
2348 Russian Chemical Bulletin, Vol. 47. No. 12, December, 1998 

Molecular architecture and conformation of macromolecules 
of novel polysilanes 

L L Tverdokhlebova, ~* L A. Ronova, a V. M. Men'shov, b and IV. V. Pertsova a 

aA. N. Nesmeyanov Institute of Organoelement Compounds, Russian Academy of Sciences, 
28 ul. Vavilova, 117813 Moscow, Russian Federation. 
Fax: +7 (095) 135 5085. E-maih ron@pmc.ineos.as.m 

ON. D. Zelinslcy Institute of Organic Chemistry, Russian Academy of Sciences, 
47 Leninsky prosp., 117913 Moscow, Russian Federation. 

Fax: +7 (095) 135 5328 

Molecular-weight parameters of new silane homo- and copolymers were analyzed. For 
all polymers, the Mw values are close ((6.0--8.6)-104), the curves of molecular weight 
distribution are unimodal, and M.JM, = 2--2.5. Cyclic fragments or those containing the 
- -C=C - groups make the major contribution to the polysilane chain rigidity. 
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Polysilanes (PSL) are of  great interest for both science 
and technology since they are highly sensitive to light and 
can be used as resists in photomicrography.  I -3  In addi- 
tion, they are widely used as precursors of  the SiC ceram- 
ics. 4,5 A number  o f  works 6.7 are dedicated to the investi- 
gation of  the effect o f  the molecular-weight  parameters of  
PSL on their physicochemieal  properties; however, the 
role of  conformation,  shape, and size of  the macromol-  
ecules has been little studied, s,9 At the same time, the 
rigidity of  the macromotecule  chain, which depends on 
the chemical  structure of  the polymer  unit and especially 
on that of  the copolymer  unit (molecular  architecture), 
must to a great extent determine many physical properties 
of  the polymeric material and, in particular, affect optical 
characteristics important  for lithographic processes. 

In this work, we per formed conformat ional  calcula-  
t ions  and syn thes i zed  several  PSL  con t a in ing  the  
- - M e 2 S i - - C 6 H 4 - - S i M e  2 -  fragment c o m m o n  to all struc- 
tural units and various fragments of  different chemica l  
s tructure (Table 1). Conformat iona l  parameters  were 
calculated using the Monte  Car lo  method.  The  calcula-  
tions for homopo lymers  were carried out assuming free 
rotation about virtual bonds fol lowing the known proce-  
dure,  to and those for copolymers  were carried out by the 
same method assuming that the probability of  the addi-  
t ion of  a part icular  unit is proport ional  to its mole  
fraction in the copolymerf l  t 

Experimental 

Homopolymers ! and 7 (see Table I) were synthesized by 
polycondensation lz and polyaddition 13 reactions for the first 
time. The copolymers listed in Table 2 were synthesized from 

dichtorosilanes following tile known procedure, tz The mo- 
lecular-weight characteristics of homo-  and copolymers were 
determined by GPC on a Bruker LC-21 instrument. The 
curves of the change in weight fraction with increase in the 
molecular weight were recorded in toluene. The viscosities of 
homo- and copolymers synthesized were measured on an 
Ubbelohde viscosimeter in toluene at 25 ~ and that of 
homopolymer 7 was measured at different temperatures (at 
20, 25, 30, and 50 *C). 

Table l. Conformational parameters of homopoiymers at free 
rotation 

Homo- Structural unit 10 Afre c 
poly- 
mer /~ 

1 - -  Me 'aS i ' - - -~k , , . j )F  Si Me.2-- 7.67 11.8 

2 -MezSi - -CH2--S iMe 2 -  5.05 5.3 
3 --Me2Si--CH2--CH2--SiMe 2 -  6.35 5.1 
4 --Me2Si--C~C--SiMe 2 -  6.15 9.6 

H,-,C "CH., 
5 ~1 I " LOt  7.7 

Ph~Si.... , .  Si~'Ph 
Me 0 Me 

, ,.93 

Me ~ Me Me Me 
I / / ' - ~ \  I I I 

7 --Si- -~ ( } )'--- ,Si--(CH2}2---Si~ .Si-- ( CH2 }2-- [ 1.6 
I ~ _ _ _ _ J  t I I 
Me Me Me Me 

5.9 

6.9 

Translated from lzvestiyo Akademii Nauk. Seriya Khimicheskaya, No. 12, pp. 2430--2433, December. 1998. 
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Table 2. Conformational parameters of copolymcr's at free 
rotation 

Copo- Copolymer Chain fragment /el Afrce 

lymer unit 

1 I - 2  --CH 2 -  6.81 9.9 
1I i--3 --(CH2) ? -  7.23 9.7 
1II I--4 - -C;C- -  7.17 10.9 

H2C" "CH9 IV 1--5 I I " 5.78 11.4 
Ph~SL.....Si~ Ph 
Me 0 Me 

Results and Discussion 

The structural units, contour lengths of the units (10), 
and values of the Kuhn segments calculated assuming 
free rotation (After) for homopolymers are given in 
Table I. From Table 1 it follows that the conforma- 
tional flexibility of polymer 7 is higher than that of 
polymer 1. A gradual change in the structural unit of 
polymer 1 due to introduction of fragments containing 
an sp3-hybridized C atom, such as - -CH 2 -  or 
--(CH2) 2 -  groups, results in an increase in the chain 
flexibility: the Kuhn segment Afre~ becomes halved. At 
the same time, rigid fragments, such as --C-=C-- and the 
cyclic fragment sharing one of its Si atoms with the 
chain, decrease its rigidity to a lesser extent. 

Conformational parameters for statistical copolymers 
composed of two types of units, a unit of homopolymer 
1 and a unit of one of the other homopolymers, are 
given in Table 2. The ratio of the components in all 
copolymers was the same (2 : 1). The data in Table 2 
confirm the dependence of the chain rigidity on the unit 

Table 3. Experimental values of molecular and conforma- 
tional parameters of copolymers 

Copo- M~ M~,IM n M.p. In] A~,,p ,~" 
lymer /~ /dL g-I /;~ 

1 6150 2.4 73 0.062 11.8 1.2 
II 8600 2.3 60 . . . .  
I!I 8570 2.5 67 0.078 11.6 1 l 
IV 6200 2.0 86 0.600 16.2 1.4 

architecture found for homopolymers: the introduction 
of flexible fragments (copolymers I and II) causes a 
decrease in the chain rigidity, whereas the introduction 
of rigid fragments (copolymers III  and IV) causes an 
increase in the chain rigidity; moreover, it appears to be 
sensitive to the fraction of these fragments in the chain. 

The calculations were performed assuming free rota- 
tion. It was of interest to test the validity of the regulari- 
ties established for actual polymers. To this end, we 
synthesized the homopolymers whose structural units 
are given in Table l. 

For all copolymers, the M,  values are small and 
close to each other (Table 3). The curves of the molecu- 
lar weight distribution (MWD) are unimodal (Fig. I, 
curve /) and the Mw/M n ratios are approximately equal 
to 2 (see Table 3), which corresponds to the most 
probable distribution. This suggests a possible polycon- 
densation mechanism of the formation of macromol- 
ecules of the copolymers. 

Analysis of the molecular parameters of homopoly- 
mer 1 (M,,, = 6580; M,~/M n = 2.5, [rl] = 0.08 dE g--t 
and unimodal MWD curves) showed that their values 
are close to those of copolymers. A small peak in the 
high-molecular region is observed (see Fig. l, curve 6) 

t \ 

M %\ 
5.23 4.17 3.38 2.78 

w i 

5.47 4.37 3.54 2.91 togM 

Fig. i. Curves of the molecular weight distribution for homopolymers l and 7 (curves 1 and 6, respectively) and copolymers r--IV 
(curves 2--5, respectively). 
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Fig. 2. a. Dependences of the Huggins constant (KH) (1) and 
viscosity ([rl]) (2) of homopolymer 7 on the temperature of 
toluene sohltion, b. Dependence of viscosity ([q]) on the 
concentration of the solution of homopolymer 7 in toluene at 
20 (I), 25 (2), 30 (3), and 50 (4) ~ 

for homopolymer 7 (see Table 1), which might be asso- 
ciated with the higher molecular weight Mw = 12000, 
an Mw/M n ratio of 4, and [ql = 0.425 dL g-t .  

The obtained experimental data on the molecular 
weights and viscosities for homo- and copolymers made 
it possible to compare the behavior of macromolecules 
in solution and to estimate the values of conformational 
(Aex p and cs 2 = hexp/Afree ) and thermodynamic (the 
Huggins constant KH) parameters of the polymeric sys- 
tems studied. 

It is noteworthy that the curves of the dependences 
of [q] and K H on temperature for solution of homopoly- 
mer 7 in toluene have extrema, which indicates confor- 
mational transitions (see Fig. 2, a). This is characteris- 
tic of the trans-conformation of the chain (a helical 
conformation confirmed for PSL chains by several au- 
thors and in our previous work s taking a silane copoly- 
met as an example). For the PSL studied, the depen- 
dence of change in the reduced viscosity on the concen- 

Table 4. Calculated values of helix width (b) of macromol- 
ecules of polymers 

Poly- M 0 n 2 b 
mer /A 

Copotymers 

I 760 64 2.35 
I1 774 121 -- 
III 770 64 2.3 
IV 818 I00 2.3 

Homopolymers 

1 315 490 1.2 
2 364 1090 1.6 

tration at high temperature (50 ~ appeared to be 
nonlinear (see Fig. 2, b). This can be explained by 
unwinding of the helix at high dilution. 

Taking into account this fact and considering, by 
convention, homo- and copolymers as semirigid chains, 
it is possible to calculate the helix width (b) using the 
procedure described previously: 13 

= ([q] 16Molnnl 1/] 
b t ) ' 

where n is the number of monomeric  units and N A is the 
Avogadro constant. As can be seen from the data in 
Table 4, the helix widths of all copolymers are almost 
equal (~2.3 A) and are larger than those of homopoly- 
m e r s .  

Taking into account that the values of the molecular 
weights, viscosities, and helix widths of the copolymers 
studied are close to each other and that their MWD are 
unimodal, and the Mw/M a ratios are small and approxi- 
mately equal, it was reasonable to make a comparative 
estimation of conformational parameters of the copoly- 
mers based on the values of the characteristic viscosity 
[ql in toluene at 25 ~ and M~. 

According to the Stockmayer--Fixman equation, 14 

[-qliM 1/2 = 00(h02/M) 3/2 + 0.51BM I/2, 

where *0 is the Flory coefficient, h02 is the size of the 
macromolecule, B is the long-range action parameter, 
the quantity [rl]/M t/2 is proportional to KH, and 

I[ql ~ t / 2  1213 
ho2/M = . . 

In turn, we have for the Kuhn segment Aex p = 
(ho2/M)ML, where Mr. = Mo//o. From the data in Table 3 
it can be seen that the A~x p values for the three copoly- 
mers studied are nearly equal and that the hindered 
rotation parameter (cr) is small (cr 2 = 1), which is ctlarac- 
teristic of PSL with the trans-conformation of the chain. 

Thus, our investigation of the effect of architecture 
oil the conformation of the maaromolecule carried out 
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asst, ming its free rotation (with no substituents, Afrr162 ) 
and under actual conditions (in toluene solution, Aexp) 
showed that the rigidity of macromolecules increases 
upon introduction of cyclic fragments both into the 
main chain and as side substituents and decreases appre- 
ciably if the - -CH 2 -  and --(CH~) 2 -  groups are present 
in the main chain. It was established that the chain 
rigidity of silane copolymers can be either increased or 
decreased by successively changing the structure of the 
unit by introducing fragments of different rigidity into 
the main chain. The Kuhn segment calculated assuming 
free rotation can be used as a criterion for evaluation of 
the chain rigidity. 

The attthors express their gratitude to T. A. Pryakhina 
and A. I. Chernyavsky for submitting polymer samples. 

References 

I . G . M .  Watlraff, R. D. Miller, N. Clecak, and M. Baler, 
Adv. Resist. Techn. and Proc., 1991, 1466, 211. 

2. W. Loong and T. Wang, Microelectronic Engineering, 1992, 
18, 207. 

3. T. Ogawa, A. Yamaguchi, T. Soga, H. Tachibana, 
M. Matsumoto, H. Oizumi, and E. Takeda, Japan Z Appl. 
Phys., 1994, 33, No. 3A, 1577. 

4. S. Yajima, Y. Hasegawa, N. Hayashi, and M. limum, 
J. Mater Sci., 1978, 13, 2569. 

5. D. Seyferth and H. Lang, Appl. Ovganomet. Chem., 199l, 
5, 463. 

6. R. D. Miller, G. M. Wallraff, M. Bail D. Thompson, 
F. C. De Schryver, and D. Declerg, Polym. Prepr., 1991. 
32, No. 1, 433. 

7. R. D. Miller and R. Sooriykumarah, Macromolecules, 1990, 
21, 3120, 

8. I. I. Tverdokhlebova, V. G. Babaev, Ya. V. Genin, E. E. 
Said-Galiev, S. A. Bashkirova, V. V. Ivanov, and O. I. 
Sutkevich, Vysokomol. Soedin., t994, 36A, 1473 [Polym. 
Sci., 1994, 36A, No. 9 (Engl. Transl.)]. 

9. T. A. Ladna, E. E. Said-Galley, I. I. Tverdokhlebova, V. V. 
Men 'shov, S. A. Bashkirova, and V. V. lvanov, VysokomoL 
Soedin., 1995, 37A, 589 {Polym. Sci., 1995, 37A, No. 4 
(Engl. Transl.)]. 

t0. S. S. A. Pavlova, I. A. Ronova, G. I. Timofeeva, and L. V. 
Dubrovina, J. Polym. Sci., Polyra. Phys. Ed., [993, 31, 
1725. 

I1. I. A. Ronova and I. I. Ponomarev, VysokomoL Soedin., 
1995, 37A, 792 [Polym. Sci., 1995, 37A (Engl. Transl.)l. 

12. I. I. Tverdokhlebova, V. V. Ivanov, S. A. Bashkirova, 
E. A. Chemyshev, V. V. Men'shov, and O. I. Sutkevich, 
Vysokomol. Soedin., 1994, 36A, 1424 [Polym. Sci., 1994, 
36A, No. 9 (Engl. Transl.)]. 

13.1. 1. Tverdokhlebova, D. V. Kuznetsov, N. V. Pertsova, 
V. M. Kotov, T. A. Pryakhina, and T. P. Bragina, 
VysokomoL Soedin., 1993, 35A, 1278 [Polym. Sci., 1993, 
35A, No. 8 (Engl. Transl.)]. 
W. H. Stockmayer and M. Fixman, J. Polym. Sci., 1963, 1, 
137. 

14. 

Received February 11, 1998, 
in revised form March 20, 1998 


