (Figure 5-7). This implies that the poly(dibutylstannane) 

macromolecules were oriented with the main chain parallel and the 

poly(didodecylstannane) molecules perpendicular  to the extended PTFE molecules, 

whereas poly(dioctylstannane) showed little overall preferred orientation (Table 5-1). 

This conclusion is supported by examination of the samples between crossed polarizers 

in the optical microscope: orientation was evident for poly(dibutylstannane) and 

poly(didodecylstannane) films, whereas virtually no change in birefringence was 

observed during rotation of the poly(dioctylstannane) films between the crossed 

polarizers. 
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Figure 5-7: Optical absorption spectra of polystannanes deposited on uniaxially oriented PTFE layers on 

glass slides, using polarized light at different angles φ between the polarization plane of the light and 

the orientation direction of the PTFE layer: a) poly(dibutylstannane); b) poly(dioctylstannane); and  

c) poly(didodecylstannane). 

 

Because the polystannane films crystallized onto PTFE were too thin for analysis with 

common X-ray diffraction equipment, grazing-incidence diffraction using synchrotron 

radiation was performed. In-plane scans with the scattering vector parallel and 

perpendicular to the PTFE alignment direction, combined with rocking scans on the 

main peaks, yielded unambiguous information about the crystallinity and orientation 
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of the polystannanes (Figure 5-8). For poly(dibutylstannane), a high degree of preferred 

main chain orientation parallel to the PTFE alignment was observed. The angular 

distribution of the crystallites in the sample plane, measured on the main peak  

(at Q = 0.49 Å-1), had a full width at half maximum (FWHM) of 8±1º, which is very low 

indeed and indicative of a high degree of uniaxial order. For poly(didodecylstannane), it 

is seen in Figure 5-8c that the rocking curve of the main diffraction peak (at Q = 0.19 Å-1) 

is shifted by 90º when compared with that in Figure 5-8a, demonstrating that in this 

case the main chains are oriented perpendicular to the PTFE alignment direction. 

However, the degree of preferred orientation is relatively modest when compared with 

that observed for poly(dibutylstannane) films, with an FWHM 30±3º. The difference in 

solid-state structure between poly(dibutylstannane) and poly(didodecylstannane) 

suggests a most interesting and useful transition between parallel and perpendicular 

orientation dictated by the length of the side groups. Indeed, for poly(dioctylstannane) 

with intermediate side-chain length, a bimodal crystal orientation distribution was 

found, centered about the parallel and the perpendicular directions orientations  

(Figure 5-8b). Judging from the data in this figure orientation of the polystannane 

backbone perpendicular to the PTFE axis (peak at φ = 0º) occurred about twice as 

frequently as parallel (see also Table 5-1).  

 

Discussion 
 

We demonstrated that polystannanes can be readily oriented by shearing, tensile 

drawing of blends with poly(ethylene) or deposition from solution onto substrates 

coated with an oriented PTFE layer. Interestingly, not only the method applied affected 

the orientation of the poly(dialkylstannane)s, but the length of the alkyl side groups 

was found to also play a decisive role with regard to the orientation of the polymer 

backbone. The polymer with the shortest alkyl group, i.e. poly(dibutylstannane), 

invariably oriented with its backbone parallel to the externally induced orientation axis 

defined by either the direction of mechanical forces applied or by linear surface 

structures. A particularly high degree of orientation, and concomitant high dichroic 

ratios were obtained by tensile drawing of poly(dibutylstannane) embedded in a 

poly(ethylene) matrix.  
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Figure 5-8: (top row) Radial in-plane scans with the scattering vector Q perpendicular (Qx) and parallel 

(Qy) to the PTFE alignment direction. (bottom row) Rocking curves for the peak at Q = 0.46, 0.26 and 0.19 

Å-1. a) Poly(dibutylstannane): the small-angle features (d > 6Å) due to interchain periodicities are most 

pronounced in Qx, indicating orientation of the crystallites parallel to the PTFE alignment layer.  

b) Poly(dioctylstannane): features are comparable in the two scans, but the rocking scan (bottom) at  

Q = 0.26 Å-1 reveals that, the crystallites have two preferred modes of orientation, parallel and 

perpendicular to the PTFE axis. c) Poly(didodecylstannane): features are most pronounced in Qy, 

indicative of a perpendicular orientation to the PTFE alignment, consistent with the rocking curve shown 

for the Q = 0.19  Å-1 peak. The thin solid line is a diffraction-volume-corrected curve, which compensates 

for most of the instrumental misalignment.  

 
 

In contrast to poly(dibutylstannane), the backbone of poly(didodecylstannane), i.e. the 

polymer with the longest alkyl side chain, in most cases was oriented perpendicular to 

the orientation axes, except when the polymer was sheared below the first phase 

transition (55 °C, crystallization at 39 °C upon cooling), where it is present in a liquid-

crystalline lamellar phase.3 In deposition from solution or mechanical deformation at 

elevated temperature (ca. 110 °C), were poly(didodecylstannane) was present in the 

isotropic state, the alkyl side groups determined the orientation of the 

poly(didodecylstannane) backbone with the relatively long side groups orienting 

parallel to the predefined orientation axis, forcing the backbone in to a perpendicular 
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orientation. Particularly pronounced perpendicular orientation of the polymer 

backbone was observed for deposition from solution on PTFE-coated substrates and 

upon tensile drawing at 110 °C, i.e. under conditions where the polymer backbone was 

rather mobile.  

 

Evidently, orientation of the polystannane of an intermediate length of the side group, 

where the backbone and the side chains both “responded” to the external driving 

forces was more complex. Indeed, poly(dioctylstannane) deposited on substrates with 

aligned PTFE exhibited a broad bimodal orientation distribution, which is consistent 

with the absence of significant dichroism (resp., Figure 5-7b and 5-8b). However, in the 

samples prepared by shearing or drawing, orientation was induced in a similar manner 

as in poly(didodecylstannane), which demonstrates that not only the length of the side 

groups, but also the method of orientation may play a role in directing the 

polystannane backbones. 

 

Some comments are in order regarding the absorption maxima in UV-vis spectra of 

sheared or drawn poly(dioctylstannane). The later, taken with non-polarized light 

(corresponding to Figure 5-1b, 5-2b and 2e at φ = 45°) differed from that of unoriented 

samples (N.B. the shape of the spectra did not change when non-polarized light was 

used instead of polarized light at φ = 45°). The absorption maximum in the former 

exhibited a bathochromic shift of 10 - 20 nm (Figure 5-2b at φ = 45°), a shoulder around 

410 – 420 nm (Figure 5-1d at φ = 45°), or even two absorption maxima (Figure 5-1b, 2e). A 

bathochromic shift of 10-20 nm was observed also in the case of drawn 

poly(dibutylstannane) (Figure 5-2a and 5-2d at φ = 45°). In this contex it is noteworthy 

that poly(dialkylsilane)s were reported to display a helical or an all-anti backbone 

structure,12, 13, 24 which show different absorption maxima separated by a few tens of 

nm, with the absorption maximum of the all-anti structure shifted to higher 

wavelengths. It is also known that polysilanes can change their backbone conformation 

when subjected to mechanical force, i.e. high pressure, rubbing or drawing.24  

Accordingly, the appearance of a second absorption maximum at higher wavelengths, 

here reported for selected polystannanes, might be analogously interpreted as 

deformation of an initially present backbone conformation into another, for instance 

from a helical to an all-anti structure. No significant shift of the absorption maximum 

was found for poly(didodecylstannane) in any of the mechanically oriented samples 
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(Figure 5-1c, 5-1e, 5-2c, 5-2f and 5-7c). This observation appears gratifyingly consistent 

with the finding that this polymer oriented perpendicular to the direction in which the 

force was applied, and, hence no stress was exerted on the polymer backbone itself 

that might have caused the above suggested conformational change. We note, 

however that under film formation circumstances that are free of mechanical stress, 

this polymer featured an absorption maximum around 409 nm and not around 375 nm 

where undeformed poly(dibutylstannane) and poly(dioctylstannane) absorbed. Hence 

one also might conclude that poly(didodecylstannane) already existed in the “second” – 

possibly all-anti – structure. 

 

Finally, we wish to point out that, clearly, the ability to control the orientation direction 

of the present semi-conducting polymers - either through macromolecular design or 

choice of processing method - is of significant importance, as it allows to readily fulfill 

(literally) “orthogonal” requirements for different electronic device architectures based 

on such materials.   
 

Experimental  
 

Materials and Preparation 

The polystannanes were synthesized by catalytic dehydropolymerization of the 

respective dialkylstannanes following the procedure described previously,2, 3 yielding 

poly(dibutylstannane), poly(dioctylstannane) and poly(didodecylstannane) of number-

average molecular masses Mn between 2·104 and 4·104 g mol-1 with a polydispersity of 

about 2. Mn was determined by gel permeation chromatography (GPC) with a PL gel 

5 μm Mixed-D column, tetrahydrofuran as eluent and using atactic poly(styrene) 

standards (Fluka, Buchs, Switzerland) for calibration. 

 

Blends of the polystannanes with ultra-high molar mass poly(ethylene), UHMWPE 

Stamylan® 210 (DSM, Geleen, The Netherlands) were prepared by co-dissolution of the 

polystannane in 1 % w/w poly(ethylene) solutions at 120 °C in p-xylene (Acros Organics, 

Basel, Switzerland). Typically, 0.80 g UHMWPE was stirred in 77.48 g p-xylene at 120 °C 

until a homogenous solution was obtained. In another vessel, the polystannane was 

dissolved in 2 ml p-xylene in absence of light at 60 °C for a few minutes. This solution 

was then added to the hot UHMWPE solution and stirred for 20 seconds. Subsequently, 
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the resulting homogeneous mixture was poured into an aluminum tray (10 x 10 cm) 

and dried for 2 days under nitrogen flow in the dark. The obtained films were cut in 

rectangles and stamped with inkmarks before they were drawn to various extensions 

on a hot stage at about 110 °C.  

 

For melt-compounding and tape extrusion, high-density poly(ethylene) HDPE MG 9641 

(Borealis, Vienna, Austria) with a weight-average molar mass Mw of 1.5·105 g mol-1 

(determined by high-temperature GPC at 135 °C with trichlorobenzene as eluent) was 

used. After mixing poly(dibutylstannane) and HDPE in a Retsch Grindomix GM200 

(Haan, Germany) mixer at a speed of 9500 rpm for 45 seconds, the samples (typically 30 

g) were added to a co-rotating twin-screw mini-extruder (MiniLab HAAKE Thermo 

Electron Corporation, Karlsruhe, Germany) at 220 °C equipped with a treadmill and 

roller. Four different poly(dibutylstannane) blends were prepared with contents of 1, 5, 

10 and 25 % w/w.  

 

Poly(tetrafluoroethylene) friction-transfer layers22 were deposited on glass slides 

commonly used for microscopy with a Tribotrack Instrument (Daca Instruments, Santa 

Barbara, USA) at a temperature of 300 °C, a slide velocity of 1 mm s-1 and a load force of 

50 N. Smooth layers of polystannane were obtained by placing one drop of a solution of 

5 % w/w of the polymer in between two PTFE-coated glass slides, followed by drying 

under a flow of nitrogen in the dark. For UV/Vis measurements thicker films were 

produced from 1 w/w % solutions of polystannane in dichloromethane.  

 

Characterization 

Polarization optical microscopy was conducted with a Leica DM400M polarization 

microscope. Polarizing UV-vis measurements were performed with a Perkin Elmer 

Lambda 900 spectrophotometer equipped with rotating polarizers. Wide-angle X-ray 

diffraction (WAXD) patterns were recorded with an Oxford Diffraction XcaliburTM PX 

instrument, using MoKα radiation (wavelength 0.71 Å). Thin films were folded four times 

in order to increase the diffraction intensity. Grazing-incidence X-ray diffraction (GIXD) 

was performed with polystannane films onto oriented PTFE using the diffractometer 

associated with the BW2 wiggler beamline at HASYLAB, with a wavelength λ = 1.2398 Å 

and an incidence angle of 0.158°, which is just below the critical angle for total reflection 

from the substrate. The measurements were carried out with a rotation φ about the 
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vertically oriented sample normal. The sample cell was made of Kapton® and flushed 

with helium to reduce beam damage of the material. The measurements were 

performed in the dark because of the light sensitivity of the polystannanes. The scattered 

radiation was probed with a Cyberstar point detector at approximately 1.2 m from the 

sample. The scattering vector Q ≡ kout – kin, where kin and kout are the in- and out-going 

wave vectors, respectively, and k = |kout| = |kin| = 2π / λ. Q was decomposed into a 

Cartesian reciprocal coordinate system (Qx, Qy, Qz) with Qz along the film normal,  

Qx perpendicular and Qy parallel to the PTFE alignment. Real space distances d are related 

to Q by d = 2π / Q, and Q2 = Qx
2 + Qy

 2 + Qz
 2. In-plane rocking scans, performed by keeping 

the detector at a fixed position corresponding to a major crystalline reflection, while 

rotating the sample about the film normal, probes the alignment of the crystalline 

film.27, 28 Deviations from full 180º symmetry are due to sample misalignment. 

 

Tensile tests were performed at room temperature with an Instron Tensile Tester 

(model 5864) using dumbbell-shaped specimens of 12.6 mm gauche length, 2 mm 

width and various thicknesses. The cross-head speed was 20 mm min-1. Densities were 

determined with a helium gas pycnometer (Quantachrome Ultrapycnometer – 1000) at 

25 °C equipped with a Haake DC10 thermostat. 
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Chapter 6 

 

 

 

Light-Stability of Poly(dialkylstannane)s 
 

 

 

 

 

 

 

 

 

 

 

Abstract 
 

This study deals with the stability of poly(dialkylstannane)s in solution and in the bulk, 

in particular under exposure to light, which was found to cause degradation more 

severely than water or oxygen. Decomposition of the poly(dialkylstannanes) under 

argon atmosphere in solution proceeded by an unzipping mechanism, most likely 

initiated by scission of a Sn-Sn bond. While solvents and additives influenced 

polystannane degradation, the length of the alkyl groups was not particularly relevant, 

indicating that steric effects played a minor role in this process. In unreactive solvents, 

the polystannanes were the least stable and cyclic oligostannanes formed as 

decomposition products. Polystannanes in solution were found to be most stable in 

dichloromethane or styrene, which gave rise to the formation of Bu2(ClCH2)SnCl or 

poly(styrene), indicating that the polystannanes acted in the latter case as a 

photoinitiator. Addition of radical scavengers and selected dyes improved the stability 

of polystannanes towards light. Exposure of bulk poly(dialkylstannane)s to ambient 

caused the formation of (oligo-)alkyltin-oxides. 
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Introduction 
 

Polystannanes, (SnR2)n, belong to the unique class of organometallic polymers that 

comprise a backbone of covalently bond metal atoms. Remarkably, such polymers or 

oligomers were prepared already more than 150 years ago by several chemists.1-6 

Although polystannanes have been reported to be thermally stable up to ca. 200 °C in 

air as well as in nitrogen atmosphere,7-10 it is evident already from early reports that 

these compounds are sensitive to the ambient. In this context, Löwig described in 1852 

the formation of white ethyltin-oxides when (SnEt2)n (Et = ethyl) was left in the air,2 and 

between 1910 and 1940 it was reported that (SnEt2)n (“diethyl tin”) rapidly oxidized in 

diethylether,11, 12 while the neat products were more stable -  after one day at ambient 

conditions no significant changes were observed.11 Later, it was again mentioned that 

polystannanes were more stable in the solid state than in solution,13 and it was found 

that degradation of polystannanes was, in fact, promoted by light. 7-9, 13, 14 Further, it was 

reported that five- and six-membered cyclic oligostannanes formed as decomposition 

products after exposing polystannanes to daylight,7, 8 while poly(diarylstannane)s were 

found to be stable in the dark in air for at least one week.8 

 

To our knowledge, there are no published studies that address the stability of 

polystannanes in a systematic manner and under well-defined conditions. Here we 

present results of investigations of the stability of poly(dialkylstannane)s in solution 

and in particular under controlled exposure to light. 

 

Experimental Part 
 

Chemicals 

Dichloromethane, chloroform, tetrachloromethane, tetrabromomethane, toluene,  

1-butanethiol, 4-methyl-1-pentene, 3-methyl-1.4-pentadiene, 3-methyl-1-butene,  

2-methybutane, 3-methylpentane and 2-methylpentane were purchased from Fluka, 

Buchs, Switzerland in the grade puriss p.a. and used without further purification. 

Styrene, which was also bought from Fluka, was distilled before use. All deuterated 

solvents with a deuterium fraction of > 99% were purchased from Cambridge Isotope 

Laboratories (Innerberg, Switzerland).  
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2-methyl-4,6-bis(octylthiomethyl)phenol (Irganox® 1520L), 4-(4,6-bis(octylthio)-1,3,5-

triazin-2-ylamino]-2,6-di-tert-butyl-phenol (Irganox®565), methyl 3-(3-(benzo[1,2,3] 

triazol-2-yl)-5-tert-butyl-4-hydroxyphenyl)propanoate (Tinuvin® 1130), 2-(4,6-bis(2,4-

dimethylphenyl)-1,3,5-triazin-2-yl)-5-(3-(2-ethylhexyloxy)-2-hydroxypropoxy)phenol 

(Tinuvin® 405) were kindly donated by Ciba Specialty Chemicals Inc., Basel, Switzerland. 

2,2,6,6-tetramethylpiperidineoxyl radical (TEMPO), (1E,3E,5E,7E,9E,11E,13E,15E,17E)-

3,7,12,16-tetramethyl-1,18-bis(2,6,6-trimethyl-1-cyclohexenyl)octadeca-1,3,5,7,9,11,13,15,17-

nonaene (Carotene) and (2,2-dimethyl-1,3-dihydroperimidin-6-yl)-(4-phenyldiazenyl-

naphthalen-1-yl)diazene (Sudan Black B) were obtained from Fluka, Buchs, Switzerland. 

(1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione (Curcumin) and 

(E)-1 (phenyldiazenyl)naphthalen-2-ol (Sudan I) from Sigma-Aldrich, Buchs, Switzerland.  

[cis-PtCl2(PhCH=CH2)2] was synthesized as described in the literature,15 and carbon black 

was prepared by burning a mixture of butane and propane under a watchglass. 

 

Synthesis and degradation of polystannanes 

The polystannanes were synthesized by catalytic dehydropolymerization of the 

respective dialkylstannanes following a procedure described elsewere.9, 10 

Poly(dibutylstannane), poly(dioctylstannane) and poly(didodecylstannane) used in 

stability investigations of neat samples or dissolved in toluene were of number average 

molar masses Mn between 2·104 and 4·104 g mol-1 and a polydispersity of  

approximately 2. 

 

For in-situ stability investigations, 7.7 mg (8.3 mmol) Wilkinson’s catalyst [RhCl(PPh)3] 

were placed in a Schlenk tube. The Schlenk tube was evacuated and flushed with argon. 

This procedure was repeated twice. Subsequently, 1 ml of solvent (dichloromethane-d2, 

toluene-d8, benzene-d6 or styrene) was added with a syringe through a septum. The 

resulting mixture was stirred under argon for a few minutes. The reaction vessel was 

completely wrapped with soft tissue, which was subsequently surrounded with 

aluminum foil to rigorously protect the reaction mixture from ambient light. 

Thereafter, ca. 47 μl (0.2 mol) R2SnH2 were added with a micro pipette to the stirred 

solution under argon counter flow. N.B. the densities of the different R2SnH2, which are 

required for the calculation of the added volumes, were determined by measuring the 

weight of 100 μl of the neat dihydride and amounted to 1.24 g/l for R = popyl, 1.15 g/l for 

R = butyl and 1.04 g/l for R = octyl. After 2 h, the reaction mixture was transferred with a 
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syringe into an NMR tube (Type 5UP; Ultra Precision, 5 mm diameter, 178 mm length, 

Armar Chemicals, Döttingen, Switzerland), which was also completely protected from 

light with aluminum foil and flushed with argon.  

 

Isolation of poly(stannane)s by freeze-drying was performed from in-situ prepared 

polystannanes in a benzene solutions (see above, polymerization time 2 h). The 

solutions were cooled with ice water until the benzene was frozen. Thereafter, the ice 

bath was removed and the solid benzene was sublimated under vacuum (ca. 1 mbar) 

for 1-2 h.  

 

The poly(dialkylstannane)s were protected from light, oxygen and moisture as much as 

possible before degradation experiments were performed. Such investigations were 

carried out either immediately after their synthesis or with polymers which had been 

stored in argon-flushed brown glass vessels in a refrigerator at a temperature of  

ca. -20 °C. Exposure to light was carried out in a box of the dimensions 25 × 85 × 40 cm, 

fitted with an Osram Dulux® S Luminux® 7 W/860 (Daylight) lamp (Jeker Leuchten AG, 

Zurich, Switzerland). The UV-vis emission spectrum of the lamp (Figure 6-1) was kindly 

supplied by Anna Comiotto from Berne University of the Arts (HKB), Switzerland. The 

distance between sample and lamp was 13 cm, if not otherwise mentioned.  
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Figure 6-1: Emission spectrum of lamp used for light-induced degradation of poly(dialkylstannane)s. 
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Immediately before exposure to light, a 119Sn NMR spectrum of polystannane solutions 

was recorded in order to determine the intensity of the signal of the linear 

poly(dibutylstannane) at ca. -190 ppm. Thereafter, the polymer solution was irradiated 

for 90 min (if not otherwise indicated) and a 119Sn NMR spectrum was again recorded. 

Since the intensities of small signals were more reliable than the corresponding 

integrated signal intensities (due to the enhanced signal/noise ratios in such cases), 

monomer conversions were calculated by comparison of the signal height. It was 

proven with test samples that the intensities were constant in different 119Sn NMR 

spectra when using the same acquisition parameters. The ratio of the height of the 

signal of the polystannane irradiated for 90 minutes (I90’) and of the initial 

polystannane intensity (I0) was defined (admittedly arbitrarily) as the stability factor 

F = (I90’) / (I0). 

 

Degradation to cyclic products was verified with 1H and 119Sn NMR spectroscopy; the 

chemical shifts of the cyclo-oligo(stannane)s are summarized in Table 6-1.  
 

Table 6-1: NMR data of the cyclo-oligo(dialkylstannanes) in toluene-d8; chemical shifts (δ) are given in 

ppm; in brackets: coupling constants (J(Sn,Sn)) in Hz. 

 

 

 

For examination of the molar masses of decomposition products with gel-permeation 

chromatography (GPC), a Schlenk tube with 10 ml of the reaction mixture containing 

polystannane (in non-deuterated toluene and dichloromethane) were placed in the 

light-exposure box. At the times indicated in the text, samples of 0.5 ml were 

withdrawn with a syringe and diluted with ca. 2 ml tetrahydrofuran. 

 

 

1H 119Sn 
cyclo-

oligo(dialkylstannane)s -CH3 -(CH2)n- Sn-CH2- pentamer hexamer 
cyclo-

oligo(dipropylstannae) 1.05 1.4-1.6 1.80 -207.4 
(475) -207.9 

cyclo-
oligo(dibutylstannae) 1.05 1.4-1.6 1.80 -201.9 

(467) -203.0 

cyclo-
oligo(dioctylstannae) 0.94 1.3-1.6 1.86 -203.1 

(459) -203.5 
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In the case of using styrene as a solvent, 10 mg (0.2 % w/w) poly(dibutylstannane), 

poly(dioctylstannane) or poly(didodecylstannane) were placed under argon in a test 

tube. Subsequently, 5 ml (4.55 g) styrene (freshly distilled at 18 mbar and ca. 40 °C) were 

added via a septum. The mixture was degassed by bubbling argon for 1 min, through a 

needle which was immersed in the solution. Thereafter, the test tube was sonicated 

(Ultrasonic cleaner Branson 2210 from Merck, Dietikon, Switzerland) for 5 min during 

which the solids dissolved. The test tube was placed in the light-exposure box for 3 h. 

Afterwards, 0.5 ml of the reaction mixture were removed and mixed with 0.5 ml 

chloroform-d1 in a NMR tube, and a 1H NMR spectrum was recorded. The rest of the 

reaction mixture was poured into 100 ml ice-cold methanol in order to precipitate the 

resulting poly(styrene) which was filtered, washed with 25 ml ice-cold methanol, and 

dried in vacuum (ca. 1 mbar) at 60 °C for approximately 12 h. In order to calculate the 

conversion of the styrene to poly(styrene), the dry sample was weighed and 10 % of the 

mass was subsequently added in order to correct the mass loss by the removal of the 

aliquot for the NMR measurement. The conversion of styrene was also determined by 
1H NMR spectroscopy using the integrated intensities of the signals of the two 

hydrogen atoms of the terminal vinyl group of the monomer (two doublets at 5.6 and 

6.2 ppm). These intensities were compared to those of the signals of the poly(styrene) 

backbone (broad peaks at 2.0 and 2.4 ppm), taking into account that the number of the 

hydrogen atoms represented by the considered signals corresponds to 2/3.       

 

For degradation experiments in the presence of dyes or radical scavengers, 

polystannanes were synthesized in toluene-d8 or dichloromethane-d2 as described 

above. After a polymerization time of 2 h, during which the monomer H2SnR2 was 

completely converted, the additive (20 % w/w with respect to polymer, typically 

10.4 mg) was inserted under argon counter flow into the Schlenk tube. The mixtures 

were stirred for an additional 30 min, and subsequently NMR investigations were 

conducted.  

 

For degradation investigations in ambient light and atmosphere (temperature  

ca. 22 °C), poly(dibutylstannane), poly(dioctylstannane) and poly(didodecylstannane) 

were dissolved in toluene (0.05 g/ml). The solutions were kept in closed vessels to 

prevent evaporation of the solvent for 19 d. Thereafter, the vessel was opened and the 

solvent slowly evaporated under ambient conditions over 24 h. The resulting light 
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yellow cake-like residues were placed in a vacuum oven at 60 °C and ca. 1 mbar in order 

to remove residual solvent or humidity. Elemental analysis of these powders  

(Table 6-2), differential scanning calorimertry (DSC) (Table 6-3) and 119Sn NMR in  

1,2-dichlorobenzene-d4 at 100 °C were performed (see text). Further, samples of bulk 

poly(dibutylstannane), poly(dioctylstannane) and poly(didodecylstannane) (typically 

0.5 g) were placed in a petri dish and left for 20 d under ambient conditions. 

Afterwards, the exposed powders were also analyzed, as in the case of the dissolved 

samples (see Tables 6-2, 3 and text). 

 

Methods 

Elemental analysis was performed by the Laboratory of Organic Chemistry at 

ETH Zürich, Switzerland. 

  

Gel permeation chromatography (GPC) of polystannane solutions in tetrahydrofuran 

(THF) was conducted with a Knauer GPC equipped with a refractive index detector and 

a PL gel 5 μm Mixed-D column from Polymer Laboratories Ltd. (Shropshire, United 

Kindom). Poly(styrene) solutions were examined in THF using a GPC from Viscotek 

VE7510 with degasser, VE1121 solvent pump, VE520 autosampler and Model 301 triple 

detector array. A PL-gel MIXED-D column (Polymer Laboratories Ltd.) was used. For 

calibration of molar masses, poly(styrene) standards from Fluka (Buchs, Switzerland) 

were employed. 
 

1H and 119Sn NMR spectra were recorded with a Bruker UltraShield 300 MHz/54 mm 

Fourier transform spectrometer. The NMR tubes were protected from light by complete 

wrapping into aluminum foil which was removed only immediately before the 

measurements were carried out. For quantitative analysis of the polystannanes and 

their decomposition products by 119Sn NMR spectroscopy, 700 scans were accumulated 

with a delay of 0.5 s between pulses.  

 

UV-vis measurements were performed under nitrogen atmosphere with a Perkin Elmer 

Lambda 900 (Schwerzenbach, Switzerland) spectrophotometer.  
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Differential scanning calorimetry (DSC) was conducted with a DSC822e (Mettler Toledo, 

Greifensee, Switzerland) equipped with an intracooler, under nitrogen atmosphere at 

heating and cooling rates of 5 °C/min.  

 
Table 6-2: Chemical composition (in % w/w) of the decomposition products of polystannanes exposed to 

air as indicated in the text. 

 
Precursor 
compound C H O Preparation method 

at ambient 

(Bu2Sn)n 37.3 6.7 8.3 in toluene  

(Oc2Sn)n 51.4 8.7 6.3 in toluene  

(Dod2Sn)n 59.8 10.0 5.2 in toluene  

(Bu2Sn)n 36.5 6.5 8.5 bulk  

(Oc2Sn)n 51.3 8.8 6.4 bulk  

(Dod2Sn)n 59.9 9.6 4.9 bulk  

 
 
Table 6-3: Transition temperatures of the initial poly(dialkylstannane)s and their decomposition products 

after 20 d exposure to ambient; values obtained from the 2nd heating/cooling cycle in DSC thermograms.  

 
Transition temperature 

[°C] Polymer Sample Cycle 
first second 

heating 1 -- 
(SnBu2)n initial bulk polymer 

cooling -26 -- 
heating 29 74 

(SnOc2)n initial bulk polymer 
cooling 13 58 
heating 55 91 

(SnDod2)n initial bulk polymer 
cooling 39 80 
heating 61 108 

dec. (SnBu2)n 
polymer decomposed 
in toluene and dried  cooling 55 76 

heating 84 -- 
dec. (SnOc2)n polymer decomposed 

in toluene and dried cooling 65 -- 
heating 100 107 

dec. (SnDod2)n polymer decomposed 
in toluene and dried cooling 82 -- 

heating 60 107 
dec. (SnBu2)n 

polymer decomposed 
in the bulk  cooling 54 77 

heating 87 -- 
dec. (SnOc2)n polymer decomposed 

in the bulk  cooling 63 -- 
heating 99 107 

dec. (SnDod2)n polymer decomposed 
in the bulk cooling 83 -- 
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Results  
 

Stability in Solution 

Three parameters were considered in our investigations of the stability of dissolved 

poly(dialkylstannane)s towards light: the nature of the solvent, use of additives and the 

length of the alkyl groups. In order to compare the influence of those parameters on 

the degradation of the polystannanes, a stability factor F was defined as the ratio 

between the height of the polymer signal in 119Sn NMR spectra after 90 minutes 

exposure and the height of the original signal (see typical spectra in Figure 6-2). It was 

verified in several blank experiments that, generally, the height of the 119Sn NMR signals 

did not change considerably over periods of hours and even days, when the 

measurements were performed under the same conditions using the same settings for 

the NMR measurements. 

 
 
Figure 6-2: Typical NMR spectra of poly(dibutylstannane) dissolved in toluene before (left side) and after 

90 minutes exposure to light (right): a) poly(dibutylstannane), b) poly(dibutylstannane) with 20 % w/w 

TEMPO, c) poly(dibutylstannane) with 20 % w/w Sudan I and corresponding values for the  

“stability factor” F. 
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If not otherwise mentioned, all solutions were measured in deuterated solvents in 

order to enable field stabilization in 119Sn NMR spectra with the deuterium absorption 

frequency. Further, all NMR tubes were flushed with argon prior to the exposure 

experiments in order to prevent reactions of the polystannanes with oxygen or 

moisture. 

 

The solution concentration of the polystannanes in the degradation experiments was 

relatively high (0.2 M, the concentration refers to the repeat units of the polymer) in 

order to minimize the influence of ambient impurities on the degradation (see 

following paragraph). In the simplest cases the solutions contained directly synthesized 

polystannanes. Since polymerization of dialkylstannanes did not occur in certain 

solvents, alternatively, dialkylstannanes were first polymerized in benzene, followed by 

removal of the benzene by freeze-drying and, finally, redissolution of the recovered 

polymer in the desired solvent. Note that the molar mass of polystannanes might 

decrease somewhat upon redissolution,10 and accordingly a moderate difference in the 

degradation rate might result upon exposure of solutions containing directly 

synthesized or redissolved polystannanes; see, for instance, the values f in Table 6-4 

and 6-5 for degradation of poly(dibutylstannane) in CH2Cl2 according to both methods, 

where F amounted to 0.43 and 0.57, respectively.  
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Figure 6-3: Optical absorption spectra of poly(dioctylstannane) in toluene measured 100 consecutive 

times. Spectra number 1 and each following decade up to 100 are displayed. 
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It should be noted that poly(dialkylstannane)s exhibit a strong UV absorption band 

with an absorption maximum in the region of 370-410 nm,7, 9, 13, 14, 16-19 which presumably 

arises from the delocalization of σ-electrons of the tin atoms along the polymer 

backbone. In several reports this band was used  for the analysis of the degree of 

degradation of polystannanes.7, 17-19 However, as polystannanes are sensitive to light, 

some degradation might be induced by the light employed for the UV-vis 

measurements. We investigated the extent of this degradation with 

poly(dibutylstannane), poly(dioctylstannane) und poly(didodecylstannane) in toluene 

solutions at a concentration of ca. 0.3 mM (as opposed to the above 0.2 M) in the range 

of 300 – 500 nm by 100 consecutive scans with an acquisition time of approximately 

1 minute per scan. Under these conditions, degradation did not affect markedly the 

spectrum of a single measurement but a clear reduction in absorbance was recorded in 

consecutive scans (cf. Figure 6-3). Unfortunately, quantitative reproducibility of the 

degradation under these conditions was limited. It has to be considered, though, that 

the concentration of the polystannanes in this analysis had to be kept low in order to 

arrive at the measurement range of UV-vis spectrometers, which may render 

degradation of the polymers sensitive to ambient impurities, for instance oxygen or 

moisture. Indeed, slight degradation was also found in polymer solutions of those low 

concentrations when the light source of the spectrometer was switched off for a few 

minutes. 

 

Influence of solvent. Exemplary, poly(dibutylstannane), was dissolved in a number of 

linear and branched alkanes, alkenes, arenes, halogenated methanes, tetrahydrofuran 

and 1-butanethiol or mixtures thereof (Table 6-4 and 6-5). In the dark, no significant 

degradation of the polymer in dichloromethane was detected after 90 min by 119Sn 

NMR spectroscopy (stability factors 0.98 – 1.00, based on the signal at -191 ppm). 

However, exposure to light for 60 min or 90 min induced significant 

poly(dibutylstannane) degradation in all solvents, but it was evident that the solvent 

exerted a mayor influence on the stability of poly(dibutylstannane) (Tables 6-4 and 6-5). 

Poor stability of poly(dibutylstannane) was found in benzene, toluene, branched 

alkanes and tetrahydrofuran (N.B. it was reported previously that poly(dibutylstannane) 

is more stable in tetrahydrofuran than in pentane8), while the degradation proceeded 

slowest in dichloromethane and styrene, where roughly half of the polymer was 
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degraded after 90 min exposure. Mixing dichloromethane with other solvents 

invariably resulted in a decrease of the stability of the dissolved polymer.  
 

 

Table 6-4: Stability of poly(dibutylstannane) (prepared by polymerization in benzene followed by freeze-

drying) after irradiation during 60 or 90 min.  

 

Solvent 
Formation of 

cyclic 
oligomers 

Exposure 
time [min] 

Stability 
Factor a 

dichloromethane-d2 no 90 0.43 

dichloromethane-d2/tetrabromomethane 
80 wt%/20 wt% no 90 0.38 

chloroform-d1 no 90 0.22 

tetrachloromethane/dichloromethane-d2 
90 wt%/10 wt% no 90 0.16 

1-butanethiol/dichloromethane-d2 
90 wt%/10 wt% no 90 0.28 

3-methyl-1,4-pentadiene/dichloromethane-d2 
90 wt%/10 wt% no 90 0.29 

 
4-methyl-1-pentene/dichloromethane-d2 

90 wt%/10 wt% 
yes 60 0.11 

 
3-methyl-1-butene/dichloromethane-d2 

90 wt%/10 wt% 
yes 60 0.00 

 
2-methylpentane/dichloromethane-d2 

90 wt%/10 wt% 
yes 60 0.00 

 
3-methylpentane/dichloromethane-d2 

90 wt%/10 wt% 
yes 60 0.00 

 
2-methylbutane/dichloromethane-d2 

90 wt%/10 wt% 
yes 60 0.00 

pentane-d12   yes 90 0.18 

tetrahydrofuran-d8 yes 90 0.00 

 
a Stability Factor calculated from 119Sn NMR spectra, as described in the text.
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Interestingly, differences in the stability of poly(dibutylstannane) were accompanied by 

differences in the resulting degradation products. In those solvents in which the 

poly(dibutylstannane) was completely degraded after 90 min, cyclic 

oligo(dibutylstannane)s emerged, which can readily be detected in 119Sn NMR spectra at 

chemical shifts between -203 and -200 ppm (cf. Table 6-1), and which have been 

identified as common degradation products of poly(dialkylstannane)s.7, 9 However, no 

evidence of cyclic oligomers arose in 119Sn NMR spectra after degradation of 

poly(dibutylstannane) in dichloromethane and styrene. In fact, the related spectra did 

not exhibit any new signal in the region of -300 – 300 ppm using the common 

acquisition parameters (see Experimental section), which might be due to low peak 

intensities, broad peaks or very long relaxation times of the tin atoms or paramagnetic 

species in the degradation products. The corresponding 1H NMR spectra did not change 

markedly during exposure of the polymer, the signals of the butyl group were present 

after polymer degradation still at same position, although somewhat broader.  

 

Concomitantly, a signal at lower molar masses increased with time. This signal is 

expected to be associated with initially present rhodium-triphenylphosphine 

complexes resulting from the polymerization catalyst, [RhCl(PPh3)3] or conversion 

products thereof, and cyclic oligomers which are formed upon the decomposition of 

poly(dibutylstannane); note that the resolution of GPC became poor at lower molar 

masses. For solutions in dichloromethane, the peak due to the polymer decreased 

slower than in toluene, consistent with the stability factors in Table 6-5, but again the 

signal did not shift during degradation. In fact, there was no evidence for the formation 

of decomposition products in the mass range of cyclic oligomers in these solutions (in 

contrast to those in toluene) and it appeared that the masses of the decomposition 

products formed in dichloromethane were well below those of cyclic oligomers. 

Importantly, these results show that in toluene as well as in dichloromethane, polymer 

degradation did not proceed via random cleavage of the polystannane backbone, as in 

this case the GPC signal should gradually shift towards lower masses with increasing 

exposure time. Instead, it seemed that an initial degradation step caused rapid 

degradation of the entire poly(dibutylstannane) molecule, corresponding to unzipping 

mechanism, as known for e.g. poly(oxymethylene).20, 21 
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Table 6-5: Stability of directly synthesized poly(dibutylstannane) in the presence of different additives 

(each 20 % w/w with respect to the polymer) after irradiation during 90 min.  

 

Solvent Additive 
Formation 

of cyclic 
oligomers 

Stability 
Factor  

toluene - yes 0.03 

toluene Tinuvin® 1130 yes 0.06 

toluene Tinuvin® 405 yes 0.00 

toluene Sudan I noa 0.93 

toluene Sudan Black B noa 0.86 

toluene Carbon Black yes 0.33 

toluene Colloidal platinum noa 0.92 

toluene Curcumin no 0.75 

toluene Carotene yes 0.66 

toluene Irganox® 1520L yes 0.00 

toluene Irganox® 565 yes 0.30 

toluene TEMPO no 0.32 

dichloromethane - no 0.57 

dichloromethane Tinuvin® 1130 no 0.52 

dichloromethane Tinuvin® 405 no 0.51 

dichloromethane TEMPO no 0.64 

styrene - no 0.47 

benzene - yes 0.02 
 

a because of the relatively high stability of the polystannane, the amount of cycles formed might be too 

low to be detected. 
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The molar mass of poly(dibutylstannane) prepared in toluene or dichloromethane and 

directly exposed to light for various periods of time was investigated with GPC (see 

experimental section). In toluene, the intensity of the GPC peak related to the polymer 

decreased with increasing exposure time but its position did not shift (Figure 6-4).  
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Figure 6-4: Gel permeation chromatograms of a poly(dibutylstannane) reaction mixture after different 

light-exposure times. 
 

In order to investigate the decomposition products of poly(dibutylstannane) dissolved 

in dichloromethane (i.e. not in CD2Cl2 in contrast to the common degradation 

experiments), a 0.2 M solution of directly synthesized poly(dibutylstannane) was 

exposed for 15 h, after which the polymer was completely degraded according to 119Sn 

NMR spectra. Thereafter, the solvent was removed under mild conditions (900 mbar, 

30 °C), and the resulting viscous brown oil was redissolved in CD2Cl2 using 10 % of the 

original volume of CH2Cl2, yielding a rather concentrated solution of decomposition 

products. After an extraordinarily long acquisition time (70’000 scans, required for a 

sufficient signal/noise ratio), the 119Sn NMR spectrum revealed numerous signals 

between -200 and 150 ppm associated with a number of different tin atoms emerge. In 
1H NMR spectra, broad signals stemming from the butyl groups were present, which 

were attributed to the various decomposition products. Remarkably, a new, sharp 
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singlet arose at a chemical shift δ of 3.41 ppm with distinct tin satellites (intensity 

approximately 10 % of the main signal) with a coupling constant 2J(119Sn-1H) of 17.4 Hz. 

These values are close to those in a published figure displaying the 1H NMR spectrum of 

Bu2(ClCH2)SnCl (solvent unknown, δ ca. 3.5 ppm, 2J(119Sn-1H) ca. 19 Hz),22 and, hence, we 

conclude that this compound was present as a decomposition product of 

poly(dibutylstannane) in CH2Cl2. By comparison of the integrated intensities of the 

Bu2(ClCH2)SnCl signal and the integrated intensities of all hydrogen atoms of all butyl 

groups in the degradation products, it appears that ca. 10 % of the tin atoms were 

converted to Bu2(ClCH2)SnCl (assuming that in the average two butyl groups were still 

present per tin atom). This implies that photodegraded poly(dibutylstannane) reacted 

at least partially with CH2Cl2. Note that the corresponding decomposition product 

cannot be identified when degradation is performed in CD2Cl2 because the resulting 

Bu2(ClCD2)SnCl does not provide a signal of the ClCD2 fragment in 1H NMR spectra. 

 
Table 6-6: Conversion of styrene to poly(styrene) after radical polymerization induced by 0.2 % w/w of 

poly(dialkylstannane)s after exposure to light for 3 h. The conversion was determined from 1H NMR 

spectra and determination of the molar mass by GPC of poly(styrene) precipitated by addition of 

methanol to the reaction solution.  

 
 

Conversion [%] 
Photoinitiator 

NMR Gravimetric 

Molar mass 
Mw/Mn  

[g mol-1] 

Polydispersity 
Mw/Mn 

poly(dibutylstannane) 4.9 3.0 19·104 / 6·104 3.2 

poly(dioctylstannane) 2.7 2.4 20·104 / 7·104 2.9 

poly(didodecylstannane) 1.1 1.2 53·104 / 15·104 3.5 

 
 

It appeared that styrene also reacted with the decaying poly(dibutylstannane). After 

exposure for 3 h, poly(styrene) formed as evident from 1H NMR spectra and GPC. The 

resulting poly(styrene) was precipitated in the common way, i.e. by addition of an 

excess of methanol. From 1H NMR spectroscopy (see Experimental section) and 

gravimetric analysis of the precipitated polymer, a styrene conversion in the order of  

3 – 5 % was deducted. The value from the gravimetric analysis was somewhat lower, 

which might be due to incomplete precipitation, in particular of the low-molecular 

mass poly(styrene)s; no precipitation or tarnish was observed in blank experiments 
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with pure styrene. The number-average molar mass Mn of the precipitated 

poly(styrene), determined by GPC, amounted to 6·104 g/mol and the polydispersity 

(Mw/Mn) was 3.2 (Table 6-6). 

 

When poly(dibutylstannane) dissolved in toluene was exposed to ambient light in the 

presence air, oxidation products were found. In one experiment, a closed reaction 

vessel comprising the polymer solution was exposed for 19 d to ambient light. 

Thereafter, the vessel was opened and the solvent slowly evaporated under ambient 

conditions (see experimental section), resulting in a dry light yellow cake-like residue, 

which was analyzed by elemental analysis (Table 6-2). An oxygen content of 8.3 % w/w 

indicated oxidation of the polystannane, unlike in decomposition under argon 

atmosphere which only yielded oligomeric cycles. Assuming that the missing quantities 

from the C, H and O analysis of the decomposition products are elemental tin, an 

oxygen-tin ratio of 1.3 was obtained. It appears, therefore, that on average each tin 

atom was connected to more than one oxygen atom, which suggests that the 

oxidation process lead partially to the formation of O-Sn(Bu2)-O moieties. On the other 

hand, the decomposition products, which were hardly soluble, surprisingly displayed 

only one signal in 119Sn NMR spectra around -175 ppm in the range of -250 to 250 ppm 

(in deutero-o-dichlorobenzene at 100 °C). This chemical shift would agree with that of  

SnR groups that are bound to three other tin atoms (-170 to -180 ppm were reported for 

tin atoms in highly branched poly(dibutylstannane), 13 while (Bu3Sn)2O compounds are 

expected to show a chemical shift between 77 – 85 ppm23 depending on the solvent 

used). Analysis of the decomposition products by DSC (Table 6-3) revealed two new, 

relatively sharp, reproducible endothermal transitions at 61 and 108 °C. After the 

second transition temperature, the matter became soft and could be forced to flow, for 

instance by pressing samples placed between two microscopy slides. Unfortunately, at 

this time, the above degradation process and resulting products remains elusive. 

 

 

Additives. A common method to prevent decomposition or aging of polymers is the 

addition of stabilizing compounds, such as antioxidants (radical scavengers) or light 

stabilizers (light absorbers).24 Therefore, radical scavengers, UV-absorbers and dyes 

(chemical structures see Figure 6-5) were examined for their ability to stabilize 

dissolved poly(dibutylstannane) during light exposure for 90 min. The additives were 
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present in a concentration of 20 % w/w with respect to the polymer. Toluene 

(deuterated) was selected as a solvent, in which poly(dibutylstannane) completely 

degraded after 90 min. Some of the potential stabilizers were also tested in 

(deuterated) dichloromethane for comparison. The UV-absorbers Tinuvin® 405 and 

Tinuvin® 1130 did not improve the stability of poly(dibutylstannane) significantly, 

neither in toluene nor in dichloromethane (Table 6-5). On the other hand, intensely 

colored dyes like Sudan I (orange), Sudan Black B (black) and colloidal platinum (dark 

brown, prepared in situ by decomposition of [cis-PtCl2(PhCH=CH2)2]), clearly retarded 

the degradation of poly(dibutylstannane) (F around 0.9, Table 6-5), while carbon black, 

stabilized the polymer to a lesser extent (F = 0.33). The effect of the radical scavengers 

was not uniform. If TEMPO was added to poly(dibutylstannane) in dichloromethane, 

the difference in resistance against decomposition in pure solvent or in solvent with 

additive was less pronounced (ΔF = 0.07) than in toluene (ΔF = 0.29). While the radical 

scavenger Irganox® 1520L did not retard polymer decomposition in toluene, Irganox® 

565 showed a stabilizing effect (ΔF ca. 0.3). Curcumin and carotene showed higher 

stabilization ability (ΔF ca. 0.7). However, it has to be noted that curcumin (intense 

yellow) and carotene (intense orange-red) may act not only as radical scavengers but 

also absorb light, which may contribute to the stabilization of poly(dibutylstannane). 

After light exposure, cyclic oligo(dibutylstannane)s were found in the toluene solutions 

containing Irganox®565, Irganox® 1520L or carotene, but not in the solutions comprising 

TEMPO. In all CD2Cl2 solutions, cyclic oligomers were absent after exposure to light in 

the presence of additives, as in the pure solvent (see above).  
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Figure 6-5: Chemical structures of the stabilizers used. 

 

 

Influence alkyl side group lenght. Poly(dialkylstannane)s with alkyl groups other than 

butyl (propyl and octyl) dissolved in toluene were also exposed to light. The 

degradation process was followed by 1H NMR spectroscopy as a function of the 

exposure time in (deuterated) toluene as in this solvent the signals of the methyl 

groups of the cyclic oligomers and the polymer are also separated in 1H NMR spectra.10 

As only linear polystannanes were present prior to exposure, the ratios of the 

integrated methyl signal intensities of cyclic oligostannanes and linear polystannanes 
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allowed to quantitatively follow the degradation. The fraction of cyclic products 

increased with increasing exposure time, and the fraction of the polymer decreased 

concomitantly. No significant differences were found between the three polymers (an 

example is shown in Figure 6-6), which indicates that the influence of the length of the 

alkyl chain on the degradation is negligible. Upon prolonged exposure times (3 d), in all 

oligomer mixtures the ratio of the five- and six-membered rings slowly shifted towards 

the six-membered rings, which, therefore, appear to be more stable, as detected most 

clearly with 119Sn NMR spectroscopy; an example is displayed in Figure 6-7 (the oligomer 

mixtures comprising the other alkyl groups behaved similarly). 
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Figure 6-6: Decomposition of poly(dipropylstannane) in toluene solutions and formation of 

cyclo(oligostannanes) upon exposure to light. Error bars indicate the error limits resulting from the 

evaluation of the integrated NMR signal intensities (see text).  

 

No striking influence in the length of the alkyl side groups was also found upon 

exposure to light of the polystannanes in styrene for 3 h. Poly(styrene) formed as 

described above for poly(dibutylstannane) in all cases. The conversion of styrene, 

however, slightly decreased for polystannanes with longer alkyl groups, while the 
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number-average molar masses Mn of the recoverd poly(styrene) increased from 6·104  

for poly(dibutylstannane) to 15·104 g/mol for poly(didodecylstannane) (Table 6-6).  

 

The stability of the poly(dialkylstannane)s towards ambient light did not depend 

considerably on the length of the alkyl group either. Exposure of solutions of the 

polymers in toluene to ambient for 20 d, as described above for poly(dibutylstannane), 

yielded oxidation products with similar composition (Table 6-2). The observed decrease 

in the oxygen mass contents from ca. 8.3 % to 5.2 % with increasing alkyl group length 

is mainly a result of the higher mass contents of the longer alkyl groups. Elemental 

analyses and DSC (Table 6-3) indicate that similar products formed upon 

decomposition of the respective polystannanes in solution (or in the bulk, see below), 

and in 119Sn NMR spectra recorded at 100 °C in 1,2-dichlorobenzene only one signal at  

ca. -175 ppm was found in all cases.  

 
Figure 6-7: 119Sn NMR spectra poly(dioctylstannane) in toluene exposed to light: after 3 h (top) and after  

3 d (bottom).  
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Stability in the bulk 

When bulk poly(dibutylstannane), poly(dioctylstannane) and poly(didodecylstannane) 

were exposed to ambient light and atmosphere for 20 d, powders of a light yellow color 

were obtained, as opposed to the original yellow, rubber-like matter.9, 10, 16, 25 These 

powders were found to be oxidized (oxygen contents 4.9 – 8.5 % w/w) and their 

chemical composition (Table 6-2), as well as their transition temperatures observed in 

DSC (Table 6-3) did not differ significantly from those of the above described 

degradation products of the same polymers exposed to ambient in solution. Assuming 

that in the elemental analysis the supplementation of the masses of C, H and O to 

100 % is due to tin, oxygen-tin ratios of 1.29 – 1.54 and alkyl-tin ratios of 1.86 – 1.97 were 

obtained for the decomposition products (in bulk or solution) of all polystannanes, 

indicating that similar products were formed in all cases, in agreement with the 

observation that only one signal emerged in 119Sn NMR spectra around -175 ppm  

(in deuterated 1,2-dichlorobenzene at 100 °C), also in all cases.  

 

Discussion 
 

This study focused predominantly on the influence of light on degradation of 

poly(dialkylstannane)s. Not surprisingly, the addition of dyes that strongly absorb light 

over a broad wavelength range, such as Sudan Black B or colloidal platinum, were 

found to stabilize polystannanes. Commonly, however, light-induced reactions are 

particularly effective at certain wavelengths and, thus, are affected most by additives 

that absorb light at those particular wavelengths. The presented results demonstrate 

that colorless UV-absorbers did not cause significant stabilization of the polystannanes, 

whereas addition of yellow or yellow-orange dyes clearly enhanced the stability, in 

particular Sudan I (yellow). These experiments reveal that it is not the high-energy UV 

light but light at wavelengths around the absorption maximum of the polystannanes 

(which are also yellow) that is most effective in the decomposition of 

poly(dialkylstannane)s. Since this absorption maximum is associated with transitions 

which involve tin atoms only,26, 27 it is likely that the absorption of corresponding 

wavelengths lead to cleavage of Sn-Sn bonds. 

 

Moreover, under argon atmosphere, the nature of the decomposition products of 

poly(dialkylstannane)s – while strongly depended on the type of solvent or additive - 
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did not significantly depend on the length of the alkyl groups. Hence, although each tin 

atom is connected to two alkyl groups, steric effects appear to be of minor importance 

to polystannane degradation, and therefore, it is likely that degradation is initiated by 

scission of Sn-Sn bonds, although Sn-Sn bond energies (the dissociation enthalpy of  

Sn-Sn in hexaethyldistannane, Et3Sn-SnEt3, amounts to 209 kJ/mol28) are in a range 

which suggests that Sn-Sn bonds should persist at room temperature. In this context, it 

should be noted that cyclic oligostannanes were rather stable under exposure to light, 

in particular the 6-membered cycles. However, there are major differences between 

linear polystannanes and cyclic oligostannanes. In contrast to the colorless 

oligostannanes, the polystannanes are yellow due to the delocalization of σ-electrons,26 

which is expected to favor photodegradation (analogous to organic polymers with 

conjugated main chains29) and also might more generally affect the stability of the  

Sn-Sn bond in general. Further, in contrast to cyclic oligostannanes, linear 

polystannanes possess end groups, which we, unfortunately, were not able to identify 

in the present study, that may be the initial sites of the degradation of polystannanes. 

Considering that poly(dibutylstannane) degraded by an unzipping mechanism, a 

homolytic scission of Sn-Sn bonds would generate two polymeric or oligomeric 

fractions which are terminated by a stannyl radical. Gratifyingly, radical scavengers 

such as TEMPO were found to retard the degradation of polystannanes. Since the only 

slightly colored TEMPO solutions cannot stabilize polystannane only by light absorption, 

stabilization via temporary recombination of TEMPO and chain-terminating stannyl 

radicals appears likely. Also, the observed initiation of the polymerization of styrene by 

light-exposed polystannanes is likely to proceed via radicals, which is a common path 

to produce poly(styrene). It appeared that polymerization was somewhat slower for 

polystannanes with longer alkyl groups, which might be due to slightly lower 

polystannane decomposition rates or to differences in the reaction rate between 

dialkyltin radicals and styrene. The smaller conversions observed with polystannanes 

with longer side groups indicate an inhibit reaction of the polystannane radicals with 

styrene, while the decomposition rate occurred at equal velocity.  

 

In the absence of species that are able to interact with radicals, the stannyl radicals 

might partially recombine and partially further rapidly degrade by release of 

dialkylstannylene, R2Sn (note that this compound contains a free electron pair). The 

latter, highly reactive species, which cannot be isolated as pure compounds, are 
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expected to form the thermodynamically most favored addition products, i.e. 

compounds of the formula cyclo-(SnR2)n with n = 5 or 6, in agreement with reports on 

the reaction of dialkylstannylenes to cyclo-oligostannanes.30, 31 Such cyclic 

oligostannanes were indeed found after degradation of the present 

poly(dialkylstannane)s in rather unreactive solvents, such as aliphatic hydrocarbons, 

benzene, toluene or tetrahydrofuran.  

 

On the other hand, when the polystannanes were exposed to light in solvents with 

more reactive groups such as C-Cl moieties (e.g. dichloromethane or chloroform) or 

vinyl groups (styrene, see above) the formation of cycles was not observed. Obviously, 

reaction with such compounds proceeded faster than formation of cycles. The reaction 

product Bu2(ClCH2)SnCl identified after exposure to light of poly(dibutylstannane) in 

dichloromethane might arise from oxidative addition of CH2Cl2 at the tin atom in 

dibutylstannylene, i.e. a formal insertion of dibutylstannylene into a C-Cl bond. Indeed, 

insertion of R2Sn into alkyl halides (R’-X) resulting in R’R2SnX has already been 

reported.30, 31 An alternative radical reaction path may be the radical at the end of a 

cleaved polystannane fragment attacks dichloromethane under formation of a Sn-Cl 

bond and a CH2Cl· radical. This radical could react with the generated chloro-stannane 

end group to Bu2(ClCH2)SnCl. The formation of alkyltin-oxides in air could originate in a 

reaction of stannyl radicals or dialkylstannylene with water yielding Sn-OH groups, 

which subsequently condensate to Sn-O-Sn moieties under release of water. According 

to 119Sn NMR spectra, the alkyltin-oxides contained also tin atoms that were connected 

to 3 other tin atoms (branching tin atoms). The formation of such species requires 

cleavage of Sn-C carbon bonds, which may proceed via migration of butyl groups 

(which would imply that also trialkyltin groups were present), radical reactions or  

β-H elimination resulting in a reactive Sn-H group and the related 1-alkene. Remarkably, 

products resulting from exposure of poly(dibutylstannane) to air did not differ 

significantly when the polystannane was initially present in the bulk or in the dissolved 

state.   
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Conclusions 
 

The stability of various poly(dialkylstannane)s, (SnR2)n, towards light was investigated in 

solution and in the bulk. While the length of the alkyl side groups did not significantly 

affect the stability of the polymers, the nature of the solvents strongly influenced the 

rate at which degradation occurred. Chlorinated solvents and styrene retarded 

degradation of the polystannanes and was accompanied by a reaction between the 

solvent and the decomposing polystannanes, yielding  Bu2(ClCH2)SnCl or poly(styrene) 

as reaction products. Degradation proceeded rapidly in aromatic and aliphatic 

hydrocarbons, such as benzene, toluene, pentane or branched alkanes and lead to 

formation of cyclic oligostannanes. Dyes or radical scavengers, such as Sudan I, 

Sudan Black B, colloidal platinum, carotene, curcumin and TEMPO decreased the 

degradation rate due to light absorption, reaction with intermediate radicals, or both. 

Finaly, exposure of bulk poly(dialkylstannane)s to the ambient atmosphere, caused the 

formation of (oligo-)alkyltin-oxides. 

 

One key finding in the present study is that invariably upon light-induced degradation 

in solution, the polystannanes very rapidly decayed to low molar mass products once 

degradation was initiated and the molar mass of the remaining polymer did not 

change significantly. Therefore, we concluded that under the present conditions the 

polystannanes decomposed by an unzipping mechanism, and not by random chain 

cleavage. 
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Chapter 7 

 

 

 

Poly(di(ω-alkylphenyl)stannane)s 
 

 

 

 

 

 

 

 

 

 

Abstract 
 

Poly(di(ω-alkylphenyl)stannane)s, [Sn(CnH2nPh)2]m with n = 2 – 4, and a copolymer of 

di(3-propylphenyl)stannane and dibutylstannane of weight-average molar masses of  

2-8·104 g/mol were synthesized by dehydropolymerization of stannanes of the 

composition H2SnR2 using Wilkinson’s catalyst [RhCl(PPh3)3]. At least two methylene 

groups were required as spacers between the phenyl group and the tin atom for 

polymerization to occur. The polystannanes were characterized by, among other 

techniques, 1H, 13C and 119Sn NMR spectroscopy, thermal analysis and X-ray diffraction. 

The polymers featured properties different from those of the corresponding 

poly(dialkylstannane)s. Specifically, the [Sn(CnH2nPh)2]m family displayed glass 

transitions at remarkably low temperatures, down to ca. -50 °C, and a lower value for a 

copolymer (-68 °C). Polymers [Sn(CnH2nPh)2]m with n = 2 and 3 and a copolymer at room 

temperature where of a gel-like concistence, which enabled facile orientation with 

shear forces. Finally, the temperature-dependent electrical conductivity was 

determined for poly(di(3-propylphenyl)stannane), which followed the law of typical 

semiconductors, with an activation energy for conduction of 0.12 eV.  
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Introduction 
 

Only few reports describe polymers of the composition (SnR2)n (polystannanes), which 

are of potential interest because of their demonstrated semi-conductive properties.1 

Remarkably compounds with that chemical composition were synthesized already by 

Löwig as early as 1852 by reaction of iodoethane with a Sn/K or a Sn/Na alloy, in the 

presence of quartz sand - which was used to control the reaction rate.2 The conversion 

of iodoethane with Sn/Na alloy was attributed to a reaction of the Wurtz type in  

1860.3, 4 More than 80 years later, this synthetic approach was reapplied for the 

preparation of poly(dialkylstannane)s by treatment of dialkyltin dichlorides with 

sodium.5-7 Products of high molar mass were obtained with this method,6 however, in 

low yields and with (cyclic) oligomers as byproducts.  

 

In the past 15 years, alternative routes for the preparation of polystannanes have been 

developed, such as electrochemical reactions8, 9 or catalytic dehydropolymerizations of 

dialkylstannanes (dialkyltin dihydrides) or diarylstannanes (R2SnH2, where R represents 

an alkyl or aryl group).10-14 Unfortunately, the polymers prepared by those methods and 

typically contained significant fractions of cyclic oligomers10, 11 were frequently not 

isolated and characterized. Recently, however, we demonstrated that [RhCl(PPh3)3] 

(Wilkinson’s catalyst) is suited for polymerization of R2SnH2 yielding linear 

polystannanes of high molar mass and in high yields without detectable amounts of 

cyclic byproducts.12, 13 Remarkably, these polymers at room temperature are in  

liquid-crystalline state, which facilitates orientation of them by simple methods such 

as tensile deformation, shearing or crystallization on oriented substrates.15  

 

In this work we sought to expand the family of polystannanes and synthesized  

ω-alkylphenyl-substituted derivatives in order to investigate the influence of a terminal 

phenyl side group on their properties.  
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Experimental 

 
Materials 

All non-deuterated solvents were purchased in puriss p.a. grade from Fluka (Buchs, 

Switzerland) and were used without purification, and deuterated solvents from 

Cambridge Isotope Laboratories (Innerberg, Switzerland) with a deuterium fraction of  

> 99%. Tetrachlorostannane from Fluka (Buchs, Switzerland), 1-bromo-2-phenylethane 

(98 %) from Acros Organics (Basel, Switzerland), 1-bromo-3-phenylpropane (98 %) from 

ABCR (Karlsruhe, Germany), 1-bromo-4-phenylbutane (97 %) from TCI (Zwijndrecht, 

Belgium), and chlorotris(triphenylphosphine)rhodium(I) [RhCl(PPh3)3] from Johnson 

Matthey (Zürich, Switzerland). 

  
Methods 

Elemental analyses were performed by the Microelemental Analysis Laboratory of the 

Department of Chemistry of ETH Zürich. 

 

Infrared (IR) spectra of liquid samples were recorded with a Bruker Vertex 70 FTIR 

spectrometer with the attenuated total reflection (ATR) technique by use of a Si-

crystal. 

 
1H, 13C and 119Sn NMR spectra were obtained with a Bruker UltraShield 300 MHz/54 mm 

Fourier transform spectrometer. The NMR tubes were protected from light by 

wrapping in aluminum foil, which was removed only immediately before the analyses 

were carried out. 

 

Molar masses were determined with gel permeation chromatography (GPC), 

employing a PL gel 5 μm Mixed-D column from Polymer Laboratories Ltd. (Shropshire, 

United Kindom) with tetrahydrofuran (THF) as the eluent. For calibration, atactic-

poly(styrene) standards from Fluka (Buchs, Switzerland) were used. 

 

Differential scanning calorimetry (DSC) was performed with a DSC822e instrument 

(Mettler Toledo, Greifensee, Switzerland) equipped with an intracooler; 

thermogravimetric analysis (TGA) with a TGA/SDTA851e (Mettler Toledo) under 
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nitrogen atmosphere or air at heating and cooling rates of 5 °C/min; and dynamic 

mechanical thermal analysis (DMTA) in shear mode with a DMA861e instrument 

(Mettler Toledo) in the temperature range of -110 – 20 °C at a heating rate of 1 °C/min, 

and a frequency of 10 Hz, a force amplitude of 1 N and a displacement amplitude of  

5 μm. Samples were placed in poly(dimethylsiloxane) rings of a diameter of ca. 3 mm 

and a thickness of 1 mm in order to assure a constant geometry of the sample N.B. the 

polysiloxane ring alone did not show any phase transition in this temperature range. 

 

Electrical resistance measurements were conducted with samples was placed in a 

small cylinder equipped with two nickel electrodes at temperatures between 300 and 

370 K in argon, employing a Keithley 2002 Multimeter/236 Source Measure Unit 

system. 

 

Optical microscopy was performed at ambient with a Leica DM400M polarizing 

microscope. For observations at variable temperatures, a Leica DMRX polarizing 

microscope equipped with an argon flushed Linkam THMS 600 heating-/cooling stage 

was used (cooling and heating rate 5 °C/min). 

 

Wide-angle X-ray diffractions (WAXD) patterns were recorded with a Diffraction 

XcaliburTM PX (Oxford Instruments, Scotts Valley, USA), using MoKα radiation 

(wavelength 0.71 Å). The temperature was controled with a Cryojet Controller. 

 

Syntheses of monomer precursors, monomers and polymers 

Polystannanes are sensitive16 to light10-12, 17 and moisture;8 hence, these polymers were 

protected from light, oxygen and moisture as carefully as possible. Reaction vessels 

were fully wrapped with aluminum foil. Reactions were always carried out under argon 

atmosphere and analysis of the polymers was performed either immediately after 

synthesis or after storage in argon-flushed brown glass vessels in a refrigerator kept at 

a temperature of ca. -20 °C. 

 

Tetra(ω-alkylphenyl)stannanes [(PhCnH2n)4Sn]. Magnesium beads (for quantities see 

Table 7-1a) were heated with a blow drier under vacuum (ca. 0.1 mbar) for a few 

minutes and then covered with diethyl ether. An amount of alkylphenyl bromide was 

dissolved in diethyl ether and added during 0.5 h with a dropping funnel to the stirred 
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magnesium suspension, under argon. Thereafter, the solution was kept under reflux 

for additional 2 h and, subsequently, cooled with ice. To this solution, 

tetrachlorostannane dissolved in toluene was added slowly (typically during a period of 

1 h) with a dropping funnel. After the addition of the tetrachlorostannane solution was 

completed, the reaction mixture was kept under reflux for 2 h. Thereafter, the mixture 

was cooled with ice water, and a saturated NH4Cl solution in water was slowly added 

until the aqueous phase became clear. The organic phase, which separated from the 

aqueous one, was removed with a separating funnel, dried with anhydrous 

magnesium sulfate and filtered through celite. The solvents were removed with a 

rotary evaporator and the resulting product dried overnight vacuum (~0.1 mbar) at 

room temperature. The tetra(ω-alkyphenyl)lstannanes thus obtained were analyzed 

with NMR spectroscopy (Table 7-2, 3) and used without further purification for the 

preparation of di(ω-alkylphenyl)dichlorostannanes.  

 

Di(ω-alkylphenyl)dichlorostannanes [(PhCnH2n)2SnCl2]. Tetra(ω-alkylphenyl)stannane 

was poured into a two-necked round-bottom flask equipped with reflux condenser 

(quantities in Table 7-1b). The top of the condenser was connected to a balloon filled 

with argon to protect the reaction mixture from oxygen and moisture. The second 

neck was closed by a septum through which tetrachlorostannane was added with a 

syringe. Thereafter, the reaction mixture was heated to 100 °C for 1 h and to 200 °C for 

an additional 2 h. Small aliquots were analyzed with 119Sn NMR spectroscopy from time 

to time; if small signals of R3SnCl or RSnCl3 beside the one of R2SnCl2 were detected, 

small amounts of SnCl4 or R2SnCl2 were added until only the signal for the R2SnCl2 was 

visible in the 119Sn NMR spectrum. The resulting product was recrystallized from hot 

(~95 °C) heptane (~100 ml / 20 g) and dried in vacuum (~0.5 mbar) for 24 h. The 

compounds were obtained in the shape of colorless crystals and were analyzed with 

NMR spectroscopy (Table 7-2, 3), elemental analysis (Table 7-4) and DSC for the 

determination of the melting temperature (Table 7-1b). 
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Table 7-1: Synthesis parameters (reaction mixture composition and yield) for the monomer precursors 

(PhCnH2n)4Sn (a), (PhCnH2n)2SnCl2 (b), monomers (PhCnH2n)2SnH2 (c) and polymers [(PhCnH2n)2Sn]n (d). Also 

included are selected analytical data (Tm: melting temperature at ambient pressure, ν(Sn-H):  

IR-absorbtion vibration of the Sn-H bond). The number- and weight-average molar masses Mn and Mw 

were determined by gel permeation chromatography. 
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Di(ω-alkylphenyl)stannanes [(PhCnH2n)2SnH2]. Di(ω-alkylphenyl)dichlorostannanes 

(quantities see Table 7-1c) were reduced with an excess of Li[AlH4]. A solution of  

di(ω-alkylphenyl)dichlorostannane in diethyl ether (typically 0.4 M) was added 

dropwise with a funnel during approximately 0.5 h to the same volume of ice-cooled 

Li[AlH4] suspension in diethyl ether, which was protected from air by argon counter 

flow. After addition, the reaction mixture was stirred for an additional 0.5 h at 0 °C, 

before the ice bath was removed in order to allow the mixture to warm up to room 

temperature, at which point the reaction mixture was stirred for additional 2 h. The 

latter was then very slowly mixed with ice water (until excess of Li[AlH4] was 

hydrolyzed) and the organic phase was separated from the aqueous phase with a 

separating funnel. The ether phase was dried over anhydrous magnesium sulfate. The 

solution was filtered through celite and the solvent was removed with a rotary 

evaporator at 40 °C and ambient pressure. Due to the high boiling temperature and 

very low crystallization temperatures of the tin dihydrides, the resulting liquids could 

not be purified by distillation or crystallization, and, hence, were only carefully 

degassed by bubbling argon with a needle through the solution and subsequently 

dried under vacuum (ca. 0.1 mbar) at room temperature for 0.5 h. Thereafter, the 

liquids were collected in vessels which were closed with a septum and immediately 

wrapped completely with soft tissue and aluminum foil to protect them from light. 

Finally, the compounds were stored in a refrigerator at -20 °C. The  

di(ω-alkylphenyl)stannanes were analyzed by NMR spectroscopy (Table 7-2, 3), infrared 

spectroscopy (Table 7-1c) and elemental analysis (Table 7-4). 

 



 

 136

Table 7-2: 13 C and 119 Sn NMR data for monomer precursors and monomers in dichloromethane-d2. 

Chemical shifts (δ) are given in ppm and coupling constants (J) in Hz. 

 

 
  

a) carbon signal of half intensity of the other –CH= signals, attributed to the CH-group of the aromatic 

carbon atom in para position to the alkyl group. 
b) the coupling constants were derived by comparison with the 2-ethylphenyl compounds, where 
3J(Sn,C) does not featured.  
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Table 7-3: 1 H NMR data of monomer precursors and monomers in dichloromethane-d2. Chemical shifts 

(δ) are given in ppm and coupling constants (J) in Hz;    t = triplet, q = quintet, m = multiplet. 

 

 
a) measured in toluene-d8 

 

 

Poly(di(ω-alkylphenyl)stannane)s, [Sn(CnH2nPh)2]m.  

Polymerizations of di(ω-alkylphenyl)stannanes  were done according to previously 

described procedures for poly(dialkylstannane)s (parameters see Table 7-1d).12, 13 A 

quantity of di(ω-alkylphenyl)stannane was added with a syringe to a solution of 

[RhCl(PPh3)3] (4 % mol/mol with respect to (PhCnH2n)2SnH2)) in dichloromethane or 

toluene (cf. Table 7-1d). After 2 h, the solution was cooled to -78 °C for at least 30 min. 

The cooled solution, which was still clear, was poured into an excess (5 times) of cold 

methanol (-78 °C), after which the solution become turbid, or a yellow solid begun to 

precipitate (after 2-3 h). If the polymer precipitated, it was filtered off and washed with 

small amounts of cold methanol (-78 °C) (cf. Table 7-1d). If no precipitation occurred  

(cf. Table 7-1d), the resulting turbid solutions were subjected to centrifungation  

(8000 revolutions per minute), after which polymer that settled at the bottom was 

collected by decanting. The different polymers were dried in vacuum (ca. 0.1 mbar) at 

room temperature for 12 h, and stored in a refrigerator (-20 °C) in brown glass vessels 

which were flushed with argon. The poly(di(ω-alkylphenyl)stannane)s thus obtained 
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were, finally, analyzed by GPC, elemental analysis, NMR spectroscopy, differential 

scanning calorimetry (DSC), thermogravimetric - (TGA) dynamic mechanical thermal 

analysis (DMTA), optical microscopy and X-ray scattering. 

 

Table 7-4: Calculated and found elemental composition (in % m/m) of di(ω-alkylphenyl)dichlorostannes, 

di(ω-alkylphenyl)stannanes and poly(di(ω-alkylphenyl)stannane)s. 

 
 

Compound  C H Cl 

found 47.78 4.73 17.81 (PhC2H4)2SnCl2 calc. 48.05 4.54 17.73 
found 50.65 5.28 16.33 (PhC3H6)2SnCl2 calc 50.52 5.18 16.57 
found 52.82 5.78 15.30 (PhC4H8)2SnCl2 calc. 52.68 5.75 15.55 
found 58.27 6.19 n.a. (PhC2H4)2SnH2 calc. 58.05 6.09 n.a. 
found 60.19 6.61 n.a. (PhC3H6)2SnH2 calc. 60.21 6.74 n.a. 
found 62.46 7.40 n.a. (PhC4H8)2SnH2 calc. 62.05 7.29 n.a. 
found 55.12 5.23 n.a. -[(PhC2H4)2Sn]-n calc. 58.41 5.51 n.a. 
found 59.98 6.07 n.a. -[(PhC3H6)2Sn]-n calc 60.55 6.21 n.a. 
found 61.02 6.49 n.a. -[(PhC4H8)2Sn]-n calc 62.37 6.80 n.a. 

 
n.a.: not applicable. 

 

 

Poly(dibutylstannane)-co-(di(3-propylphenyl)stannane) ([SnR2]p-[Sn(CnH2nPh)2]q).  

A quantity of 0.5 ml di(3-propylphenyl)stannane and 0.5 ml dibutylstannane 

(corresponding to a total mass of both stannanes of 1.15 g) was rapidly mixed at 

ambient and poured into a solution of [RhCl(PPh3)3] (140 mg, 0.15 mmol) in 20 ml 

dichloromethane, under argon and exclusion of light as described above. After 1 h 

stirring under light exclusion, the solution was cooled to -78 °C for 30 min, after, which 

it was poured into 100 ml cold methanol (-78 °C). Thereafter, the mixture become 

turbid yielding a yellow precipitate after ~1 h, which was subsequently filtered off and 

washed with cold methanol (-78 °C). The isolated polymer 0.72 g (62 %) was then dried 
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in vacuum (~0.1 mbar) at room temperature for 12 h and stored in a refrigerator (-20 °C) 

in a brown glass vessel flushed with argon until further use.  

 

Degradation of polystannanes. Separately, the in-stability towards light was 

investigated with a specified lamp as described in detail elsewhere16 using in in-situ 

synthesized polystannane solutions in toluene-d8. After 90 min illumination, a 119Sn 

NMR spectrum was recorded and contrasted with its spectrum prior to illumination.  

 

Results and Discussion 
 

Homopolymers 

Monomers were prepared following well-established reactions. First, the compounds 

(PhCnH2n)4Sn were prepared with Grignard’s reaction18 using SnCl4 and ω-phenylalkyl 

magnesium bromide (Grignard reagent), as essentially described already more a 

100 years ago.19, 20 The (PhCnH2n)4Sn was then converted with stoichiometric quantities 

of SnCl4 to (PhCnH2n)2SnCl2, a reaction which is known at least since 1856.21, 22 Finally, 

(PhCnH2n)2SnCl2 was reduced with an excess of Li[AlH4], yielding the monomer 

(PhCnH2n)2SnH2, as shown 60 years ago.23, 24 

 

H HSn * *Sn
m

 
m

[RhCl(PPh3)3]

- m H2

CnH2n

CnH2n

CnH2n

CnH2n

 
 
Scheme 7-1: Schematic of synthesis of poly(di(ω-alkylphenyl)stannane)s. 
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Linear poly(di(ω-alkylphenyl)stannane)s were synthesized at room temperature by 

dehydropolymerization of tin dihydrides with [RhCl(PPh3)3] (Wilkinson’s catalyst) under 

protection from ambient light (Scheme 7-1). As mentioned in the introduction, 

[RhCl(PPh3)3] was found to be extremely suitable for the polymerization of various 

compounds of the composition R2SnH2. Indeed, this catalyst was also of  

use for the formation of poly(di(2-ethylphenyl)stannane), PD2ØSn,  

poly(di(3-propylphenyl)stannane), PD3ØSn, and poly(di(4-butylphenyl)stannane), 

PD4ØSn. NMR data of the polymers synthesized are collected in Table 7-5. The chemical 

shifts of the Sn-atoms in the polymer backbones in 119Sn NMR spectra were around  

-190 ppm, i.e in the range of those reported for other polystannanes.10-13, 25 The lack of 

the characteristic signals of the monomer, in particular of the Sn signal between  

-201 and -203 ppm in 119Sn NMR spectra and of the Sn-H signal at ca. 4.7 ppm in 1H-NMR 

spectra, implied that complete monomer conversion was achieved. In addition, there 

was no evidence for cyclic oligomers in 119Sn and 1H NMR spectra. However, when the 

polystannanes were isolated, the elemental analysis of the resulting materials in the 

case of PD2ØSn showed pronounced deviations from the expected values  

(cf. Table 7-4). This is most likely due to difficulties in precipitation from the reaction 

solution. While poly(dialkylstannane)s were readily isolated by precipitation from cold 

solvents,12, 13 poly(di(ω-alkylphenyl)stannane)s turned out to be more soluble and did 

not precipitate even upon prolonged cooling at -78 °C. Addition of cold methanol  

(-78 °C), which is known as poor solvent for polystannanes,11 was only successful for the 

precipitation of PD3ØSn. However, solutions of PD2ØSn and PD4ØSn became only 

turbid after to 2 h at -78 °C. These polymers settled only upon centrifugation. Hence, 

the resulting solids might also contain catalyst residues.  

 

Thermogravimetric analyses (TGA), carried out under nitrogen at a heating rate of  

5 °C/min, indicated that thermal decomposition of all polymers commenced at  

ca. 200 °C. Their thermal stability was thus quite similar to that reported for 

poly(dialkylstannane)s.11-13 Above 350 °C, the mass remained constant at values which 

were close the calculated tin contents of 36, 33 and 31 % w/w for PD2ØSn, PD3ØSn and 

PD2ØSn, respectively.  
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Table 7-5: NMR data for poly(di(ω-alkylphenyl)stannane)s in dichloromethane-d2; chemical shifts (d) are 

given in ppm, t = triplet, m = multiplet. 

 

1H 13C 119Sn 
R 

-CH= -CH2- C -CH= -CH2- Sn 

-[(PhC2H4)2Sn]-n m, 4H, 6.87 
m, 6H, 7.01 

m, 4H, 1.69 
m, 4H, 2.87 144.62 

 125.37b 

127.37 
128.39 

13.03 
36.87 -187.43 

-[(PhC3H6)2Sn]-n m, 4H, 7.02 
m, 6H, 7.20 

m, 4H, 1.11 
m, 4H, 1.68 
m, 4H, 2.41 

141.87 
 125.27b 

128.27 
128.37 

10.95 
32.55 
41.02 

-192.12 

-[(PhC4H8)2Sn]-n m, 10H, 
7.11a 

m, 4H, 1.31 
m, 8H, 1.66 
m, 4H, 2.60 

142.37 
 125.56b 

128.18 
128.22 

11.21 
30.89 
35.71 

-190.48 

 

a) broad, overlapping signals. 
b) carbon signal of half intensity of the other –CH= signals, attributed to the CH-group of the aromatic 

carbon atom in para position to the alkyl group. 

 

 

All poly(di(ω-alkylphenyl)stannane)s were yellow-orange, soft, and sticky at room 

temperature; PD4ØSn showed the consistency of  liquid honey, whereas PD2ØSn and 

PD3ØSn were of a relatively solid gel nature. Thermal analysis of the polystannanes by 

DSC revealed pronounced, remarkably low glass transition temperatures (Tg): ca. -20 °C 

for PD2ØSn, around -45 °C for PD3ØSn and -52 °C for PD4ØSn (cf. Figure 7-1). The latter 

was close to the measuring limits of ca. -60 °C of the DSC, and, therefore, the glass 

transition temperature of PD4ØSn was also measured by DMTA.26, 27 PD4ØSn was 

analyzed in shear mode, as described in the experimental part. Often Tg is determined 

in DMTA measurements to be the onset of the storage modulus (G’), which 

corresponds to maximum of the loss modulus (G’’), although sometimes the peak 

maximum of tan δ is also employed. In this work we used the maximum of the loss 

modulus (G’’). This value (-46 °C) was relatively close to that derived from DSC 

measurements (-52 °C). Interestingly, the present polystannanes, displayed a different 

phase behaviour from poly(dialkylstannane)s. Instead of first order transitions reported 

for the latter polymers,12, 13 only glass transitions were found for the former.  
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Figure 7-1: Differential scanning  calorimetry (DSC) heating thermograms of  

(a) poly(di(4-butylphenyl)stannane), P(D4ØSn) (b) poly(di(3-propylphenyl)stannane), P(D3ØSn) and  

(c) poly(di(2-ethylphenyl)stannane), P(D2ØSn) (under nitrogen, heating rate 5 °C/min). 

 

Wide-angle X-ray diffraction (WAXD) patterns of the poly(di(ω-alkylphenyl)stannane)s 

were characterized by diffuse halos both above and below the glass transition 

temperatures indicating that the polymers were largely amorphous. The diffraction 

patterns did not change significantly in the temperature range between -70 and 90 °C. 

Yet week but sharp reflections were found (at 2θ of 3.5°, 6.3°, 9.8° and 18.9°), for 

P(D3ØSn) suggestive a low degree of crystallinity of this polymer. Consistent with this 

observation, P(D2ØSn) and P(D3ØSn) were slightly birefringent in the temperature 

range of -70 – 90 °C; no striking changes in birefringence were observed in cooling- 

and heating cycles. P(D4ØSn) was only weakly  birefringent. P(D2ØSn) and P(D3ØSn) 

could easily be oriented by shearing of bulk samples above Tg on a glass slide with a 

razor blade, analogous to poly(dialkylstannane)s12, 15 as indicated by the pronounced 

birefringence observed between crossed polarizers in an optical microscope. Persistent 

orientation, induced by shearing could not be achived for P(D4ØSn).  

 

The poly(di(ω-alkylphenyl)stannane)s were readily soluble at room temperature in 

common organic solvents, e.g. benzene, dichloromethane and tetrahydrofuran. Such 

solutions were employed for molar mass determinations by GPC (Table 7-1d), using 
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atactic poly(styrene) standards for calibration, as previously conducted for 

poly(dialkylstannane)s.13 The number-average molar masses of the  

poly(di(ω-alkylphenyl)stannane)s Mn were between 11 and 35 kg/mol-1 and  

weight-average molar masses Mw between 22 and 80 kg/mol, i.e. in the range of the 

corresponding values of poly(dialkylstannane)s.13 The lowest molar mass was obtained 

for PD2ØSn; and, in fact, it appears that polymerization of (PhCnH2n)2SnH2 with the 

catalyst [RhCl(PPh3)3] becomes increasingly difficult at low values of n. Attempts to 

polymerize the stannanes with n = 1 (dibenzylstannane) or n = 0 (diphenylstannne) 

with [RhCl(PPh3)3] failed. In addition, di-tert-butylstannane, (C(CH3)3)2SnH2, could not be 

polymerized either, which indicates that bulky groups such as phenyl, in close 

proximity to Sn atom hamper the polymerization, at least with [RhCl(PPh3)3]. These 

sterically hindered stannanes did release hydrogen upon contact with [RhCl(PPh3)3], but 

no high-molar-mass products were detected by GPC, and in 119Sn NMR spectra no signal 

was found which could be attributed to a polymer.  

 

The stability of the poly(di(ω-alkylphenyl)stannane)s was examined analogously to 

that reported for poly(dialkylstannane)s.16 Hence, polymerizations were performed in 

toluene-d8 and 119Sn NMR spectra of the reaction mixtures were recorded. Thereafter, 

the in-situ prepared polystannanes were exposed to a light source (cf. experimental 

section) in a box for 90 min. Polymer degradation was quantified by the  

decrease in the polystannane signal in 119Sn NMR spectra. All three  

poly(di(ω-alkylphenyl)stannane)s after illumination decomposed completely, similar to 

poly(dialkylstannane)s,16 into cyclic oligomers (chemical shift of most intense cycle in 

ppm and (coupling constant J(Sn,Sn) in Hz) for cyclo-D2ØSn -199.1 (437); cyclo-D3ØSn  

-203.5 (459) and cyclo-D4ØSn -203.7 (444)). 

 

The conductivity of one of the poly(di(ω-alkylphenyl)stannane)s, P(D3ØSn), was 

investigated by a two-point measurement at various temperatures. At 300 K, a 

conductivity of 3·10-8 S/cm was found. This conductivity increased with higher 

temperature, indicating that the amount of charge-carriers increased at higher 

temperatures, characteristic for semi-conducting materials, for which the electrical 

conductivity follows the expression:28  
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Where σ refers to the electrical conductivity, σ0 is an arbitrary constant (usually taken 

to be 1 S/cm), Ea the activation energy for a thermally induced excitation of an electron 

from the valence band to the conduction band, kB  Boltzmann’s constant, and T the 

temperature (in K). Thus, a logarithmic representation of the conductivity as function 

of the inverse temperature resulted in a linear dependence (Figure 7-2), in agreement 

with the above equation. From the slope, an activation energy (Ea) of 0.12 eV was 

calculated, which is in the range of other polymeric systems with metal atoms in their 

backbone, such as Magnus’green salt.28 Unfortunately, the conductivity of P(D2ØSn) 

was below the detection limit of 10-10 S/cm (at room temperature), and P(D4ØSn) was 

too liquid to be addressed with the available experimental set-up. 
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Figure 7-2: Plot of the logarithm of the normalized conductivity (σ/σ0, with σ0 = 1 S/cm) of  

poly(di(3-propylphenyl)stannane) as a function of the inverse temperature (T): heating from room 

temperature to 370 K ( ) and subsequent cooling to 300 K ( ).  
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Copolymer 

 

Interestingly, a copolymer could be created with the catalytic dehydropolymerization 

method using two different tin dihydrides. Upon addition of [RhCl(PPh3)3] to a mixture 

of (PhC3H6)2SnH2 and Bu2SnH2, poly(dibutylstannane)-co-(di(3-propylphenyl)stannane), 

P(D3ØSn-co-D4Sn), formed. After 1 h, 1H-NMR spectra no longer featured the Sn-H 

signals of both monomers and concomitantly the signals of the monomers were also 

missing in 119Sn-NMR spectra, indicating conversion of both monmers. The 119Sn NMR 

spectrum of the reaction mixture displayed two broad signals between -200 and  

-190 ppm, which is in the range of polystannanes (Figure 7-3); however, the position 

and line width of these signal clearly differed from those in a spectrum recorded for a 

reference mixture of the two homopolymers poly(dibutylstannane) and  

poly(di(3-propylphenyl)stannane) (two sharp signals at -191 ppm and -192 ppm,  

cf. Figure 7-3). This finding implies deed that a copolymer, P(D3ØSn-co-D4Sn), resulted 

upon simultaneous polymerization of H2SnBu2 and H2Sn(C3H6Ph)2, and the considerable 

broadness of the signals indicate that the tin atoms comprised in the two different 

monomer units are present in different surroundings, i.e. the monomers were 

arranged in the copolymer not in alternate or block-like arrangement, but in a random 

sequence. Broadening of the signals was also visible in 1H NMR spectra of the 

copolymer. In particular, the normally sharp butyl signals of poly(dibutylstannane)13 

arose in the copolymer as broad peaks, where 1H-1H couplings were not resolved 

anymore. Even in 13C NMR spectra of the copolymer the signals were broad. Finally, 

there was no evidence for the formation of cyclic oligomers or co-oligomers. 

 

GPC of the isolated copolymer P(D3ØSn-co-D4Sn), resulted in Mw = 3.5·104 g/mol  

and Mn = 1.7·104 g/mol. These values were in the range of the  

poly(di(ω-alkylphenyl)stannane) homopolymers (cf. Table 7-1d). 

 

P(D3ØSn-co-D4Sn) was of viscous gel-like nature at room temperature, as seen for 

some di(ω-alkylphenyl)stannane homopolymers. Also weak birefringence was observed 

in a polarized microscope, indicating some crystallinity. DSC analysis in the 

temperature range of -60 – 120 °C did, however, not reveal any transition. DMTA 

measurements, by contrast displayed a maximum of the loss modulus at ca. -68 °C 
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(Figure 7-4). The phase behavior of P(D3ØSn-co-D4Sn) was, thus, very similar to that of 

the poly(di(ω-alkylphenyl)stannane) homopolymers, which also featured only second 

order transitions, instead of the first-order transitions in poly(dialkylstannane) 

homopolymers.13  

 
 

 

Figure 7-3: 119Sn NMR spectra of poly(dibutylstannane)-co-(di(3-propylphenyl)stannane) (top) and a 

reference mixture of  poly(dibutylstannane) and poly(di(3-propylphenyl)stannane) (bottom).  
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As with the di(ω-alkylphenyl)stannane homopolymers, shearing of the copolymer with 

a razor blade at room temperature yielded films oriented along the shearing direction, 

as was evident in polarized optical microscopy at different angles between shearing 

direction and orientation of the polarizers. 

 

Unfortunately, as for P(D4ØSn), the electrical conductivity of P(D3ØSn-co-D4Sn) could 

not be determined with the available equipment because it was too liquid. 

 

Conclusions 
 

In summary, we demonstrated that polymerization of di(ω-alkylphenyl)stannanes can 

efficiently be conducted with [RhCl(PPh3)] as catalyst, provided that the phenyl group 

was separated from the tin atom by at least two methylene groups. All  

poly(di(ω-alkylphenyl)stannane)s were obtained without any cyclic impurities. In 

contrast to poly(dialkylphenylstannae)s, the poly(di(ω-alkylphenyl)stannane)s did not 

show a first-order phase transition before decomposition, but only a glass transition at 

remarkably low temperatures, between -20 and -60 °C, depending on the length of the 

alkyl spacing groups.  

  

Furthermore, polymerization mixtures of di(3-propylphenyl)stannane and 

dibutylstannane in the presence of [RhCl(PPh3)] yielded copolymers in which the two 

components were randomly distributed, and that displayed a phase behavior similar to 

that of poly(di(ω-alkylphenyl)stannane) homopolymers.  
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Figure 7-4: Semi-logaritmic plot of the storage-modulus (G’), the loss-modulus (G’’) and tan δ of 

poly(di(4-butylphenyl)stannane) (top) and poly(dibutylstannane)-co-(di(3-propylphenyl)stannane) 

(bottom); placed in poly(dimetylsiloxane) rings; determined by DMTA in shearing mode. 
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Conclusions 
 

The present thesis was concerned with the synthesis, characterization, stabilization 

and processing of polystannanes, a unique inorganic polymer comprising σ-bonded tin 

atoms in the backbone. These compounds, of the composition  (SnR2) n were 

synthesized by a catalytic dehydropolymerization. Thereby tin dihydrides (R2SnH2) are 

connected most favourably in the presence of Wilkinson’s catalyst under loss of 

hydrogen. With this process, pure linear products without cyclic impurities were 

obtained for the first time. This facile synthesis permitted synthesize of a large variety 

of polystannanes with different side groups. The polymers synthesized were of a yellow 

color and featured consistencies that ranged from soft to honey-like, number average 

molar masses of 10 to 70 kg/mol and a polydispersities 2 – 3. Depending on the side 

groups R, these materials differed in their thermal properties. In general, polystannanes 

with linear alkyl chains displayed a liquid-crystalline state at room temperature. 

Polystannanes with long alkyl chains (hexyl and longer), became isotropic upon heating 

whereas polystannanes with shorter alkyl moieties stayed in the liquid-crystalline state 

up to decomposition. Polystannanes with ω-alkylphenyl substituted moieties, showed 

remarkably low glass transition temperatures, down to ca. -50 °C instead of first order 

transitions as the above described poly(diaklkylstannne)s without aromatic 

substituents in the side group. All monomer precursors, monomers and polymers were 

conveniently analyzed with 1H, 13C and 119Sn NMR spectroscopy to determine purity and 

degree of conversion. Kinetic measurements during polymerization revealed that molar 

masses of the synthesized polymers could be adjusted by different catalyst 

concentration. Further, a strong influence of the temperature on the degree of 

conversion was observed. Determination of the molar mass at different degrees of 

conversion indicated that polymerization did not proceed according to a statistical 

condensation mechanism, but, likely, by growth onto the catalyst, probably by a 

stannylen insertion. Various techniques were thereafter employed to orient these 

macromolecules, and indeed most of the techniques were successful. Remarkably, 

however, a strong dependence on the length of the side group on the orientation 

behaviour of the polystannane main chain was found. Polystannanes with short side 

groups were predominately oriented parallel, whereas polystannane molecules with 

long side groups were oriented perpendicular to the external orientation axis.  
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Stability towards light of the various polystannanes in solution and in the bulk, was 

also investigated. In order to protect or stabilize such compounds, they had to be 

rigorously protected from light. Therefore all synthesises were performed under light 

exclusion. As until now no studies addressed the stability of polystannanes in a 

systematic manner and under well-defined conditions we conducted such 

investigation. Chlorinated solvents and styrene, for example, retarded degradation of 

the polystannane solutions, whereas in aromatic and aliphatic hydrocarbons a rapid 

depolymerization to cyclic oligostannanes was found. Dyes or radical scavengers also 

decreased the degradation rate due to light absorption. Upon light-induced 

degradation an unzipping-, and not a random chain cleavage mechanism was found. 

Bulk polystannanes decomposed over longer time periods under ambient conditions 

into hardly soluble materials. This transformation was related to a reaction with 

oxygen or water in air, which induces a multiplicity of reactions, like oxidation, cross-

linking and chain fraction. 

 

Outlook 
 

How to increase the stability of polystannanes? 
Different routes could be followed to increase the stability of the light-sensitive 

polystannanes. By adding a dye to the polymer solution the stability could be 

significantly increased, as mentioned above. But other interesting synthetic ways can 

also be imagined:  

 

Polystannanes with light-absorbing side chains could be a possible solution to the 

above mentioned decomposition phenomena. A compound with a stabilizing-dyes 

functionality in the side group could display stability properties similar to mixtures of 

polystannanes with the light-absorber additive. Even randomly distributed side groups 

containing the dye-functionality could already suffice to stabilize the molecule and, 

therefore, no mayor sterical problems in the polymerization process should be expected 

(Figure 8-1).  
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Figure 8-1: Schematic representation of a polystannane molecule containing randomly distributed dyes 

in the polymer side group (n,p>>m). 

 

Polystannanes with highly bulky side groups might also display a high stability because 

of the therewith induced highly rigid backbone.1, 2 Such molecules with i.e. dendronic 

side groups could not form cycles any more, and, therefore, may stay in linear 

conformation. If the size of the dendrons are large enough, intramolecular forces 

between the dendrons should suffice to hold the polystannane main chain together; a 

cleaved Sn-Sn bond would then automatically react with the facing cleaved tin atom 

and recombine. We however doubt that such a monomer with dendronic side groups 

would polymerize, because of the sterical hindrance. Therefore such polymers would 

have to be  prepared from a polystannane with reactive side groups, which would be 

subsequently substituted with the dendronic side groups.  

 

As already pointed out in the literature,3 the stability of polystannanes could be 

increased by including semi-metals like silicon or germanium in the polymer backbone. 

Such copolymers were until now prepared by electrochemical processes3 or by Wurtz 

reaction4 of R2SnCl2 with R2SiCl2 or R2GeCl 2. The obtained products, however, consisted 

of mixtures of cyclic and linear products, the yields were low and, therefore, the 

materials were only poorly characterized so far.   

 

Another way to obtain copolymers using the dehydropolymerization reaction with 

Wilkinson’s catalyst may be the preparation of monomers of the type:  

HR2Sn-MLx–SnR2H.5, 6 Such monomers could react in a similar way with [RhCl(PPh3)3] as 

the tin dihydrides used in this work used (cf. Scheme 8-2).  
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Si SnSnH H Si SnSn* *n
 

[RhCl(PPh3)3]

 
 
Scheme 8-2: A possible reaction scheme of a copolymer formed by catalytic dehydropolymerization. 

 

Such polymers would still contain Sn-Sn bonds, but as these are separated from each 

other, the stability of those copolymers might be increased, as for example in the 

molecules R3Sn-SnR3, which is stable towards light. A variety of other (R2Sn-MLx)n 

copolymers could probably also be synthesized starting from R2SnH2. Tin dihydride may 

react with a large variety of metal compounds and form new monomer precursors, 

monomers, oligomers or, directly, metal – tin copolymers (Figure 8-2) by oxidative 

addition. Note that low molar mass organotin compounds bonded to transition metal 

atoms have been investigated extensively in recent years.7, 8 Another fascinating 

synthetic route for preparing such copolymers could be the well known reaction of tin 

dichlorides R2SnCl2 with sodium in ammonia.9, 10 Thereby, R2SnNa2 is formed which is 

extremely reactive and should react with most metal chlorides. By carefully adjusting of 

the ratio of metal chloride (LxMCl2) and reactive tin compound (R2SnNa2) ratios a high 

molar mass copolymer may be obtained.  

 

 

Sn
R

R
* *n

 MLx

 
 

Figure 8-2: Structure of a possible metal - tin copolymer. 
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Design of a metal-polymer with rubbery mechanical properties 

A semi-conducting polymer displaying the consistence of a rubber would be of 

fundamental interest. The electronic properties of such a compound might strongly 

depend on the deformation of the material. A rubber-like consistence could be achieved 

by cross-linking of polystannane macromolecules. Instead of a soft, liquid-crystalline 

material as in the case of linear polystannanes, an elastic, less soluble semi-conductor 

would be expected with the cross-linked material. Okano and Watanbe11, who 

attempted to prepare a polystannanes network by electrochemical polymerization of 

R2SnCl2 with RSnCl3, obtained, however, a soluble polystannane, which was 

characterized only by UV-vis spectroscopy. Instead cross-linked polystannane networks 

could be obtained by polymerizing R2SnH2 with various quantities of RSnH3 as cross-

linker. Babcock and Sita12 even reported highly branched polystannanes by a 

dehydropolymerization-rearrangement process of pure Bu2SnH2 in the presence of 

[HRh(CO)(PPh3)3] in toluene. But to date, neither mechanical nor conductivity 

investigations were performed on such branched polymers.  

 

Another possibility to synthesize cross-linked polystannanes is presented in Scheme 8-2. 

Polystannane chains containing acetylacetonate side groups could react with titanium 

teraalkoxides.  By an additional sol-gel step, the titanium tetraalkoxides could be 

converted to TiO2 nanoparticles which cross-link polystannane chains.This method was 

already reported for polysiloxanes.13 Other possible cross-linking routes could be adding 

reactive functional groups in the side groups, which could react with each other. 
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Scheme 8-2: Possible reaction scheme showing formation of TiO2 nanoparticles and cross-linking of 

polystannane chains. 
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As suggested in this short outlook, numerous further experiments could be conducted 

in the field of polystannanes. By a simple change of the side groups completely 

different material properties could be obtained. Also the here developed knowledge 

about dehydropolymerization with Wilkinson’s catalyst and the preparation of tin 

hydrides could be used in order to design new metal-tin copolymers or to synthesize 

new homo- or copolymer-polystannanes.  
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