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Study of molecular and mesomorphic structure
of poly[oxy(hexamethylcyclotetrasiloxane-2,6-diyl)]
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The molecular and crystal structures of poly[oxy(hexamethylcyclotetrasiloxane-2,6-diyl)]
have been modeled. The most probable models of mesomorphic modifications of this
compound, which was obtained by minimization of the potential energy of the system, based
on experimental data on the unit-cell dimensions have been proposed.
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Recently, works appeared in which the occurrence of
a mesomorphic state of cyclolinear organopolysiloxanes
was reported. These partially ordered phases of cyclolinear
organosiloxane polymers are assigned to so-called condis
crystals, conformationally disordered crystals in which
the conformational order is lost to some extent in the
packing of parallel molecules.! It was established that
the formation of a mesophase is affected by the size of
the cycloorganosiloxane unit (the number of diorgano-
siloxane groups included in the cycle),? the symmetry of
its position in the polymer chain,? molecular weight,3
and "organic environment” (substituents).4

With the aim of obtaining data on the effect of the
tacticity of the chain on the crystallization process and
prerequisites to transformation of cyclolinear organosi-
loxane polymers to the mesomorphic state, cyclolinear
poly|oxy(hexamethylcyclotetrasiloxane-2,6-diyl)] was
synthesized, in which the frans to cis units ratio is
88 : 12.5 This polymer attracts particular interest be-
cause, unlike other cyclolinear organotetrasiloxanes, this
polymer forms two mesomorphic modifications, ie.,
orthogonal (I) and hexagonal (II) modifications. The
first modification is characterized by two-dimensional
rectangular unit cell with the following parameters: ¢ =
17.27, b = 8.43 A, Z = 2. The parameter of the hex-
agonal unit cellisa =9.88 A, Z = 1.3

In this work, we attempt to determine the detailed
molecular and crystal structure of polyloxy(hexa-
methyleyclotetrasiloxane-2,6-diyl})] minimizing the po-
tential energy of the system taking into account the
experimental data on symmetry and unit-cell parameters
of the corresponding mesomorphic modifications of this
polymer. Analogous calculations have been performed
previously for linear polysiloxanes with propyl and ethyl

1 Deceased.

environment,® for polydiphenylsiloxane,” and for cellu-
lose.® When performing calculations of crystal packings,
we used a model of a regular molecular chain with a
trans structure although the real chain contains some
number of cis units.

Calculation procedure

We used the atom-atom potential method? for describing
the polymer structure on the atomic level. When constructing
the unit of the polymer, we started from a molecular mechanic
model assuming that the optimum molecular conformation
corresponds to the minimum of the conformation energy Ugqns,
which can be represented as follows:

Uconf = Ua+ Utors+ Ub+ Unb+ Uq+ UHa

where U, and U, are the contributions determined by de-
viations of bond angles and torsion angles from equilibrium
values, U, is the energy of stretching of valence bonds, Uy, and
Uj are the contributions of nonbonded and electrostatic inter-
actions, and U is the energy of hydrogen bonds. The param-
eters of potentials determined previouslyl? were used in calcu-
lations. The fragment of the polymer chain was constructed by
the method of varying virtual bonds.® The advantage of this
procedure is that it allows construction of the helix with given
symmetry using only two independent variables, which de-
scribe conjunction of repeating units. The helix thus obtained
has translational symmetry, which is of prime importance in
calculations of the crystal structure.8 In this case, the depend-
ent variable is the bond angle § at the atom, located at the
juncture of monomer units.

The energy of the helix Ej,. was calculated as the following
sum:

Eyel = Epon t+ Econjs

where Ep,, and E,; are conformation energies of the initial
unit and conjunction of units, respectively. The term E,, is
equal for all monomer units. The energy of conjunction in-
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cludes contributions of nonbonded interactions of monomer
units and deformations of bond angles and torsion angles at
the juncture; E,, depends on the parameters 8 and & (8 is a
virtual angle describing rotation of the monomer unit around
the virtual bond, and 4 is the projection of the monomer unit
onto the axis of the chain, which characterizes its tacticity?).

In the first stage of calculations, stable conformations of
the polymer chain built from monomer units were determined;
these conformations were calculated with the use of molecular
mechanic. For this purpose, we scanned the potential energy
of the molecule over # and & and then minimized the energy
with respect to the same parameters as well as the torsion
angles characterizing orientation of methyl groups. For all
torsion angles, the known system of references was used.l1

In the second stage of calculations, packing of polymer
chains in three-dimensional structures? was performed using
the atom-atom potential method. When the structure was
modeled, the unit-cell parameters were fixed and the experi-
mental data were used.

Scanning of the energy E, of intermolecular interactions
in crystals was performed in the space of parameters x, y, z,
and ¢, where x, y, and z are coordinates (fractional coordi-
nates) characterizing the location of the polymer axis in the
unit cell (x, y) and the center of mass of the monomer on the
axis ¢, and ¢ is the angle of rotation of the macromolecule
around the chain axis. At the points corresponding to
the minimum of E .y, the total energy of the molecule in the
crystal Uy was minimized including variation of Ey and E_
respectively to h, 8, x, y, z, and ¢ with the change in the
orientation of methyl groups.

Table 1. Structural parameters of the monomer unit of
poly[oxy(hexamethylcyclotetrasiloxane-2,6-diyl)]

Bond d/A Bond angle B/deg
Si—O 1.64 Si—O~Si 133.2
Si—C 1.88 0—-Si—0 107.9
Si—~H 1.08 0—-Si—C 109.5
5 /deg
170

5.1 5.3 5.5 5.7 59 6.1 63 h/A
Fig. 1. Two-parameter dependence of the relative energy Eeonj
on /4 and & for the chain with symmetry 2;; Eop(min) =

0.0 kcal mol™l. The region of forbidden values of energy is
shaded.

Fig. 2 Projections (a) along and (4) perpendicular to the axis of the chain with symmetry 2.
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Results and Discussion

In the first stage of calculations, the monomer unit
of the polymer was considered as an isolated molecule
with two terminal hydroxyl groups in the transoid ori-
entation. When performing calculations of a monomer
unit of the polymer with full geometrical optimization,
we used the parameters of potential functions selected
previously!® for octamethyleyclotetrasiloxane (Me,SiO),
based on experimental data of X-ray structural analysis
and gas phase electron diffraction study. The obtained
model of the unit adopts the so-called saddle-like or
distorted conformation S;. This is in good agreement
with the results of the studies of possible conformations
of the tetrasiloxane cycle, which were performed previ-
ously.1? The structural parameters of the monomer unit
are given in Table 1.

When the polymer chain was modeled several al-
ternatives of chain symmetry (2, 3y, 35, 4;, and 43)
were considered. It was found that a rather low potential
energy corresponds only to two of these alternatives:
helices 2; (Eopj = —29.14 keal mol™!) and 3, (Ecopy =
—17.98 kcal mol™!). It is apparent that the helix with 3,
symmetry is energetically substantially less favorable
than the helix with 2, symmetry, in which monomer
units are packed more closely (with the participation of
a greater number of nonbonded contacts, the distances
between which are close to the sum of van der Waals
radii). The packing of cyclic fragments in this chain is
similar in large measure to the packing of disk-like
molecules in columnar discotic mesophases.!3

We constructed the fragment of the 2; helix accord-
ing to the above-mentioned algorithm. First we scanned
the potential energy of the molecule varying the step A
of the helix from 4.5 to 7 A with the step of 0.5 A and a
virtual angle 8 from 0 to 360° with the step of 10°.
Figure 1 shows the two-parameter dependence of the
relative energy of the helix on 4 and §.

The potential energy of the molecule was minimized
by changing the orientations of the methyl groups as
well as the 4 and 3 values with the use of parameters
corresponding to the minimum of E.,;. As a result, we
obtained the conformation of an isolated polymer mol-
ecule with the following characteristics: # = 6.3 A, § =
146.5°, B = 163.0°, E .,y = —29.14 keal mol~! (Fig. 2).

Because it is impossible to establish space groups of
mesophases 1 and Il from X-ray structural data, we
treated only the space groups, which are consistent with
those determined experimentally with respect to sym-
metry and a number of polymer chains per unit cell.
According to the method of potential function symme-
try,! there is only one such space group, P2;2,2,, in the
orthorhombic system (model 1). Two pseudoorthogonal
packings in the monoclinic space groups P2; and Pb
with the monoclinic angle equal to 90° and chain sym-
metry 2, (models 2 and 3, respectively) were treated in
addition to model 1.

We next scanned the energy over angles of rotation
of the polymer molecule about its axis with a fixed

E 4/keal mol™
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Fig. 3. Dependence of E_ on the angle of rotation of the
molecule about its axis ¢ for models 1 (I}, 2 (2), and 3 (3).

position of the chain in the origin of coordinates of the
unit cell. All three models have similar dependences
E. (o) shown in Fig. 3. Calculations of Us for different
x and y were performed with the values of ¢ corre-
sponding to the energy minimum.

The results of subsequent optimization of U; with
respect to conformational parameters of the helix, x, y,
and o, are given in Table 2. The packing corresponding
to model 3 (Fig. 4) in the space group Pb is energeti-
cally most favorable.
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Table 2. Structural and energy parameters of the models of orthogonal packing of
poly[oxy(hexamethylcyclotetrasiloxane-2,6-diyl)] molecules
Space Orien- Z  hA x y ¢/deg Ey Uy
group tation of /kcal mol™!

the chains
P2,2,2, N 4 617 00 07 800 ~—11.37 ~40.52
P2, 7 2 6.17 0.37 0.28 130.0 —10.69 ~40.49
Pb ™ 2 6.17 0.3 0.25 127.0 -1292 —42.08
‘Table 3. Structural and energy parameters of the models of orthogonal packing of symmetrically
independent molecules
Orien-  K/A  o/deg x; ¥y 7 ofdeg  x»  » 2 Eerst Uy
tation of /keal moi™!
the chains
™ 6.11 130.0 0.3 0.25 0.0 —50.0 0.1 0.75 0.5 ~13.91 —43.04
N 6.11 47.8 0.0 0.7 0.0 80.0 0.5 0.0 0.0 —10.04 —39.43
Analogous calculations were performed for packings antiparallel orientations of symmetrically nonequivalent
with two symmetrically independent molecules in the chains in the unit cell are given in Table 3. Calculations
unit cell. The results of optimization of Us with respect demonstrated that the packing with parallel orientation

to the parameters A, ¢{, ¢,, X, ¥;, and z, for parallel and of molecules is energetically more favorable.

Fig. 4. Model of packing of chains with symmetry 2, in the space group Fb.
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Fig. 5. Dependence of E. on the angle of rotation ¢ of the
molecule about its axis for the model of hexagonal packing.

The hexagonal packing was modeled in the triclinic
space group Pl with unit-cell parameters corresponding
to this packing and helix symmetry 2,. When minimizing

Us, we varied the same parameters as in the case of the
orthorhombic packing. The dependence of E_ on ¢ is
shown in Fig. 5. Minimization of Us with respect to A
and ¢ afforded the packing with the following characteris-
tics: A =6.17 A, ¢ = 54.9°, E., = —9.51 kcal mol™},
Us = —38.46 kcal mol™! (Fig. 6).

For calculations of the packing of two symmetrically
independent molecules in the space group P1, we used a
unit cell with doubled parameters (2 =9.88, » =19.6 A,
Z = 2). In this case, according to the results of calcula-
tions, an antiparallel orientation of chains is energeti-
cally most favorable (Table 4).

For elucidating the possible mechanism of the oc-
currence of the mesomorphic state of polyloxy(hexa-
methylcyclotetrasiloxane-2,6-diyl)], we performed scan-
ning of the potential energy of symmetrically independ-
ent molecules in crystals over two variables: ¢; (the
angle of rotation of the molecule about its axis) and z;
(the fractional shift of the molecule along its axis). The
results of this scanning for the orthogonal packing are
shown in Fig. 7 for antiparallel polymer chains. The
relative energies are depicted as isoenergetic contours;
the region of forbidden values of energy at the corre-
sponding ¢, and z; is shaded.

Fig. 6. Model of hexagonal packing of chains with symmetry 2,.-
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Table 4. Structural and energy parameters of the models of hexagonal packing of symmetrically independ-

ent molecules

Orien- /A g@y/deg x n 71 y/deg X n  n By Uy
tation of /keal mol™1
the chains

N 6.17 —60.0 0.0 0.0 0.0 —40.0 0.5 0.0 0.0 -12.3 ~41.46
™ 6.20 0.0 0.0 0.0 0.0 90.0 0.5 0.7 0.4 -9.74 ~39.04

¢ /deg
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Fig. 7. Two-parameter dependence of E_, on ¢; and z; for the
model of orthogonal packing for parallel symmetrically inde-
pendent chains.

Note that the region, in which the molecule can
change its position within this model, is rather wide.
This region is normally limited by the range of
3 keal mol™L.15 The results of analogous calculations
for other models are given in Table 5. Based on these
results, it can be proposed that molecules have more
freedom when rotating about their axes than when shift-
ing along this axis.

Table 5. Regions of changes of the parameters ¢, and z; for the
models of the packings of symmetrically independent mol-
ecules

Packing Orientation @/deg 4]
of the chain
Orthogonal N 47—146 0.0--0.1
Hexagonal ™ 0—10 0.0—0.42
™N 97—170 0.47—-0.55
30—110 0.0
150210 0.0
-50+-90 0.0
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