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Despite the considerable attention that has been devoted over 
the past half-century to the study of polyethylene, [CH2CFh]n 
(PE),1 and the equally well-developed state of organosilicon 
chemistry, efforts to investigate analogs of PE in which one or 
both of the carbon atoms have been replaced by silicon have 
received little attention. The all-Si analog of PE, polysilane, 
[SiHi]n (PS), has been the subject of at least two theoretical 
studies.2,3 However, the initial reports of its synthesis as an 
air-sensitive orange solid in 19834 have not been followed by 
details of its structure and properties. Among the predictions 
of the theoretical studies was an unusually high torsional 
mobility for the PS chains, owing to the relatively long Si-Si 
bonds and, consequently, low barriers for rotation. A similarly 
high degree of chain flexibility predicted5 for the monosilicon 
analog of polyisobutylene, poly(silabutylene), is supported by 
the results of physical property measurements on this polymer 
in solution; however, this polymer is apparently amorphous, with 
a T8 of about -100 0C.6 

The recent synthesis of poly(l-silaethylene), [SiH2CHi]n 
(PSE), has now enabled the detailed characterization of the 
unsubstituted "parent" member of the polycarbosilane family 
and the monosilicon analog of polyethylene. This polymer was 
prepared by ring-opening polymerization of 1,1,3,3-tetrachloro-
1,3-disilacyclobutane, followed by reduction with LiAlH4.

7 The 
resulting polymer is apparently air-stable under ambient condi­
tions and is soluble in hydrocarbon solvents. It has been 
characterized by elemental analysis, gel permeation chroma­
tography, NMR (1H, 13C, and 29Si), and IR spectroscopy as a 
high molecular weight, linear polymer with little chain branching 
or extraneous components.7 It converts to stoichiometric silicon 
carbide in high yield on pyrolysis to 1000 0C and is currently 
under investigation in our laboratories as a precursor to this 
important ceramic material. 

In contrast to its all-carbon analog PE, which is a relatively 
high-melting solid even when it has a significant amount of 
chain branching,1 PSE was obtained as a viscous liquid at room 
temperature upon isolation from hydrocarbon solvents. On 
cooling to just below room temperature, however, it forms a 
translucent white solid. Observations in a light microscope 
equipped with a cooling stage revealed a highly birefringent 
spherulitic pattern typical of a crystalline polymeric solid. 
Differential scanning calorimetry (DSC) showed distinct melting 
and crystallization transitions in the range —22 to 25 0C, 
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depending on the heating/cooling rate and the average molecular 
weight of the polymer fraction employed.8 A plot of the melting 
temperature vs the number average molecular weight indicated 
a limiting value of ca. 25 0C above about 11 000 amu. This is 
to be compared with the Tm value of 138 0C which has been 
reported for PE.1 Low-temperature XRD of solid PSE gave a 
distinct crystalline diffraction pattern, which showed no obvious 
similarity to those previously reported for any of the known 
forms of PE.1'10 

The glass transition temperatures for the uncrystallized portion 
of the PSE samples were also examined by using DSC. A 
change in slope of the DSC base line was observed at ca. —140 
to —135 0C, depending on the molecular weight fraction 
employed. This unusually low value for Tg

n suggests that the 
uncrystallized portion of PSE remains mobile down to extremely 
low temperatures. 

In pursuit of an explanation for the unusually low Tm and T% 
observed for PSE, ab initio Hartree—Fock (6-3Ig*)12 calcula­
tions were performed on the model system, HaSiCH2SiH2CH2-
S1H3, to determine the torsional surface for the two dihedral 
angles containing the heavier atoms of the system. A relatively 
flat torsional surface was obtained with the all-trans (t,t) form 
as the global minimum and the corresponding g+,g+ form (with 
dihedral angles = 62°, 62°) only 1.26 kJ/mol higher in energy.13 

A general similarity to the torsional surface for the correspond­
ing n-pentane14 was observed, but with a considerably flatter 
surface overall for the carbosilane. The barrier for rotation about 
the internal Si-C bonds (converting the t,t to the t,g+ form) 
was found to be 4.5 kJ/mol. The low torsional barrier in this 
carbosilane compared to that calculated for n-pentane (14.6 kJ/ 
mol)14 is due to the greater length of the Si-C (1.89 A) and 
Si-H (1.49 A) bonds compared to the C-C (1.53 A) and C-H 
(1.10 A) bonds. This significantly reduces the repulsive 
interactions between the substituents. Similar conclusions were 
reached in prior theoretical studies of poly(silabutylene)5 and 
of polysilane,2'3 where the even longer Si—Si bonds lead to yet 
lower torsional barriers. 

The Hartree—Fock surface was input as a reference function 
for the dihedral energetics, and the single chain conformational 
statistics were explored using Monte Carlo methods.15 The 
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(15) The Monte Carlo calculations were performed using Polygraf 
software, which is a licensed product of Molecular Simulation Inc. 

0002-7863/94/1516-12085$04.50/0 © 1994 American Chemical Society 



12086 J. Am. Chem. Soc, Vol. 116, No. 26, 1994 

A 

; v. 
ppm 

1 ' ' • ' • l _ l l _ l I 

40 20 0 -20 -40 

B 

C 

ppm 
I I I I I I I ( I U I J I I I I f 1 I r T [ 7 I I T 

10 -0 -10 -20 -30 

Figure 1. (A) Single-pulse 1H NMR spectra as a function of 
temperature for a high molecular weight fraction of PSE (Mn =13 000 
amu). (B) 13C NMR spectrum of this sample of PSE at -130 0C. (C) 
13C NMR spectrum of this sample at 40 0C. 

relatively more coiled form found for PSE vs PE, as is indicated 
by its smaller characteristic ratio (5.26 vs 6.7516 ), suggests a 
higher entropy of fusion for PSE, consistent with its lower 
melting point. 

The crystallization and subsequent glass transition of poly-
(silaethylene) was studied by solid-state NMR. Quantitative 
1H NMR spectra (Bloch decays) were obtained as a function 
of temperature.17 Measurements were made on a high molecular 
weight fraction and a polydisperse sample. The spectra (Figure 
IA shows the high molecular weight fraction) of both samples 
comprised a narrow component due to a mobile phase and a 
broad component from a rigid glassy or crystalline phase (the 
broad component is not obvious in Figure IA because the 
bandwidth of these spectra have been narrowed). The narrow 
NMR resonances indicate that motion greater than approxi­
mately 105 Hz is occurring in this portion of the polymer. The 
mobile region exhibits two equally intense resonances, one for 
protons attached to silicon (4.2 ppm) and one for protons 
attached to carbon (—0.1 ppm). The integrated intensities of 
the broad and narrow regions yield the percentage of mobile 
and rigid regions present in the polymer sample at that 
temperature. At room temperature only the resonance charac­
teristic of the mobile region is observed; however, as the 
temperature is lowered, a progressively greater portion of the 
NMR intensity is transferred into the broad resonance associated 
with the rigid crystalline and/or glassy phase.18 For the high 
molecular weight, fractionated sample, the broadening of the 
NMR resonance is occurring in the same temperature region as 
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the crystallization transition observed by DSC. A more gradual 
broadening is observed as the temperature is lowered below 20 
0C in the case of the polydisperse sample. Below —120 0C the 
entire NMR signal has broadened in both samples, indicating a 
cessation of chain motion in the kilohertz region. 

In an attempt to determine the degree of crystallinity of the 
polymer following the cessation of motion, 13C CP MAS NMR 
was performed on the high molecular weight sample, cooled 
stepwise over 30 min to —130 0C. Two resonances are observed 
(Figure IB); the main peak occurs at —5 ppm, and a prominent 
shoulder is centered at —8 ppm. This spectrum is reminiscent 
of those observed in semicrystalline PE.1920 By analogy to PE, 
the downfield peak at —5 ppm is attributable to the crystalline, 
all-trans component, while the upfield shoulder at —8 ppm is 
due to a noncrystalline component containing both trans and 
gauche conformations. Although a study of the relative 
intensities of these resonances as a function of cross-polarization 
contact time has not been carried out, we know from the 1H 
NMR spectra that at this temperature all high-frequency motions 
have ceased. Thus, we expect the cross-polarization process 
to be efficient for bom regions of the sample. From the relative 
intensities of the two peaks we estimate that about 70% of this 
polymer sample is crystalline and 30% is amorphous at low 
temperature following the stepwise cooling. When the sample 
is warmed to 40 0C, a single resonance line at —8 ppm is 
observed in the Bloch decay (Figure IC). 

Measurement of motional properties of the polymer were also 
performed by solid state 1H NMR. A plot of T\ for the mobile 
region versus MT shows a single, distinct, well-behaved 
minimum at —60 0C. The slopes of the 7\ curves yield the 
activation energy for the motion responsible for the dipolar 
fluctuations.21 The low barrier of 5.4 kJ/mol for this motion is 
in good agreement with the barrier for rotation about the internal 
Si-C bond obtained from the HF calculation. The NMR results 
show that at room temperature the correlation time for this 
motion is 1.2 ns. It is perhaps notable that prior 1H NMR 
linewidth studies22 of the amorphous regions of linear PE have 
yielded a barrier for the chain torsion (25.5 kJ/mol) that is 
considerably higher than that observed here for PSE. 

In summary, the results of the combined experimental and 
theoretical studies of this novel analog of PE suggest that PSE 
is indeed analogous to PE in some respects. In its solid form 
it is a highly crystalline polymer whose crystalline structure 
appears to contain linear chains in an all-trans conformation. 
The general form of the dihedral surface for rotation about the 
chain atoms also seems to be similar, with the all-trans form as 
the most stable conformation. However, in contrast to PE, solid 
PSE is low melting, presumably due, in part, to the large 
configurational entropy that results from the mobility of the PSE 
chains. 
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