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Abstract

The structure and phase transitions of cyclolinear polyorganosiloxane copolymer containing 12-member polysiloxane rings have been studied
using synchrotron WAXS, DSC, TEM, variable-temperature AFM and polarized optical microscopy. The primary structure of this polymer can
be viewed as a necklace of disk-shaped entities (cyclic groups) connected via flexible linkers.

In the mesomorphic state, the presence of two different LC phases has been derived from the analysis of WAXS fiber diffractograms. The
morphology of one of the phases shows a conventional hexagonal packing of LC chains where the chain axes are perpendicular to the plane of
the 2D hexagonal lattice. The other one, so-called R-phase, has a vertically oriented rectangular 2D lattice formed by inter-chain correlations
between the bulky polysiloxane cycles (disks). To our knowledge, such a disk-necklace mesophase in which the LC lattice is parallel to the
backbone direction has not been reported in the literature so far.
� 2007 Published by Elsevier Ltd.

Keywords: Mesomorphic polymethylsiloxane; Mesophase-assisted crystallization; Disk-necklace polymer
1. Introduction

Morphology and physical properties of polysiloxanes with
new molecular architectures have received significant attention
in recent years [1e6]. Much of the interest has been centered
on their mesomorphism and polymorphism, in relation to mor-
phology and chemical composition. Among polysiloxanes
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without mesogenic groups in the chemical structure that ex-
hibit mesomorphism, two groups of macromolecules have at-
tracted particular attention: poly(di-n-alkylsiloxane)s and
cyclolinear polyorganosiloxanes. Poly(di-n-alkylsiloxane)s
with ethyl to hexyl side-chains exhibit various crystalline
modifications in a wide temperature range. At higher temper-
atures mesophases, in which extended macromolecules are
arranged on a 2D hexagonal lattice without long-range order
along the chain direction, are formed. This structure resembles
columnar phases formed by a number of liquid crystalline
polymers [5] and small molecular weight compounds [cf. for
example Refs. [7e9] and references therein]. Morphological
characterization with polarized optical microscopy [10e13],
electron microscopy [12e14] and atomic force microscopy
(AFM) [15e17] has revealed the formation of extended-chain
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lamellar structures in the mesophase. In the case of polydie-
thylsiloxane (PDES) and polydipropylsiloxane (PDPS) these
findings were confirmed by small-angle neutron scattering
data and molecular modeling [18]. For most of mesomorphic
poly(di-n-alkylsiloxane)s spherulites, common morphological
features of conventional semicrystalline polymers [19e22],
have not been observed in the bulk crystalline state. This indi-
cates that crystal growth is anisotropic and may be dependent
on the orientation of the ‘‘parent’’ mesophase. Being similar
to high-pressure PE [23e25], the morphologies of the crystal-
line and mesomorphic phases of PDES [1e3,12,17], PDPS
[1e3,26,27], and other members of the siloxane family
[1e3] allowed to explore in some more detail the formation
of extended-chain conformation. A relatively high degree of
crystallinity, which is a direct consequence of the meso-
phase-assisted crystallization, is a common characteristic of
many of these polymers [27].

During the last two decades another family of non-meso-
genic polysiloxane polymers, cyclolinear polyorganosiloxanes
(CLPOS), consisting of linear chains incorporating siloxane
cycles of various dimensions bonded either by only oxygen
atoms or by flexible spacers, has been developed [1,6,28e
30]. The general formula of this class of polysiloxanes is the
following:

Si O

R*

Si

O[(R)2SiO]n

O[(R)2SiO]m

[(R)2SiO]l

R*

p

where R, R* are alkyl or aryl substitutes, R¼ R* or R s R*;
m¼ 1, 2; n¼ 1, 2; l� 0. The number of repeat cycles p in the
macromolecule ranges from only a few to several hundred
units. The CLPOSs family now consists of about 100 macro-
molecules, including homopolymers, oligomers, statistical,
regular and block copolymers [6,30]. Similar to linear poly
(di-n-alkylsiloxane)s, as well as to other hybrid inorganice
organic polymers e polyphosphazenes [1,4,5,31e34] and poly-
silanes [4,35,36], CLPOSs are able to form liquid crystalline
(mesomorphic) state. Typical CLPOSs with alkyl substituents
and a small number of aryl substituents are rather flexible.
However, in spite of their flexibility, the temperature interval
of the CLPOS mesophase stability may be surprisingly broad
(up to 300�). This is dependent on the cycle molecular weight,
the nature of the side-chains and spacers, as well as on the
local tacticity in silsesquioxane fragments and the degree of
polymerization.

Studies of phase behavior and mesophase structure of the
cyclolinear polyorganosiloxanes have shown that 2D-colum-
nar ordering in the mesophase is not a general phenomenon
for CLPOSs. The formation of a novel mesophase with 1D-
order has been suggested for a series of CLPOSs containing
cyclohexasiloxane chain fragments with R* being methyl or
phenyl group. The most probable arrangement of the CLPOSs
with cyclohexasiloxane chain fragments in the mesomorphic
state is layer packing formed by monomolecular layers
stacked with a high degree of long-range order [30]. Within
the layer, the cyclohexasiloxane fragments are arranged with
a strong tendency to lie on their flat sides parallel to the layers.
The temperature interval of 1D-mesophase can be modified by
varying the chemical structure. Importantly, the interlayer pe-
riodicity is mainly dependent on the cyclohexasiloxane thick-
ness, and is rather insensitive to other structural elements of
these macromolecules. This conclusion has stimulated investi-
gations of the spreading behavior of these new polysiloxane
macromolecules at the air/water interface [37e43]. Similar
to the classical amphiphilic polysiloxane e PDMS, the chains
with methyl substituents can easily form Langmuir mono-
layers at the air/water interface. However, in contrast to
PDMS, they demonstrate a step-wise collapse during lateral
compression, resulting in the formation of stable multilayers
at the air/water interface. Such multilayers consisting of up
to seven monolayers have been obtained and characterized
in situ by Brewster Angle Microscopy, synchrotron X-ray re-
flectivity and grazing angle X-ray diffraction, as well as ex
situ (i.e. after transferring the monolayers and multilayers on
solid surfaces) by AFM [40e43]. It was unequivocally demon-
strated that the spreading behavior is directly related to the
mesophase structure in the bulk.
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Preliminary characterization of the phase behavior and
morphology of cyclolinear polyorganosiloxanes has been car-
ried out and is described elsewhere [28e30]. In the present
work we report on a more detailed structural and morpholog-
ical study of the crystalline and mesomorphic states carried
out using a combination of synchrotron X-ray scattering, dila-
tometry, AFM, and polarized optical microscopy (POM).

2. Experimental

2.1. Materials

The chemical structure of the copolymer sample studied in
this work is the following:

The repeating unit of the copolymer is a 12-member ring
consisting of six alternating Si and O atoms in a ring. The di-
methylsiloxane fragment located outside the ring serves as
a linker between the rings in the backbone. The methyl groups
connected to the silsesquioxane silicon atoms (i.e., silicon
atoms connected to three oxygen atoms in the chain) define
the polymer tacticity. They are in the trans alternate positions
below and above the plane of the ring. The synthesis of these
molecules has been described in detail elsewhere [44]. Below,
only the main synthesis scheme and molecular characteristics
of the monomer and copolymer are given.

The copolymer was synthesized by heterofunctional poly-
condensation of a corresponding monomer. trans-2,8-Dihy-
droxy-2,4,4,6,6,8,10,10,12,12-decamethylcyclo-hexasiloxane
(I) was prepared according to the procedure with separation of
isomers [45]. The structure of the monomer (I) was character-
ized by X-ray diffraction and 1H NMR [46]. Poly[oxy(decame-
thylcyclohexasiloxane-2,8-diyl)-dimethylsiloxane]s (CLPMSiC)
were prepared according to the following procedure. To 3.59 g
(8.0 mmol) of (I) and 1.26 g (16.0 mmol) of C5H5N in 1.5 ml
of dry diethyl ether a solution of 1.03 g (8.0 mmol) of dimethyl-
dichlorosilane in 2.5 ml of dry diethyl ether was added under ar-
gon for 1.0 h. Every two days 20 ml diethyl ether was added to
the reaction product, and C5H5N$HCI was separated; the solu-
tion was washed with water and dried under Na2SO4, diethyl
ether was removed in vacuo. To a benzene solution of 20 ml
CLPMSiC was added CH3OH (16 ml) under stirring. A white
precipitate was separated and dried in vacuo (2.85 g, 70.7%).
The intrinsic viscosity of the trans-copolymer was found to be
0.19 dL/g. 29Si NMR (Bruker spectrometer P-200SY, solution
CCI4þC6D6) spectra of the copolymer contained peaks at (d
ppm): �21.90 (Me2SiO cycle), �22.00 (Me2SiO linear) and
�67.10 (MeSiO1.5). The synthesized samples were finally pre-
cipitated in toluene solution by alcohol.

The molecular characteristics of the resulting sample are
the following: molecular weight of the repeating unit
Mm¼ 504 g/mol, average degree of polymerization xw¼ 80,
molecular weight Mw¼ 40� 103 g/mol.

2.2. Differential scanning calorimetry (DSC)

Phase transitions in CLPMSiC were studied with a Mettler
Toledo 822e heat flux DSC equipped with a LN2 cooling
system. The melting temperatures and enthalpies of In and
Zn were used as calibrants.

2.3. Dilatometry [47]

Dilatometry measurements were performed with a small
(1 cm3) high-pressure piston-type dilatometer operating in
the temperature range from 233 to 523 K. The construction
of the dilatometer and the calibration procedure is described
elsewhere [48e50]. Some dilatometric experiments for esti-
mation of the linear thermal expansivity of CLPMSiC have
been conducted with a temperature-controlled dilatometer
DIL 402C (Netzsch, Germany).

2.4. Polarized optical microscopy (POM)

A polarizing microscope (Olympus Provis AX70) coupled
to a Linkam heating stage was used for optical texture inspec-
tion. The samples were molded between two glass slides.

2.5. Tapping mode AFM (TM-AFM)

For AFM investigations relatively thick (approx. 150 mm)
films of CLPMSiC were deposited on a Si surface. The morphol-
ogy of polymer layers of various thicknesses was studied in the
temperature interval from 243 to 323 K, therefore covering the
temperature range of the crystalline and mesomorphic states.
Etched Si probes (220 mm in length, resonant frequency in the
150e200 kHz range, stiffness ca. 40 N/m) were used. AFM
measurements at elevated and sub-ambient temperatures were
performed with a thermal and cooling accessory designed by
Veeco.

2.6. X-ray diffraction

X-ray diffraction measurements on oriented samples were
performed on beamline BM26 at the European Synchrotron Fa-
cility in Grenoble (France) using a photon energy of 10 keV. The
data were collected in transmission employing high resolution
image plates. The temperature was controlled by a Linkam
DSC [52] stage operated under a LN2 flow. The modulus of
the scattering vector s (s¼ 2sin q/l, where q is the Bragg’s angle
and l is the wavelength) was calibrated using three diffraction
orders of silver behenate. Fibers with 0.7 mm diameter were ob-
tained by extruding the material in the liquid crystalline phase
with a home-built mini-extruder. It was found that the material
can be well oriented in the mesophase and the orientation is
preserved during the subsequent crystallization on cooling.

2.7. Selected-area electron diffraction (SAED)

For SAED measurements the molten samples were depos-
ited on 100 mm carbon-coated mesh grids. A transmission
electron microscope was used (TEM, FEI CM200 operated
at 120 kV).
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3. Results and discussion

3.1. DSC characterization of phase transitions

Heating and cooling scans of CLPMSiC reveal two main
transitions (cf. Fig. 1), the derived parameters are listed in
Table 1. The transition at 274e280 K recorded on heating is
assigned to melting of the CLPMSiC crystalline phase. The
high-temperature transition, at 371e379 K, exhibiting a lower
enthalpy, corresponds to the isotropization. A more detailed
examination of the thermograms shows that both endothermic
peaks are doubled. This feature is observed not only during the
very first heating of the sample after synthesis but remains
during subsequent heating/cooling cycles. The cooling scan
displayed in the same figure clearly shows the composite char-
acter of the low-temperature transition, which appears in this
case as two separate exothermic peaks.

3.2. Dilatometry characterization of phase transitions

The variation of the specific volume as function of temper-
ature is shown in Fig. 2. Phase transitions are easily detectable
in the curves by the corresponding density changes. These
occur in the temperature intervals close to those determined
by DSC (cf. Table 1). By plotting the specific volume versus
temperature (Fig. 2) we can estimate the thermal expansion
coefficients for the semicrystalline (below 280 K) (acr), meso-
morphic (280e379 K) (ameso) and isotropic state (above

Fig. 1. DSC curves corresponding to heating and cooling ramps of the

CLPMSiC sample. The insert gives a closer view of the isotropization

peak. The low-temperature transition, occurring in the temperature range of

250e280 K, is assigned to melting of the CLPMSiC crystalline phase. The

high-temperature transition, at 350e380 K, exhibiting a lower enthalpy, cor-

responds to the isotropization. A more detailed examination of the thermo-

grams shows that both transition peaks are doubled.
379 K)(aisotrop): acr¼ 4.7� 10�4 K�1, ameso¼ 6.9� 10�4 K�1

and aisotrop¼ 7.53� 10�4 K�1. They show a conventional in-
creasing trend, with the largest variation occurring between
the crystalline and mesomorphic states. The melting and iso-
tropization transitions are characterized by a considerable
specific volume change, typical of first order phase transi-
tions. These volume changes at ambient pressure are DVm¼
0.046 cm3/g and DVi¼ 0.015 cm3/g, corresponding to a relative
variation of about 4.75% for melting/crystallization and 1.5%
for the isotropization/mesophase formation. Similar results
were obtained for melting and isotropization of mesomorphic
PDES [48e50]. However, for some other mesomorphic poly-
mers such as polyphosphazenes comparable volume changes
for melting and isotropization were observed [1].

The results of high-pressure dilatometric measurements are
summarized in Fig. 3. Similarly to other crystalline polymers
[48,53], the average slope of dTm/dP is about 0.6 K/MPa, and
the pressure dependence of dTm/dP displays a slightly nonlin-
ear behavior. This is more pronounced for the isotropization
transition. The initial slope of dTi/dP for the isotropization is
larger than 1.2 K/MPa, which can be explained by a consider-
ably lower degree of ordering in the mesomorphic state. The
pressure dependence of specific volume shows a very impor-
tant difference for the two phase transitions (cf. the inserts
in Fig. 3). On the one hand, the volume change pertinent to
melting decreases for approximately 30% with respect to its

Table 1

Thermal behavior of CLPMSiC

Temperature ramp Tm (K) DHm (J/g) Ti (K) DHi (J/g)

Cooling 248/254a �19.3 350 �2.3

Heating 274/280a 20.9 371/379a 2.5

a Two temperatures are given for the peaks, which are doubled (see text for

more details).

Fig. 2. Specific volume versus temperature for CLPMSiC recorded on heating

(full line) and cooling (dashed line). The volume changes associated to the

phase transitions are 0.046 and 0.015 cm3/g for melting/crystallization and

the isotropization/mesophase formation, respectively.
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ambient pressure value at a pressure of 40 MPa. Above this
pressure, it continues to decrease at a much slower pace. On
the other hand, the volume change due to the isotropization
becomes practically immeasurable above approximately
80 MPa. Similar behavior was previously found for the meso-
morphic PDES [50] the isotropization temperature of which
starts to decrease with increasing pressure above 160 MPa.
This indicates that, in these conditions, the specific volume
of the mesophase becomes larger than that of the isotropic
phase. In our experiments, the pressure corresponding to the
decreasing branch of the isotropization temperatureepressure
dependence has not been reached, and therefore the triple
point of CLPMSiC remains unknown.

The pressure coefficients of the phase transition tempera-
tures can be expressed from the corresponding specific volume
and enthalpy changes by the ClapeyroneClausius equation:

dTtr=dP¼ TtrDVtr=DHtr

where DHtr and DVtr are the enthalpy and volume changes re-
sulting from the first order phase transition at a temperature
Ttr. If one takes the initial slopes of dTtr/dP, the enthalpy
change accompanying melting reads as: DHm¼ TmDVm/
(dTm/dP)¼ 20� 0.5 (J/g). This value is in good agreement
with results from DSC measurements (cf. Table 1). However,

Fig. 3. Phase diagram of the sample. Specific volume versus pressure depen-

dencies for the mesophase (top insert) and crystal phase (bottom insert). The

average slope of dTm/dP is about 0.6 K/MPa; it shows a slight non-linearity.

The volume change pertinent to melting (bottom insert) decreases for approx-

imately 30% with respect to its ambient pressure value at a pressure of

40 MPa, and, above this pressure, continues to decrease much slower. The vol-

ume change corresponding to the isotropization vanishes above approximately

80 MPa. This indicates that, in these conditions, the specific volumes of the

mesophase and the isotropic phase become equal.
the heat of isotropization DHi is given by DHi¼ TiDVi/(dTi/
dP)¼ 5.0� 0.2 (J/g), which is approximately twice the corre-
sponding DSC value. To explain this discrepancy, it has to be
noted that the heat of isotropization was found to be quite
sensitive to the sample thermal history. DHi significantly
increases upon a long-term annealing at room temperature,
whereby the ratio of the components of the doubled peak in
the DSC traces changes (cf. for example the first heating in
Fig. 1). The deviation from the ClapeyroneClausius equation
is an indication of the complexity of the phase diagram of
CLPMSiC in which more than one mesophase is present.
This issue will be discussed in more detail further on.

3.3. POM observations of CLPMSiC morphology in the
mesomorphic state

Polarized light microscopy shows that when cooling the sam-
ple from the isotropic phase a birefringent texture appears due
to the development of the mesophase at 368 K (see Fig. 4).
One can see the growth of birefringent needle-like features
that can be assigned to the mesomorphic lamellae oriented
edge-on. The length and width of the lamellae are approxi-
mately 30 and 2 mm, respectively. This texture is typical for
a number of polysiloxanes forming columnar mesophases [1],
as well as for other mesomorphic polymers forming hexagonal
mesophases such as 1,4-trans-polybutadiene [54] or PE at high
pressure [20].

3.4. TM-AFM observation of CLPMSiC morphology in
mesomorphic and crystalline states

The morphology after cooling the sample from the isotropic
state was also studied by AFM. Fig. 5A shows relatively or-
dered stacks of crystalline lamellae, with an average thickness
of 180 nm. This thickness significantly exceeds the contour
length of one chain (73 nm), which means that these are not
simply extended-chain lamellae. In higher resolution images
(Fig. 5B, C) measured at ambient temperature, the lamellae
reveal a fine structure consisting of bright and dark stripes
running at a small angle with respect to the lamellar edge.
This fine structure is invariably present in both, the crystalline
as well as the LC states. The contrast observed in phase images
indicates that the regions corresponding to both types of stripes
differ in their physical properties. To quantify the structural pa-
rameters, we have performed analysis of the images using the
SAXS-type one-dimensional correlation and interface distribu-
tion functions (IDF) described elsewhere [55,56]. A typical IDF
shown in Fig. 5D displays a relatively broad maximum with the
most probable value at about 15 nm and a long period (first
minimum) of 33 nm. The distance of 15 nm corresponds to the
characteristic thickness of a single stripe. Thus, despite the
organization in very thick lamellae, the structure of CLPMSiC
remains heterogeneous at the scale characteristic of conven-
tional semicrystalline polymers. Based on the long period,
one may suggest that some of the chains are folded once.
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Fig. 4. Optical textures measured in polarized light after different annealing times at 368 K. The sample was initially heated to the isotropic state and then rapidly

brought to the annealing temperature. The arrows in the micrographs point at a single growing mesomorphic lamella. The size of the images is 865� 650 mm2.
3.5. Selected-area electron diffraction of CLPMSiC in
the mesophase

Electron diffraction patterns of a thin film of CLPMSiC
show a characteristic 6-fold symmetry pattern (see Fig. 6). It
can be assigned to a homeotropically oriented mono-domain,
with a hexagonal unit cell having a¼ 9.53 Å. We were not
able to record a diffraction pattern corresponding to the in-
plane chain orientation. One of the possible reasons for that
could be a significant thickness of the edge-oriented lamellae.
Indeed, from the AFM image shown in Fig. 5A the height of
the lamellar features exceeds 350 nm, which is prohibitive for
TEM observations.

3.6. X-ray structural analysis of CLPMSiC in the
mesomorphic and crystalline states

X-ray fiber diffractograms show that CLPMSiC can be eas-
ily oriented in the mesophase by extrusion (Fig. 7B) and the
orientation is preserved during subsequent crystallization on
cooling (Fig. 7A). A 2D X-ray pattern measured at 223 K
corresponding to the crystalline phase resulting from the crys-
tallization of the oriented mesophase is given in Fig. 7A. It
displays 32 sharp reflections approximately distributed over
five layer lines (Table 2). Note the presence of five diffraction
orders in the chain direction. The peak positions can be in-
dexed to a triclinic unit cell with parameters a¼ 8.87 Å,
b¼ 17.12 Å, c¼ 18.92 Å (fiber repeat), a¼ 90�, b¼ 82.2�

and g¼ 88.3�. By assuming that the unit cell accommodates
two chains, the crystalline phase density of 1.01 g/cm3 can
be found. The degree of crystallinity calculated from the dif-
fractogram is very high (0.83), which is typical for the meso-
phase-assisted crystallization of main-chain LC polymers [27].

X-ray pattern recorded in the mesophase at room tempera-
ture (Fig. 7B) displays three equatorial reflections located at
8.40, 4.76 and 4.18 Å with relative spacings given by the ratio:
1:O3:2 (Table 3). This indicates a two-dimensional hexagonal
lattice, which is formed by the chain axes. The corresponding
lattice parameter ah¼ 9.66 Å. Such assignment is in agree-
ment with the electron diffraction results described above.
However, in addition to equatorial peaks, the X-ray pattern
shows sharp off-meridional peaks located on the first and
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Fig. 5. Taping mode AFM phase images of the CLPMSiC sample measured on different scales: 10� 10 mm2 at 243 K (A), 2� 2 mm2 at 323 K (B), 1� 1 mm2 at

323 K (A-C). (D) SAXS-type interface distribution function calculated for image in (C). The thickness of the crystalline lamellae (image in (A)) significantly

exceeds the contour length of one chain (73 nm), which means that these are not simply extended-chain lamellae. In addition, the lamellae reveal a fine structure

(B, C) consisting of bright and dark stripes. The characteristic thickness of a single stripe evaluated from the IDF (D) is about 15 nm.
second layer lines. The strongest off-meridional peak on the
first layer line has a spacing of 8.04 Å. It is undoubtedly the
most remarkable structural feature of the CLPMSiC meso-
phase. Note that X-ray mesophase patterns of a similar poly-
mer, PDES, do not display such peaks [57]. Generally, the
presence of sharp off-meridional peaks is an indication that
the structure is a 3D crystal. However, that would be at vari-
ance with the observations of the pasty appearance of the ma-
terial, which is an indication of the liquid crystalline character
of CLPMSiC at room temperature.

One could also suggest that the presence of the off-merid-
ional peaks is due to incomplete melting of the CLPMSiC
crystalline phase. However, the structure of CLPMSiC at
room temperature is very different from that in the crystalline
phase: for example, the described off-meridional peaks are ab-
sent in the X-ray pattern of the crystal (cf. Fig. 7A and Table
2). Therefore one can completely rule out the possibility that
this feature of the room temperature X-ray pattern is due to
the remaining crystals.
Interestingly, the equatorial peaks at s¼ 0.119 Å�1, to-
gether with the off-meridional peaks, form a six-spot pattern
with an almost hexagonal symmetry. In the following, this
quasi-hexagonal rectangular centered structure will be denoted
as the R-phase. Different possibilities have been considered in
order to index the mesophase diffraction pattern to a single
structure. However, it appears to be a hard task because of
the incompatibility of the hexagonal chain axes packing and
the quasi-hexagonal structure in the plane parallel to the
chains. The simplest argument, which shows the impossibility
to build such a single structure, is the following. On the one
hand, the vertical and horizontal dimensions of the structural
building block (monomer) are close, as can be concluded
from the comparison of equatorial versus meridianal spacings.
On the other hand, the presence of the quasi-hexagonal pack-
ing in the chain direction implies that some of the chains are
shifted vertically by half of the fiber repeat. Therefore, in
the plane perpendicular to the chain axes, the distances be-
tween the chains cannot be all equal due to a vertical shift
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of some of the chains with respect to some others. There-
fore, the two lattices, i.e. the hexagonal horizontal and quasi-
hexagonal vertical, are incompatible. We thus concluded that
at least one equatorial peak and all the non-equatorial peaks
are pertinent to two different structures.

Note that, when performed separately, the indexation of
both structures does not pose problems (Table 3). Thus the
R-phase with parameters a¼ 16.76 and b¼ 9.10 Å (fiber re-
peat) can account for all the observed off-meridional reflec-
tions such as the strongest 11 as well as weaker 31 (4.76 Å)
and 22 (4.05 Å) peaks (cf. Table 3). The presence of intense
horizontal streaks located on the first and second layer lines

Fig. 6. Electron diffraction pattern of a thin CLPMSiC film deposited on a

carbon-coated TEM grid. It can be assigned to a homeotropically oriented

mono-domain, with a hexagonal unit cell having a¼ 9.53 Å.
Table 2

X-ray fiber diffraction data measured at 223 K

h k l dexp (Å) dcalc (Å)

1 0 0 8.74 8.79

1 1 0 7.94 7.91

1 2 0 6.25 6.22

2 0 0 4.49 4.39

2 2 0 3.99 3.95

0 0 1 18.69 18.74

1 0 1 8.4 8.40

1 1 1 7.58 7.62

1 2 1 6.12 6.07

1 �2 1 5.78 5.92

2 0 1 4.46 4.41

2 2 1 3.85 3.97

0 0 2 9.37 9.37

1 0 2 6.87 6.89

1 1 2 6.43 6.44

1 2 2 5.44 5.42

2 0 2 4.19 4.20

0 0 3 6.27 6.25

1 0 3 5.45 5.45

0 2 3 5.09 5.04

1 2 3 4.79 4.63

1 �2 3 4.65 4.57

2 0 3 3.86 3.85

0 0 4 4.72 4.69

1 0 4 4.41 4.39

1 2 4 3.94 3.92

1 �2 4 3.61 3.89

2 0 4 3.47 3.45

0 0 5 3.79 3.75

2 0 5 3.14 3.06

0 0 6 3.18 3.12

1 0 6 3.14 3.08
Fig. 7. 2D X-ray diffraction pattern recorded for crystal phase at 223 K (A) and in the mesophase at ambient temperature (B). The peak positions of the crystalline

lattice can be indexed to a triclinic unit cell with parameters a¼ 8.87 Å, b¼ 17.12 Å, c¼ 18.92 Å (fiber repeat), a¼ 90�, b¼ 82.2� and g¼ 88.3�. The diffraction

pattern of the mesophase cannot be indexed to a single structure. Therefore we suppose that, in addition to a conventional hexagonal mesophase, there exists

another mesophase (termed the R-phase), which is responsible for the appearance of the off-meridional peaks.
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close to the meridional direction indicates that the structure of
the R-phase exhibits defects in the fiber axis direction, i.e. the
chains in the 2D lattice of the R-phase are translationally dis-
ordered along the chain direction. We are not aware of any LC
phase with a similar 2D lattice oriented along the chain axis.

Following the referee’s comments, we have analyzed the X-
ray patterns of the CLPMSiC mesophase with more scrutiny to
check the hypothesis about the co-existence of two different
mesophases. Fig. 8 shows one-dimensional WAXS profiles
measured upon a long-time annealing of a CLPMSiC fiber
at room temperature (left) and shortly after cooling it to the
crystalline phase and heating back to room temperature (right).
Decomposition of the intensity into two sharp peaks (r20/h11

and r11) and one broad peak (streak) allows comparing the

Table 3

X-ray fiber diffraction data measured at 293 K

Phasea h k dexp (Å) dcalc (Å)

h 1 1 8.40 8.38

r 2 0

h 2 0 4.86 4.83

h 2 2 4.18 4.19

r 4 0

r 1 1 8.04 8.00

r 3 1 4.76 4.76

r 0 2 4.59 4.55

r 2 2 4.05 4.00

a h stands for the hexagonal and r for rectangular R-mesophase.
intensities of the peaks, which are supposedly pertinent to
two different mesophases. It was found that, upon crystalliza-
tion and melting, the intensity of r11 with respect to the r20/h11

peak decreases from 1:15.1 to 1:33.1. This confirms the
hypothesis about the co-existence of the two mesophases.

3.7. Polymorphism of disk-necklace structures

The two LC structures described above are schematically
depicted in Fig. 9. The first one shown in the top panel corre-
sponds to the usual columnar mesophase formed by polymer
chains, i.e. when the upright standing columns are arranged
on a 2D hexagonal lattice. The bottom panel shows the second
structure, i.e. the novel R-phase, in which the liquid crystalline
order is built up in the vertical plane, along the chain axes. In
this case, the neighboring chains are correlated with each other
not only via regular positioning of the backbones but also due
to the inter-chain register of the polysiloxane cycles. It is clear
that the building blocks for both structures are the bulky poly-
siloxane cycles present in the main chain. At the mesoscale
level, the chains can be viewed as necklaces of nanometer-
sized disks, and the LC structures are obtained by the assem-
bly of these disk-necklaces.

In the usual columnar phase, the cycles (disks) pertinent to
one chain are stacked in the vertical direction, whereas in the
second case the cycles pertinent to different chains are stacked
in the direction perpendicular to the chain axis. The driving
force in both cases could be segregation between the siloxane
cores and aliphatic periphery of the cycles, which can occur
Fig. 8. 1D WAXS profiles calculated from 2D patterns for a CLPMSiC fiber annealed for three weeks at room temperature (left) and the same fiber measured

shortly after cooling to 223 K and heating back to room temperature (right). Decomposition of a composite peak located at approximately 0.12 Å�1 allows to

compare the relative intensities of the r20/h11 and r11 peaks. The dotted lines are fits of the measured intensity with a sum of three Gaussians. The ratio between

the surfaces under these peaks changes from 15.1 (left) to 33.1 (right). This indicates that the peaks are pertinent to two different mesophases, which are simul-

taneously present in the sample.
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via inter- and intra-chain stacking. Accordingly, the possible
chain conformations compatible with the two phases are given
in Fig. 9. It is noteworthy that the conformation of the polysi-
loxane cycle can be variable due to the flexibility of the PDMS
chain [58]. The conformation lability of the cycle and flexibil-
ity of the linkers connecting the cycles are thus likely to ac-
count for the possibility of CLPMSiC to self-organize in
these two different ways.

Generally, the liquid character of the phases (i.e. the large-
scale molecular motion of the chains) should correspond to re-
duced spatial correlations in some directions [cf. Ref. [59] and
references therein]. For the R-phase, the inter-chain correla-
tions should be reduced in the direction perpendicular to the
rectangular lattice, i.e. along the c vector. Therefore, we be-
lieve that in this phase the interactions between CLPMSiC
chains belonging to different ab layers are much weaker than
interactions between chains inside the same layer. Note that
the equatorial peak corresponding to the interlayer distance

Fig. 9. Schematic representation of the structure of two coexisting hexagonal

mesophases of CLPMSiC. The 2D hexagonal lattice is formed either perpen-

dicular to the main-chain axis, as in the conventional case (top panel), or in

a plane parallel to the chains (bottom). The observed polymorphism can be ac-

counted for, on the one hand, by the presence of nanometer size disk-shaped

entities in the chain structure (siloxane cycles), and, on the other hand, by the

flexibility of the spacers connecting the cycles.
coincides with the 110 reflex of the hexagonal lattice, i.e.
the diameter and thickness of the polysiloxane cycle are close.
The chain mobility can then be explained by free sliding of the
layers with respect to each other. This picture qualitatively
corroborates previous observations of layer-like structures
made on Langmuir films of similar polymers [37e43].

Despite the structural differences between the two LC
phases, their thermal properties are likely to be quite similar.
First, from the DSC results shown above, the clearing transi-
tions of the phases are close. Second, based on diffraction pat-
terns taken at different temperatures, we found that the linear
thermal expansion coefficients of both structures are equal,
3.3� 10�4 K�1, which is in agreement to the findings from di-
latometry. Therefore the phases coexist over the whole temper-
ature range, and are difficult to isolate them experimentally.
However, as we have shown, there are indications that the
R-phase is thermodynamically stable, and can be formed
from the other, hexagonal, phase upon long-term annealing
in the LC state. Importantly, despite the presence of two differ-
ent mesophases, the crystallization results in the formation of
only one orientation of the crystalline phase. The conforma-
tional transitions accompanying crystallization should there-
fore be different for the two mesophases. A small difference
in the crystallization temperatures can be suggested from the
DSC cooling trace, as shown in Fig. 1.

4. Summary and conclusions

The structure and phase transitions of cyclolinear
CLPMSiC copolymer containing 12-member polysiloxane
rings have been studied by X-ray diffraction, as well as by
DSC, TEM, AFM and polarized optical microscopy. The pri-
mary structure of this polymer can be viewed as a necklace of
disk-shaped entities (cyclic groups) connected via flexible
linkers.

In the mesomorphic state, the presence of two different liq-
uid crystalline phases has been derived from the analysis of
WAXS fiber diffractograms. One of the phases corresponds
to a conventional hexagonal packing of LC chains where the
chain axes are perpendicular to the plane of the 2D hexagonal
lattice. The other one, so-called R-phase, has a vertically ori-
ented rectangular 2D lattice formed by inter-chain correlations
between the bulky polysiloxane cycles. We suggest that the
liquid character of the R-phase is accounted for by weaker
interactions between the ab layers (the fiber repeat is in the
b-direction), which allow sliding of the layers with respect
to each other and thereby provide the macroscopic chain mo-
bility. The morphology of this mesophase is rather unique and
to our knowledge there are no other LC systems which exhibit
a similar phase. The supermolecular organization of CLPMSiC
is thus closely related to its disk-necklace structure composed
of conformationally labile soft bulky groups. The ‘‘softness’’
of the disks capable of self-assembly in two different direc-
tions and flexibility of the thread (linkers connecting the
cycles) are thought of being mainly responsible for the
observed polymorphism of CLPMSiC.
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The organization of the mesophases on the nanometer to
micrometer scale was investigated by AFM. It is shown that
the CLPMSiC chains organize in lamellae with a thickness
of about 180 nm. This thickness significantly exceeds the con-
tour length of one chain, similar to the morphology formed by
crystallizing HDPE under elevated pressures [24]. The lamel-
lae do not simply contain extended chains but can be orga-
nized in a super-chain structure, probably comprising both
extended and folded chains. Additionally, a fine intra-lamellar
structure was observed, with a characteristic size of about
15 nm. This structure is present in both crystalline and LC
states and indicates that the organization of CLPMSiC is het-
erogeneous at this scale. The presence of such structure im-
plies spatial segregation of chain folds and chain ends in
less ordered regions.

The process of crystallization was studied using WAXS.
This technique reveals typical features of the mesophase-
assisted crystallization during which the crystalline growth
occurs anisotropically, using the preordered state of the chains
in the mesophase. During crystallization, the chain orientation
is preserved and the degree of crystallinity approaches the
values typical of PE single crystal mats [60]. On the lamellar
scale, the crystallization does not perturb the lamellar structure
formed in the mesophase. Therefore the crystallization process
in this case is mainly operational on the sub-molecular scale.
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[4] Wunderlich B, Möller M, Grebovich J, Baur H. Adv Polym Sci

1988;87:1.

[5] Ungar G. Polymer 1993;34:2050.

[6] Makarova NN, Godovsky YK. Prog Polym Sci 1997;22:1001.

[7] Gearba RI, Lehmann M, Levin J, Ivanov DA, Koch MHJ, Baberá J, et al.
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Jensen TR, et al. Nonlinear optics and quantum optics, 31; 2004. p. 31.

[44] Makarova NN, Astapova TV, Godovsky YK, Matukhina EV,

Lavrukhin BD, Yakubovich. Russ Polym Sci 1993;A35:190.

[45] Makarova NN, Petrova IM, Godovsky YK, Lavrukhin BD, Zhdanov AA.

Dokl Akad Nauk SSSR 1983;269:1369.

[46] Furmanova NG, Andrianov VI, Makarova NN. J Struct Chem 1987;

28:256.



4848 D.V. Anokhin et al. / Polymer 48 (2007) 4837e4848
[47] The dilatometric results presented in this paper were obtained in the

frame of scientific cooperation of Department of Polymer Materials,

Karpov Institute of Physical Chemistry, Moscow (Y.K. Godovsky) and

Department of Applied Physics, Ulm University, Germany (Prof. Dr.

W. Pechhold, Dr. E. Sautter).

[48] Dollhopf W, Barry S, Strauss MJ. In: Hochheimer HD, Etter RD, editors.

Frontiers of high pressure research. New York: Plenum Press; 1991. p. 25.

[49] Pechhold W, Schwarzenberger P. In: Hochheimer HD, Etter RD, editors.

Frontiers of high pressure research. New York: Plenum Press; 1991. p. 57.

[50] Reck T, Sautter E, Dollhopf W, Pechhold W. Rev Sci Instrum

1998;69:1823.

[52] Bras W, Derbyshire GE, Devine A, Clark SM, Cooke J, Komnschek BE,

et al. J Appl Crystallogr 1995;28:26.
[53] Privalko VP. Molecular structure and properties of polymers [in Russian].

Leningrad: Khimiya; 1986. p. 191.

[54] Rastogi S, Ungar G. Macromolecules 1992;25:1445.

[55] Basire C, Ivanov DA. Phys Rev Lett 2000;85:5587.

[56] Ivanov DA, Amalou Z, Magonov SN. Macromolecules 2001;34:8944.

[57] Tsvankin DY, Papkov VS, Zhukov VP, Godovsky YK, Svistunov VS,

Zhdanov AA. J Polym Sci 1985;23:1043.

[58] Flory PJ. Statistical mechanics of chain molecules. New York: Inter-

science; 1969.

[59] Auriemma F, De Rosa C, Corradini P. Adv Polym Sci 2005;

181:1.

[60] Hocquet S, Dosière M, Thierry A, Lotz B, Koch MHJ, Dubreuil N, et al.

Macromolecules 2003;36:8376.


	Structure and phase behavior of a disk-necklace polymer: Cyclolinear polymethylsiloxane
	Introduction
	Experimental
	Materials
	Differential scanning calorimetry (DSC)
	Dilatometry [47]
	Polarized optical microscopy (POM)
	Tapping mode AFM (TM-AFM)
	X-ray diffraction
	Selected-area electron diffraction (SAED)

	Results and discussion
	DSC characterization of phase transitions
	Dilatometry characterization of phase transitions
	POM observations of CLPMSiC morphology in the mesomorphic state
	TM-AFM observation of CLPMSiC morphology in mesomorphic and crystalline states
	Selected-area electron diffraction of CLPMSiC in the mesophase
	X-ray structural analysis of CLPMSiC in the mesomorphic and crystalline states
	Polymorphism of disk-necklace structures

	Summary and conclusions
	Acknowledgements
	References


