
Macromolecules 1990,23, 849-856 849 

Conformations of Poly(diethylsi1oxane) and Its Mesophase 
Transitions 

Kenneth J. Miller, Janusz Grebowicz,+ John P. Wesson,* and 
Bernhard Wunderlich**o 

Department of Chemistry, Rensselaer Polytechnic Institute, Troy, New York 12180-3590. 
Received December 27, 1988; Revised Manuscript Received June  30, 1989 

ABSTRACT: Molecular mechanics calculations on the isolated molecule are used in a discussion of the 
transitions of poly(diethylsi1oxane) from the rigid crystal, a, to  the condis crystal, 8, at Td, to  another 
mesophase, am, at Ti, and finally to  the isotropic melt a t  T,. Ethyl groups in optimum orientations in the 
sequence 0-Si-C are nearly trans (t) or gauche (g+ and g-). The trans and gauche conformations are sep- 
arated by a small potential barrier. The four ethyl groups in a dimer yield conformations consisting of 
combinations o f t ,  g+, and g-. Minimum energy conformations of the backbone chain dimers are found to  
be flat, flfz, left- and right-handed helices, clcz, bent conformations with a vertical plane of symmetry, vly2, 
and asymmetric mixtures. Only the flat conformations fulfill the requirements of extended, straight-cham 
conformations for packing in the crystal. Two families of conformations occur: I with t t t t ,  g+ttt, and 
g+tg+t and I1 with g+tg+g- and g+g-g+g- type ethyl groups. The volume and surface area increase with 
increasing number of gauche ethyl groups, and the average volume of family I1 is greater than that of fam- 
ily I by about 5% which correlates with the volume change from the a to  the phase. The a (al and az) 
and /3 (pl and p2) phases are thus rationalized by families I and 11. The condis transition is attributed to  
increased mobility of the ethyl groups and a change from family I to family 11. The am phase is discussed 
in terms of maximum mobility of the ethyl groups with increased numbers of different types of long-chain 
conformations still forcing segments of the chain to  be straight by intramolecular interaction. Finally, in 
the melt helices with large turns and bends in the chain are possible, connected through transition regions. 

Introduction 
Mesophase materials can be classified as liquid crys- 

tals, plastic crystals, and condis crystals. Liquid crys- 
tals are positionally mobile and disordered, plastic crys- 
tals are orientationally mobile and disordered, and, anal- 
ogous to the other two mesophases, condis crystals are 
conformat iona l ly  disordered.'  The condition for stabil- 
ity of a condis crystal is the existence of multiple con- 
formational isomers of similar energy, so that coopera- 
tive motion between the different conformations does not 
destroy orientational and positional order in the crystal. 
In a recent review paper, we presented many examples 
of small molecules and polymers for which condis crys- 
tallinity is likelya2 Poly(diethylsi1oxane) fits this defini- 
tion. Thermal analysis3 shows a series of transitions that 
suggest a stable condis mesophase in the range of 200- 
290 K, and the presence of a high-temperature phase with 
some residual order up to the final transition to the iso- 
tropic liquid at  about 310 K. 

The multiple first-order transition behavior of poly- 
(diethylsiloxane) (PDES) was first described by Lee et 
aL4 in 1969 without interpretation. Later, in 1975, Beatty, 
Pochan, Karasz, and co-workers described the high- 
temperature phase in terms of "liquid crystalline" and 
"viscous crystalline" polymers."' The first suggestion 
that a condis phase of PDES exists in the temperature 
range of about 200-290 K was published in 1982.l At  
the same time Papkov et a1.10911 proposed dimorpor- 
phism of the crystal and condis phase. The two pairs of 
dimorphs were called al,  a2 (crystals) and &, P2 (condis 
crystals). The first calorimetry was already given by Beatty 
and Karasz.' Definitive calorimetry was produced by Leb- 
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Table I 
Recommended Thermodynamic Values for Transitions in 

Poly(diethylsiloxane)* 

AS,, J /(K mol) 
T,, K 
ASi, J / (K mol) 
T:. K 

0.75 
308.5 
6.5 
282.7 

am - melt 

B - a m  

13.2 
Td, K 206.7 

34.5 AC,, J / (K mol) 
Tg, K 135 

a - B  

glass transition 

 AS^, J/(K mol) 

a All crystal transitions are extrapolated to 100% crystallinity 
and condis crystallinity, and the transitions are assumed to be close 
to equilibrium. The glass transition parameters refer to com- 
pletely amorphous polymers (see ref 14). Enthalpies of transition 
can be calculated from TAS = AH. 

edev et a1.12 Finally, an ATHAS review of all thermal 
analyses and ~alorimetry~-'*'@~~ that included also a link 
to the vibrational specrum led to the recommended ther- 
modynamic parameters listed in Table I and produced 
tables of recommended heat capacity, enthalpy, entropy, 
and free enthalpy (Gibbs f~nct ion) . '~  Direct evidence 
for the motion in the condis crystals was found by using 
NMR line-width studies' and 13C and "Si MAS CP 
solid-state NMR meas~rements.'~ 

In this paper molecular mechanics calculations on the 
isolated molecular chain of PDES are presented, and the 
complicated phase behavior of PDES is rationalized. 

Computations 
All computations refer to isolated chains. The mole- 

cule is constructed from the repeating units p = [(SiEt,)- 
0-1, which also represents the most likely X-ray unit cell 
dimension, c,  although multiples are possible. Six repeat- 
ing units of the molecule, as shown in Figure 1, were cho- 
sen for computational purposes to minimize end effects. 
Bonds about which rotations are attempted are num- 
bered. All thermodynamic quantities are reported in kJ/ 
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Figure 1. Stereographic projection of poly(diethylsi1oxane). Rotations occur about number bonds. Bonds b = 2 and 8 are exactly 
trans, in sequences 1-2-3 and 7-8-9, respectively. Bonds b = 4 and 10 are exactly gauche, in sequences 1-4-5 and 7-10-11, reepec- 
tively. All conformational angles are adjusted relative to the trans starting conformation, taken as Oo. 

mol or J / (K mol) of the repeating unit p. The notation 
6E defines the relative energy for the identified confor- 
mation and AE defines the energy change for a process. 
The unit p1p2 will be considered because it includes both 
distinct oxygen positions needed to establish a local chain 
symmetry and types of ethyl groups. 

The torsion angles are defined in the stereo pair of 
Figure 1. For convenience all changes in the angles are 
measured relative to the flat backbone and to trans ethyl 
groups oriented in the sequence O-Si-Et as illustrated 
with bonds 2 and 8 (4, = & = 0'). An example of gauche 
ethyl groups, rotated by -120', is illustrated with bonds 
4 and 10. The four distinct ethyl groups in the p1p2 poly- 
mer unit will be denoted in the order $24445610 by t, g+, 
and g-, where (#Jb = 0' f 60' for t, f#Ib = 120' f 60' for 
g+, and &, = -120' f 60' for g-. In the conformation 
illustrated, the principal axis bisects the two oxygens of 
the dimer and the overall conformation is tg-tg-. Three 
symmetry operations are possible: (1) C ,  + t, a 2-fold 
rotation about the principal axis (C,) plus a translation 
by t = r(Si-O)[1 - cos e], where 6 = e(Si-0-Si) is the 
angle about the oxygen atom, (2) a, + t, a reflection (a,) 
in the plane perpendicular to the average plane of the 
backbone plus t, and (3) uh, a reflection in the plane (h) 
containing the backbone. A translational repeat of nt, 
n = 0, 2, 4, ... or 1, 3, 5, ... is utilized to relate the units 
that are incorporated into a crystal. Asymmetric chains 
are also possible by mixing symmetries relating to one 
pair of ethyl groups. The study was conducted by assum- 
ing that all equivalent bonds along the polymer rotate in 
concert, i.e., adjustments to the torsional angles are grouped 
as follows: where n = 0, 1, and 2 are set equal to 
yield the repeat units for each angle in the set of 12 inde- 
pendent torsional angles ( b  = 2, 3, 4, ..., 13) in the plpz 
unit. This assumption preserves local regularity assumed 
to occur in packing of the polymer. 

The calculations were performed by allowing interac- 
tions between all atoms not bonded through a common 
atom (Le. bond length and bond angles are kept con- 
stant except for e) and the torsional changes. The atoms 
are grouped so that those directly bonded constitute a 
fragment. For rotations about each of the bonds indi- 
cated in Figure 1, the sum of the steric (W, electrostatic 
(Q), and torsional (7') energies 

E = U + Q + T  (1) 
are adjusted to minimize the total energy, E. Relative 
conformational energies 

6E = E - E(fvlfv2, 145') (2) 
are reported, where E(fv,fv,, 145') is chosen as the energy 
of the optimized flat conformation, fv,fv,, defined below, 
at a Si-0-Si angle of e = 145'. 

The energy terms of eq 1 are obtained from a sum of 
two-body interactions between atoms i and j in different 
fragments.15 The steric energy between atoms i and j is 
calculated with a 6-n potential (n = 14) 

(3) 
where sij = rij/pij is the reduced distance with pij being 
the sum of van der Waals radii and Ay = -1.5aiajIiIj/(Ii 
+ Ij) is the London dispersion coefficient with atomic 
polarizabilities (ai and aj) and ionization potentials (Zi 
and I.). Parameters used with this otential are defined 
elsewkere,15 and cysi = 0.002 00 nm! psi = 0.20 nm, and 
Isi = 8.149 eV. The electrostatic energy between atoms 
i and j is calculated with the Coulomb potential 

(4) 
where qi and q j  are the net atomic charges in electron 
units (eu). In this investigation we used the net charge 

U&j) = [Ai,/pijS][l/~ijS - 6/(nsij")] 

Qi, = 138.93qiqj/rij [kJ nm/(mol eu2)] 
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Table I1 
Conformations of Subunits c, and bz and Relative Energies of Poly(diethylsi1oxane)' 

Wl PZ 6E, type 

Family I 
'$2 '$3 '$4 4s $8 47 $8 $9 610 '$11 '$12 $13 kJ/mol k P Z  424448410 g 

25 -1 -25 1 0 0 25 -1 -25 1 0 0 0.0 fV1fVz tttt 1 
113 -1 -15 -5 0 0 32 -4 -10 -2 0 0 0.9 fgtlfth g+ttt 2 
113 -2 -8 -7 0 0 113 -2 -8 -7 0 0 0.7 fclfcz g+tg+t 2 
22 -1 -27 2 2 -3 27 -2 -22 1 -2 3 0.0 VlVZ tttt 2 

114 -1 -2 -1 -8 0 114 -1 -2 -1 -8 0 -0.2 c1c2 g+tg+t 2 

140 2 -7 7 0 0 114 -2 -144 -5 0 0 3.9 fgt1fggz g+tg+g- 2 
142 3 -142 -3 0 0 142 3 -142 -3 0 0 6.4 flfz g+g-g+g- 1 

-148 -1 111 -4 -56 -12 -148 -1 111 -4 -56 -12 5.8 C ~ C Z  g-g+g-g+ 2 
-151 -1 112 -3 -26 41 -112 3 151 1 26 -41 6.6 V ~ V Z  g-g+g-g+ 2 

Family I1 

The conformational angles, 4b, are measured relative to the trans conformation shown in Figure 1. The energy bE and components are 
measured relative to the values for conformation fvlfv, at O(Si-O-Si) = 145'. Equivalent conformations are obtained by a mirror symmetry 
operation u through the average plane of the backbone according to bi = - @j,  where (i, j )  = (2, 41, (3, 5), (8, lo), and (9, 11) for the ethyl 
groups and (6,6) (7, 7), (12, 12), and (13, 13) for the backbone or by interchanging units plpz. 

qo = -0.50, qsi = +0.40, and qc = 0.05 for the carbon 
atom bonded to silicon. These values were obtained from 
molecular orbital  calculation^.'^^^' The geometrical param- 
eters are r(Si-0) = 0.1637 nm, r(C-H) = 0.110 nm, and 
r(Si-C) = 0.1867 nm. All angles except 8 are tetrahe- 
dral. The torsional energy for each bond (b) is calcu- 
lated with 

(5) 
Values of the barrier to rotation, V, are 12.55 kJ/mol for 
C-C, 6.3 kJ/mol for Si-C, and 0.4 kJ/mol for Si-0. 

The energy required to deform the 6(Si-O-Si) angle is 
small. Measurements in disiloxane suggest equilibrium 
values of 144.1' from electron diffraction," of 155' from 
infrared spectroscopy at  20 K,19 of 149 f 2' in the gas- 
eous and solid states,,' and of 149.5' calculated quan- 
tum mechanically a t  the 3-21G level.21 The barrier to 
linearization of Si-0-Si lies in the range of 1.34-5.86 kJ/ 
m01.19920*21 The energy required to stretch bonds and alter 
angles is much larger than the linearization energy of the 
Si-0-Si angle. Consequently, all other bond lengths and 
angles were fixed. If a potential for the O(Si-0-W defor- 
mation is included as a harmonic potential, the mini- 
mum shifts toward the assumed equilibrium value of e,, 
= 145' with 

V@) = 0.00478(6 - 145')' [kJ/(mol deg')] (6) 
and reproduces the barrier of 5.86 kJ/mol at 8 = 180'. 

Calculations were performed at  10-deg increments of 
the O(Si-0-Si) angle from 110' to 160' to develop a poten- 
tial surface. The calculations were also repeated with 
all barriers to rotation taken as 12.55 kJ/mol to exam- 
ine the effect of these parameters and rotational energy 
contributions to the minimum energy conformations. The 
conformations and the order of the states remain rela- 
tively unchanged on increasing the Si-C and Si-0 rota- 
tional barriers. Sample calculations with a partitioning 
of the energy were, finally, performed to examine the 
importance of the Coulomb, steric, and torsional contri- 
butions. Steric effects keep the ethyl groups away from 
the bulk of the chain, and the 3-fold rotational barrier 
about Si-C directs them into trans and gauche orienta- 
tions, leading to distinct families of conformations of min- 
imum energy. Characteristic conformations appear inde- 
pendently of the electrostatic energies for the range of 
selected parameters. Overall, poly(diethylsi1oxane) has 
much less rotational freedom about the backbone than 
poly( dimethylsiloxane) which has much less steric hin- 
drance.,, 

Tb = (V/  2) (1  - COS 34J 

Results 
The systematic study resulted in the set of minimum 

energy conformations that are reported in Table I1 for 
e(Si-O-Si) = 145' and is illustrated in Figures 2 and 3. 
These conformations are characterized as (1) flat confor- 
mations (f) in which the backbone angles vanish (8, = 4, 
= $12 = 013 = 0'); (2) helices (c1c2 and corresponding 
mirror images of opposite handedness c1c2) in which the 
backbone rotation angles are related by 46 = 412 and 47 
= e13 and the ethyl group rotation angles by 4b = 
( b  = 2, 3, 4, and 5); (3) vertical conformations (v1v2 and 
the mirror image v1v2) with symmetry 6, + t in which 
the backbone rotation angles are related by 46 = -$J~, 
and 47 = -413 and the ethyl group rotation angles by 4, 
= -$lo, $4 = -487 43 = and 45 =,-$;_and (4) asym- 
metric conformations with g+ttt or g tg g ethyl groups. 
Flat conformations that exhibit in addition the helical 
symmetry C, + t are labeled fclfc, and conformations 
that exhibit also the vertical symmetries Q, + t and Qh 
are labeled fvlfv,. The conformations fgtlfgg2 and 
fgt,ftt, have mixed ethyl group conformations. 

The energy, 6E + V(8), is illustrated as a function of 
the Si-0-Si angle in Figure 4. Addition of the bending 
potential energy V(0) to 6E shifts the minimum toward 
145'. Two families of flat conformations are classified 
on the basis of Figure 4. Family I exhibits low-energy 
conformations in the region 8 = 140-150' and family I1 
exhibits in the region of 8 = 120-130'. The potential 
surface is relatively flat, and the crystal packing ener- 
gies will, in addition, modify the conformations, so we 
assume for the further discussion that the conforma- 
tions at  6 = 145', described above, are representative for 
the description of the crystals. The ethyl groups in fam- 
ily I are oriented at  qj2 = 113' and 44 = -5' for fclfc, and 
clc2 (g+tg+t conformations) and at  4, = 24', 44 = -26', 
$8 = 26O, and $lo = -24' for fvlfv2 and vlv2 (tttt confor- 
mation); and finally, if one of the ethyl groups is in the 
alternate conformation, then g+ttt occurs. The ethyl 
groups in family I1 are oriented at  42 = -rj4 = 140' for 
flf2 (g+g-g+g- conformations); d2 = -150°, d4 = 112' for 
c1c2 and v1v2; and in addition, = -150' and Ol0 = 112' 
for clc2 and 48 = -112' and $lo = 150' for vlv2 (g-g+g- 
g+ conformation); and finally, if one of the ethyl groups 
is in an alternate conformation, then g+tg+g- occurs. 

The backbone is essentially flat in family I but exhib- 
its an approximate 5/1  helix in family I1 for all Si-0-Si 
angles studied. Family I contains three distinct flat chain 
conformations and three distinct ethyl orientations, as 
is required to explain the NMR ~pectrum.'~ They are 
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fvtfvp (flat, Family I )  

fqf% (flat, Family I )  

Figure 2. Stereographic projections of several trimer units: (a) fv,fv, in family I and (b) fc,fc, in family I, all at the Wi-O-Si) 
bond angle = 145O. For detailed descriptions see Table 11. 

energetically acceptable and conformationally fit the crys- 
tal structure. We assume thus that the flat conforma- 
tions of family I make up the different a crystal struc- 
tures. 

The energy for concerted rotation of ethyl groups by 
changing 42 (or equivalently &) in fvlfv, and fclfcz and 
$4 (or equivalently in fclfc,, is shown in Figure 5 .  
Family I conformation fvlfv, is accessible by a rotation 
of 42 (and &) in fclfcz from 113' toward 25' with an 
energy barrier of about 4 kJ per ethyl group. Con- 
versely, conformation fclfc2 is accessible by a rotation of 
42 (and &) in fvlfv2 from 25' to 113' with an energy 
change less than 10 kJ per ethyl group. Conformations 
in family I with d4 as g- are not accessible by a rotation 
of only this type of ethyl group in fclfc,, as seen by the 
large repulsive energy in the entire g- region. However, 
cooperative motion of both 42 and 44 in fclfcz with 4, 
(or increasing toward g+ (142') as 44 (or 410) decreases 
toward g- (-142') connects with conformation fif2 in fam- 
ily I1 with an estimated barrier of 15-20 kJ/mol. These 
barriers suggest that mobility within and between fami- 
lies I and I1 connects the ethyl groups by successive changes 
in a process such as 

tttt - g+ttt - g+tg+t - g+tg+g- - g+g-g+g- 
0,: t --* g+ 
$8: t - g+ 
$4: t - g- 
410: t - g- (7) 

This mobility of the ethyl groups is used to rationalize 
the properties of the a and /3 crystal phases and to explain 
the a - 0 condis phase transition. We speculate that 
conformations fclfc2, fvlfvz, and fgtlfttz in family I may 
be responsible for the cy1 andd a, substructures and con- 
formations f1f2 and fgtlfgg2 in family I1 for & and p2. 

Molecular dynamics simulations must be used eventu- 
ally to get average potential energy interactions and crys- 
tal structures. However, energy curves calculated by 
assuming that increased mobility of the ethyl groups 
depends on cooperative libration suggest an exchange 
between t and g+ and g- conformations within and between 
families I and I1 for the a - p condis transition. Increased 
libration of the ethyl groups occurs as additional space 
in the solid becomes available. 

The helical, vertical, and asymmetric conformations 
in which the backbones deviate substantially from the 
flat conformations may still occur in local regions of the 
chains. The effect of linking conformations together was 
studied by connecting them with transition regions: 
... ~ 1 ~ 2 ~ l ( 4 1 a 4 1 e ) ~ ~ ~ ~ ~ 2 '  ... at  bonds 18 and 19. All com- 
binations of the helical, bent, and the mirror images of 
the segments of family I of the polymer were thus joined. 
Values of the transition torsional angles and 419 were 
selected from the approaching sequence p1p2pl and from 
the leaving sequence p 2 ( p i p i .  The energy at the junc- 
tion, measured as the difference between the calculated 
value for the hexamer and that of the separate trimers 
of the sequence entering and leaving this region, remained 
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1112 (Family 11) 

C ~ Q  (Family 11) 

vjv2 (Family 11) 

Figure 3. Stereographic projections of several trimer units: (a) flfz in family 11, (b) c c2 (5/1 helix) in family 11, and (c) v1v2, in 
family 11, all at the O(Si-O-Si) bond angle = 1 4 5 O .  For detailed descriptions see Table h. 

below 15 kJ/mol for 90% of the examples studied. Sev- 
eral sequences with very favorable transition energies are 
shown in Figure 6. Especially important are the possi- 
bilities to connect helical and bent regions. For exam- 
ple, czcl links to vzvl with 2.1 kJ/mol and returns to the 
c2cl with 3.2 kJ/mol. Alternatively, c2cl links to vzvl 
with 1.1 kJ/mol, to c2cl with 3.2 kJ/mol, and to vzvl 
with 1.1 kJ/mol and returns to the czcl with 3.2 kJ/mol, 
thus completing the cycle. Other combinations of cycles 
are possible. The curvature of the bent conformation is 
sufficiently large so that many repeat units can be accom- 
modated locally. These transition regions permit the pos- 

sibility of local regions of flat and helical conformations 
and may be used to explain conformations in the melt. 

To judge the shape of the chains better, the excluded 
volume and surface area was evaluated and is shown in 
Figure 7. Conformations fvlvz, fgtlftt2, and fclcz, in fam- 
ily I and fgtlfggz, flfz, and clcz in family I1 illustrate the 
distinguishing features.23 The cross sections of flat con- 
formations in family I are rectangular, despite the trans 
or gauche ethyl groups. The volume and surface area 
and surface irregularity increases with the number of 
gauche ethyl groups. Family I1 is larger than I by 5%. 
The clcz 5/1 helix exhibits the most irregular surface. 
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- 1a 140 160 
Si-O-Si Bond Angle (degrees) 

Figure 4. Potential energy 6E + V(S). Dependence of the flat 
conformations on the S(Si-0-Si) bond angle. 

10 

Energy 
kJlmol 

0 
-180 0 180 

i o  

0 
-180 0 180 

+2 (degrees) 92 (degrees) +4 (degrees) 

Figure 5. Energy for concerted rotation of pairs of ethyl groups 
required to connect fc,fc, to fvlfz in family I through & and 
fc,fc, in family I1 through @4. 

(-56O,-iP) 3.2 W n 

Figure 6. Transitions regions connecting czc , v2v1, and mir- 
ror images at the junction defined by (&s, 

One may expect that family I conformations will pack 
more readily to form a monoclinic crystal structure than 
those of family 11. This observation supports the loos- 
ening up of the chains in our assignment of conforma- 
tions that participate in each of the phases: a, 0, am, 
and melt. 

The major result of the computation displayed in Table 
I1 is the recognition of the importance of the steric hin- 
drance to determine the overall chain conformation. It 
is well established that C, N, and 0 atoms in the back- 
bone chain govern the overall conformation by requiring 
torsional (rotational isomeric) states close to trans or gauche 
isomers. This overriding intrinsic hindrance to rotation 
has led to the well-known principles for prediction of the 
conformation of macromolecular motifs in helices, devel- 
oped by Natta and co-~orkers.'~ These do not apply to 
the Si-0 backbone. Similar observations were made ear- 
lier for the crystals of polyphosphate~.~~ The source of 
the various conformations of minimum energy in poly- 
(diethylsiloxane) is inter- and intramolecular steric hin- 
drance and intrinsic hindrance to rotation of the side chains 
only, not the main chain. Packing into a crystal gives 
the final reason for the selection of specific combina- 
tions of ethyl group conformations. 

The limit of the present computation lies with the restric- 
tion to the isolated chain. For C, N, and 0 backbone mo- 

and 6E. 

C 

gigg flai (11) 

Figure 7. Excluded volumes and surfaces of flat and 5/1 heli- 
cal conformations over two repeat units for conformations (a) 
tttt, (b) g+ttt, (c) g+tg+t, (d) g+tg+g-, (e) g+g-g+g- and (f) clcz 
(5/1 helix). 
lecules it has often been sufficient to make such isolated 
chain calculations because of the overriding importance 
of the intrinsic hindrance to rotation of the backbone. In 
the present case the large intramolecular steric hin- 
drance of the ethyl group permits a similar simplifica- 
tion and contributes to an apparent chain stiffness when 
the ethyl groups act cooperatively to avoid bad contacts. 
In the case of poly(dimethylsiloxane), in contrast, the 
methyl groups are relatively free to rotate and the poly- 
mer remains flexible, as expected from the ease of rota- 
tion about the Si-0 bonds. 

The computed conformations are expected to be changed 
somewhat by including bond-bending and -stretching terms 
in the computation, but recognition of the weak poten- 
tial dependence of the Si-0-Si angle in the calculation 
yields characteristic families of conformations and types 
of ethyl groups. Also, it is expected that intermolecular 
steric terms in a crystal computation would improve the 
fit with the experiment. The ultimate, as always, being 
a multiple-chain molecular dynamics computer simula- 
tion. It is hoped that funds can be found to carry out 
such simulation in the near future, mainly to solve the 
remaining problems of the high-temperature mesophase 
%* 

Discussion of Crystals, Condis Crystals, and Melt 
a. Conformation in the cy Crystal. The five flat con- 

formations fv,fv,, fgt,ftt,, and fc,fcz of family I satisfy 
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Table I11 
Physical Characteristics of the Conformations at 0 = 145' 

Conformations of Poly(diethylsi1oxane) 855 

at Td a jump in the crystalline spin-spin relaxation time 
to the value of the amorphous portion in semicrystalline 
samples. The 13C CP-MAS spectrum shows a coales- 
cence of the six lines to two lines, one for CH, and one 
for CH,, while the ,'Si spectrum shows little change in 
line shape.', The chemical shift anisotropy of 13C becomes 
narrower and that of ,'Si stays the same, indicative of 
less backbone than side-chain motion in the NMR time 
scale.', 

All these experimental indications have been used to 
support the assignment of the intermediate crystal phase 
as a condis crystal with increased side-chain mobility.'' 
The present calculations suggest that motion of a single 
ethyl group results in energy changes which depend on 
the orientation of other ethyl groups. Cooperative libra- 
tion are possible with less than 12 kJ/mol increase in 
potential energy for rotations about from 20' toward 
120' for fv'fv, and from 20' toward 280' (-80') for 
fc,fc, and for rotation about & from -20' toward 170' 
for fc'fc,. The proposed model calls for such large ampli- 
tude librations of the side chains, erasing the differences 
between the conformational isomers, coupled with small 
readjustments of the essentially flat backbone. The former 
accounts for the coalescence of the 13C signal and the 
step in the 'H spin-spin relaxation time, the latter for 
the shift in 29Si signal without change in CSA. The flat 
conformations in families I and I1 with t, g+, and g- type 
ethyl groups are sufficient to give a plausible explana- 
tion for all experimental data. 

c. The High-Temperature Mesophase Melt. The 
transitions from the condis state to the a, phase was 
described originally as a "liquid crystalline" or "viscous 
Crystalline" polymer of partial crystallinity.- Indeed, 
minor mechanical disturbances change the phase behav- 
ior. Although no exact conclusions can be drawn from 
the present calculations, it is obvious, and in accord with 
the limited experimental evidence, that multiple possi- 
bilities of t ,  g+, and g- conformations are possible in this 
phase with maximum ethyl mobility. The total entropy 
of transition between the 0 phase and the melt is about 
7.3 J / (K mol), of which 6.5 J/(mol K) is attributed to 
the 0 - a? transition. This entropy could account for 
conformational freedom about one bond, when esti- 
mated from the average established for many linear 

We speculate that this additional mobility is intro- 
duced in stages. Initially, a t  Ti, sequences of relatively 
rigid backbone with conformations as listed in Table I1 
remain. These sequences represent mesogens along the 
chain and may have proper length to stabilize a liquid 
crystalline CY, phase. These mesogens are, however, nei- 
ther permanent nor make up the total chain. The a, 
phase is thus to be looked upon as a lyotropic liquid crys- 
tal where parts of the same molecule provide mesophase 
and solvent in a microphase-separated structure (partial 
mesophase crystallinity). As the temperature increases, 
the number of breaks in the linearity of the chain increases 
and the mesophase crystallinity decreases, leading ulti- 
mately to  the isotropic melt. This speculation could 
account for the rather broad transition. It could also 
explain the enhancement of the a, phase on deforma- 
tion. Ultimately, it could also account for the fact that 
molten PDES can be quenched to an isotropic glass, some- 
thing not possible with most liquid crystalline polymers 
which usually form glasses with liquid crystalline struc- 
ture (LC glasses) and display an almost reversible disor- 
dering transition.' Also, the variable and occasional large 
supercooling of the melt to the a, and condis phase could 

conf 

fVlfV2 
fgtlfth 
fClfC2 
"lV2 
C l C 2  

~~ ~ _ _ _ _ _ _ ~  

c ,  nm S, nm2 V ,  nms 

0.2550 0.9683 0.1954 
0.2550 0.9949 0.1997 
0.2550 1.0192 0.2054 
0.2549 0.9681 0.1955 
0.2546 1.0355 0.2071 

0.2550 1.0501 0.2100 
0.2550 1.0755 0.2116 
0.2281 1.0755 0.2105 
0.2522 1.1161 0.2121 

Family I 

Family I1 

the requirements of straight chain and low energy and 
fit into the crystal with minimum volume (see Figure 7a- 
c ) .  We assume localized regions of these conformations 
to constitute the crystalline a phase, with possibly CY' and 
CY, as substructures. In support of this assignment it was 
found that the solid-state 13C NMR (MAS-CP) detects 
a t  least three sets of resonances for the CH, and CH, 
carbons at  low temperature; i.e., the chain must be made 
up of a t  least three different conformational  isomer^.'^ 
Checking family I in Table I1 there are, indeed, only three 
ethyl rotational angles (+,, +4, &, and that govern 
these conformations [f113', f(8-15)', f(25-32)']. In 
contrast, ,'Si NMR shows at  190 K a single, somewhat 
broader peak." Checking Table I1 for bond rotations 
that govern the ,'Si chemical shift, namely and c $ ~  

with &,, and 4x3, one finds that they vanish for the flat 
conformations. Even if conformations with slightly heli- 
cal chains should occur locally, the changes in backbone 
rotation angles are small. 

The polymorphism reported at low temperature by X- 
ray d i f f r a c t i ~ n ~ * ~ * ~ "  can easily be explained by the mul- 
titude of packing of chains that is possible with these 
different conformations. The X-ray diffraction patterns 
of the a1 and & polymorphs, proposed to be monoclinic 
and tetragonal, respectively, show only minor differ- 
ences, in line with the minor changes in the conforma- 
tions. The solid-state NMR of 13C and ,'Si shows dif- 
ferences in the locations of the resonance signals, but not 
in their number, so that one may assume that mixed con- 
formations exist in both polymorphs. 

b. Transformation to the Condis State (a to j3 
Transition). The transformation from the crystal to the 
condis state a t  T d  shows the largest transitional change 
in entropy (see Table I). The X-ray crystal diffraction 
pattern changes relatively little and the four major dif- 
fraction peaks remain, but many of the minor peaks 
disappear.'' The chain extension remains the same, but 
a 6% increase in volume was observed. A similar change 
in molecular volume occurs on going from family I con- 
formations to family I1 conformations. This can be seen 
from the data in Table I11 that were calculated from steric 
contours (see Figure 7).', Listed are the repeat dis- 
tance, c,  the surface area, S, and the volume for the 
[ (%Et,)-0-1 unit. We postulate thus that the disorder- 
ing transition take place by going from conformations of 
family I to family 11. This phase transition can be accom- 
plished by cooperative moving of the ethyl groups along 
paths connecting the conformations (see eq 7). At  the 
same time, the larger volume of the family I1 conforma- 
tions may also permit continuing cooperative inter- 
changes between the different ethyl group conforma- 
tions. 

Experiments responsive to motion document the high 
mobility in the side chains of PDES.' Proton NMR8 shows 
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be accounted for by assuming a rather sluggish attain- 
ment of parallel (flat) chain conformations. In the melt, 
there is a breakdown of the long-range order. Stable heli- 
cal and bent conformations with backbone bond rota- 
tion angles -56' < & < -12' and -26' < &, < 41' are 
possible as well as local conformations that are linked 
together as illustrated in Figure 6, as an example. 

d. Energetics and Entropies of the Transition at 
Td, To rationalize the transition from the crystal to the 
mesophases, we assume a change from a fixed, mixed crys- 
tal conformation to the melt mainly through ethyl group 
rotation. The entropy gained from this rotation of the 
ethyl groups may be estimated by starting from the energy 
of a restricted rotor 

Next one can calculate the partition function 

n 

and entropy 

S = R l n Z  (10) 
where I = 0.3546 amu (nm)2 is the moment of inertia 
for an ethyl group, L = $c/1800, with $c defining the 
cutoff angle of the restricted rotation, and h and k being 
Planck's and Boltzmann's constant. The change in entropy 
is A S  = 24.8 J/(mol K) if two ethyl groups change from 
a completely restricted state to free rotation. With the 
cutoff angles @,(a) = 15', &(/3) = 43', 4c(am) = 68', and 
&(melt) = 72', the following entropies can be calcu- 
lated: AS(a - /3) = 13.6 J / (K mol), AS@ - a,) = 6.4 
J / (K mol), and AS(a,  - melt) = 0.8 J / (K mol), for two 
ethyl groups. This calculation should only serve to illus- 
trate that the present model can rationalize the thermal 
properties by assuming motion of the side groups only, 
as was proposed earlier.' 

Conclusions 

Conformations of PDES computed are used to ratio- 
nalize the various observed phases. Crystal phase a(al 
and a2) may be explained by several conformations (and 
mirror images) of family I with flat backbones and ethyl 
groups in the all-trans or with up to two gauche confor- 
mations (see Figures 2a,b and 7a-c). Mesophase P(P1 and 
p2) may be explained by conformations of the family I1 
with three and four gauche-type ethyl groups (see Fig- 
ures 3a and 7e,f) and an increase in volume that permits 
large amplitude ethyl group librations. Mesophase a, 
may be characterized by maximum mobility of the ethyl 
groups and conformations of both families I and 11, which 
readily exchange conformations but retain a certain tem- 
perature-dependent fraction of flat sequences that act 
as mesogens and cause a liquid crystal-like phase. Finally, 
the melt is similar to the a,  phase and includes all con- 
formations that are not flat such as the 5/1 helices, bent 
conformations (see Figure 3b,c), and short segments of 
linked conformations. None of the flat sequences is long 
enough and of sufficient concentration to give a liquid 
crystalline appearance. As the trans ethyl groups get 
replaced by gauche ethyl groups, the volume and surface 
area increases and the surface becomes more irregular, 
which suggests a decrease in packing ability and gives a 
rationalization for the phase changes. Conformations tttt, 
g+ttt, and g+tg+t appear compatible with a phase and 
g+tg+g- and g+g-g+g- with the /3 phase at  a 5% larger 
volume and greater ethyl group libration. This model 
can be brought into agreement with the experimental data. 
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