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ABSTRACT 

Poly(dialkylsi1oxane)s and poly(dialkylsi1ane)s form a 
similar type of columnar mesophase. Although, the 
polysilanes are stiffer than polysiloxanes, both classes of 
polymers may be considered to be flexible due to the 
ability to form chain-folded crystals. Chain flexibility 
rather than the presence of chain stiffness determines 
whether the columnar mesophase is formed. A certain 
amphiphilic character does not appear to be required, as 
polysiloxanes with short side groups, e.g. polydiethyl- 
siloxane display the same mesophase behaviour as poly- 
dialkylsilanes with long side chains and other nonpolar 
flexible chain molecules. The importance of the entropy 
gain upon conformational disordering is reflected in the 
increase in temperature stability with increasing alkyl 
side group length and the absence of mesophase behav- 
iour in the case of the dimethyl substituted polymers. 

KEYWORDS: Poly(dialkylsiloxane), Polysilane, 
Polysilylene, Columnar 2D-ordering, Mesophases 

INTRODUCTION 
Symmetrically substituted organic-inorganic hybrid 
polymers such as poly(di-n-alkylsiloxanes) [l] 
(R,SiO),, , poly(di-n-alkylsilylenes) [2] (R2Si)n and 
poly( di - n-alkoxyphosphazenes) [ 31 ((RO), PN), show 
a peculiar mesomorphic behavior. The partially dis- 
ordered structure can be characterized as a columnar 
liquid-crystalline (LC) phase, as has been described 
for poly(di-n-alkylsilylenes) [4]. 

Until now, most studies on mesomorphic or 
liquid-crystalline polymers have been based on the 
mesogen concept, i.e. confined to main-chain or 
side-chain LC polymers. However, the above- 
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mentioned polymers do not contain any mesogenic 
groups within the molecular structure. The question 
as to whether and to what extent the mesomorphic 
states of poly(di-n-alkylsiloxanes), poly(di-n- 
alkylsilylenes) and poly(di-n-alkoxyphosphazenes) 
can be compared with the columnar liquid-crystal- 
line order of molecules containing stiff formaniso- 
tropic moieties has been little discussed so far. In the 
present paper we will address this question, using 
the example of some selected experimental obser- 
vations on poly(di-n-alkylsiloxanes) and poly(di-n- 
alkylsilylenes), which are taken from the literature or 
were made in our labortory. Although it is still 
subject to some controversy, we will apply the term 
”columnar liquid-crystalline state” to the two- 
dimensional ordered mesophase of these molecules. 

In addition to the fact that poly(di-n- 
alkylsilylenes) can form a mesomorphic phase, they 
are of special interest because of the peculiar 0- 
electron delocalization along the polymer backbone. 
This enables polysilylenes to show remarkable 
properties such as UV absorption, photoconductivity 
and thermochromism [2], in which case the polymer 
backbone acts both as a one-dimensional semicon- 
ductor and as a chromophore. Potential applications 
in the fields of electrophotography [5], data storage 
[6] and non-linear optics have resulted in increasing 
interest in these materials. 

MATERIALS 
Both poly(di-n-alkylsilylenes) and poly(di-n- 
alkylsiloxanes) are synthesized from di-n-alkyl- 
dichlorosilanes, which can be prepared in two differ- 
ent ways: 

(1) The reaction of 1 eq (equivalent) of tetra- 
chlorosilane with 2 eq alkylmagnesiumbromide, 
followed by rectification of the reaction mixture in 
a spinning band distillation apparatus. Yields of 
dialkyldichlorosilanes are in the range of 40-50Y0. 

(2) Hydrosilylation of 2 eq of a terminal alkene 
with 1 eq of dichlorosilane (H,SiCl,) in the presence 
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TABLE 1. Properties of Hexa-alkylcyclotrisiloxanes (RSiOh 

m.p. Yield Purify0 
R,R' b.p. ("C) (%) (%) 

Ethyl 
n-Propyl 
n-Butyl 
n-Pentyl 
n-Hexyl 
n-Decyl 
R = n-Hexyl 

R = n-Decyl 
R' = CH2CH&F9 

R'  = CH2CH2CBF17 

GLC. 
29Si-NMR. 

117"C/10 m m  10 45 99.5 
122"C/1 m m  7 44 98.8 
147"C/1 mm -22 45 94.3 
163"C/1 mm -7 44 97.5 
230°C/4 m m  12 35 94.4 

168-174"Ul mm -9 43 95.0 
- 53 48 94.0b 

- 47 47 96.0b 

of 100 ppm of Pt catalyst (0.05 g/ml H,PtCL,.H,O in 
isopropanol). This reaction constitutes an efficient 
way of preparing dialkyldichlorosilanes, with yields 
of almost 100% of the anti-Markovnikov adduct. 

The synthesis of poly(di-n-alkylsiloxanes) is per- 
formed by anionic [l, 7-12] or cationic [12,13] ring 
opening polymerization of hexa-alkylcyclotri- 
siloxanes. These cyclic monomers are prepared by 
the slow addition of a solution of 1 eq of dialkyl- 
dichlorosilane in ethylacetate to a suspension of 1 eq 
of ZnO in ethylacetate at room temperature [14]. 
Apart from the cyclic trimer, a mixture of higher 
cyclics is formed. Rectification by distillation gives 
typical yields of 40-45% (Table l), which can, how- 
ever, be raised to 80-90% by pyrolysis of the residue 
at 300°C in the presence of a catalytic amount of 
KOH. 

The preparation of poly(di-n-alkylsiloxanes) by 
anionic ring opening polymerization has been per- 
formed by means of high-vacuum techniques, either 
by adding small amounts (<1 mg) of anhydrous 
KOH or CsOH to the bulk monomer or by adding 
[211] to a toluene solution of monomer which had 
been reacted with t-BuLi for 24 hr. With t-BuLi as an 
initiator and [211] as a promoter [15], the reaction is 
much simpler than in the case of alkalimetalhydrox- 
ide initiation. The initiating system is homo- 
geneous, and cryptated ion pairs form the only active 
species. Just small amounts of cyclic byproducts are 
formed until the kinetically controlled polymer for- 
mation reaches a maximum value, after which redis- 
tribution processes occur (Fig. 1). Polymer yields are 
of the order of 70%. 

Because of the quasi-living character of the poly- 
merization process, it is possible to control the 
molecular weight and polydispersity and, moreover, 
the synthesis of well-defined polysiloxane block 
copolymers and networks becomes accessible. By 
substitution of suitable organic side groups, melting 
and mesophase transitions can be systematically 
manipulated. 

Cationic ring opening polymerization of hexa- 
alkylcyclotrisiloxanes has been performed using 
CF,SO,H as an initiator. Within 2-4 hr polymeriza- 
tion in bulk monomer at room temperature yields 

80-85'/0 of high polymer (k = 200,000-500,000 
g/mol) together with 15-20% of cyclic oligomers. 

Poly(di-n-alkylsilylenes) are prepared by a 
Wurtz-type coupling reaction of dialkyldichloro- 
silanes with a stoichiometric amount of sodium in 
refluxing toluene [2, 161. Polymer yields are of the 
order of 2535%. 

DISCUSSION 
Two key questions can be addressed when the 
mesomorphic state of poly(di-n-alkylsiloxanes), 
poly(di-n-alkylsilylenes) and poly(di-n-alkoxyphos- 
phazenes) is discussed as a peculiar case of the 
columnar LC state: 

(1) On which base and to what extent are the 
molecules to be classified as flexible, and do they 
differ as such principally from stiff molecules? 

100 -P 

Polymer 

0 200 400 600 800 1000 1200 

t (min) 
FlGURE 1. The time dependence of the conversion of 
hexahexylcyclotrisiloxane with Li' + 121 l ]  in a 65% 
toluene solution, as observed by 29Si-NMR. 
Concentration of silanolate endgroups = 3.33 x 1 0-3 M. 
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FIGURE 2. Optical micrographs obtained with crossed 
polars of poly(di-n-pentylsiloxane) at 31 4°C (top) and 
20°C (bottom). 

(2) Do the sub-units possess an amphiphilic 
character which might contribute to the stabilization 
of the columnar state, such as appears to be the case 
for certain transition metal alkoxylates [17]? 

An additional question that can be raised within 
this context is to what extent the mesomorphic state 
of the symmetrically disubstituted inorganic back- 
bone polymers can be compared with the partially 
disordered hexagonal phases of linear flexible chain 
molecules [MI, e.g. polyethylene, polytetra- 
fluoroethylene or 1,4-truns-poly(l,3-butadiene). 

Poly( di-n-alkylsiloxanes) 
Structure and Motphology. All poly(di-n-alkylsilox- 
anes) show a high degree of birefringence in the 
mesophase. Isotropization followed by slow cooling 
results in the formation of bright bands. The length 
and to a lesser extent the thickness of these bands 
increases with decreasing temperature, until the 
bands coalesce into a focal conic fan texture which is 
characteristic of a columnar or smectic ordering of 
the polymer chains (Fig. 2). On the basis of reflection 
and transmission optical microscopy observations, 
previous studies on mesomorphic polydiethyl- 
siloxane have pointed out that the bands are to be 
considered as the lateral faces of lamellar domains 
with an average thickness of 1.5-2 pm [19]. 

Interestingly, the bands that are visible in Fig. 2 
indicate an even larger thickness of 6-10 pm for 
poly(di-n-pentylsiloxane). Because of this thickness 
and the similarity of the texture with that of anabaric 
extended-chain polyethylene [20], it is assumed that 
mesomorphic poly(di-n-alkylsiloxanes) form an 
extended-chain mesomorphic structure. This is con- 
firmed by TEM [21] and is in agreement with DSC 
investigations [l]. 

On the basis of X-ray diffraction results and 
information gathered from density measurements, it 
was concluded that the mesomorphic polydiethyl- 
siloxane exhibits a monoclinic structure that differs 
slightly from hexagonal packing. The single reflec- 
tion at 11.03" correspnds to a d-spacing of 8.0 8, [l]. 
WAXS diffractograms of poly(di-n-pentylsiloxane) 
and poly(di-n-hexylsiloxane), obtained at 50"C, i.e. 
well above the disordering transition, show single 
sharp reflections at 7.6" and 7.0" respectively, corres- 
ponding to d-spacings of 11.6 and 12.6 A (Fig. 3). 
Reflections at 13.2" and 12.1" indicate that both 
polysiloxanes exhibit a columnar instead of a smectic 
mesophase structure. The qualitatively similar 
appearance of diffractograms of mesomorphic 
polydiethylsiloxane, poly(di-n-pentylsiloxane) and 
poly(di-n-hexylsiloxane) implies a similar type of 
local ordering of the polymer chains. The disappear- 
ance of all other sharp reflections upon transition 
into the mesophase clearly illustrates the complete 

Poly (di-n-pentylsiloxane) 
T=50°C 

1 Poly(di-n-hexylsiloxane) 

15 20 25 30 35 10 5 

28 

FIGURE 3. WAXS diff ractograrns of mesomorphic 
poly(di-n-pentylsiloxane) and poly(di-n-hexylsiloxane). 
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FIGURE 4. An electron micrograph of a platinum/ 
carbon replica of a fracture surface of B-polydiethyl- 
siloxane. 

disordering of side groups and the long-range con- 
formational disorder of the polymer main chain. 

For polydiethylsiloxane [21] and recently also for 
poly(di-n-propylsiloxane) and poly(di-n-hexylsilox- 
ane), two crystal modifications have been found, 
both in the low-temperature and in the high- 
temperature crystalline state. In polydiethylsiloxane, 
the monoclinic a-modification is thermodynamically 
less stable and is reported to display a folded-chain 
lamellar crystal morphology with an average lamellar 
thickness of 30-60 nm. It can be formed by quench- 
ing material from the isotropization transition in 
liquid N,. Contrary to this, the P-modification is 
shown to have a tetragonal crystal structure, and it 
can be formed out of the a-modification by annealing 
around the mesophase transition or by slow cooling 
from the columnar mesophase. The considerable 
lamellar thickness of about 200-500 nm, as displayed 
in fracture surfaces of P-crystalline polydiethyl- 
siloxane, indicates that this modification is crystal- 
lized in the form of extended chain crystals (Fig. 4). 
This can be explained by the molecular dynamics of 
the system in the mesophase which allow chain 
extension. 

Upon raising the temperature, each of the two 
crystal modifications undergoes a disordering tran- 
sition before it is converted to the columnar liquid- 
crystalline phase. This appears to be common to all 
poly(di-n-alkylsiloxanes) which have been prepared 
so far (Table 2). 

Molecular Dynamics. The molecular mobility of the 
polymer chains in the different phase states is re- 
flected in the 29Si-CSA (Fig. 5). In the low- 
temperature crystalline phase state (I), the conforma- 
tional stiffness of the polymer main chain and the 

side chains causes an absence of motional narrow- 
ing, resulting in a CSA line width of 3.4 kHz. A 
slight narrowing of the CSA to 2.8 kHz in the high- 
temperature crystalline phase state (11) indicates an 
increase in mobility of the polymer main chain. 
Assuming that the z-axis of the CSA is oriented 
perpendicular to the chain axis, it has been shown 
for polydiethylsiloxane that the reduction in axial 
symmetry and the narrowing of the 29Si CSA are 
caused by oscillation of the polymer main chain at an 
angle not exceeding 40" [22]. Upon transition into the 
columnar mesophase ( p )  the CSA line width narrows 
to 1.1 kHz. The rather perfect axial symmetry of the 
CSA, which is displayed by all polysiloxanes in this 
phase, indicates fast rotational motion of the molecu- 
lar segments around the chain axis, which is enabled 
by fast transmutation of the backbone bond confor- 
mations. 

Rheological measurements on mesomorphic 
polydiethylsiloxane indicate a remarkable relaxation 
and orientation behavior (Fig. 6) [21]. The unique 
formation of extended chain conformations in the 
columnar phase in combination with molecular 
mobility has important consequences for the mech- 
anical behavior. As the entropy-elasticity of poly- 
meric materials originates from the coil structure of 
amorphous or semicrystalline polymers, columnar 
liquid-crystalline polymers such as poly(di-n-alkylsil- 
oxanes) and poly(di-n-alkylsilylenes) can be regarded 
as being true plastic materials. 

Poly( di-n-alkylsilylenes) 
Strucfure and Morphology. The solid-state behavior 
of poly(di-n-alkylsilylenes), which are symmetrically 
substituted with C1-Clo, CI2 and C,, n-alkyl side 
groups has been extensively studied [ 2 ,  16, 23-27]. 
Contrary to results based on energy calculations, 
which predict a helical 7/3 conformation of the 
polymer backbone in the absence of any other effects 
such as side-chain crystallization, the first three 
members of the series, i.e. poly(dimethylsily1ene) 
123, 241, poly(diethylsily1ene) [25] and poly(di-n- 
propylsilylene) [25], show an all-trans conformation 
of the polymer main chain. In case of poly(dimethy1- 
silylene) this structure appears to be very stable, and 
although the material exhibits two transitions- 

TABLE 2. Transition Temperatures of 
Pol y (d i -n-a I ky I s i loxa nes) ( R2Si 0)" 

Crystal 

R Tg ("C) 
phase I ,  

Ethyl -138 

n-Butyl -116 

n-Hexyl - 96 

n-Propyl -1  10 

n-Pentyl - 106 

Crysfal 
phase 2, 

Tdi  I"c) 
- 66 
-51 
-44 
-45 
-27 

-- 

Isotropic 
Mesophase, melt, 

10 53 
61 206 

-19 31 0" 
-27 330" 

23 31 0" 

Td2 I"c) T, ("C) 

a Disappearance of birefringence. 
Td = disordering temperature; T, = isotropization 
temperature. 
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FIGURE 5. 29Si-CSA 
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JY 
T=128K 

PDBS PDPES 

I 

T=265K 1 T=300K 
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T=355K 
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2 f  C,-C, poly(di-n-alkylsiloxanes) in the low ( I )  and high (It) temperature 
crystal phase and in the columnar mesophase (p). 

namely at 160°C and 220°C-before melting (and 
simultaneously decomposition) occurs, there are no 
indications of main disordering. For poly(diethy1- 
silylene) and poly(di-n-propylsilylene) disordering 
transitions have been reported to occur at 126 and 
134°C respectively, but information regarding the 
structure and properties of the disordered state still 

O I  

5000  10000 
Time ( 5 )  

50000 100000 

Time ( s )  

FIGURE 6. A creep recovery experiment with 
mesomorphic polydiethylsiloxane at 300 K, shear stress 
0=30,000 dyn/crn2: (a) shearing time t =  14,400 sec; 
(b) shearing time t= 134,000 sec. 

remains very limited. Elaborate studies using X-ray 
diffraction, solid state 29Si NMR and Raman/IR/UV 
spectroscopy have indicated that poly(di-n- 
butylsilylene) [26] and poly(di-n-pentylsilylene) [26] 
display the theoretically predicted 7/3 helical confor- 
mation in the crystal phase. Apart from the transition 
into the isotropic melt, poly(di-n-butylsilylene) and 
poly(di-n-pentylsilylene) show an intermediate 
reversible transition, which is accompanied by signi- 
ficant changes in the isotropic 29Si chemical shift and 
in X-ray diffraction patterns. All observations indi- 
cate disruption of the 7/3 helical main chain confor- 
mation and the onset ot main chain and side group 
disordering on transition into the mesophase. 
Poly(di-n-hexylsilylene) [2, 16, 271, poly(di-n-heptyl- 
silylene) [27] and poly(di-n-octylsilylene) [27] also 
show mesomorphic behavior. This time, however, 
side group packing causes the polymer main chain to 
adopt the all-trans planar zigzag conformation in the 
crystal phase. 

In contrast to poly(di-n-alkylsiloxanes), poly(di- 
n-alkylsilylenes) form only one crystal phase (Table 
3). The absence of an oxygen atom in the repeating 
unit of poly(di-n-alkylsilylenes) increases the degree 

TABLE 3. Transition Temperatures of 
Poly(di-n-alkylsilylenes) (I$ Six 

Crystal phase Mesophase Isotropic melt 
R Tg ("C) Td ("c) T, ("C) 

n-Butyl - 40 87 - 

n-Octyl - 47 - 
n-Tetradecyl - 23 56 21 0" 

n-Pentyl - 40 70 245" 
n-hexyl - 52 41 260" 

Disappearance of birefringence. 
T d  = disordering temperature; T, = isotropization 
temperature. 
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of stiffness compared to poly(di-n-alkylsiloxanes), 
resulting in higher glass transition temperatures and 
higher disordering temperatures). 

The increase in stiffness is also reflected in the 
characteristic ratio C, under unperturbed con- 
ditions. For poly(di-n-hexylsilylene) values of 20 
have been reported [28], whereas polydiethyl- 
siloxane [29] and most carbon-based polymers pos- 
sess a C, of 7-8 and 10-11 respectively. 
Morphological studies on crystalline poly(di-n- 
butylsilylene) [16], poly(di-n-pentylsilylene) and 
poly(di-n-hexylsilylene) [16] indicate that these mat- 
erials are able to form lamellar structures with an 
average lamellar thickness of 40-70 nm for poly(di-n- 
butylsilylene) to 100 nm for poly(di-n-pentylsilylene) 
(Fig. 7(a)) and poly(di-n-hexylsilylene). However, in 
all cases crystal preparation had been performed at 
temperatures of 100°C or even higher, i.e. well above 
the crystal-mesophase transition temperature. In this 
way the precipitated polymeric material was allowed 
to undergo molecular rearrangements due to 
increased molecular mobility in the mesophase, lead- 
ing to chain extension similar to that found for 
poly(di-n-alkylsiloxanes) (see above). Only very 
recently it was observed in our laboratory that 
poly(di-n-pentylsilylene) is also able to form hexago- 
nal lamellar structures with a lamellar thickness of 
10 nm indicative of chain folding (Fig. 7(b)). 
Moreover, polydimethylsilylene has been reported to 
form thin lamellae with a thickness of 8-9 nm by 
slow crystallization at 238°C [24]. In this case chain 
extension is probably hindered by the lack of any 
main chain disordering in the material [23]. Thus it 
appears that, despite the lower main chain flexi- 
bility, poly(di-n-alkylsilylenes) resemble poly(di-n- 
alkylsiloxanes) in their ability to form both chain- 
folded and chain-extended crystals, depending on 
the thermal history of the sample. It can be con- 
cluded that the formation of the very thick crystals is 
primarily enabled by the molecular mobility in the 
mesophase in this case also. 

The WAXS diffractogram of mesomorphic 
poly(di-n-hexylsilylene) [16] is comparable to that of 
mesomorphic poly(di-n-hexylsiloxane), showing one 
sharp reflection with a d-spacing of 13.5 A (compared 
with 12.6 A for poly(di-n-hexylsiloxane)) and a broad 
halo at shorter distances indicative of long-range 
main chain and side chain disorder. 

The all-trans conformation of the polymer back- 
bone in the crystal phase of poly(di-n-hexylsilylene) 
and polysilylenes symmetrically substituted with 
longer alkyl sidegroups yields a strongly 
UV-absorbing material with A,,, = 372 nm, due to 
extensive a-electron conjugation along the polymer 
main chain. Transition into the mesophase is accom- 
panied by a reversible loss of order in main chain 
and side group conformations, resulting in a hyp- 
sochromic shift of A,,, to 315 nm. Thus the formation 
of a mesophase is related to the dynamic disordering 
of the conformational structures. 

Observations of the thermal behavior of copo- 
ly(di - n - pentyl/di - S - 2 - methyl - 1 - butyl - 
silylenes) [30] indicate that more than 20% symmetri- 
cal substitution of the polymer backbone with 

branched side groups yields a crystalline polymer 
which lacks any mesomorphic characteristics, and 
melts and simultaneously decomposes at elevated 
temperatures. Thus it appears that if poly(dialkylsi1y- 
lenes) molecules are stiffened, e.g. by symmetrical 
substitution of the polymer backbone with branched 
side groups, which leads to increased steric interac- 
tion, the formation of a mesophase can no longer be 
observed. 

Lowering the structural order by introducing 
defects in the molecular structure of poly(di-n- 
alkylsilylenes), as in random copolymers of poly(di- 
n-hexylsilylene) and poly(di-n-pentylsilylene), 

100 .-------I 50 

I I n m  
I I I 

0 2000 4000 

FIGURE 7. (a) An electron micrograph of a platinum/ 
carbon replica of a single crystal of poly(di-n- 
pentylsilylene). (b) An atomic force micrograph of 
crystalline poly(di-n-pentylsilylene), showing hexagonal 
folded-chain lamellar structures. 

(b) 
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TABLE 4. 
from the Crystalline Phase into the Columnar Mesophase 
of Copoly(di-n-hexyl/di-n-pentylsilylenes) 

Transition Temperatures for the Transition 

Polymer Td (“c) 
Poly(di-n-hexylsilylene) 41 

50150 Poly(di-n-hexylldi-n-pentylsilylene) 18 
20/80 Poly(di-n-hexyl/di-n-pentylsilylene) 41 
Poly(di-n-pentylsilylene) 70 

Td = disordering temperature. 

90/10 Poly(di-n-hexyl/di-n-pentylsilylene) 34 
80/20 Poly(di-n-hexyl/di-n-pentylsilylene) 10 

results in a decrease in the mesophase transition 
temperature [31]. However, the mesophase itself is 
preserved throughout all copolymer compositions 
(Table 4). 

29Si CP-MAS spectra of homo- and copolymers 
of poly(di-n-pentylsilylene) and poly(di-n- 
hexylsilylene) exhibit either a broad signal at 
-20 ppm, which is characteristic of the all-trans 
planar zigzag structure present in poly(di-n- 
hexylsilylene), or a signal between -27 and 
-29 ppm, typical of the 7/3 helical structure dis- 
played by poly(di-n-pentylsilylene) (Fig. 8). The 90/ 
10 copoly(di-n-hexylldi-n-pentylsilylene) shows a 
signal at -20.4 ppm in the crystalline phase state and 
therefore crystallizes in the all-trans conformation. 
On the other hand, the 50l50 copoly(di-n-hexy1ldi-n- 
pentylsilylene) behaves like poly(di-n-pentylsilylene) 
homopolymer and crystallizes in the helical confor- 
mation. At the transition temperature both the 
crystalline and the mesomorphic phase state coexist 
[31]: the latter with a signal between -23 and 
-24 ppm. 

UV Spectroscopy. The mesophase transition can 
also be observed in the UV spectrum. Due to the 
regular all-trans conformation in crystalline poly(di- 

PDHS 90/10 

n-hexylsilylene) and polysilylenes symmetrically 
substituted with longer alkyl side groups, these 
materials exhibit UV absorption with A,,,,, = 372 nm 
(see above). The introduction of di-n-pentylsilane 
segments and/or an increase in temperature results 
in a hypsochromic shift of A.,,,,, due to formation of 
gauche-kinks in all-trans structure (Fig. 9) [31]. 

CONCLUSIONS 
We conclude that poly(di-n-alkylsilylenes), poly(di-n- 
alkylsiloxanes), and also the structurally similar 
poly(di-n-alkoxyphosphazenes), form the same type 
of mesophase. It appears appropriate to denote the 
mesophases as columnar liquid crystalline, as has 
been proposed for poly(di-n-hexylsilylene) [4]. 
However, in contrast to the first suggestion, the 
phase behavior cannot originate in the stiffness of 
the chains. The columnar phase is formed indepen- 
dently of the main chain flexibility, and despite the 
absence of a mesogenic moiety within the polymer 
structure. Thus flexible chain molecules are also able 
to form this type of mesophase-structure, which is 
probably most abundant in the case of polymers, and 
is also found for stiff-rod molecules and supermole- 
cules such as DNA helices. 

Although poly(di-n-alkylsiloxanes) and poly(di- 
n-alkylsilylenes) clearly differ in chain flexibility, 
both compounds can be classified as flexible chain 
molecules, as is illustrated by the fact that under 
suitable conditions either one can form folded-chain 
crystals. The higher degree of main chain flexibility 
permits polysiloxanes to exhibit two crystal phases, 
the high-temperature crystal phase differing from the 
low-temperature crystal phase in the onset of back- 
bone oscillations. Contrary to this, polysilylenes 
show only one crystal phase. 

Depending on the length of the alkyl side group 
and on the molecular weight, the mesophase interval 
of polysiloxanes extends over a temperature range of 

50150 PDPS 

-15 -20 -2s -30 -15 -20 -25 -30 

FIGURE 8. 29Si-CP-MAS spectra of poly(di-n-hexylsilane), 9011 0 copoly(di-n-hexylsilane/di-n-pentylsilane) and 
poly(di-n-pentylsilane): at Td (disordering temperature), top; below T,, , bottom. 
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FIGURE 9. The temperature dependence of UV absorption of copoly(di-n- 
hexylsilane/di-n-pentylsilanes): (a) a = 1 TC,  b = 3VC, c = 31 “C, d = 34°C; 
(b) a=-15”C, b=-4”C, c=l0C,  d=2.5”C; (c) a = - l V C ,  b=15”C, c=25”C. 

more than 300°C. This extreme stability of the meso- 
morphic structure obviously takes advantage of the 
conformational freedom of the side chains, which 
increases with length. 

In addition, the inherent incompatibility 
between polar inorganic main chain and apolar 
organic side groups might contribute to stabilize the 
mesophase, because this effect should become pro- 
nounced in the case of long alkyl side groups. 
However, poly(di-n-alkylsiloxanes) substituted with 
ethyl groups are also able to form this type of liquid- 
crystalline phase, which leaves us to assume that the 
presence of an amphiphilic character does not play a 
major role. Furthermore, we have to consider the 
linear apolar flexible chain molecules such as ana- 
baric polyethylene and 1,3-frans-(poly-1,4- 
butadiene), which do not possess any side groups at 
all. The fact that these materials exhibit essentially 
the same phase behavior indicates that the presence 
of chain flexibility, and consequently the possibility 
of conformational disordering, is the essential con- 
dition for the formation of this type of liquid- 
crystalline phase. 

On the one hand a high chain flexibility allows a 
large decrease in free energy due to disordering, 
while on the other hand we would like to point out 
that only a high chain flexibility allows conforma- 
tional disorder within a restricted space without the 
unfavorable necessity of breaking up the two- 
dimensionally ordered packing of the molecules. In 
view of the fact that the gain in entropy upon 
transition from the conformationally disordered 
phase into the isotropic phase is very small, it is clear 
that the origin of this peculiar type of mesophase 
behavior relies on a delicate balance between 
enthalpy and entropy. These considerations are 
totally in line with the concepts of B. Wunderlich. 
Emphasizing that conformational disordering yields 
a major contribution to the change in free energy 
upon the transition to the columnar state of flexible 
chain molecules, he coined the term ”CONDIS 
crystals” (CONformationally DISordered) for these 
mesophases. For different reasons this classification 

was regarded as controversial: conformational dis- 
order is not just observed in the mesophases of 
flexible chain molecules but also in the case of other 
liquid-crystalline materials. The term did not orig- 
inally discriminate between (i) three-dimensionally 
ordered crystals from conformationally disordered 
molecules and (ii) liquid-crystalline mesophases in 
which long-range order is given in less than three 
dimensions. Also, it has to be stressed that classifica- 
tions which refer to the mesogenic group and the 
molecular origin of partial disorder, i.e. CONDIS 
(flexible), calamatic and discotic, should be clearly 
separated from the classification of the ordering of 
molecules, i.e. nematic, smectic and columnar. 
However, taking all of this into account it must be 
emphasized again that CONDIS describes the essen- 
tial molecular feature for the columnar two- 
dimensional mesophases discussed above. 

ACKNOWLEDGMENTS 
The authors gratefully acknowledge S. Sheiko for his 
support in obtaining atomic force micrographs of poly(di- 
n-pentylsilylene). Furthermore, they wish to thank 
Professor S. Cheng at Akron State University for his help 
in obtaining WAXS diffractograms of poly(di-n- 
pentylsiloxane) and poly(di-n-hexylsiloxane). Bayer AG, 
Leverkusen, is gratefuly acknowledged for financial sup- 
port. G.J.J.O. thanks the Verenigde Spaarbank NV 
Nederland for providing an exchange scholarship. 

REFERENCES 
1. Yu. K. Godovsky and V. S. Papkov, Adv. Polym. Sci., 

2. R. D. Miller and J. Michl, Chem. Rev., 89, 1359 (1989). 
3. N. S. Schneider, C. R. Desper and J. J. Beres, in Liquid 

Crystalline Order in Polymers, A. Blumstein, ed., 
Academic Press, New York (1978), pp. 299-325; D. C. 
Sun and J. H. Magill, Polymer, 28, 1243 (1987). 

4. P. Weber, D. Guillon, A. Skoulios and R. D. Miller, 
J. Phys. France, 50, 793 (1989). 

5. K. Yokoyama and M. Yokoyama, Chem. Lett., 1005 
(1989). 

6. M. Kakui and K. Yokoyama, Chem. Lett., 867 (1991). 

88, 131 (1989). 



804 I Out et al. 

7. D. Ya. Tsvankin, V. S. Papkov, V. P. Zhukov, Yu. K. 
Godovsky, V. S. Svistunov and A. A. Zhdanov, 
1. Polym. Sci., Polym. Chem. Edn., 23, 1043 (1985). 

8. C. L. Lee, 0. K. Johansson, 0. L. Flanigan and P. 
Hahn, Am. Chem. SOC., Polym. Prepr., 10(2), 1319 
(1969). 

9. J. Friedrich and J. F. Rabolt, Macromolecules, 20, 1975 
(1987). 

10. J. M. Pochan, C. L. Beatty, D. D. Hinman and F. E. 
Karasz, J. Polym. Sci., Polym. Phys. Edn, 13, 977 (1975). 

11. M. Moller, S. Siffrin, G. Kogler and D. Oelfin, 
Makromol. Chem. Macromol. Symp., 34, 171 (1990). 

12. P. V. Wright, in Ring Opening Polymerization, Vol. 2, 
K. J. Ivin and T. Saegusa, eds, Elsevier, New York 

13. J. Chojnowski and L. Wilczek, Makromol. Chem., 180, 
117 (1979). 

14. T. Takiguchi, M. Sakurai and T. Kishi, 1. Org. Chem., 
25, 310 (1960). 

15. S. Hubert, P. Hemery and S. Boileau, Makromol. 
Chem., Macromol. Symp., 6, 247 (1986). 

16. F. C. Schilling, F. A. Bovey, A. J. Lovinger and J. M. 
Zeigler, Adv. Chem. Ser., 224, 341 (1990). 

17. H. Abied, D. Guillon, A. Skoulios, A. M. 
Giroud-Godquin, P. Maldivi and J. C. Marchon, 
Colloid Polym. Sci., 266, 579 (1988). 

18. B. Wunderlich, M. Moller, J. Grebowicz and H. Baur, 
Ada. Polym. Sci., 87, l(1988). 

19. V. S. Papkov, V. S. Svistunov, Yu. K. Godovsky and 
A. A. Zhdanov, J. Polym. Sci., Polym. Phys. Edn, 25, 
1859 (1987). 

20. D. C. Basset, Principles of Polymer Morphology, 
Cambridge University Press, Cambridge (1981). 

(1984), pp. 1055-1133. 

21. G. Kogler, K. Loufakis and M. Moller, Polymer, 31, 
1538 (1990). 

22. V. M. Litvinov, A. K. Whittacker, A. Hagemeyer and 
H. W. Spiess, Colloid Polym. Sci., 267, 681 (1989). 

23. A. J. Lovinger, D. D. Davis, F. C. Schilling, F. J. 
Padden Jr. and F. A. Bovey, Macromolecules, 24, 132 
(1991). 

24. A. J. Lovinger, F. J. Padden Jr. and D. D. Davis, 
Polymer, 32, 3086 (1991). 

25. A. J. Lovinger, D. D. Davis, F. C. Schilling, F. A. 
Bovey and J. M. Zeigler, Polym. Communs, 30, 356 
(1989). 

26. R. D. Miller, B. L. Farmer, W. Fleming, R. 
Sooriyakumaran and J. Rabolt, 1. Am. Chem. SOC. ,  109, 
2509 (1987); F. C. Schilling, A. J. Lovinger, J. M. 
Zeigler, D. D. Davis and F. A. Bovey, Macromolecules, 
22,3055 (1989); M. Varma-Nair, J. Cheng, Y. Jin and B. 
Wunderlich, Macromolecules, 24, 5442 (1991). 

27. J. F. Rabolt, D. Hofer, R. D. Miller and G. N. Fickes, 
Macromolecules, 19, 611 (1986). 

28. P. M. Cotts, R. D. Miller, P. T. Trefonas 111, R. West 
and G. N. Fickes, Macromolecules, 20, 1046 (1987); 
P. M. Cotts, S. Ferline, G. Dagli and D. S. Pearson, 
Macromolecules, 24, 6730 (1991). 

29. J. E. Mark, D. S. Chiu and T.-K. Su, Polymer, 19, 407 
(1978). 

30. H. Frey, K. Matyaszewski and M. Moller, 
Macromolecules, 27, 1814 (1994); and H. Frey, M. 
Moller, K. Matyaszewski, B. Lotz, submitted to 
Macromolecules. 

31. H. Frey, K. Matyjaszewski, M. Moller and D. Oelfin, 
Colloid Polym. Sci., 269, 442 (1991). 


