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ABSTRACT: Molecular mechanics techniques were employed to calculate the molecular structure and 
conformational energies of model compounds for poly(phenylmethylsily1ene) [-SiPhMe] and poly(si1astyrene) 
[-SiPhH-SiH2-], in both isotactic and syndiotactic stereochemical forms. The structural and conformational 
energy data provided were used to calculate, by application of rotational isomeric state (RIS) theory, the 
unperturbed chain dimensions, given as the characteristic ratio C, = (r2)o/n12, and ita temperature coefficient 
d(ln C,)/dTK. Both is0 and syn [-SiPhMe-] overwhelmingly prefer the trans, planar zigzag, conformations, 
at the exclusion of the corresponding gauche states. Corresponding Cn=400 values are 274 and 240 for is0 and 
syn [-SiPhMe-1, respectively, the large values being indicative of an essentially fully extended, rodlike chain. 
For I-SiPhH-SiH,-], the is0 form strongly prefers trans states over gauche states while the syn form conversely 
prefers gauche states over trans states. In both cases, the chains favor that conformational state providing 
maximal attractive overlap between the substituent phenyl groups. Values of Cnem are 19 and 79 for the 
is0 and syn [-SiPhH-SiH2-], respectively. Calculated C, values qualitatively agree with experimental values 
published for related polymers. 

Introduction 
Substituted polytorganosilanes) [-SiRR'-] have recently 

become the focus of intense ~cientificl-~ and commercial4 
interest, and synthetic efforts have been successful in ob- 
taining high molecular weight organosilane polymers and 
copolymers containing both alkyl and aryl substit~ents. '*~*~ 

These materials are soluble in common organic solvents 
and can be processed into a variety of shapes, films, and 
fibers. They also exhibit strong UV absorption whose A, 
varies markedly with molecular weight and with the nature 
of the substituents R and R'. These materials are also 
highly radiation sensitive, being easily degraded by UV 
initiators or by heating to high temperatures.'~~ As a 
consequence of these unusual properties, organosilane 
polymers have found commercial applications as UV 
photoresists in photolithography, as radical photoinitiators, 
as impregnating agents for strengthening ceramics, and as 
precursors for silicon carbide fibers. Examples have also 
shown promise as dopable electrical conductors and sem- 
iconductor~.~*~ 

Much of the scientific interest in the polysilanes stems 
from the observation that the position of A,, depends 
strongly on the nature and size of the substituents R and 
R' and on the conformation of the chain backbone.'-4 
Specifically, UV spectroscopic data reveal a marked ba- 
thochromic shift in A, associated with an increase in the 
bulk of the substituents (R, R'). Both experimental and 
theoretical evidence'" attributes this red shift to long- 
range conformational transitions of the silicon backbone 
from sequences of helical or random coil configurations to 
sequences corresponding to planar zigzag, all-trans con- 
formations. The unusual conformational dependence of 
these electronic effects encourages a further theoretical 
analysis of the conformational characteristics of this family 
of polymers. 

In the present study, empirical force-field (molecular 
mechanics) techniques with the inclusion of full geometry 
optimization were employed to calculate the molecular 
structure and conformational energies of model compounds 
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for poly(phenylmethylsily1ene) [-SiPhMe-] and poly(si- 
lastyrene) [-SiPhH-SiHz-]. In each case the calculations 
considered both the isotactic and syndiotactic stereo- 
chemical isomeric forms of the model compounds.' The 
structures considered are illustrated in Figures 1 and 2. 

The structural and conformational energy data thus 
provided were used to calculate, by application of rota- 
tional isomeric state (RIS) theory,8 the unperturbed di- 
mensions (mean-square end-to-end distance) (I-?-)~ and its 
corresponding temperature coefficient d(ln (P)o)/dTK for 
each chain. The results, given in terms of the characteristic 
ratio C, = (r2)0/n12 (where n is the number of skeletal 
bonds each of length l ) ,  can be interpreted in terms of the 
extensibility and conformational flexibility of the chains 
dissolved in a 0 solvent. In addition, the results are com- 
pared with experimental values of C, obtained for a num- 
ber of organopolysilanes from solution light-scattering 
 measurement^.^ 
Methodology 

Energy Calculations. The model compounds used for 
representing the polymer chains in the calculations are 
CH3[-SiPhMe-J5CH3 for [-SiPhMe-] and H[-SiPhH- 
SiH2-I3SiH3 for [-SiPhH-SiH2-], as illustrated in Figures 
1 and 2 in both the is0 and syn forms. Preliminary energy 
calculations on longer sequences gave negligible differences 
in terms of conformational preferences and structural 
parameters. 

The energy calculations were carried out using the MM2 
molecular mechanics programlo with the inclusion of full 
geometry optimization. Force-field parameters used for 
the silicon-related interactions in [-SiPhMe-] were the 
same as described previously,2 while those in [-SiPhH- 
SiH2-] were taken from the MMP2 (1985) parameter set 
of Allinger.'l 

By analogy with previous theoretical studies of other 
p ~ l y s i l a n e s , ~ ~ ~ J ~  molecular structures and relative confor- 
mational energies were calculated as a function of rotation 
about two adjacent, backbone Si-Si bonds within the 
model molecules, described by the torsion angles #1 and 
+a Particular attention was given to conformational states 
in the vicinity of the standard trans (T), gauche-plus (G'), 
and gauche-minus (G-) conformations corresponding to the 
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Figure 1. Ball-and-stick drawings of the isotactic (left) and 
syndiotactic (right) isomeric forms of the model com ounds 

are depicted in their all-trans conformations viewed from atop 
and along the silicon backbone. 

considered in the present study of the [-SiPhMe-] chain. ! Both 

K S i  K S I  

Figure 2. Ball-and-stick drawings of the isotactic (left) and 
syndiotactic (right) isomeric forms of the model compounds 
considered in the present study of the [-SiPhH-SiH2-] chain. 
Both are depicted in their all-trans conformations viewed from 
atop and along the silicon backbone. 

familiar three-state (i.e., T,G+,G-) rotational scheme found 
for the analogous carbon backbone polymers.8 However, 
in all cases full conformational searches were carried out 
to locate other possible local minima. It  is worth noting 
that for these polymers the substituents render the Gf and 
G- states nonequivalent, and this feature, in addition to 
the stereoisomeric (Le., is0 or syn) nature of the corre- 
sponding chain, will dramatically influence the confor- 
mational features of these polymers. Given the three-state 
(T,G+,G-) scheme, the possible rotational states that a pair 
of Si-Si bonds can assume are TT, TG* (G*T), G*G*, and 
G*G'. Hence, results of the MM2 energy calculations are 
presented in terms of the molecular structure and relative 
energies of these discrete states. These conformational 
energies also served as input for the RIS calculations of 
C, and its temperature coefficient.s 

Chain Statistics. With adoption of a three-state ro- 
tational scheme within the RIS theory, values of c, were 
calculated by using standard RIS theory statistical me- 
chanical techniques.8 The corresponding statistical weight 
matrix U, inclusive of both first-order and second-order 
interactions (those interactions depending on rotations 
about one and two skeletal bonds, respectively), is repre- 
sented in general by 

Table I 
Relative Energies E " and Associated Torsion Angles 6 for 
the Is0 and Syn Isomeric Forms of the [-SiPhMe-] Model 

ComDound 
is0 sYn 

E" 6, deg E" 6, deg 
TT 0.0 12.2  0.0 12.9 
TG+ 5.5 116.3 3.8 116.3 

G+G+ 6.2 119.8 5.6 107.3 

G-G+ >lo  b >IO b 

TG- 4.6 -115.6 3.9 -113.5 

G-G- 6.6 -112.2 7.5 -118.8 

" In kcal mol-', taken relative to E = 0.0 kcal mol-' for the TT (6 
= 0") conformation. *No local minimum found. 

Table I1 
Relative Energies E " and Associated Torsion Angles 6 for 

the Is0 and Syn Isomeric Forms of the [-SiPhH-SiH2-] 
Model Compound 

is0 S Y n  

E" 6, den E" 6, den 
T T  0.0 13.0 0.0 h3.5 
TG+ 2.3 120.9 -1.4 107.9 
TG- 1.1 -116.4 -0.67 -101.6 
G+G+ 2.8 121.2 -2.3 120.6 
G-G- 2.8 -121.95 -2.4 -119.8 
G-G+ > l o  +105.2 > 10 +95.2 

"In kcal mol-', taken relative to E = 0.0 kcal mol-' for the TT (6 
= 0") conformation. 

where the statistical weight parameters u, A, J / ,  V,  w ,  and 
w' are obtained as Boltzmann factors for the conforma- 
tional energy associated with that rotational state, e.g., u 
= exp[-E,/RTK], where E, = ETG+ -Em and T K  is the 
temperature in kelvin. Note again that the torsional 
asymmetry with respect to the G+ and G- conformations 
manifests itself with u and X (where EA = ETG- - Em) in 
general assuming different values. The parameters J / ,  $', 
w,  and w' are the second-order parameters .whose values 
are calculated based on changes in the conformational 
energy when the bond preceding the subject bond is in a 
rotational state other than T.8 

Using the MM2 calculated conformational energies to 
evaluate each of the statistical veight parameters in eq 1, 
characteristic ratios C, were then calculated by using RIS 
theory.8 Associated values of the temperature coefficient 
of C, given by d(ln C,)/dTK were obtained in a straight- 
forward fashion by evaluating the slope of the plot of 
RIS-calculated C, values versus temperature near T K  = 
298.15 K. 
Results and Discussion 

Conformational Energy Calculations. Values of the 
MM2 calculated conformational energies and associated 
torsion angles are summarized in Tables I and I1 for the 
is0 and syn forms of the [-SiPhMe-] and [-SiPhH-SiH2-] 
model compounds, respectively. 

On the basis of the results given in Table I, both is0 and 
syn [SiPhMe-] show an overwhelmingly strong preference 
for the trans (planar zigzag) conformation. In fact, given 
their high relative energy, gauche states of any type or in 
any sequence would be virtually excluded a t  room tem- 
perature. This result reflects the influence of the steric 
bulk of the substituents. Steric congestion renders all but 
the all-trans conformation highly unfavorable. As ex- 
pected, GIG' states gave rise to the now-familiar "pentane 
effect"* and, as such, represent extraordinarily repulsive 
conformational energy domains. Thus both the is0 and 
syn [-SiPhMe-] model compounds prefer the TT state 
almost exclusively. 
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Table I11 
Selected Values of the MM2 Geometry-Optimized Bond Lengths" and Bond Anglesb for the Is0 and Syn Forms of the 

[-SiPhMe-] Model Compound 
TT TG+ TG- G+G+ G-G- 

bond lengths" 
Si-Si 2.354 2.357 2.356 2.353 2.354 2.353 2.361 2.353 2.359 2.366 
Si-CMe 1.867 1.868 1.868 1.867 1.867 1.868 1.867 1.867 1.867 1.867 
Si-C, 1.851 1.850 1.849 1.850 1.851 1.849 1.852 1.850 1.852 1.853 

Si-Si-Si 113.9 111.6 117.7 116.6 116.2 116.5 119.7 120.2 120.0 116.2 
Si-Si-CM, 107.8 109.6 106.4 107.6 108.7 107.8 108.4 106.5 107.3 107.6 
Si-Si-CA, 110.2 108.9 109.2 109.7 107.9 107.6 110.6 108.1 108.8 110.9 
CMe-Si-C, 111.2 111.3 111.3 111.6 111.9 111.8 108.9 110.8 109.5 107.5 

bond anglesb 

" In units of angstroms. In units of degrees. 

Table IV 
Selected Values of the MM2 Geometry-Optimized Bond Lengths" and Bond Anglesb for the Is0 and Syn Forms of the 

[-SiPhH-SiHz-] Model Compound 
TT TG+ TG- G+G+ G-G- 

bond lengths" 
Si-Si 
Si-HC 
Si-C, 

bond anglesb 
Si-SiPhH-Si 
Si-SiHz-Si 
Si-Si-CA, 
C,-Si-H 

" In units of angstroms. 

2.340 2.340 
1.490 1.489 
1.877 1.878 

109.3 110.2 
108.6 107.9 
109.0 108.1 
109.2 109.3 

In units of degrees. 

2.341 2.340 2.337 2.342 2.338 2.346 2.337 2.341 
1.489 1.489 1.489 1.489 1.489 1.489 1.489 1.488 
1.877 1.877 1.877 1.878 1.877 1.881 1.876 1.879 

109.1 110.2 111.2 110.1 110.9 107.9 110.9 109.7 
108.4 108.4 110.1 107.6 109.3 109.5 109.8 109.3 
109.5 110.0 108.6 109.8 109.3 108.5 109.6 107.6 
109.4 108.2 108.4 109.4 108.8 108.4 108.4 108.2 

Values of Si-H bond lengths are nearly equal in -SiHz- and -SiPhH- segments. 

The calculated torsion angles are as expected for a highly 
congested molecule. Specifically, the trans conformations 
deviate slightly (ca. 2-5') from the idealized value of 4 = 
Oo. Again, the gauche states are in all cases at least slightly 
less severe (i.e., less twisted) than the idealized 4 = *120°. 

For the [-SiPhH-SiHz-] model compounds, the results 
in Table I1 reveal sharp differences between the is0 and 
syn forms in terms of conformational preferences. In 
particular, the is0 isomer shows a strong preference for T 
states over G states in general and for the TT state in 
particular. This preference for T states is comparably 
smaller than that described above for [-SiPhMe-] since 
in the case of [-SiPhH-SiHz-] we are dealing with a much 
less sterically congested and hence a considerably more 
flexible molecule. In contrast to the is0 form, syn 
[-SiPhH-SiHz-] indicates a strong preference for G states 
in general and the G+G+ over TT by roughly the same 
amount of conformational energy (ca. 2.5 kcal/mol) as the 
is0 form prefers TT over G+G+. 

The reason for this reversal in conformational prefer- 
ences can be traced to the observation that both the is0 
and syn chains appear to prefer conformations in which 
the phenyl substituents are nearly overlapping. For the 
is0 form this situation is achieved in the TT state, while 
for the syn form this occurs more nearly in the alternative 
G states. The phenyl-phenyl interplanar distance is about 
3.8 A for both the is0 form at TT and the syn form at 
G+G+, and this distance represents a near minimum in the 
potential energy for CAr-CAr interactions. Hence, in the 
case of [-SiPhH-SiH,-1, for the is0 form an all-trans, 
planar zigzag conformation is predicted to dominate while 
for the syn form a more helical conformation corresponding 
to sequences of G+G+ and TG+ states is indicated by the 
calculations. 

Considering the calculated torsion angles for [-SiPhH- 
SiH,-1, the TT state is again represented by a pair of 
nearby minimum energy conformations straddling 4 = 0'. 

For the is0 form the gauche minima (except of course the 
highly repulsive G*G' states) are located very near the 
standard 4 = f120° values. For the syn form, G*G* states 
are located very near 4 = 120°, while TG* states are re- 
ceded from this value. 

Calculated Geometrical Parameters. Values of the 
MM2 geometry optimized bond lengths and bond angles 
for each conformational state are given in Tables 111 and 
IV, respectively, for the [-SiPhMe-] and [-SiPhH-SiH,-] 
model compounds. Values of the bond lengths vary only 
slightly with conformation for both systems. Average 
values taken from Tables I11 and IV are 2.35,1.87, and 1.49 
A for the Si-Si, Si-CMe, and Si-H bonds, respectively. For 
Si-CA, bond lengths, the average value is 1.85 8, in Table 
I11 and 1.88 8, in Table IV. This difference is attributable 
to the differences in the Si-related force-field parameters 
used for the [-SiPhMe-I2 (Table 111) and [-SiPhH- 
SiH2-]I1 (Table IV) model compounds. 

Calculated bond angles in general vary with conforma- 
tion more so than do bond lengths due to the "softer" 
nature of their deformation energy functions. This is re- 
flected in Tables I11 and IV where, for instance, the Si- 
Si-Si bond angle ranges from 111.6' to 120.2' for [- 
SiPhMe-I. On the other hand the values listed for [- 
SiPhH-SiH2-] (Table IV) are surprisingly uniform over 
all conformations, with deviations ranging only about 1-2O.  
These smaller deviations reflect the lesser steric congestion 
found in [-SiPhH-SiH2-] relative to [-SiPhMe-1. 

Chain Statistics Calculations. The structural in- 
formation given in Tables I11 and IV for the [-SiPhMe-] 
and [-SiPhH-SiHz-] model compounds, in conjunction 
with the conformational energy and torsion angle data 
given in Tables I and 11, were used to calculate the char- 
acteristic ratio C, for n = 200, 300, and 400 backbone 
bonds. The number 400 would correspond to a chain of 
molecular weight of about 48000 for [-SiPhMe-] and 
27 200 for [-SiPhH-SiH2-1. The associated statistical 
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G+G+G+G+ (noting that the associated G-G-G-G- se- 
quences would be energetically and hence statistically 
much less probable owing to the asymmetry of the sub- 
stituents), thus revealing an inflexible and highly extended 
helical configuration. 

Calculated values of d(ln C,=,)/dT at 25 'C (Table VI) 
are all negative in sign and typically small. The negative 
sign is interpreted to mean that an increase in temperature 
causes conformational transitions from low-energy con- 
formational states of high spatial extension to the alter- 
native high-energy, more conformationally compact, states. 
Thus for each polymer an increase in temperature results 
in a decrease in the dimensions (Le., ( r 2 ) J  of the chains. 
The small magnitude of the d(ln C,,,)/dT values listed 
in Table VI indicates that each polymer shows a strong 
preference for a particular conformational state and hence 
that each is quite inflexible. 

Comparison with Experiment. These calculated C, 
values are qualitatively in agreement with preliminary 
experimental values of Cotts et al.? obtained from dilute 
solution light-scattering measurements. They found a 
value C,,, = 64 f 20 for a probably atactic [-SiPhMe-] 
sample having a weight average of 400 f 75 backbone chain 
atoms. While this experimental value is substantially 
smaller than our calculated values of 240-270, the basic 
picture of a nearly fully extended chain persists. By 
comparison, the C,=, values reported by Cotts et al.? for 
a number of probably atactic dialkyl polysilanes fall in the 
14-30 range. Given these experimental values, the calcu- 
lated values of 19 and 79 obtained, respectively, for is0 and 
syn [-SiPhH-SiH2-] seem rea~onab1e.l~ 
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ABSTRACT A series of pseudo-perfluoroalkyl-substituted polysiloxanes were synthesized and characterized 
by contact-angle measurements and polarization specular reflectance infrared spectroscopy. I t  was found 
that the dispersive surface energies for the siloxanes are comparable to the values found for carbon-based 
polymers such as poly( lH,lH-perfluorooctyl acrylate) and poly( lH,lH-perfluorooctyl methacrylate) and only 
slightly higher than that for adsorbed monolayers of perfluorolauric acid, the substance with the lowest known 
dispersion energy. This result as well as polarization specular reflectance infrared spectra indicates that  the 
side chains in the siloxane polymers are oriented so that the perfluoroalkyl groups are approximately parallel 
to one another and normal to the substrate surface. Also, several of the free polymers have a fibrous appearance, 
and polarized light microscopy shows a high degree of orientation in some of the thicker fibers. However, 
X-ray diffraction does not indicate crystallinity. There is no straightforward variation of dispersive surface 
energy with the length of the perfluoroalkyl side chains in the polysiloxanes as there is in the carbon-based 
materials. 

Introduction 
Low surface energy polymer coatings have many char- 

acteristics that are useful industrially; for example, they 
may be used as mold release coatings in manufacturing 
processes. Poly(tetrafluoroethylene), widely used as a 
“nonstick” coating, has a dispersive surface energy of 18.5 
dyn/cm.’ Monolayers of perfluorolauric acid adsorbed 
onto platinum have an energy of about 10 dyn/cm,2 the 
lowest value known. Various polymeric materials have 
been discovered that have dispersion energies nearly m low 
as that of the perfluoroacid monolayers. These polymers 
generally have a carbon-based backbone and long per- 
fluoroalkyl side chains in a comblike arrangement. Ex- 
tensive studies have been made on the effect of side-chain 
length, crystallizability, and type of backbone3i4 upon the 
dispersion energy of these macromolecules. Less infor- 
mation is available for comb polymers that do not have 
a carbon-based backbone, although there have been a few 
reports on siloxanes.6~6 

We are studying the variation of dispersive surface en- 
ergy as a function of type of polymer backbone and length 
of perfluoroalkyl chain in “comb” polymers. The present 
paper concerns siloxane polymers substituted with pseu- 
do-perfluoroalkyl chains (1). 

C H BC H 2 ( - C, F2 + 1 ) I 
I 

( - s I - 0 In 

CH3 

Experimental Section 
The pseudo-perfluoroallryl-substituted polysiloxanes were made 

by reacting poly(methylhydrosi1oxane) (MW = 2270, Alfa Prod- 

l , x = 3 . 6 , ? . 8 . 1 0  

+ Computer Sciences Corp. * Naval Ocean Systems Center. 

ucts, Danvers, MA) with the appropriate perfluoroalkyl-substi- 
tuted 1-olefin in a modification of a method described by Rim 
et ale7 In this procedure, weighed amounts of the polysiloxane 
starting material, the 1-olefin, and once-distilled toluene were 
added to a three-neck round-bottom flask fitted with a water- 
cooled condensor, an argon-gas purge, and a rubber septum cap. 
The amounts were chosen so that  the olefin was in about 15% 
molar excess over poly(methylhydrosiloxane) and the total volume 
was about 20-30 mL. Argon gas was bubbled through the mixture 
a t  room temperature for 15 min to remove adventitious oxygen. 
The argon gas was then allowed to flow over the reaction mixture 
as i t  was heated to  60 “C and stirred. At this point, 2 mL of a 
solution of about 5 mg of H,PtCI, in ethanol was added quickly 
by syringe to  the reaction mixture. Larger amounts of catalyst 
did not give better results and caused difficulty in purification 
of product. After 3 days of reaction time, the mixture was filtered 
hot through a glass frit, and the toluene and excess olefin were 
distilled from the filtrate under vacuum. The resulting opaque 
white polymers were allowed to air dry for several days to remove 
remaining solvent. The complete absence of the Si-H stretch at 
2171 cm-’ in the IR spectrum of these materials confirmed com- 
plete reaction of the material. 

3,3,4,4,5,5,5-Heptafluoro-l-pentene used in the above synthesis 
was supplied by SCM (Gainesville, FL). The other 1-olefins were 
made by dehydro-iodination of the corresponding l-iodo- 
lH,W,W,W-perfluoroalkanes, which were purchased from SCM 
or made by reacting ethylene gas with a perfluoroalkyl iodide 
obtained from SCM.s 

Glass slides coated with the perfluoroalkyl-substituted poly- 
siloxanes were used for the contact-angle measurements and for 
the FT-IR spectra. Duplicate samples were made for each 
polymer. The polymers were dissolved in mixtures of Freon 113 
and hexane (approximately 1 : l O O  w/w) and brushed onto clean 
glass slides. This process was repeated until coverage was com- 
plete, as judged by visual inspection. Then, slides were placed 
in an oven set a t  60 OC for 24 h. After this time, most of the 
coatings had dried to  a hard, translucent finish. Coating thick- 
nesses are estimated to be about 4 pm, on the basis of the specular 
reflectance IR ~ p e c t r a . ~  

In addition to the samples coated with the perfluoroalkyl- 
substituted siloxanes, two slides were coated with poly(hydr0- 
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