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ABSTRACT: Torsional potential curves for simple infinite polysilane derivatives are calculated by vari- 
ous ab initio and semiempirical crystal orbital methods. The comparison includes polysilane, poly(diflu0- 
rosilane), poly(methylsilane), poly(dimethylsilane), and poly(diethylsi1ane) and the two simplest carbon 
analogues polyethylene and poly(tetrafluoroethy1ene) as well as polygermane. Generally, the potential curves 
are more flat going from the carbon compounds to the silicon compounds. For polysilane the all-trans con- 
formation is comparable or less stable in energy than the gauche conformation. The addition of bulkier 
side groups locks in the all-trans conformation relative to the gauche conformation. Connection of ener- 
getic with the thermochromic properties of polysilanes is discussed. A vibrational analysis and the corre- 
sponding phonon dispersion curves of polysilane with both all-trans and helical conformations are given 
for the first time. 

High molecular weight silane polymers2 are of inter- 
est due to their spectroscopic and semiconducting 
proper tie^,^ not to speak of their potentially valuable prac- 
tical  application^.^ Progress in their research has reached 
the stage that fundamental structural issues are being 
r a i ~ e d . ~ - ~  Empirical force field calculations have been 
applied to  model systems of polysilane such as  
H-(SiH&-H and poly(dimethy1silane) [Me-(SiMen),- 
Me]5a (n  up to 5 )  and to phenyl deri~atives.~b The ener- 
getics of various conformers of the simple finite clusters 
of polysilane with n = 2-5 has been extensively studied 
with ab initio methods by Ortiz and Mintmire.6 The ener- 
getics of an infinite polysilane has been calculated also 
with ab initio methods by Teramae and Takeda7a and 
with semiempirical quantum chemistry by two of the 
present authors.7b 

In this paper we present our comparative studies of 
simple substituted polysilanes with substituents such as 
fluorine, methyl, and ethyl. We also compare our calcu- 
lations with similar ones on corresponding carbon main 
chain polymers. Our calculations are based on an array 
of quantum chemical methods including various basis set 
ab initio work and semiempirical geometry optimiza- 
tions. We also investigate the importance of full-geom- 
etry optimizations, which turns out to be less significant 
for the silicon compounds than for the carbon chains due 
to the fact that their potential curves are more flat. In 
our studies we will not devote too much room to other 
aspects of the microscopic calcu1ationss.Q but we will make 
some comments on the vibrational properties of polysi- 
lane and on the HOMO-LUMO gap which plays an impor- 
t an t  role in the  now famous thermochromism of 
polysilanes.1° 

Methods 
In all calculations a screw axis of symmetry has been 

taken into account. Calculations for polymers using trans- 
lational symmetry and the "crystal orbitals" based on this 
symmetry are widespread." In the presence of a screw 
axis of symmetry, the translation is accompanied by a 
rotation by the helical angle, 8, as shown in Figure 1. If 
the basis set orbitals are rotated together with the atoms 
they are associated with, the crystal orbitals resulting from 
this symmetry can be handled with straightforward mod- 
ifications of the corresponding computer code.'bJlb Con- 
cerning the semiempirical calculations, more details have 
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Figure 1. Atoms in a polymer with a screw axis of symmetry 
that is parallel to the z axis. 6' is the helical angle, and $J is the 
dihedral angle of the consecutive bonds along the main chain 
of the polymer. Side groups can be attached to any atom: these 
are not shown for clarity. 

been given recently.7b As to the ab initio calculations, 
the calculational procedures follow those of ref l l a .  The 
basis sets and parameterizations are identified in the cor- 
responding tables. AM112d is a version of the MNDO 
(modified neglect of diatomic overlaps12a) semiempirical 
Hamiltonian. 

Because the AM1 approach underestimates the rota- 
tional barrier around the single bonds although the con- 
formation can be correctly predicted, a comparison of 
the results of the AM1 and ab initio calculations appears 
more appropriate in dealing with the rotation barriers. 
Such comparison is made frequently throughout this paper. 

In what follows we first discuss the results of groups 
of systems and make overall comparison at  the end. 

The methodological aspects of the vibrational analy- 
sis will be given in the last section. 

Polysilane and Polyethylene 
In Table I we have summarized the optimized geome- 

tries of the all-trans conformation (8 = 180') of polysi- 
lane using three different basis sets (MIDI-1, MIDI-1*, 
and 3-21G*) and the AM1 crystal orbital method. For 
comparison, we have included Ortiz and Mintmire's 3-21G* 
results from an Si5H12 cluster, Mintmire's ab initio local 
density functional results for the infinite chain, and the 
double-c (DZ) results of Teramae and Takeda.'" Table 
I1 summarizes the available geometrical data of the opti- 
mized gauche conformation of (SiHz),. Some of the larger 
basis set calculations are missing from this table, because 
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Table I 
Optimized Geometrical Parameters* of all-trans-Polysilane Using Different Crystal Orbital Methods 

~~ ~~ 

3-21G* 
MIDI-1' MIDI-l*C 3-21*d AMle DZr (cluster)# 

rSi-Si 2.383 2.372 2.344 2.395 2.382 2.347 
rSi-H 1.487 1.491 1.481 1.471 1.485 1.481 
LSiSiSi 112.4 112.1 111.9 107.4 112.4 112.2 
LHSiH 107.8 107.5 108.0 109.31 107.8 107.4 

a Bond distances in angstroms (1 k, = 10-lO m), angles in degrees. All data correspond to fully optimized geometry unless noted other- 
See ref 13c. e See refs 12 and 7b. f See ref 7a; DZ = double-r basis set. 8 Based on the middle part of an wise. ' See ref 13a. = See ref 13b. 

Si6HL2 cluster.6a 

Table I1 
Optimized Geometrical Parametera. for the Gauche 

Conformation of Polysilane Using Different Methods 

MIDI-1' AMIC 3-21G*(cluster)d 
rsi-si 2.383 2.390 2.346 
Qi-H 1.487e 1.475 1.481 
LSiSiSi 111.1 107.9 110.5 
LHSiH 107.Be 108.6 
Of 96.8 83.9 
d 73.9 46.3 73.5 

a See a in Table I. See b in Table I. c See ref 12d for parame- 
ters and ref 7b for method of calculation. d Taken from ref 6a (data 
of SiaHlz). e Optimized only at 0 = 180° (all-trans conformation). 
f 0  is the helical (or screw) angle, and @ is the SiSiSiSi dihedral 
angle (see Figure 1). 
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Figure  2. Torsional potential of polysilane using (a) fully opti- 
mized AM1 crystal orbital calculation and (b) rigid rotor MIDI-1 
crystal orbital calculation (geometry optimized at 0 = 180"). 
a t  smaller helical angles the structure becomes more com- 
pact; i.e., the helix coils back and atoms far along the 
main chain come in close contact. This necessitates the 
inclusion of many more neighbors in the calculations (eas- 
ily up to 15), and the computation becomes prohibi- 
tively expensive with the present version of the ab initio 
program. However, as we shall see shortly, due to the 
large variety of data available, we can estimate the results 
of these calculations well. In Figure 2 we show the energy 
per chemical repeat unit of the polymer as a function of 
the helical angle. (For ab initio calculations the energy 
relative to the most stable conformation is given; for 
MNDO or AM1, the heat of formation is given.) Such 
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Figure 3. Torsional potential of polyethylene: (a) fully opti- 
mized AM1; (b) fully optimized STO-3G (after ref l lb) ;  (c) rigid 
rotor (7,3/3) (after ref I lb) .  
torsional potentials can be produced in essentially two 
major variants: either all bond distances, bond angles, 
and dihedral angles are optimized for each value of 8 (fully 
optimized calculation) or all such geometrical parame- 
ters are kept fixed except those dihedral angles that deter- 
mine the helix along the main chain of the polymer ("rigid 
rotor" (RR) calculation). Partial optimizations, of course, 
are also practical and may yield results close to the fully 
optimized ones, once it has become clear which geomet- 
rical parameters couple mostly to the torsional deforma- 
tion. As a comparison, the torsional potential curves of 
polyethylene calculated by the AM1 semiempirical method 
and ab initio approach a t  the STO-3G and (7,3/3) level 
are presented in Figure 3. The rotation barrier by the 
AM1 approach is underestimated by ca. 2 kcal/mol. 
Poly(difluorosi1ane) [ (SiF2)J and 
Poly(tetrafluoroethy1ene) [(CFz),] 

Although from a chemical point of view these two sys- 
tems are much more ionic than the parent compounds, 
they seemed to be the next logical pair in the series of 
substituted derivatives to investigate. Due to the increased 
size and ionicity of the side group, significant changes 
occur in the relative energetics of the trans and gauche 
conformations. Figure 4 shows the rigid rotor torsional 
potential curve for (SiF& and the fully optimized AM1 
curve. In Figure 5 similar data plus fully optimized MIDI-1 
points are given for the carbon analogue, (CFz),. The 
geometrical data corresponding to the two local minima 
are summarized in Table 111. While there is good agree- 
ment between the two conformations for the carbon com- 
pound, significant differences occur for the silicon com- 
pound. 

It  is a well-known feature of the torsional potential 
curve of (CF& that one of the minima is at 8 < MOO, 
not at 8 = 18Oo.l4 All our quantum chemical calcula- 
tions agree with this empirical finding, as did the RR 
calculation of Otto et al.15916 It  is tempting to blame the 
larger size of the fluorine relative to the hydrogen on this 
shift, but the situation is more complex: the C-C bond 
distance actually shrinks by ca. 0.02 A a t  the MIDI-1 
level, in agreement with general experimental trends.1° 
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Figure 4. Torsional potential of poly(difluorosi1ane) [ (SiF&]: 
(a) fully optimized AMl; (b) rigid rotor MIDI-1 geometry opti- 
mized at 0 = 180'. 

It has been suggested in the early literature that the 
torsional potential of (CFZ)~ ought to have three mini- 
ma: one close to the all-trans conformation (@ = 165- 
170') and two gauche conformations (4 = 120" and @ = 
60'). As mentioned before, calculations at  the ab initio 
level are difficult around 8 = 60'. Since the torsional 
potentials as a function of the helical angle 8 are some- 
what compressed around 8 = 60' (which corresponds to 
@ = O'),  the third minimum does not fully show on the 
STO-3G fully optimized torsional potential curve of (CF3,, 
although it is clearly present, since the energy is very 
high a t  8 = 60' by definition. In the larger MIDI-1 basis 
set the third minimum cannot be located, because the 
calculation does not converge below 8 = 90'. 

The corresponding AM1 potential qualitatively agrees 
with the ab initio and the empirical results. Two min- 
ima are around 8 = 170' and llOo, and a third shallow 
minimum is a t  85'. The barrier between the first two 
minima is -2.5 kcal/mol, and the minima are close in 
energy. The fully optimized ab initio barrier is ca. 2 times 
higher. The third minimum cannot be compared with 
the ab initio result (we have no fully optimized data for 
it, for the reason mentioned above). Indications are, how- 
ever, that the AM1 result for this minimum is reason- 
able as to both its location and relative energy. 

The results for (SiF2)x parallel those for (CFZ), as to  
the location and relative heights of the minima. Here, 
only part of the RR ab initio curve is available using the 
MIDI-1 basis set, with the geometry optimized only at  8 
= 180'. The third minimum could not be studied, because 
of the convergence troubles mentioned before. The AM1 
results show three minima around 0 = 170°, 115', and 
90'. The barrier between the first two is reduced rela- 
tive to polyethylene to <1 kcal/mol. 

Poly(methylsilane), Poly(dimethylsilane), and 
Poly(diethylsi1ane) 

For the rest of the compounds with larger side groups 
only fully optimized AM1 crystal orbital results are avail- 
able. 
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Figure 5. Torsional potential of poly(tetrafluoroethy1ene): (a) 
fully optimized AM1; (b) STO-3G [(- - -) rigid rotor (RR); (-) 
fully optimized]; (c )  rigid rotor MIDI-1 (geometry optimized at 
6' = 180'). 

The corresponding torsional potentials are given in Fig- 
ure 6. The following trend can be observed relative to 
polysilane. With the growing size and growing number 
of side groups, (a) the all-trans conformation becomes 
more stable than the gauche conformation and (b) the 
barrier separating the two conformations is also substan- 
tially increasing. Both changes amount to locking in the 
trans conformation more and more as the size and num- 
ber of side groups increase. The trend with fluorine sub- 
stitution is quite similar. This effect of locking in one 
structure is primarily due to the steric hindrances of the 
side groups, which make the chain stiffer as they "crowd" 
along the main chain. Others, e.g., Welsh et  alesb and 
D a m e ~ o o d , ~ ~  have also noted this effect. 

Comments on Thermochromism 
Thermochromism of polysilanes has been attributed 

to conformational changes of the polymer backbone. As 
the temperature is raised, random deviations will occur 
from the lowest energy configuration, be it around the 
planar all-trans or the helical gauche. However, thermo- 
chromism is more readily compatible with the planar 
ground state than with a gauche, for the following rea- 
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Table 111 
Optimized Geometrical Parameters. for the Near-All-Trans and the Lowest Gauche Conformations of (CFz)= and (SiFz), 

(CFz), (X = C) (SiF2)= (X = Si) 
AM1 AM1 

MIDI-1' MIDI-1 
rx-x 1.527b 1.611' 1.615d 2.31gb 2.590' 2.596d 
rX-F 1.364b 1.36F 1.368d 1.63Zb 1.623' 1.623d 
LXXX 115.7b 11o.oc 112.ld 10'7.6' 99.8' 99.ld 
fFXF 110.3b 104.3c 103.6d 123.1' 103& 103.4d 
L n .  170 175 160 168 
epauche 109 110 100 118 

See note a in Table I. Optimized only at 0 = 180' (all trans). Value given corresponds to the optimized all-trans conformation. Value 
given corresponds to the optimized all-gauche conformation. 
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Figure 6. Torsional potential of alkyl-substituted polysilanes 
by the fully optimized AM1 method: (a) poly(methylsi1ane); 
(b) poly(dimethylsi1ane); (c) poly(diethylsi1ane). 
sons. First, let us look a t  the variation of the energy gap, 
EB, as a function of 0 (Figure 7). For this purpose, extend- 
ed-Huckel theory (EHT) results are given, since these 
are much more reasonable than either the ab initio or 
the MNDO (AM1) results.7b (The following EHT param- 
eters of Si were used: exponents of s, p, and d orbitals 
are 1.63,1.43, and 1.383, respectively, and ionization ener- 
gies of the corresponding orbitals are -17.3, -9.20, and 
-3.0. For carbon and hydrogen standard parameters are 
used.7b) The increase of the gap relative to its minimum 
at the all-trans configuration is obviously due to the loss 
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Figure 7. Energy gap (E,) of (a) polysilane (-) and (b) poly- 
(dimethylsilane) (- - -) as a function of the helical angle 0 (EHT 
calculation, based on the AM1 optimized geometry). 

of u-conjugation, similarly to the case of p01ythiophene.l~ 
As the temperature is raised, the neighboring units move 
away from their energetically optimal position in a ran- 
dom fashion. Therefore, the screw axis of symmetry is 
lost, and our calculations cannot be directly applied to 
such a situation. However, assuming a rough additivity 
of the total energy, we may comment on what to expect 
upon raising the temperature. A distribution of 6 values 
is expected. Small deviations from the 6 = 180' values 
would result in a broadening of the absorption and an 
accompanying shift. The order of magnitude of this shift 
can be estimated by using a Boltzmann distribution of 0 
values in connection with the E(0)  curve. Thus, for 
instance, for poly(dimethylsilane), a t  room temperature 
0 values between 180' and 150' would be strongly occu- 
pied. Looking a t  the E, vs 8 curve on Figure 7, we would 
expect a distribution of E, values between 3.1 and 3.5 
eV as opposed to a single E, value at very low tempera- 
tures at 3.1 eV. This shift is too small to account for the 
experimentally observed blue-shift values ( N 0.5-0.7 eV). 
Another problem with this model is that it predicts a 
smooth shift without a sharp transition. The direction 
of the shift agrees with the experiments. 

Another alternative is that a melting of the side groups 
allows 0 values to deviate more significantly from the 0 
= 180' region up to the region of 0 = 110-90' (gauche 
conformation). Such conformations, using Figure 7 for 
estimating the gap shift, would amount to a shift of 1.0- 
1.4 eV. The same calculated shifts for the dimethyl com- 
pound are even smaller: 0.9-1.2 eV. This agrees better 
with the observed sharp transition and shift. Also, we 
must stress again that the E,(O) curve is based on an ide- 
alized uninterrupted perfect helix and yields therefore 
an upper estimate of the shift. 

Let us make a comment on polygermane, whose MNDO 
torsional potential is shown in Figure 8. As expected by 
simple size arguments, this displays the flattest curve out 
of the three hydrides considered and amounts to practi- 
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Table V 
Comparison of Selected Force Constants (FC) for (SiHt), 

from AM1 Calculations on Si7H16 with the Available 
Experimental Data 

IS@ 1603 140? 1203 100" SO' 6d 

Helical Angle 

Figure 8. Fully optimized torsional potential of (GeH& using 
the MNDO parametrization. 

Table IV 
Comparison of Experimental and Calculated Vibrational 

Frequencies (cm-l) with Force Constant Scaling for SilHs 
frequency 

exptl" calcdb error 
379 415.5 -36.5 
379 415.5 -36.5 
432 431.6 0.4 
628 592.6 35.4 
628 592.6 35.4 
844 874.8 -30.8 
920 893.8 26.2 
940 940.3 -0.3 
940 940.4 -0.4 
94 1 943.9 -2.9 
94 1 944.0 -3.0 

2154 2168.1 -14.1 
2155 2168.1 -13.1 
2155 2168.4 -13.4 
2163 2168.4 -5.4 
2179 2171.4 7.6 
2179 2175.6 3.4 

Reference 20a. Calculated frequency based on scaled force con- 
stants (AM1). 

cally free rotation a t  room temperature from the all- 
trans to the all-gauche conformation. We have also car- 
ried out an AM1 calculation on polygermane, which dis- 
plays also a flat potential, although the relative stability 
of the trans and gauche conformations is reversed. 

Vibrational Analysis of Polysilane 
As a byproduct of our energy minimizations, we also 

obtained force constants for the silicon polymers in ques- 
tion. However, the process to obtain vibrational frequen- 
cies from these data presents three problems. One dif- 
ficulty is the well-known fact that force constants from 
quantum chemical calculations have to be empirically 
scaled.'8 Second, the force constants emanating from 
quantum chemical calculations based on crystal orbit- 
als, such as the ones described in the previous parts of 
this paper, are based on strict translational symmetry 
and therefore correspond to "frozen phonons"1g* at  k = 
0. Therefore, only a fixed linear combination of the force 
constants can be obtained, which makes it impossible to 
determine the k # 0 vibrational energies ("phonon dis- 
persion Third, the screw axis of symmetry 
presents a further complication. This latter problem can 
be solved in a straightforward manner by using the screw 
axis of symmetry in generating the symmetry-adapted 
vibrational coordinates of the polymer. This necessi- 
tates the use of rotated x and y displacement coordi- 
nates (if the screw is along the z axis). The similarity 

descrir, scaling factor scaled FC exptl for SizHn 
~~ 

Si-H str 
Si-Si str 
H-Si-Si bending 
H-Si-H bending 
Si-Si-Si bendinc 
Si-Si-Si-Si torsb 
Si-Si-Si-H torsC 
H-Si-Si-Hd 

0.9447 
1.1081 
1.5588 
1.3602 
1.5210 
1.0000 
1.3602 
1.3602 

2.652 2.692 
1.746 1.838 
0.564 0.396 
0.617 0.436 
0.562 
0.294 
0.479 
0.288 

a From fitting of the Si-Si-Si bending vibration in Si3Hs.mb As- 
sumed value, not varied during fitting. c Assumed to be identical 
with the H-Si-Si-H scaling factor for Si2Hs. Optimized for Si2&.% 

Table VI 
Comparison of Calculated Vibrational Frequencies by 

Crystal Orbital and Oligomer Approaches (AM1, without 
Scaling) for all- trans-Polysilane 

species COO MO(II1)b MO(1I)C MO(I)d vib mode 
I 2214.06 2215.21 2215.18 2215.56 SiHz sym str (A,) 
I1 2209.49 2209.63 2209.61 2209.99 SiHz sym str (B2,) 
111 2207.43 2208.98 2208.95 2208.54 SiHz asym str (Ba) 
IV 2205.89 2208.00 2207.96 2207.56 SiH2 asym str (B1,) 
V 763.69 762.99 762.88 762.68 SiHz bending (A,) 
VI 758.82 758.00 757.89 757.69 SiH2 bending (Bz,) 
VI1 610.39 607.41 608.89 614.82 SiH2 wagging (Bl,) 
VI11 544.71 543.79 543.88 544.47 SiHz twisting (BzJ 
IX 524.32 523.82 525.30 529.86 Si-Si str (B3,) 
X 447.72 446.84 447.15 454.52 SiH2 wagging (Bl,) 
XI 416.74 415.44 415.44 416.19 SiHz twisting (A,) 
XI1 416.51 415.25 415.34 414.62 SiHz rocking (B3,) 
XI11 381.05 379.93 380.25 377.92 Si-Si str (A,) 
XIV 271.76 268.42 268.45 267.47 SiH2 rocking (BIJ 

The crystal orbital method combined with the frozen-phonon 
approach.12b The force constants have been obtained from SillHlB 
and the third nearest neighbors have been included in the calcula- 
tions. The same strategy as (111) except for the second nearest 
neighbors involved. The same strategy as (111) and the nearest- 
neighbor approach. 

Table VI1 
Calculated and Experimental Vibrational Spectra of 

Polysilane (cm-1) 
obsd 

species IRa Ramanb calcdC assign 
I (A,) inactive 2155 2153 sym str 
11 (B2J 2100 inactive 2147 sym str 
I11 (BI,) 2100 inactive 2146 asym str 
IV (B3%) inactive 2115 2146 asym str 
V (A,) inactive 909 907 bending 
VI (B2,) 905 (890)d inactive 904 bending 
VI1 (Big) inactive 736 wagging 
XI (B2,) inactive 630 668 twisting 
IX 033,) (845Id inactive 642 wagging 
VI11 (A,) inactive inactive 518 twisting 
XIV (Bag) (690)d 482 rocking 
X (Big) inactive 480 473 Si-Si str 
XI11 (A,) inactive 414 Si-Si str 
XI1 (Bid  inactive 318 rocking 

(I Reference 22. Reference 21. all-trans-Polysilane. From ref 
22b. 

with the electronic problem is obvious and will be dis- 
cussed separately at  length elsewhere.lgc 

We overcame the first two difficulties by employing a 
cluster approach. Obviously, in a cluster, Pulay's force 
constant scaling strategyl8 can be directly applied. The 
results of the scaling factor fitting for SizHs are given 
Table IV. The corresponding scaling factors and force 
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Figure 9. Vibrational (phonon) dispersion curves for (a) all- 
trans-polysilane (here, kze = ko) and (b) helical gauche-polysi- 
lane using empirically scaled AM1 force constants. The dashed 
lines correspond to the low-energy acoustic modes. ko, k le ,  and 
kze correspond to spectroscopically active modes. 

Figure 10. Vibrational modes of all-trans-polysilane. 

constants are given in Table V. In all further calcula- 
tions these scaling factors were kept unchanged, and all 
force constants were scaled by Pulay's method.ls As a 
next step we used a finite cluster fragment of polysilane, 
Si,HI6, for both the all-trans and the all-gauche config- 
urations. This allowed us to obtain force constants up 
to the third atomic neighbor (relative to the central atom). 
Table VI demonstrates that the cluster approach is suf- 
ficiently accurate in reproducing the results of the more 
accurate "frozen-phonon" results. Of course, in this com- 
parison, no scaling was used. Clearly, the inclusion of 
the third-neighbor forces leads to a duplication of the 
results from the frozen-phonon approach (see column 3 
in Table VI). 

The final scaled, third-neighbor phonon calculations 
are summarized in Table VI1 and Figures 9 and 10. Selec- 
tion rules for the IR- and Raman-allowed transitions for 
translationally symmetrical polymers (0  = 0 or 360') are 
well-known: only modes at ko = 0 can be active.23 For 
helical polymers, the situation is more complex: From 
group theory it can be demonstrated that in addition to 
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the I to  = 0 modes, other modes at ke = d/h may be both 
IR- and Raman-active and at kze = 2d/ h may be Raman- 
active. (If kle or kze would fall outside the (-*/h, a/h) 
interval, f 2 r / h  should be added.) Generally, the num- 
ber of spectroscopically active modes for a given helical 
polymer will not depend on the order of the screw axis if 
the order is beyond 5.1Qc kle and k2e are indicated in 
Figure 9, which was produced by a standard polymeric 
GF analysis.lQ~20 The vibrational dispersions for all- 
trans- and all-gauche-(SiHz)x are quite similar, but there 
is a clear difference around 900 cm-l; the trans confor- 
mation fits the experiments better.21B22 Observation of 
differences such as this may facilitate identification of 
various conformers of polysilane. 
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ABSTRACT: It is shown that Flory's last elasticity theory allows calculation of the limit values for the 
network chain molecular weight starting from mechanical equilibrium measurements of the modulus I f * l .  
For any case it is possible to evaluate the upper limit Ma corresponding to affine behavior. However, it  is 
not always possible to evaluate the lowest limit: when M is known and the synthesis conditions are con- 
trolled, the lowest limit is M., which is the chain stoichiometric molecular weight; otherwise, the lowest 
limit becomes Mph, corresponding to phantom behavior, which, however, can be calculated only when the 
effective functionality 4 of the network cross-links is known. It is also shown that imperfections of the 
cross-linking reactions can be estimated by comparing the experimental modulus with that of the perfect 
phantom network characterized by the stoichiometric M, and & (eq 15). A practical example of this anal- 
ysis is proposed for two classes of polyurethanes, polyether diols reacted with toluenediyl diisocyanate 
(TDI) and polyester diols reacted with TDI. The demonstrations and the applications are made in the 
case of a swollen system; however, they can be extended to dry systems simply by putting 0 2  = 1 in the 
formulas. 

General Considerations 

Tensile testing of swollen samples has been employed 
for a long time as a method to evaluate the effective elas- 
tic chain density in rubber networks. The difficulty in 
properly modeling the network behavior has been respon- 
sible for the growth of different theories for describing 
the mechanical properties in relation to the chemical- 
physical structure of these materia1s.l-3 

The more recent theory of Fl0ry4-~ has led to complex 
analytical expressions. Referring to a network deformed 
by an applied tensile force f corresponding to an elonga- 
tion ratio a, one can write the following constitutive 
equation:4*5 

where fph is the tensile response the network would give 
if deformed following the "phantom" model, which was 
originally proposed by James and Guth.2 f c  is given by 
constraints acting on the fluctuating junctions due to the 
presence of m entanglement^".^-^ Equation 1 refers to a 

network at  temperature T and volume V. 5 is defined 
as the cycle rank of the network, Le., the number of inde- 
pendent circuits therein, K is the Boltzmann constant, 
and LO is the sample length a t  the reference volume Vo, 
which is defined as the volume at  which the mean square 
end-to-end distance of the chains in the network is equal 
to that of the same chains in the free, un-cross-linked 
state. The reference volume VO is assumed to be the vol- 
ume of the network at the moment of its formation at 
the same temperature T. In a previous refer- 
ring to a model where the relative displacement of junc- 
tions was assumed to be affine in the strain, the number 
u of elastically effective chains was considered in place 
of the term 5(1 + f c / f p h ) .  The extent of entanglement 
constraints on junction fluctuations is, in general, depen- 
dent on the network deformation, so f c  is a function of a 
and V /  VO. Reasonable estimates Of f c l f p h ,  supported by 
 experiment^,^ show that f c  is usually positive, although 
it may present negative values a t  very high swelling ratios 

Let us examine a network initially formed at  a volume 
V,, for example, in solution, which is dried so that its 

(VI vo > 3.5-4). 
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