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Fabien Choffat,* Susanne Kmer} Pascal Wolfer} Daniel Schmid} Raffaele Mezzengd&;"
Paul Smith* and Walter Caseri**

Department of Materials, ETH Zich, Wolfgang-Pauli-Strasse 10, 8093 riih, Switzerland,
Department of Physics and Fribourg Center for Nanomaterials,8rsity of Fribourg, Ch. du Muse
3, CH-1700 Fribourg, Switzerland, and NésBesearch Center, Vers-Chez-les-Blancs, CH-1000
Lausanne 26, Switzerland

Receied July 2, 2007

ABSTRACT: A comprehensive study was made of the synthesis of a spectrum of poly(dialkylstannane)s by
catalytic dehydropolymerization of dialkylstannanes (dialkyltin dihydridef§nRb, prepared by reduction of
R,SnCL), with R = ethyl, propyl, butyl, pentyl, hexyl, octyl, and dodecyl. The polymerization reactions were
followed by 'H and 11°Sn NMR spectroscopy, IR spectroscopy (disappearance of thdéd Suibration), and
quantitative measurement of,hvhich evolved during the reaction. Among the numerous metal complexes
employed as catalyst, [RhCI(PP4} was found to be particularly suited for the preparation of these inorganic
polymers. The reaction parameters temperature, solve8tjHR concentration, and [RhCI(PBgI/R.SnH; ratio

were varied, with the most prominent influence on the monomer conversion being the temperature. The number-
average molar masses of the polystannanes were in the range dfdito 1 x 10° g/mol, depending on the
reaction conditions. For the generic case of the polymerization gbith with [RhCI(PPh);] as catalyst, it was
demonstrated that poly(dibutylstannane) did not form by a random polycondensation, but by growth at a rhodium
complex, whereby only a minor part of [RhCI(Pfpfh 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 was characterized by a high density, indicative of a particularly favorable packing of the propyl groups.

1. Introduction Waurtz type?® Indeed, the Wurtz reactidrhas been shown to

Polystannanes, i.e., polymers of the composition (gpR  be suited for the preparation of poly(dialkylstannane)s by
belong to the rare examples of polymers that comprise a treatment of dialkyltin dichlorides with sodiufn!* Such
backbone of covalently bonded metal atoms and are worth 'eactions lead to polystannanes of high molar mass, however,
exploring already for that reason. As far as we are aware, in low yields as (cyclic) oligomers were also produced during
compounds with the chemical composition of oligo- or polys- the reactions. It should be noted that oligomers may also result
tannanes were prepared first by'vig in 18521 In an by degradation processes of polystannafiésThese aspects
exothermic reaction, iodoethane was converted with a Sn/K or may explain why stannic ethyl was gained as highly viscous
a Sn/Na alloy, in the presence of quartz sand which was usedliquid instead of a solid substance. Upon heating, stannic ethyl
to control the reaction rafeAfter evaporation of volatle ~ Was found to decompose to elemental tin and tetraethyl tin
components, extraction, and segregation procedures using diethy{named distannethy?)? The attempt was also made to prepare
ether and absolute ethanol, several fractions were collectedStannic methyl by the Wurtz reaction, which would correspond
which contained substances with elemental compositions closet©® Poly(dimethylstannane), but the elemental analyses do not
to those of oligo(diethylstannane)s or poly(diethylstannane). justify the assumption that this compound was successfully
Similarly, Cahours obtained a few years later in 1860 in prepared:®
treatment of iodoethane with Na/Zn a compound comprising It has been often mentiong#~2! that stannic ethyl (or
27.30% C and 5.79% H (recalculated valugS)nce the atomic ~ “diethyl tin”) was also prepared by Frankland in 1852 or 1883.
masses of H, C and Sn at that early time were taken as 1, 6,Upon immersion of a zinc foil into a solution of diethyltin
and 59 g/mol, respectively, an ethyl group was represented with dichloride, this author obtained a highly viscous, brownish-
the formula GHs and, therefore, the composition of the tin yellow liquid which he attributed to stannic ethyl, suggesting
compound was indicated with Sgids and, accordingly, called ~ that this compound was formed with release of Zi€|
stannic ethyl, stanethylium, staithgl, or stanriéhyle in different However, the reported elemental composition (C, 30.31%; H,
languaged:® Stannic ethyl was described as a high-viscous 6.24%; recalculated from the quantities of the combustion gases
liquid125which still was not solid at-12 °C . Already Lowig CO; and HO),? is not consistent with that of poly(diethylstan-
had assumed that stannic ethyl was formed from Na/Zn and nane). Also, the experiment could not be reproduced by other
iodoethane under release of Naand, remarkably, Cahours authors?
attributed the formation of stannic ethyl to a reaction of the  Interestingly, already in 1858, stannic ethyl had been formu-

lated as a polymeric compound denoted with the composition

* Author for correspondence. E-mail: wcaseri@mat.ethz.ch; te#l n(SnCHs).22 Nota bene in 1925, i.e., in the embryonic period
44§3E2T2ﬁ123.? .farf-:“l 446321178 of polymer science, it was explicitly proposed that dimethyl-

T Univer;rt'; of Fribourg. stannane, prepared by a reaction of the Wurtz type, was present

8 NestleResearch Center. as a species of the formula{&).1” Unfortunately, however,
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only oxidation products of the latter compound were analyzed, H,c & CH, HE ® CH,
and, therefore, it is not unequivoqually clear if poly(dimethyl- sz ~  CH HE  ~  CGH

stannane) was indeed obtained. Attempts in 1939 to determine H,C 8 CH, ‘ 2H\c ; qﬁz ’

molar masses by freezing point depression yielded ambiguous o GH H,C_ o CH,

results? In 1943, it was postulated that “diphenyltin” exists as Ngi o ?

a type of polymeric material because of its yellow cdfoand A (f i

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?425 In 1961, so-called “hexameric diethyltin” was (o)L

presented as a cyclic six-membered oligostani@aad a few I

years after, the formation of crystalline cyclic nonamers and [ (a+y)C |
r
|

H,C

(5)C

waxy cyclic hexamers of “diethyltin” was describ&dlt was _ . Wi P
reported in 1992 that the Wurtz reaction can yield linear poly- Ot @e | ||_ S
(dibutylstannane) of high molar maSowever, reinvestigation / -~ |U | |
of this reaction resulted in materials of a bimodal molar mass JM\ML\PJ@“ v__f Jl\)(f 4l |
distribution, with the product containing predominantly oligo-
mers!4 Also, the reaction of EBnCb with 2 equiv of Sm}
provided polystannanes, however of low molar masses and in
moderate yield382°Finally, conclusive experimental evidence
for a polystannane of a high molar mass was presented in 1993, L
which was synthesized by catalytic dehydropolymerization of
dibutylstannane with zirconium catalysts. c
Besides the above-mentioned Wurtz reactfor? also elec- o
trochemical reactions have been shown to result in linear
polystannaned}32 which, however, in some cases were also
thought to be branched A simple and effective way to produce |
polystannanes obviously is the catalytic dehydrocoupling of
RoSnH,.14.1530.3436 Unfortunately, the polymers prepared by
those methods were frequently not isolated and typically o/l s s s
contained significant fractions of cyclic oligomérs®®34Also, i "J l\ " |m=6
some of these synthetic efforts yielded polystannanes only in MMWMWMJ" “\,,WL,WJLJW
low yields353¢ Recently, however, we demonstrated that i . T T T
Wilkinson’s catalyst’ is well suited for the polymerization of -185 -180 -195 -200 -205  ppm
dibutylstannane, Bi$nH,, which produces not only linear poly- Chemical shift
(dibutylstannane) of high molar mass in high yields, but also Figure 1. 1H & %Sn NMR spectra of a sample containing a mixture
does not give rise to the formation of cyclic byproduts.  of linear (L) poly(dibutylstannane) and cyclic (C) oligo(dibutylstan-
Remarkably, the resulting poly(dibutylstannane) appeared to benane)s. The signals labeled “s” are due*f$n—Sn or***Sn—+Sn
present in a liquid-crystalline state at room temperatuaad, couplings, respectively.

interestingly, featured semiconductive properties as revealed byg,m —186 to—195 ppm and that of the cycles fror97 to—206

the pulse-radiolysis time-resolved microwave conductivity pom. The integrated values thus obtained represented poly-

technique (PR-TRMC}® (dibutylstannane)/cyclooligo(dibutylstannane) ratios without the
This article describes a comprehensive study of the prepara-need to apply a pronounced correction factor, as demonstrated by

tion and characteristics of linear polystannanes synthesized bycomparison with the corresponding ratios obtained from integrated

catalytic dehydrocoupling of a number of dialkylstannanes, signal intensities iftH NMR spectra in benzene and toluene (cf.

including investigations of the polymerization process (influence Figure 1). . , .

of reaction parameters, kinetics, mechanistic aspects) and the Molar masses were determined with gel permeation chromatog-

: - raphy (GPC), employing a PL gel &m Mixed-D column from
thermal behavior and selected structural characteristics of thePolymer Laboratories Ltd. (Shropshire, United Kindom) with
polymers produced.

tetrahydrofuran (THF) as the eluent. For calibration atactic poly-
2. Experimental Section (styrene) standards were used. _ _
) Membrane osmometry was conducted at’@5in toluene with

2.1. General Methods Elemental analyses were performed by an OSMOMAT 090 from Gonotec (Berlin, Germany), using a two-
the Microelemental Analysis Laboratory of the Department of layer cellulose triacetate membrane with a cut off value of 5000
Chemistry at ETH Zrich. g/mol.

Infrared spectra of liquid samples were recorded with a Bruker ~ Thermal analysis was performed by differential scanning calo-
Vertex 70 FTIR spectrometer with the attenuated total reflection rimetry (DSC) with a DSC822 instrument (Mettler Toledo,
(ATR) technique by use of a Si-crystal. Greifensee, Switzerland) equipped with an intracooler and ther-

1H, 13C, and1®Sn NMR spectra were obtained with a Bruker mogravimetric analysis (TGA) with a TGA/SDTA8Sftom Mettler
UltraShield 300 MHz/54 mm or a Bruker UltraShield 500 MHz/ Toledo under nitrogen atmosphere or air at heating and cooling
54 mm Fourier transform spectrometer. The NMR tubes were rates of 5°C/min, if not otherwise indicated. Melting temperatures
protected from light by complete enwrapping into aluminum foil. of monomer precursors and monomers were determined by DSC
The aluminum foil was removed only immediately prior to the at a heating rate of 2C/min.
measurements. For quantitative analysis of poly(dibutylstannane)/  Simultaneous wide- and small-angle X-ray scattering (SWAXS)
cyclo-oligo(dibutylstannane) ratios by integrated intensities in experiments were performed using a SAXSess instrument (Anton
11950 NMR spectra, 1000 scans were accumulated with a delay Paar) with a line collimation setup. The measurements were carried
time between the pulses of 0.5 s. The polymer signal was integratedout in a total angular window ranging between 0.6 41° with
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Table 1. Synthesis Parameters for the Polymers (#n),?

R.Snkb [RhCI(PPh)] —(RoSn)— yield Mu/My p2sec
R [g (mmol)] [mg (mmol)] [g (mmol)] [%0] [g mol™] [gem?
Et 1.00 (5.59) 207 (0.22) 0.70 (3.95) 71 3110Y1.3 x 10¢ 1.47
Pr 0.50 (2.42) 89 (0.10) 0.35 (1.71) 71 XT7L0Y1.0 x 10¢ 1.58
Bu 1.50 (6.38) 237(0.26) 1.32 (5.67) 89 110Y3.6 x 10¢ 1.39
Pe 1.00 (3.80) 140 (0.15) 0.76 (2.91) 76 480Y1.9x 10¢ 1.30
Hex 1.05 (3.61) 167 (0.18) 0.84 (2.91) 81 %6L043.1 x 10° 1.32
Oc 1.00 (2.88) 134 (0.14) 0.77 (2.23) 77 XT7L044.0 x 10 1.22
Dod 1.00 (2.17) 205 (0.22) 0.63 (1.38) 64 A81041.9 x 10 1.16

a Also included are selected analytical data of polymers pike: (density at
against poly(styrene) standards.

the scattering vector being defined @s= 47/4 sin(6/2), using a

Cu Ka radiation ¢ = 0.1542 nm). The beam was attenuated by a
semitransparent nickel foil beam stop. A high sensitive SWAXS
imaging plate slide positioned at 264.5 mm from the sample was
used to collect the signal. The temperature of the sample holder
was controlled between30 and+160 °C. Samples were placed
between two mica foils, which were clamped and sandwiched in a
steel holder. Because of the high contrast to X-rays between Sn
and alkyl side groups, 4 min of exposure time were sufficient for

data acquisition. In temperature-dependent experiments, samples

were first heated to 10TC in order to eliminate the thermal history
and then equilibrated for 30 min 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
Saxquant software by Anton Paar.

Optical microscopy at ambient was conducted with a Leica
DM400 M 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+®0 °C, followed by an
increase in temperature (typically at a rate 6gi@min) up to 100
°C.

Densities of the polymers were determined by helium gas
pycnometry at 25°C (Ultrapychometer-1000, Quantachrome,
Odelzhausen, Germany, equipped with a Haake DC10 Thermostat)

2.2. 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,
[RhCI(PPh)3], [RhCI(CO)(PPh),], [Rh(u-Cl)Ety],, [Ni(cod)],
[NiCI2(PPR),], [ZrH2(cp)], [Co(CO)g], [Rh(u-Cl)(CO)]2, [Mo-
(cp)(COXY]2, [IrtH(CO)(PPh)4], [IrCI(CO)(PPhy),], [Ir(u-Cl)(cod)b,
[PACL(PER),], and [Rh-Cl)(cod)L from Johnson Matthey (Zich,
Switzerland), [WH(cp)], [Pd(PPh),], [Pt(acac)], [PdCL], [Ir-
(acac)(cod)], [ZrCIH(cp), [TiCl(cp)], and [PACH(PPh),] from
ABCR GmbH (Karlsruhe, Germany), and H[AuLfrom Fluka
(Buchs, Switzerland). [RuglPCys),(=CHSPh)] was kindly donated
by Ciba Specialty Chemicals Inc. (Basel, Switzerland), and PtCI
(PPh),] was synthesized from [Ptgbtyrene)] as described in the
literature3®* The above used acronyms refer to the following
groups: Et= ethyl, Ph= phenyl, Cy= cyclohexyl, cod= 1,5-
cyclooctadiene, cp= cyclopentadienyl, and acae acetylacetonate
(2,4-pentanedionate).

2.3. Important Remarks to the Treatment of Polystannanes.
Note that polystannanes are sensitive to figjHt'5>3%nd moisturé?!
in particular in solution, where cyclic oligostannanes form upon
degradation in, for instance, benzéhgVe protected the synthesized

25°C) and molar masses determined from the reaction mixture with GPC

Table 2. Calculated and Found Chemical Composition (in % m/m)
of Poly(dialkylstannane)s

compound C H
(SnEb)n found 27.36 5.66
calcd 27.17 5.70
(SnPp)n found 35.68 6.48
calcd 35.17 6.89
(SnBw)n found 40.76 7.61
calcd 41.25 7.79
(SnPe), found 44.96 8.45
calc 46.02 8.50
(SnHex)n found 48.19 8.49
calcd 49.86 9.07
(SnOe), found 53.96 9.61
calcd 55.68 9.93
(SnDod)n found 62.62 10.68
calcd 63.03 11.02

storage in argon-flushed brown glass vessels in a refrigerator at a
temperature of ca—20 °C.

2.4. Synthesis and Isolation of Poly(dialkylstannane)s (#Sn),).
Polymerization of dialkylstannanes (quantities see Table 1) was
conducted following the previously described procedure for poly-
(dibutylstannane}® A quantity of dialkylstannane (for synthesis,
see the Supporting Information) was added with a syringe to a
solution of [RhCI(PP¥)3] (4% mol/mol with respect to FBnH,)
in dichloromethane. Afte2 h (during which regularly a sample
was withdrawn 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
dichloromethane78 °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 1), GPC (Table 1), elemental analysis
(Table 2), NMR spectroscopy (Table 3), TGA (Table 4), and DSC
(Table 5). The absorption maxima in W\Wis spectra were in the
range 366-400 nm.

2.5. Polymerization of Dibutylstannane by Continuous Ad-
dition of Catalyst. Typically, 2 g of dibutylstannane was placed
in a Schlenk tube, which was entirely wrapped with soft tissue and
aluminum foil and flushed with argon. Then 30 mL of toluene was
added through a septum. A solution of 235 mg of [RhCI##h
in 2 mL of dichloromethane was slowly added (typically during 4
h) with a syringe pump (Razel Scientific Instruments, St. Albans,
VT) up to a final ratio of 3% mol/mol [RhCI(PRJ]/Bu,SnH; in
the reaction solution. The polymer was subsequently isolated,;
because of its good solubility in cold toluene?8 °C) an excess
(10 times the toluene content) of cold methanel’8 °C) needed
to be added in order to cause the polymer to precipitate. Yields of
50—70% were achieved by this method.

2.6. Synthesis of Poly(dibutylstannane) for in Situ Investiga-

poly(dialkylstannane)s from light, oxygen, and moisture as carefully tions. An amount of 7.7 mg corresponding to 4% mol/mol catalyst
as possible, to keep the exposure of the samples to a minimum.(based on the ratio of rhodium atoms and:8nH molecules) was
Therefore, reaction vessels were completely wrapped with soft tissueplaced in a Schlenk tube under argon, before 1 mL of deuterated
and subsequently surrounded with aluminum foil. Reactions were solvent was added. The mixture was stirred under argon for a few
always carried out under argon atmosphere and the analyses of theninutes. Thereafter, 414L (48 mg, 0.2 mmol) BeSnH, were
polymers were performed either immediately after synthesis or after added with a micro-pipet to the stirred solution under argon counter
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Table 3. NMR Data for the Synthesized Poly(dialkylstannane)s, Where Chemical Shift®) are Given in ppm

lH 13C llQSn
R —CHs —CH,— Sn—CHy- Sn—CHy—and—CHz —CHs Sn—CH,— —CHy—
Et? m, 10H 1.34 15.01 3.21 —=172.2
Pr t, 6H 1.20 m, 4H 1.54 m, 4H 1.87 20.00 14.56 24.77 —194.8
BuP t,6H 1.13 m, 8H 1.62 m, 4H 1.90 14.38 12.08 29.03; 34.02 —190.6
Pe t,6H 1.10 m, 12H1.63 m,4H 1.97 14.13 11.67 22.63; 30.96; 37.80 —192.0
Hex¢ t,6H0.81 m, 16H1.22 m,4H 1.45 14.07 11.42 23.00; 31.03; 31.81; 35.20 —-192.5
o t, 6H 0.90 m, 24H1.30 m, 4H 1.55 14.52 12.00 23.42; 30.18; 30.34; 31.63; 32.77; 36.12192.1
Dod m,6H0.96 m,40H1.38 m,4H 1.97 14.39 12.49 23.27; 36:08D.91¢31.90; 32.60; 36.31 —189.0

aMeasured in dichlorometharte- ® Measured in benzends ¢ Measured in toluends. @ Broad, overlapping signals

Table 4. TGA Analysis of Linear Poly(dialkylstannane)s and 100 ¢ « < < < 20°C
Calculated Mass Fraction of Tin in the Polymers | o 10°C
. - o © e 5°C
temp atmax remaining mass fraction 80, o ® * & a A 0°C
rate of massat  oftininthe - o %2 - v v -5°C
polymer  atmosphere decomp {C] 450°C [%] polymer [%] % 604 o7 .A‘ a v v 5 -10 °C
(SNEb)n nitrogen 283 27 66 R RS v 7
air 255 55 Q 404 & v 7
(SnPp)n nitrogen 293 30 58 S s v N
air 261 50 0T o> "
(SnBw)n nitrogen 302 31 51 SRS
air 239 51 0
(SnPe)n 2:?099” 227956 4295 45 0 10 20 30 40 50 60 70 80 90
(SnHex)n nitrogen 295 36 41 Reaction time [min]
air 290 16 Figure 2. Conversion, determined by the volume of evolveg df
(SnOe)n nitrogen 302 30 34 dibutylstannane to poly(dibutylstannane) as a function of reaction time
air 299 41 during the first 90 min, in the presence of [RhCI(BZh(4% mol/
(SnDod),, nitrogen 289 28 26 mol) in toluene at various temperatures.
air 268 34
a) 100 K IEE A °
Table 5. Transition Temperatures and Enthalpies of o
Poly(dialkylstannane)s; from Second Run DSC Thermograms 80 K
transition temp C] enthalpy —_ °?
from DSC Pgl £ 6o
c .
first second first second 2 K
polymer transition transition transition transition § 404 .
(SnEb)n heating 15 1.8 § 3
cooling 6 -1.6 204
(SnPg)n heating 93 3.4 ®
cooling 63 —6.6 0 '
(SnBw)n heating 1 10.1 T ) T T T
cooling —26 -9.3 0 2 4 6 8 10
(SnPe), heating 6 57 10.6 15 [RhCI(PPh,),I/Bu,SnH, [mol/mol]
cooling -16 42 -10.1 -2.1 b)  80-
(SnHex),  heating 34 68 101 6.7 )
cooling 21 43 —-7.2 —-10.1 ..
(SnOe),  heating 29 74 14.3 5.2 — o
cooling 13 58 —-13.5 —5.8 5 604 -
(SnDod), heating 55 91 12.7 2.1 E .
cooling 39 80 —24.9 —3.8 =4 .
= 40
flow. After 2 h (if not otherwise indicated) the reaction mixture § *
was transferred into an NMR tube. After NMR measurements, the E ‘o
reaction mixture was diluted with ca. 3 mL of tetrahydrofuran, and 2 I
the molar masses were determined with GPC. =200 e .
In order to monitor the reaction kinetics with [RhCl(Rjhat : . : : .
various temperatures, different quantities of [RhCI(B#Ifin the 0 2 4 6 8 10
range of 1.90— 37.95 mg) were placed in a Schlenk tube as [RhCI(PPh,) 1/Bu,SnH, [mol/mol]

described above; however, as solvent, typically 2 mL of toluene _ ) . )

was employed. After the reaction mixture was stirred for 10 min, Figure 3. (a) Conversion of dibutylstannane in toluene at@0after

the catalyst dissolved completely or only partially at higher catalyst 1€ €volved gas volume was constant over a period of 60 min and (b)
concentrations or lower temperatures. The reaction vessel was fixed[gﬂ(a:rl(;npa;)s 1 /?_]; rSensg It'?gtig Ogc()?t'g; tﬁ/rllsetsa g?: ni)idaess %rﬂtjﬁ eC téog g:llthe
onto a laboratory shaker (Heidolph Unimax 1010, shake velocity WHzSNEL ' g 4 Y-
100 mirr?, Merck, Dietikon, Switzerland) which was placed into

a bath fitted with a thermostat (Julabo F26, from Merck). After 15 of gas, which accompanied the polymerization, was followed
min of temperature equilibration, the Schlenk tube was disconnectedperiodically in the gas buret until the volume did not change
from the argon counter flow and connected to a gas buret by Bunte anymore over a period of 60 min. Thereafter a sample of 0.5 mL
(the reaction vessel was rigorously protected from light as describedwas taken from the reaction mixture and diluted with 2.5 mL of
above). Thereafter, an amount of BnH, (typically 83.4uL, 96 tetrahydrofuran. The resulting solution was subsequently used for
mg) was added with a micro-pipet through a septum. The evolution GPC analysis.
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Figure 4. (a) Gel permeation chromatograms of dibutylstannane
reaction mixtures at different dibutylstannane conversions, in reaction
with continuous addition of [RhCI(PBJ). (b) NMR spectra representa-
tive of the butyl groups in the reaction mixtures at the different
conversions (indicated).

3. Results and Discussion

3.1. Determination of Monomer Conversion and Polymer
Analysis. The conversion of the monomers,$hH was
monitored in situ by the decrease of the-$ signal in 'H
NMR spectra (around 4.7 ppm, see Supporting Information),
1195n NMR spectra (generally aroure205 ppm, except poly-
(diethylstannane), see Supporting Information) or IR spectra
(around 1835 cml, see Supporting Information); note that the
Sn—H signals in'H NMR and IR spectra were well separated

Macromolecules, Vol. 40, No. 22, 2007

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
IH 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 1), provided, however, that the dialkylstannanes reacted
completely without formation of additional products. On the
other hand, the signals of the cyclic products were well separated
from other signals int'°Sn NMR spectra, and therefore, the
fraction of the cyclic products could be estimated readily by
integration of the corresponding signal intensities'isn NMR
spectra. However, it has to be considered that the signal
intensities in1%Sn 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 fromtH NMR spectra compared to 86:14 and 71:29
from 119Sn NMR analysis (Figure 1), using the NMR parameters
indicated in the Experimental Section. Hence, it appears that
evaluation of1%Sn NMR spectra leads to a reasonable estimation
of the fraction of cyclic oligomers. Remarkably, the time
required for recording’®Sn NMR spectra with sufficient signal/
noise ratio was relatively short (10 min).

In the studies previously reported, molar masses of poly-
stannanes were quantified with gel permeation chromatography
(GPC) on the basis of poly(styrene) standdffg:1531.3440f
course, because of that these results may feature a considerable
systematic error. On the other hand, GPC is an efficient method
and, in fact, well suited for eelative comparison of the molar
masses of polymers of the same chemical structure, thus
allowing semiquantitative studies of the influence of reaction
parameters on the molar mass. Moreover, GPC allowed molar
mass determination of polystannanes in their reaction solutions.
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. These values
were frequently in the range of 2 10* to 3 x 10* g/mol, and
number-average molar massé4, amounted to 2x 10* to
3.5 x 10* g/mol and weight-average molar massklg)to 5.5

from the other peaks of the respective compounds. For qualita-< 10* to 8 x 10* g/mol. Thus,M, appeared to be somewhat,
tive investigations, IR measurements using the ATR technique but not markedly, below,. Regarding the issue of reproduc-

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

ibility, 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

of the monomer conversion, in situ measurements in NMR tubes Were prepared in separate experiments or with different batches

were not suited because of the evolution of ks which

of monomer but under otherwise similar conditions for instance

accompanies the polymerization. As an alternative, the volume (polymerization of dibutylstannane at room temperature in

of this gas was monitored with a gas buret by Bufte.

Linear polymers and cyclic oligomers could be distinguished
from each other most conveniently By°Sn NMR spectra
(Figure 1)10.14.1541The 11950 NMR shifts of poly(dialkylstan-
nane)s appeared typically at cal90 ppm (with the exception
of poly(diethylstannane), Table 3), while the corresponding
cyclic oligomers were shifted to higher fields by approximately
10 ppm. It has been reportédhat the signals of cyclic oligo-

toluene at a [RhCI(PR}]/BuSnH: ratio of 4% mol/mol),M,

was found in the range of 1.5 10* and 3.0x 10* 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 Mp, all experiments of

the corresponding reaction series were performed with the same

(dialkylstannane)s and linear poly(dialkylstannane) are also batch of BuSnH, and during the same day. In the following,

separated in théH NMR spectra-at least for the dibutyl and
dihexyl derivatives. However, in our experiments a clear

we considered differences M, to be significant only if the
values differed by more than a factor of 2.
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GPC: 2.1x 10* g/mol) and of poly(didodecylstannaneyl{

from GPC: 1.0x 10* g/mol). Because of the degradation
sensitivity of poly(dialkylstannane)s to light and the ambient
atmosphere, the samples were dissolved immediately before the
measurements were carried out. As could be concluded from
the development of the osmotic pressure, low molar mass
components slowly penetrated the membrane (size exclusion
limit M ca. 0.5x 10* g/mol), thus yielding an apparent increase

in molar mass of the dissolved poly(dialkylstannane) with time.
For instance, the apparevit, of a poly(dibutylstannane) sample
increased during an equilibrium time from 2 to 60 min from
3.0 x 10*to 4.8 x 10* g/mol and of poly(didodecylstannane)
from 1.6 x 10* to 2.9 x 10* 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 Mgobtained from
GPC are somewhat lower but still in the same order as those
obtained from membrane osmosis.

3.2. Catalytic Activity of Selected Metal ComplexesThe
activity of a group of 25 transition metal compounds, including
[RhCI(PPh)3] (indicated in Table 6 and below) were scrutinized
for their activity for the catalytic polymerization of dibutylstan-
nane (BuSnH), here used as a model system. Polymerizations
were carried out in four different deuterated solvents (benzene,
toluene, tetrahydrofuran, and dichloromethane) under argon
atmosphere fio2 h with each of the 25 metal complexes, and
the reaction solutions were subsequently poured into NMR tubes
for ITH NMR and!1%Sn 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

Figure 6. (a) DSC thermograms of poly(dioctylstannane); recorded . .
for subsequent heating /cooling cycles (under fte 5°C/min). (b) formation of SR-Sn bonds. However, poly(dibutylstannane)s

Optical microscopy images of the sample at the various temperaturesOf considerable molar mass were formed only under the action
indicated; crossed polarizers. The sequence of the heating/cooling step®f seven metal complexes, four of which were based on
proceeded is indicated with the arrows (under argon, ret@/gin). rhodium, two on zirconium and one on nickel, see Table 6. The
ratios of cyclic and linear reaction products indicated in this
Extensive investigations were performed also with membrane table were estimated from'°Sn NMR spectra.H NMR
osmometry using samples of poly(dibutylstannarid) {rom evaluation of reaction mixtures in benzene or toluene confirmed
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Figure 7. (a) SAXS patterns of poly(dibutylstannane) at temperatures below and @bate-5 and+5 °C, respectively. (b) Scheme of proposed
changes in the structure of liquid-crystalline polymers below and abavie) SAXS patterns of poly(dioctylstannane)-at5 °C, 10°C (below
T,) and 40°C (aboveT,). (d) Scheme of proposed ordettisorder changes in the structure of the polymers below and aboye) SAXS patterns
of poly(didodecylstannane) at 20, 40, 70, and 200 (f) Scheme of proposed changes in liquid-crystalline structures below and @bove

corresponding results froA°Sn NMR spectra (in tetrahydro-  mixtures were homogeneotthe latest after dibutylstannane
furan or dichloromethanéH NMR spectra of samples could addition—the dependence of the conversion on the nature of
not be evaluated because of overlapping signals, as indicatedhe solvents is attributed to different reaction processes or
above). The compounds HAWLI[Cox(CO)g], [Ir(acac)(cod)], reaction rates and not directly to differences in the solubility of
[NIClx(PPh)2], [PACL(PES),], [PACL(PPh),], [Pd(PPR)4], the catalyst or of reaction intermediates. Generally, conversion
[PACH], [Pt(acac)], and [PtCE(PPh),] also caused the formation  in dichloromethane or tetrahydrofuran reached at best that in
of H, upon addition of BuSnH, however, significant amounts  benzene or toluene, although reactions with the catalyst [RhCI-
of high molar mass products were not detected. Finally, the (PPh)s] and [Ni(cod}] also reached 100% conversion in at least

complexes [IrCI(CO)(PP)], [Ir(u-Cl)(cod)p, [IrH(CO)- one of the former two solvents.

(PPhy)3], [Mo(cp)(COX]2, [TiClx(cp)], [WH 2(cp)l], [Rh(u-Cl)- Four catalysts yielded 100% conversion of dibutylstannane
(CO)]2, [RUCK(PCy)2(=CHSPh)] did not display any cata- in at least one solvent (cf. Table 6). However, detectable
lytical activity when contacted with B&nH,. amounts of cyclic oligomers in the resulting reaction mixtures

While the choice of the solvent influenced the monomer were absent only in the experiments with [RhCI(B)Eghand
conversion markedly, the molar mass of the polymer principally possibly in those with [Ni(cod); in the latter case the detection
depended on the transition metal compound. Since all reactionlimit of cyclic products was only ca. 30% as a result of the
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Table 6. Polymerization of Dibutylstannane in the Presence of 4% mol/mol of the Most Reactive Catalysts in Different Solvents, and Molar
Masses of the Resulting PolymersM, in g/mol, i.e., Molar Mass at the Peak Maximum in GPC Analysis), afte 2 h Reaction Time at Room

Temperature®
solvent
benzeneds tolueneds THF-dg CD.Cl,
catalyst conversicn Mp conversiof Mp conversiof Mp conversiof Mp
[RhCI(PPh)3] 100 0) 1.9x 10* 100 0) 1.7x 10¢ 37 0) 1.6x 10* 100 0) 1.9x 10¢
[RhCI(CO)(PPh)7] 100 1) 1.8x 10* 100 2) 0.7x 10 82 2) 0.7x 10¢ 41 (0) 1.6x 10
[Rh(cod)@-Cl)]2 32 d 6.9 x 104 78 d 5.5x 10* 0 -- 2 (0) -
[Rh(CaHg)2(u-Cl)]2 13 d 4.5x 10* 12 d 5.9 x 104 6 d - 3 d 3.6 x 10
[Ni(cod)y] 100 e 0.7 x 10* 100 e 0.6 x 10* 100 e 0.5x 10* 100 e 0.6 x 10*
[ZrH2(cp)) 100 (29) 2.4x 104 100 (14) 2.7x 10¢ 65 (29) 2.5x 10 0 -
[ZrCIH(cp)s] 47  (10) 1.8x 10¢ 3 (0 2.5x 104 7 (0 2.5x 104 0 -

a Conversion of BeSnH, determined by integration of the tin hydride signatih NMR spectra® Amount of cyclic products determined by comparison
of the linear and cyclic signals °Sn NMR spectrac Key: Left column, conversion in 9{in brackets % of cyclic byprodudt right column,M, in g/mol.
Only catalysts yielding poly(dibutylstannane) wiky, > 6000 g/mol are listed. Ligands: cod 1,5-cyclooctadiene, cp= cyclopentadienyl, and acae
acetylacetonate (2,4-pentanedionate§mall amount of unidentified product at ca88 ppm in°Sn NMR. ¢ 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%.

NMR signal broadening, likely to be due to the paramagnetic temperature in the range ef10 to +20 °C (Figure 2). The
nature of nickel species present in the reaction solution, which polymerization rate rapidly decreased with decreasing temper-
obscures the results. ature. At 20°C, reaction was finished within 2 min, while
The complex [RhCI(CO)(PRJy] yielded small, and [Zrk completion of the reaction at 1T required ca. 2 h. Further, it
(cp)] large amounts of cyclic oligomers. Polymers of the highest was found that, even over more extended periods of time, 100%
molar massesMp up to 6.9 x 10* g/mol) were found in the conversion was not attained at temperatures belo¥C OAt
reaction systems containing the rhodium-olefin compounds [Rh- —5 °C, for instance, final BgSnH, conversion of ca. 75% was
(cod)@-Ch)]2 or [Rh(GHg)(u-Cl)]2, but the conversions were obtained after ca. 2.5 h, and atl0 °C the catalytic activity
well below 100% and in addition a signature of an unidentified virtually expired after ca. 3.5 h when the monomer conversion
byproduct was evident iH°Sn NMR spectra around88 ppm. amounted only to ca. 30%. The rate of monomer consumption
While most of the rhodium complexes examined were catalyti- could not be described with an integer order kinetics.
cally active, none of the iridium compounds yielded noteworthy  Importantly, at the end of the reactions, which was considered
amounts of linear poly(dibutylstannane); in particular [IrCI(CO)- to be that moment when no gas evolution was observed during
(PPh);] was completely inactive although the corresponding a period of 1 h, the molar masskl evaluated from GPC (2
rhodium complex lead to 100% conversion of dibutylstannane. 10* to 3 x 10* g mol~1) were not significantly influenced by
The data failed to reveal a systematic dependency of thethe reaction temperature.
catalytic activity of the complexes on particular ligands or the  After 30 min at 20°C and a [RhCI(PP§)3]/Bu,SnH, ratio of
metal atom. Thus, the catalytic activity seems to be delicately 4% mol/mol, i.e., under conditions where the monomer was
dependent on the entire metdigand system, although rhodium  virtually completely converted, the two dominating peaks at
and, as known from the literatutézirconium complexes appear +24.5 and—5.1 ppm in the3'P NMR spectra indicated the
to be catalytically active with a variety of coordinated ligands. presence of [RhCI(PRJ] and free PPk The remaining [Rh-
The most suited catalyst with respect to complete monomer CI(PPh)3] induced complete polymerization of supplementary
conversion and exclusive formation of linear polymer was added BuSnH, (25% of the initial BuSnH, quantity), as
[RhCI(PPR)3]; [Ni(cod)z] might also be appropriate, but con-  suggested from the absence of the-Bhstretching vibration
clusive evidence was hampered due to very broad NMR signals.in IR spectra. Repetition of this procedure (in 30 min intervals)
Hence, further studies were conducted with [RhCI(§#as lead to a weak signal of the St vibration after the third and
the catalyst. a strong signal after the fourth addition, indicating that the
3.3. Polymerization of BuSnH, with [RhCI(PPh3)3]. A catalytic system became essentially inactive after the third
detailed study was conducted of the influence of the reaction addition of monomer. The value ™, in the reaction solution
temperature and the [RhCI(PE4$)/Bu,SnH ratio on the (1.5 x 104 g/mol) did not change upon the first supplementary
conversion of dibutylstannane, on the product distribution (linear Bu,SnH, addition and decreased thereafter by ca. 15% after the
polymer vs cyclic oligomers) and on the molar mass of the second and by ca. 30% in total after the third and fourth
resulting polymer in toluenea solvent which enabled the supplementary addition.

distinction of linear polymer and cyclic oligomers also ty Catalyst/Monomer Ratio. Further, experiments were per-
NMR spectroscopy. formed at a reaction temperature of 20 at constant initial

In order to monitor the kinetics of monomer conversion at Bu,SnH, concentration, but different [RhCI(PBE/Bu,SnH,
different reaction conditions, the volume of the formegldds ratios. This ratio was found to significantly affect the maximum

was measured with a gas buret by BuffteSamples were  Bu,SnH, conversion, which became incomplete below a [RhCl-
removed from the reaction mixtures at various times, subse- (PPh)3]/Bu,Snh; ratio of 4% mol/mol, reaching only 16% at
quently diluted under ambient conditions with a 5-fold volume a 0.5% mol/mol (Figure 3). On the other hand, a lower catalyst/
of tetrahydrofuran (THF), to arrest the polymerization at ambient monomer ratio lead to a (nonlineancreasein molar mass of
atmosphere and immediately injected in the GPC instrument in the resulting poly(dibutylstannane). The highdét values
order to analyze molar masses. (around 7x 10* g mol1) were found at [RhCI(PR)g])/Bus-

Influence of Polymerization Temperature. At a catalyst/ SnH, ratios of 0.5-1% mol/mol. Since the increase in molar
monomer [RhCI(PP§s])/Bu,SnH, ratio of 4% mol/mol, the rate mass of the polymer was accompanied by a significant decrease
of Bu,SnH, conversion depended markedly on the reaction in conversion of BuSnH,, the preparation of polymers with
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higher molar mass was judged to be inefficient under such Scheme 1. Reaction Scheme for the Preparation of the Monomer

experimental conditions. On the basis of the above observations, Precursors, the Monomers, and the Polystannanés
however, polymers of high molar mass and 100% monomer SnCl, %SHR4 )

conversion could be prepared when the concentration of active
catalyst was kept low by very slow and continuous addition
\(/\[/i'[rtl1 all( syg;lg]ge pulmgI of %thﬁl(PBh]k:n dichLCJr%methane 2h100°C
RhCI(PPh)] is soluble in dichloromethane in higher concen- 4h:220°C 2
trations than in toluene) to a B&nH; solution in toluene. Here, SnR, +SnCl, 2R,SnCl, @
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 of RZSnC|Z&>RZSnH2 3)
samples were removed from the reaction mixture and im-
mediately diluted with tetrahydrofurasiy-in order to interrupt
the polymerization reaction. Analysis of these samples With

Catalyst
NMR spectroscopy disclosed that monomer conversion was not n stnHz H, >-(SI"IR2); “
yet completed at a [RhCI(PE&b_]/Buzsnl_-b ratio of 2% mol/ aKey: (1) Grignard reaction of Sn@With alkylmagnesuim halides;
mol (80% monomer conversion) while the fnH, was (2) comproportionation reaction of tetraalkylstannanes with $r(8)
completely polymerized at a [RhCI(P§4/Bu,SnH, ratio of reduction of dialkyldichlorostannanes with Li[AlH (4) catalytic
3% mol/mol (Figure 4). Thé/l, decreased from 9.8 10* at a dehydropolymerization of dialkylstannanes to polystannanes.
[RhCI(PPh)3]/BuzSnk; ratio of 0.5% mol/mol (12% monomer . ) ) . )
conversion) to 6.0< 10* at 2% mol/mol M, = 7.2 x 10*g/mol, ~ Number of tin atoms in a polymer chain, estimated frdi is
M, = 13.4x 10* g/mol) and remained at this level at a ratio of 4—5 times larger (i.e., 240, 167 and 119, respectively), and
3% mol/mol (Figure 4). 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.

Monomer Concentration. In order to investigate if variations
of the monomer BxSnH, concentration in toluene could result

in poly(dibutylstannane) with high molar mass and 100% i .
monomer conversion, the volume of the solvent was varied by 1 N€ reaction of [RhCI(PPj] with BuzSnk probably leads to

a factor of 20 (0.255 times the volume of solvent used in the  S€Veral compounds of which only a part is catalytically active.
above experiments, [RhCI(PRH/BU,SnH; ratio 1% mol/mol). Indeed, oxidative addition of B8nH to [RhCI(PP¥)3] proceeds

However, monomer conversion after 120 min never exceededd! room temperature under release of P&hd formation of

50% and there was no unambiguous trend for a dependence of RNCIH(SNBW)(PPR);]*7 and analogous reactions may occur
with Bu,SnH,.. Therefore, the free PRlwvhich was present after

the monomer conversion on the solvent volume; also, the values™ "' ~

of M, did not differ significantly from each other (4.3 10* to addition of BySnt4 to [th(PPh)3] (see above) coqld be a

5.6 x 10* g mol1). When the polymerization was carried out conseguence of the formation of RBn complexes. Since Rh
complexes with even five coordinated tin atoms are kné#vn,

in neat BuSnH, i.e. in the absence of solvent, monomer X . .
conversion was not complete after 120 min and the molar massthe reaction of [RhCI(PRJ] with BuSnH;, can readily result

of the formed polymer wa, of 0.99 x 10* g/mol only. in a number of different complexes.

. . . Upon a decrease in temperature from 20 to°@Q the time
Mechanism. The results of the above experiments provide - L
- : . - _required for complete Bi$nH, conversion increased by a factor
some insights into the mechanism of the polymerization process: S .
of ca. 50. Such an extreme sensitivity to temperature is

If the Sn—H bonds would react randomly with each other, ,ncommon. The molar mass of poly(dibutylstannane) obtained
the molar mass should increase with conversion according 10jn this temperature range was little affected, indicating that the
that for simple polycondensation as proposed by Carotifers; |atig hetween the polymer growth rate and the termination rate

i.e., high molar masses would be obtained only at very high 55 only slightly temperature dependent; i.e., the lower
monomer conversions. Evidently, this is not substantiated by manomer conversion is likely to be due to a decrease in the
the experimental findings, as shown in Figure 3; quite to the |44 of the formation of catalytic active and inactive species.
contrary, the highest molar masses were obtained at low Bu Hence, it appears that the reaction rate of [RhCIg#PHho
Snh, conversion. Accordingly, a polymerization mechanism  ca¢aivtic active species markedly decreases with decreasing
analogous to that proposed for catalysts based on elements ofemnerature, and the extreme temperature dependency of the
the group IV in the periodic tabté“*(Figure 5) can be excluded oy era] reaction suggests that the formation of the catalytic active
in the present case. species is a complex process which involves many reaction
The development of molar mass with monomer conversion, steps.
however, is in agreement with polymerization proceeding by a  3.4. Other Poly(dialkylstannane)s. Monomersin addition
catalytic active rhodium complex site at which the polymer to Bu,SnH, the compounds f8nH, with R = ethyl (Et), propyl
grows, for instance, via formation of stannylene intermediates, (Pr), pentyl (Pe), hexyl (Hex), octyl (Oc), and dodecyl (Dod)
which may arise fronw-H elimination, similar to a mechanism were also emp|oyed as monomers. These Compoundg were
suggested for the formation of polygermanes (Figuré®5). prepared by reduction of the corresponding dialkyldichlorostan-
At [RhCI(PPh)3]/BusSnH, ratios of 1.5, 2 and 3% mol/mol  nanes (RSnCb) with lithium aluminum hydride (Scheme 1, eq
(also at 20°C), the maximum monomer conversion was 77, 78 3).*9-52 Dialkyldichlorostannanes that were not commercially
and 91%, respectively, indicating that [RhCI(BRhhad finally available were synthesized according to Scheme 1 (egs 1 and
reacted completely to catalytic inactive species. Accordingly, 2). First, tetraalkylstannanes (Sy)Rwere prepared by the
if each of the rhodium atoms had initiated one polystannane Grignard reactiot? of SnCl, with alkylmagnesium halides in
chain, the ratio of tin atoms in one polymer chain was at most diethylether/hexane solutions (Scheme 1, e§*1% after the
51, 39, and 30, respectively (i.e., if the BnH, would have reaction was initiated, half of the solvent was exchanged by
been converted exclusively to polymer). However, the average toluene, thus allowing one to increase the reaction temperature,



Macromolecules, Vol. 40, No. 22, 2007 Linear Poly(dialkylstannane)s7887

which is known to increase the yield of Grignard reacti&hs.  (further traces). The phase transition temperatures obtained from
The tetraalkylstannanes thus obtained were subsequently conmelting-crystallization cycles are collected in Table 5. As

verted with stoichiometric quantities of Sn@b the dialkyldi- commonly observed for polymeric species, the transition tem-
chlorostannanes (Scheme 1, eq 2; erroneously referred to agperatures recorded upon heating were shifted to lower temper-
Kocheshkov comproportionation reacttérf® as it was obvi- atures upon cooling (ca. @0 °C). Finally, the first crystal-

ously overlooked that Buckton had already described this lization enthalpies were significantly lower for the two
reaction type in 185%9. Nota bene: the Grignard method has poly(dialkylstannane)s with the shortest alkyl groups (ca32
been reported not to be suited for the direct synthesis of J/g) than with the longer alkyl groups (ca.-105 J/g), and the
dialkyltindichlorides from SnGl7© enthalpies of the second phase transition (e&/ 2/g, observed

Polymerization. Polymerization of the above monomers was only for longer alkyl groups) were lower than those of the first
carried out with 4% mol/mol [RhCI(PRJz]/dialkylstannane ratio transition. WhileT; increased with increasing length of the alkyl
in dichloromethane at room temperature for 2 h. Only in the group there was no systematic trendin T, values of (SnBp),
case of (Dod)SnH; this was not sufficient to convert the entire (1 °C) and (SnPgn (6 °C) were low and also th&, of (SnE),
amount of dialkylstannane (only ca. 50% had reacted after 2 was below room temperature. By contrast, Teof (SnPg),
h): therefore the same amount of catalyst was added again forwas unexpectedly high (93C). Interestingly, (SnRJ, also
complete monomer conversion. The molar masses of the showed a particularly high density, which for the different poly-
polymers, as analyzed by GPC, are collected in Tablmg (  (dialkylstannane)s ranged from 1.16 to 1.58 g/cm at°@5
and M, between 2.7x 10*to 9.7 x 10* and 1.0x 10* to 4.0 (Table 1). It was expected that the densities decreased continu-
x 10* g mol2, respectively). After conversion of the monomer, ously with increasing length of the alkyl groups due to a
1195, 1H, and 3C NMR spectra of the reaction mixtures decrease in content of the heavier element Sn. As noted, a
revealed only one type of dialkylstannane moiety (Table 3) with conspicuous exception to this trend, however was (§xnHor
chemical shifts if1%Sn NMR spectra that are characteristic for Which a density was measured that significantly exceeded that
the linear polymerg-1530.41(a deviation of ca. 20 ppm in the  of (SnEg)s. The unusually high values of bofh and density
case of (Snk), is attributed to the limited length of the ethyl of (SnPg), may originate in a favorable packing of propyl
groups). Generally, signals of cyclic oligostannanes emergedgroups in this particular poly(dialkylstannane).
only when solutions of the polymers were exposed to light. In order to investigate the phase transitions qualitatively with

Characterization. The polystannanes precipitated from the other methods, all polymers were examined in the optical
reaction mixtures by cooling t6 78 °C (yields 65-90%, Table microscope between crossed polarizers, and selected polystan-
1). ThelH, 13C, and!°Sn NMR spectra of the collected products nanes also with X-ray diffraction. Films of all compounds were
did not distinguish significantly from the spectra recorded in found to be birefringent below the first phase transition
the reaction solutions. However, the molar masses of the isolatedtemperature. Since the polymers are sensitive to light, attention
products invariably were found to be below the corresponding was paid when thin films were examined in the microscope at
values determined in the reaction mixtures. For example, for a elevated temperature. Flushing with argon permitted observa-
poly(dibutylstannane) samphd,, decreased from 3.& 10* to tions at temperatures up to ca. 180. No change in birefrin-
2.1 x 10* g/mol andM,, from 9.1 x 10* to 5.9 x 10* g/mol, gence was evident upon heating above the first phase transition
and for a poly(dioctylstannane) sampi&, changed from 4.0  of thin films of (SnE%)n, (SnPE)n, (SNBw)n, and (SnPgn, even
x 10*to 2.8 x 10* g/mol andM,, from 9.7 x 10*to 7.1 x 10* at 100 °C. In the case of the (SnHgx and (SnDog),
g/mol, which may be due to disruption of S&n bonds in the birefringence became significantly weaker above the first
polymer main chain during the isolation process or during transition temperature, while for (Snggit vanished abové;.
redissolving. For (SnHex), and (SnDog),, birefringence disappeared only

In the solid state, all polymers were thermally quite stable. above the second transition temperatures. Upon cooling of
Thermogravimetric analysis (TGA) did not reveal significant (SnHeX)n, (SnOg)n, (SnDog),, the materials became notably
evidence for decomposition below 20C under nitrogen as  birefringent only at the temperatures below the first phase
well as in air. The maximum rate of decomposition was detected transition (Table 5, Figure 6b). On the basis of the optical
in the range 286:300°C in nitrogen atmosphere and 24800 microscope images alone, one might conclude that all samples
°C in air (Table 4). There was no systematic dependency of €xcept (SnOg, show still some order after the first phase
the thermal stability on the length of the alkyl groups. In most transition. Remarkably, however, when samples of (S)Oc
cases, the residual masses at 460did not correspond to the ~ were oriented by smearing with a spatula (as reported previously
tin content of the polymers. Lower residual masses are obviously for (SnBuw)n),'> and subsequently heated above the first phase
due to the formation of volatile tin compounds, while higher transition temperature followed by cooling, the initial orientation
masses might originate in the formation of tin carbides or, in evident from the birefringence did not change: only heating
the presence of air, tin oxides. aboveT, lead to a loss in orientation, which was not recovered

Differential scanning calorimetry (DSC) of the polystannanes PY €00ling. The observed transition temperatures in (Sajdex
in the temperature range betwees0 and+120 °C revealed (SnOg)y, and (SnDog), arein general agreement with transition
one thermally reversible phase transition for polymers with the €mperatures detected in DSC thermograms.
shorter (up to butyl) and two for the longer alkyl groups (Figure  Figure 7a shows the small-angle X-ray scattering (SAXS) of
6a). In the following, the lower (or single) phase transition poly(dibutylstannane) at temperatures below and above the first
temperatures are designafédand the higher phase transition DSC endothermic transition, i.e., ab and+5 °C. At —5 °C,
temperatures (if existindly. In repeated heatirgcooling cycles, two peaks were observed, at 5 and 6 Apmespectively, while
the transition temperatures in the first heating traces differed at +5 °C only the peak at 6 nmt remained. The presence of
from the reversible transition temperatures in the further traces two peaks, with the one at lowgiless intense, and the persistent
by a few degrees only. This is not uncommon and ascribed to birefringence are consistent with a columnar rectangular phase
differences in crystallite sizes when solids are obtained by at—5 °C, in which the scattered intensity maxima are observed
precipitation (first heating trace) or by solidification of a melt at q values given by
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12 temperature was increased to40) the higher order reflections
=21,/ 5+ (2) of the lamellar phase decreased in intensity and a shoulder
a b appeared at 3 nmi, indicating that liquid crystalline order

decreased. At 7€C, i.e., well abovel, all the high order peaks
where the Miller indicest(k) = (1,0) and (0,1) yield the lattice  from g, upward disappeared and the first-order peak was present
parameters = 1.3 nm andb = 1.1 nm, respectively. Similar  together with a broad amorphous liquidlike peak. Finally at 100
rectangular structures have been indeed reported recently forC (>T,) the diffractogram is typical for an isotropic polymer
dendronized comblike polymers with alkyl tails decorating the fluid with 2.1 nm interchain distance. The gradual appearance
polymer backboné: The calculated distance between two of a broad isotropic peak and disappearance of the lamellar phase
extended butyl chains connected to a Sn atom, with the standardare consistent with the progressive loss of the birefringence
bond lengths for SAC, C—C, and C-H of 220, 150, and 110  above the temperatufB. At the same time, the endothermic
pm, respectively, and the standard bond angles at the carborenthalpy measured by DSC fdk can be attributed to the
and tin atoms of 109results in 1.3 nm. These data also suggest lamellar-isotropic orderdisorder transition, although in the
that polystannane backbones occupy the edges of the rectangulabSC thermograms this transition appears to occur in a sharper
lattice, while the butyl tails fill the volume within the rectangular  way than what revealed by SAXS. Figure 7f depicts the
unit cell by adopting a bilayer-like structure. When the tem- |amellarisotropic transition and the changes in typical length
perature is increased aboVe, the only remaining peak at 6  scales as measured by SAXS.
nm~1indicates 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 stil
birefringent, these data suggest the presence of a nematic phase

aboveT;, where polymet-alkyl tail interfaces are still prefer- ) i
entially aligned along the original columnar direction, but with as found to be particularly suited as a catalyst (precursor) for
a liquidlike two-dimensional order with a correlation length of 1€ Polymerization of dialkylstannanes with the alkyl groups
1.1 nm. Wide-angle X-ray scattering (WAXS) data at larger ~ '@n9ing frc_>m ethyl to dodecyl. In all cases, onIy_ Ime_ar polymers
indicate that the alkyl tails remain amorphous within the were obtained, i.e., detectable amounts of cyclic oligomers were

considered temperature range and the corresponding endother2PSent. independent of the reaction conditions examined (tem-
mic peak observed by DSC at@ can then be attributed to a perature, solvent, dialkylstannane concentration, [RhCKBEPh

transition from a columnar rectangular to a nematic phase, which RoSnhb rath). I—.|owever,. the influence of }he temperature on
remained stable up to degradation. Figure 7b, depicts thisthe.polymenzatlon reaction !tself'was particularly pronoupced.
transition from a columnar rectangular phase to a nematic While at room temperature invariably monomer conversion of

structure. 100% was achieved, already at slightly lower temperatures the

Figure 7c shows X-ray patterns of poly(dioctylstannane) at conversion, as well as the reaction rate considerably decreased.
—15, 410 (<Ty), and 40°C (>T1). At —15 °C, a sharp peak Further, polymerization was less efficient at low [RhCI(BEh

and two very weak peaks spacech@sy:gz = +/1:v/4:v/9 were R>SnH;, ratios. Finally, also the nature of the solvent in which
identifiable, consistent with the presence of a lamellar phase the reaction was conducted affected the monomer conversion

with a period of 2.2 nm. Indeed, the second and third reflections (tetrahydrofuran less suited than dichloromethane, benzene or
(02,0), although very weak, appear systematically. At°0) toluene).

the diffractogram closely resembled to that measuree & The number-average molar masses of the polymers generally
°C, whereas the first reflection is sharp and the second and thirdwere in the range of k 10*to 1 x 10° g/mol, depending on
weak but still noticeable. However, at 4€, the first peak the reaction conditions and the alkyl substituents. Polystannanes
became weaker, much broader and shifted to lacgavhile of the highest molar masses were obtained under conditions
the second and third reflections disappeared completely. Thesevhere the monomer was not fully converted to polymer, or when
findings indicate a transition to an isotropic polymer fluid with  the catalyst was added slowly to the reaction solution; in which
an interchain distance of 1.7 nm, as also supported by thecase also 100% monomer conversion was observed. The reaction
complete loss of birefringence at and beyond this temperature.temperature, on the other hand, did not have a pronounced
The increase from 1.1 to 2.2 nm in the correlation length of the influence on the molar mass of the resulting polymer. The molar
interfaces in the liquid-crystalline phases from poly(dibutyl- mass of poly(dibutylstannane) formed at low monomer conver-
stannane) to poly(dioctylstannane) is consistent with the calcula-Sion appeared to be somewhat higher than that at high monomer
tion of an extended SnQ@dlistance of 2.3 nm, which suggests conversion. This finding is not compatible with random
that the lamellar phase is of the smectic A tygkat is with condensation of SrH groups, but is consistent with polymer
the alkyl tails orthogonal to lamellar planes. Again, WAXS data growth at a catalytic active rhodium species. In our studies we
indicate the alkyl tail to be present in the amorphous state, which concluded that [RhCI(PRJy] itself is not active, but is converted
allows the attribution of the corresponding endothermic transi- by reaction with dialkylstannanes into a catalytic species. Since
tion in DSC to a first-order smectidsotropic transition, as @ relatively high [RhCI(PP)s]/R2SnH; ratio (3-4% mol/mol)

|4. Conclusions

Among a variety of complexes, the compound [RhCI(§&h

sketched in Figure 7d. was required to obtain 100% monomer conversion, it appears
Figure 7e, finally, shows the diffractograms for poly- that most of the [RhCI(PRJ] molecules reacted to catalytically
(didodecylstannane) at different temperatures. AtQE<T,), inactive compounds.

the polymer is organized into a well-ordered lamellar phase of  The poly(dialkylstannane)s were isolated by precipitation in
a periodicity of 3.3 nm (up to five pronounced reflections, yields of 65-90%. The polymers featured a phase transition
labeled as:02:03:04:05, v/ 1:v/4:4/9:4/16:4/25, can be distin-  from a solid to a soft, ordered state. This transition occurred at
guished). Also in this case, the period increases consistentlyrelatively low temperatures {015 °C) in the case of (Sngk,

and fits with the calculation of an extended Snbéehgth of (SnBuw)n, and (SnPg, and at a remarkably high temperature
3.3 nm, indicating that the alkyl tails could be organized as a for (SnPg), (91 °C). The latter polymer was also characterized
bilayer and adopted a smectic A arrangement. When the by a particularly high density, possibly due to a particularly
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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 (SaBuhe endothermic
transition around OC was attributed to the transition from a
liquid-crystalline columnar rectangular to a liquid-crystalline
nematic phase. For (Sn@gand (SnDog),, however the first
transitions afl; were identified as transitions between lamellar
smectic phases to isotropic phases and th&t & an isotropic
polymer melt.
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