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Abstract

The mechanical properties and the phase behaviour of poly(dimethylsilgtemethyln-propylsilylene) (PDMeo-MPS), were inves-
tigated by the measurements of dynamic viscoelasticity, wide angle X-ray diffraction, thermal analysis and UV spectrurn:\RB$was
soluble in common organic solvents if the ratio of dimethylsilylene (DM) unit to methytepylsilylene (MP) unit, DM/MP, was lower than
70/30. The crystal phase was transformed into the columnar mesophase abovéC3Ga+@Dthe disordering of conformation and the
orientation relaxation proceeded with further rise in temperature in the range of 8@-13@ PDMeo-MPS films were extensible only in
the narrow temperature range, in which the crystal to mesophase transition started to occur, because the structural relaxation in the columnar
mesophase reduced the extensibility of the PE&WMPS films. The oriented films of PDMe-MPS were prepared by stretching the
solution-cast films at 70—8G to a draw ratio of 7—8. The elastic modulus was much improved in the hot drawn film relative to that of
the isotropic films, and the increase of modulus was related to the high degree of orientation in the crystal phase. A large \e&s tan
observed at-20 to —10°C, and the dynamic storage modulus markedly decreased with the rise in temperature in the range of this transition.
As the low temperature transition was not detected in the DSC and spectroscopic measurements, it would be assigned to the local molecular
motion of then-propyl side group and/or to the glass transiti@2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction observed in the low wavenumber region of the Raman
scattering of a series of oligosilanes [12]. Hot drawing is
Polysilanes have received the attention of researchersone of the most important methods for the processing of
because of their unique electronic and optical properties, uniaxially oriented films in which the mechanical properties
which originated from the delocalization af-electrons are improved in the drawing direction. It is however not
along the main-chains [1,2]. These polymers are expectedeasy to prepare the free-standing films of highly oriented
to have various potential applications including photoresists polysilane by hot drawing, because polysilane films are
[3,4], electron conductive circuit [5,6], electroluminescence generally brittle and are fractured only at a small strain.
devise [7-10], photoconductive layer in photo-copiers, and The only reported study on this subject is that the free stand-
so on. Although the electronic and optical properties of ing films of poly(methylethylsilylene) with high molecular
polysilanes have been extensively studied in the past, fewweight were successfully stretched to a draw ratio higher
works have been reported on the mechanical properties ofthan 10 [13].
polysilanes, which seem to be important in some application The attempt to improve the mechanical properties of
fields. The elastic modulus and fracture strain were inves- polysilanes falls in a dilemma. A film of polysilane having
tigated on a series of poly{pentyln-alkylsilanes) [11]. long alkyl side-chains is not extensible to a high strain and
These polysilane films are shown to be extensible in the expected to be weak, because the long side-chain cannot be
condis crystalline columnar mesophases. We have evalu-a stress-transmitter. On the contrary, polysilanes with short
ated the crystal modulus of poly(dimethylsilylene) side-groups cannot be processed into materials owing to the
(PDMS) in the direction of molecular chain-axis from the poor solubility in organic solvents. One of the clues to the
frequency of the longitudinal acoustic mode, which is problem is to use a copolymer of polysilane, because disor-
dered molecular structure would depress the crystallization
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Table 1

Molecular weight and composition of PDkb-MPS

Monomer feed ratio (DM/MP) Measured composition My My
50/50 58/42 279,000 98,000
60/40 63/37 340,000 84,000
70/30 69/31 9900
80/20 78122 8200

temperature and does not melt before decomposition. It wasMP ratio is above 63/37, the copolymer does not dissolve in
reported that copolymerization of methyl-ethylsilylene or common organic solvents except for the low molecular
methyln-propylsilylene units into the dimethylsilylene weight fraction(M,, = 8006-10, 000). The higher molecular
(DM) unit leads to tractable polymers that are soluble in weight fractions of the 58/42 and 63/37 (DM/MP) copoly-
common solvents at ambient temperature [14]. Various mers were used for the experiment.

copolymers of polyalkylsilanes were synthesized and their  The polysilane films 20—4Qm thick were prepared by
phase behaviours were discussed in relation to their randomcasting the hexane solution of PD&&-MP on a flat glass

sequence distribution [15-19]. plate. Transparent films were obtained after the solvent was

In this work, we tried to prepare highly extensible films slowly evaporated. The films were cut into strips 3 mm wide
of polysilanes using poly(dimethylsilylenes-methyln- and 20 mm long, which were stretched at a constant strain
propylsilylene) (PDMeo-MPS). The DM units are expected rate of 100%/min. They could be stretched reproducibly
to enhance the mechanical properties, and metpiepyl- only in the narrow temperature range (6528 A neck

silylene (MP) units would improve the solubility. The phase formed on the film at the initial stage of drawing, and
behaviour of the PDM:o-MPS films was investigated by  gradually propagated in the drawing process. The films frac-
thermal analysis, dynamic viscoelasticity and spectroscopictured immediately after the neck-propagation was
measurements, and was discussed in relation to the extenseompleted. The natural draw ratio of the films is 7—8, and
ibility of the films. The highly oriented films PDMo-MPS it is difficult to control the draw ratio.

were prepared by stretching the film at elevated tempera-

ture, and their mechanical properties were studied in 2.2. Characterization

connection with the orientation development. ) ) ) .
The differential scanning calorimetry (DSC) was

measured at a heating rate of 20 K/min with a Perkin—
Elmer DSC 7 differential scanning calorimeter calibrated
with indium. The dynamic viscoelasticity was measured
on a dynamic viscoelastometer, Rheovibron DDV-II-EA
(Orientec Co. Ltd). The dynamic tensile strain with an

PDM-coMPS was prepared by the sodium-mediated @mplitude of 2um and a frequency of 35 Hz was applied
Wurtz coupling reaction of the corresponding dichloro- tO the rectangular specimens 2 mm wide and 20 mm long.
silanes. The monomers were purified by vacuum-distil-  The wide angle X-ray diffraction (WAXD) was measured
lation. The reaction was carried out at 2Clin refluxing ~ Using an Ni-filtered Cuk radiation generated by a Geiger
toluene under Ar atmosphere. Pouring the solution into Fl&x XGC 20 (Rigaku Co. Ltd). The meridional and
ethanol solidified the white powder, after the reaction €duatorial profiles were obtained by the transmission
mixture was filtered. The solution of the powder was Method. The orientation functions, of the crystal axes
washed with water for several times in order to remove Was obtained by the azimuthal intensity distribution of the

the salt. Molecular weight distribution was measured WAXD reflection

using a gel permeation chromatography (GPC) equipment, _ _

calibrated with polystyrene standards. The bimodal molecu- f = @3(cos’ ¢) — 1)/2

lar weight distribution was observed on the GPC curve of whereg is the angle between the corresponding crystal axis
the copolymers, and the higher molecular weight fraction and the drawing direction. The intensity of the background
was fractionated by the repeated reprecipitation from was measured on the lower and higher angle sides of the
hexane solution with 2-propanol. The molecular weight of reflection, and was subtracted from the intensity of the
the sample is summarized in Table 1. The composition of reflection. The WAXD patterns were taken with an imaging
the copolymers was determined by thé NMR spectro- plate camera. The temperature dependence of WAXD was
scopy. The relative intensity of thtH NMR signals of obtained by heating the sample in a hot plate, Mettler
C—CH; group and Si—Cklgroup was used to evaluate the FP82HT. The polarized FTIR spectra of the drawn films
composition ratio. The measured ratio of DM to MP units were measured with a Bio-rad FTS 60A-896 FTIR spectro-
(DM/MP) is slightly higher than the feed ratio. If the DM/ photometer, equipped with a wire grid polarizer. Thin films

2. Experimental

2.1. Materials
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spin-cast on the quartz plates were used for the measure- ' ' ' '
ments of UV absorption spectroscopy. The UV spectra at
elevated temperatures were measured using a Shimadzu UV
2500 PC spectrophotometer and a UV cell with a tempera-
ture-controlled furnace. The UV spectra at low temperatures
were obtained using a UV cell, with a small liquid-nitrogen
container and a temperature-controlled heater. The oriented
thin films prepared by rubbing a spin-cast film were charac-
terized by the polarized UV absorption spectroscopy. The
Glan—Thompson polarizing prism was used for the polar-
ization measurements. The fluorescence spectra were
measured with a fluorescence spectrophotometer FP777
(Japan Spectroscopic Co. Ltd).

-«—— Endothermic

0 40 80 120 160

. . Temperature (° C)
3. Results and discussion

Fig. 1. DSC scans of drawn PDeb-MPS: (- - — - — ) first heating process;
3.1. Thermal and mechanical properties (—) second heating process.

Fig. 1 shows DSC curves of drawn films of PDdd-
MPS. The samples exhibit a sharp peak at 80€9and determine the crystal structure of the copolymers owing to
a broad endotherm in the range of 70-A30suggesting  the limited number of reflections. The crystal structures of
that two kinds of structural transitions lie in this tem- the copolymers are considered to be different from those
perature range. On the DSC curves of the first heating Of the homopolymers, because the WAXD peak positions
process, a small peak is observed afGiOThe peak of the copolymer neither agree with the peak positions of
may originate from poorly ordered crystals in the initial PDMS norwith those of PMPS. The result suggests that DM
crystalline texture of the as-drawn film. The sharp peak and MP units co-crystallize in the common crystal lattice
around 86C is intensified in the second heating pro- and that the copolymers have a random sequence distribu-
cess, suggesting a higher crystallinity in the melt-crystal- tion. The equatorial profile for the 63/37 copolymer is simi-
lized film than in the as-drawn film. The DSC curves of lar to that for the 58/42 copolymer, while the meridional
the 58/42 copolymer are similar to those of the 63/37 profile is quite different between the copolymers. A sharp

copolymer. meridional reflection is observed dt= 0.193 nm for the
Dynamic viscoelasticity of the 58/42 copolymer is shown 58/42 copolymer. As the crystal lattice constanof the
in Figs. 2 and 3. A large loss tahpeak is observed at20 ~ copolymer is nearly equal to the value of the homopolymers

to —10°C, suggesting that structural relaxation occurs in this having alltrans conformation [20,21], the conformation of
temperature range. The dynamic storage modulus markedlythe PDM€o-MPS is considered to be alfansin the crystal
decreases with the rise in temperature in the range of this
transition. There is also a sharp drop of dynamic storage
modulus above 6@, corresponding to the transition
observed in the DSC measurements. A small lossétan
shoulder around 4C€ may correspond to the small peak
observed on the first heating DSC curve. The dynamic
storage modulus of isotropic film is 0.28 GPa at ambient
temperature and this value is close to the reported modu-
lus for a film of polyp-pentyln-alkylsilylene) [11]. The
drawn and heat-treated film shows a dynamic storage
modulus 3-7 times higher than that of the as-cast film
in the temperature range studied. The modulus of the
drawn sample is as high as 13.3 GPa—t5C0C, but the 0.001} 4 apé
value is still lower than the crystal modulus (50—-60 GPa) of
PDMS [12].

0.1
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3.2. Structure of drawn films Temperature (-C)

WAXD profiles of drawn films of 58/42 and 63/37 (DM/" iy 5 pynamic viscoelasticity (35 Hz) of the as-cast film of the 58/42

MP) copolymers are shown in Fig. 4. The values of lattice copolymer: ©) dynamic storage modulus{lj dynamic loss modulus;
spacing,d, are summarized in Table 2. It is difficult to () loss tans.



6398 A. Kaito et al. / Polymer 41 (2000) 6395-6402
100 1 Table 2
N WAXD data of the 58/42 copolymer
4 26 (degree) d-Spacing (nm)
—_ | ®0000r,
10} o
g o Crystal phase
- 11.25 0.787 Equatorial
= R 15.8 0.561 Equatorial
;3 n £ o1 24.8 0.359 First-layer
o i N % e 47.2 0.193 Meridional
§  aF A S 2 Mesophase
z w8 B, e o 5 12.0 0.738 Equatorial
AA o >
0.1fF o “’mu% o o
AMAAAA u:% a
Loy % functions are summarized in Table 3. The crystaxis
lines up to the drawing direction (DD) and thekO-axis
0.01

0.01+ : ‘ :
-150 -100 -50 0 50 100
Temperature (°C)

Fig. 3. Dynamic viscoelasticity (35 Hz) of the drawn and annealed sheet of
the 58/42 copolymer (draw ratie 7.5 times, drawing temperatuse70°

C): (O) dynamic storage modulus(Jj dynamic loss modulus;X) loss
tané.

orients perpendicular to DD. The values of orientation func-
tion show that the molecular chains in the crystal phase are
highly oriented.

The polarized FTIR spectra of the 58/42 copolymer are
shown in Fig. 5. The FTIR spectra of the copolymers are
approximately a combination of the spectra of the homo-
polymers in this spectral range. Although the assignment of
FTIR spectra has been extensively studied for PDMS

phase. On the contrary, no meridional reflection is observed homopolymer [22], the assignment of each IR band is not

in the WAXD profile of the 63/37 copolymer. Although the
molecular chains of the 63/37 copolymer pack into the crys-
tal lattice, the periodicity does not form in the direction of
the fibre-axis. The orientation function§,, and f. are
obtained from the azimuthal intensity distribution of the
equatorial reflection(d = 0.787 nm) and the meridional
reflection (d = 0.193 nn), respectively. The orientation
functions,fi andf, represent the degree of crystal orienta-
tion of the hkO- and c-axes, respectively. The orientation
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Fig. 4. WAXD profiles of the drawn film of 58/42 copolymer (upper) and
the 63/37 copolymer (lower): (—) equatorial scan; (- - —- — ) meridional
scan.

established for PMPS and the copolymers. The absorption
band at 1249 cAt can be assigned to the symmetric £H
deformation of the methyl groups directly bonded to the
silicon main-chain [22]. This band gives us information
on the molecular structure of the entire molecular chains,
because it is observed both in the spectra of PDMS and
PMPS homopolymers. The orientation functiof, of
molecular chains is obtained from the dichroic ratio of the
1249 cm * band:

f=[D—D/(D + 2)]X[(Dg + 2/(Dg — 1]
Do=2cof vy

where D is the observed dichroic ratio of the 1249 chn
band andy is the transition moment angle with respect to
the molecular chain axis. The transition moment of theCH
symmetric deformation is parallel to the Si—C bond and is
perpendicular to the chain axiy = 90°). The 1249 cm*
band exhibits a large perpendicular dichroism in the polar-
ized FTIR spectra, suggesting the parallel orientation of
molecular chains in the drawing direction.

As the 1249 cm® band originates from both crystal
and amorphous regions, the orientation function calculated

Table 3
Orientation functions and dynamic storage modulus at ambient temperature

Sample E' (GPa}  fuo(11.3) f. (47.2) fiotal
58/42 (drawn) 1.78 —0.462 0.943 0.630
58/42 (as-cast) 0.283

63/37 (drawn) 1.35 —0.486 0.556
63/37 (as-cast) 0.254

& Dynamic storage modulus at 5,
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Fig. 6 shows the equatorial WAXD profile of the drawn
63/37 copolymer, for which the background scattering is
subtracted from the observed profile. The WAXD profile
for the 58/42 copolymer is similar to that for the 63/37
copolymer, but the drawn film of the 58/42 copolymer frac-
tured above 9. The reflections at 2= 1125 (d =
0.787 nm and 2= 158° (d=0.561nn) decrease in
intensity and a new reflection appears #=212" (d =
o ‘ ‘ = ‘ 0.738 nm with the rise in temperature in the temperature

1600 1500 1400 1300 1200 1100 1000 900 range of 80—9TC. The new reflection originates from the
Wavenumber (cm™1) columnar mesophase, in which the conformation of the
polymer chain is fairly disordered. A sharp DSC peak at
Fig. 5. Polarized FTIR spectra of the drawn 58/42 copolymer: (—) parallel gn_g@C s ascribed to the crystal to columnar mesophase
polarization; (= = =) perpendicular polarization. transition. Fig. 7 shows the temperature dependence of the
WAXD photograph of the drawn 63/37 copolymer. The
from the 1249 cm® band stands for the total orientation molecular orientation is preserved during the crystal-meso-
function of the molecular chains in both phases. The total phase transition but is gradually randomized with the rise in
orientation function is lower than the crystal orientation temperature in the columnar mesophase.
function suggesting that the degree of orientation in the
amorphous phase is lower than that in the crystal phase.3 3 Thermochromism
The dynamic storage modulus at ambient temperature is
shown in Table 3. The dynamic storage modulus of Fig. 8 shows the temperature dependence of the UV spec-
the drawn film is 5.3-6.3 times higher than that for the tra of the 58/42 copolymer in the first and second heating
as-cast film at 2%. The molecular orientation is respons- processes. As-cast film shows an absorption peak at 328 nm,
ible for the increase of modulus. The modulus of the but the peak shifts to 336 nm in the second heating process.
drawn sample of 58/42 copolymer is higher than that for The molecular conformation is basically &l&ns at room
the 63/37 copolymer, and the result is considered to be temperature, but the Si—Si—Si—Si dihedral angle is con-
related to the total orientation function which is higher in sidered to be more close to I8 the melt-crystallized
the former than in the latter. The modulus of the drawn film than in the as-cast film. The analogous results are
sample is as high as 13.3 GPa-at5CC, but the value is  obtained for 63/37 copolymer, which shows a UV absorp-
still lower than the crystal modulus (50—60 GPa) of PDMS. tion peak at 329 nm and at 333 nm, in the first and second
The difference mainly originates from the limited crystal- heating processes, respectively. The UV spectrum changes
linity and the insufficient orientation in the amorphous with temperature exhibiting two isoabsorptive points at 315
phase. and 300 nm both in the first and second heating processes.
This means that the conformational change occurs in two-
. : : steps and that there are three different states of molecular
conformation. It is general in polysilanes that the ordered
conformation with alltrans segment gives rise to light
absorption at longer wavelength than the disordered con-
20°C formation. The first conformation that is stable in the crystal
phase is allransand shows a sharp absorption peak at 328—
336 nm. The conformation is fairly disordered in the colum-
nar mesophase (above °8). The second conformation,
which absorbs at 310—-330 nm, is stable in the temperature
range of 90—12TC. Above 120C, an absorption peak due to
the third conformation is observed around 300 nm. The third
85°C conformation is more disordered with the low&ans
content than the second conformation. A broad DSC
endotherm in the range of 80—I4Dis considered to origin-
ate from the disordering of conformation in the columnar
110°C mesophase.
‘ : Fig. 9 shows the polarized UV spectra of the rubbed film
of the 58/42 copolymer. The absorbance for the parallel
polarization is higher than that for the perpendicular polar-
Fig. 6. Temperature dependence of the equatorial scans of the drawn 63/37zation. As the transition dipole moment in the firsto”
copolymer. transition of polysilanes is parallel to the molecular chain

Absorbance

Intensity
[o2]
o
e}

20 (degree)
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90°C 1ooc 1ere Fig. 9. Polarized UV spectra of the rubbed film of the 58/42 copolymer: (—)
parallel polarization; (- - — - — ) perpendicular polarization.

Fig. 7. Temperature dependence of WAXD pattern of the drawn 63/37
copolymer.
film is extensible in the columnar mesophase, but the maxi-
direction, the molecular chains are oriented parallel to the mum draw ratio significantly decreases with the rise in
rubbing direction. The temperature dependence of thetemperature. The structural changes of the mesophase
dichroic ratio is shown in Fig. 10. The dichroic ratio starts would reduce the extensibility of the copolymer films.
to decrease at 8090, and approaches zero above @20  Although the orientation is almost randomized above
The randomization of the molecular orientation as well as 110°C for the 58/42 copolymer, the oriented structure in
the disordering of the conformation proceeds with the rise in the mesophase remains at 1C¢Cor the 63/37 copolymer.
temperature in the columnar mesophase. The copolymerThe intermolecular interaction stabilizes the oriented struc-
ture in the mesophase more effectively in the 63/37 co-
0.3 . , polymer than in the 58/42 copolymer owing to the lower

content ofn-propyl side-chains.
Fig. 11 shows the temperature dependence of UV spectra
02 in the low temperature range. The as-cast film is cooled to
g —80°C and the UV spectrum is measured in the first heating
C .
g process. The UV spectrum does not change with temper-
s ature, except for the absorbance being lower 86°C than
<041 at higher temperatures. The large tapeak is observed at
—20°C in the dynamic viscoelasticity (Fig. 2). The low-
temperature relaxation does not accompany the confor-
0 mational change of the silicon main-chains. Therefore, the
200 250 300 350 400 large loss tard peak observed at 20 to —10°C would be
Wavelength (nm)
2.4 T T T T T T T T
0.3 e i 1
40°C 22
60°C | ]
© 80°C o 2
20.2 90°C =
8 100°C £ 18 ]
1< 110°C °
8 120°C 216 1
< o 140°C | K3
: 160°C 04t 1
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0 - - i 1t ]
200 250 300 350 400
Wavelength (nm) 0.8 I 1 I L L I 1 1
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Fig. 8. Temperature dependence of the UV spectra of the 58/42 copolymer: Temperature (°C)
(a) first heating process; (b) second heating process; (—=¢;24- — —)
40°C; (—-—-- ) 60C; (- - -) 80°C; (—) 90C; (- - -) 100C; (= - —- - ) Fig. 10. Temperature dependence of dichroic ratio in the rubbed fin: (

110°C; (- - -) 120C; (—) 140C, (- — —) 166C. 58/42 copolymer; £) 63/37 copolymer.
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Fig. 11. Temperature dependence of the UV spectra of the 58/42 copolymerFig. 13. The fluorescence spectrum: (---) spin-cast film (thickness:

in the low temperature region: (- - — - =80°C; (---) —60°C; (— - -)
5°C; (—) 27C.

related to the molecular motion of timepropyl group or to
the glass transition in the disordered phase.

3.4. Effects of structure on fluorescence spectrum

The polarized fluorescence of the drawn film is shown in
Fig. 12. Two emission peaks are observed at 350 and
362 nm. Although the emission peaks at 350 nm is highly
polarized, the degree of polarization is low for the emission

peak at 362 nm. Fig. 13 shows the effects of thickness and
heat treatment on the fluorescence spectrum. Although the

thin spin-cast film shows an emission peak at 348 nm, the
thick annealed film exhibits a peak at 358 nm. Both of them
are observed in the thick as-cast film. The relative intensity
of the two emission peaks seems to be affected by the
crystallization. The highly polarized emission at 350 nm
originates from ther—c* transition of the oriented silicon
main-chains. Although the origin for the 360 nm emission
peak is not clearly known, the low-energy emission site is
considered to be formed in the crystalline texture.

Intensity

380
Wavelength (nm)

340 360 400 420

Fig. 12. The polarized fluorescence spectra of the drawn film of the 58/42
copolymer excited at 330 nm: (—) parallel polarized emission; (- -)
perpendicular polarized emission.

220 nm); (—) as-cast film (thickness: 1%n); (— — —) annealed film
(thickness:15.m).

4., Conclusions

The PDM<€o-MPS film cast from hexane solution were
shown to be drawn to a high elongation (7—8 times) at 70—
90°C, at which the crystal-mesophase transition starts to
occur. The dynamic storage modulus of the drawn and
heat-treated film is 3—7 times higher than that of the as-cast
film in the temperature range studied. The molecular chains
in the crystal phase highly orient to the drawing direction.
The high degree of orientation is responsible for the increase
of modulus. The results of DSC and thermochromism
suggest that two types of structural transitions exist above
80°C. The first transition is the crystal-columnar mesophase
transition, and the second one involves the disordering of
conformation and the randomization of molecular orienta-
tion in the mesophase. The copolymer is extensible only in
the narrow temperature range, in which polymer chains are
mobile enough but the intermolecular interaction stabilizes
the oriented structure so as to transmit the tensile force. The
two emission peaks are observed in the fluorescence spec-
trum. The peak at higher energy is assigned todhe”
transition of the oriented molecular chains, and the low
energy one originates from the other emission site localized
in the crystalline texture.
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