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cis-Cyclotetrasiloxanes of the formula cis-[PhSi(O)(OSiMe2R)]4 with R 5 Me, CH2Cl, CH CH2
and cis-[ClC6H4Si(O)(OSiMe3 )]4 were synthesized and investigated in terms of their thermo-
tropic phase transitions. Two ordered phases were observed for the cis-cyclotetrasiloxanes,
one at lower temperature exhibiting the properties of a crystal and one at higher temperature
exhibiting the properties of a plastically crystalline (3D) mesophase. A detailed examination
of the mesophase behaviour and mesophase structure of octaphenylcyclotetrasiloxane was
also carried out. It was shown that the thermal properties and structural characteristics of
the mesophase are in� uenced by the structural characteristics of the substituent attached
at the silicon atom in the tetracyclosiloxane. The new mesomorphic cis-cyclotetrasiloxanes
are by far the largest molecules reported to date as forming plastic crystals, and the temperature
region of the mesophase is much broader than in other plastic crystals. All � ve cyclotetra-
siloxanes studied were found to be isomorphous in the 3D-mesophase and the low temperature
forms of the two cis-cyclotetrasiloxanes: PhSi(O)(OSiMe2R)4 (R 5 Me, CH CH2 ) were also
isomorphous.

1. Introduction of great interest as they can have important properties,
A wealth of mesomorphic compounds exists contain- such as high isotropization temperatures—similar to those

ing diŒerent types of organic ring such as cyclohexane of mesomorphic cyclolinear polyorganosiloxane s [6].
and bicyclo(2,2,2)octane but, apart from this very little The aim of our studies was to examine a broad variety
is known about the mesomorphic behaviour of organo- of cyclic organosiloxanes (CS compounds) in an attempt
cyclosiloxanes. As far as it can be determined information to identify those with mesomorphic properties, and also
is limited to data obtained for octaphenylcyclotetra - to understand the dependence of these properties on the
siloxane (POCTS) [1–5]. At the same time, meso- chemical and geometrical structure of the molecular
morphic organosiloxanes with a cyclic siloxane core are fragments and the molecule as a whole. Two principal

ways of varying the CS structure are obvious: modi-
� cation of the side groups and of the size of the siloxane*Author for correspondence; e-mail: olga@ineos.ac.ru
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870 E. V. Matukhina et al.

ring. Note, that by changing only the substituent type, not correspond to the molecular organization in a cubic
lattice. Moreover, as evidenced by detailed DSC investi-we can control two factors that govern the formation of
gations [2], on slow cooling, the transition from themesomorphic structures: the molecular geometry and
mesophase to the crystalline phase in OPCTS has athe distribution of the intermolecular forces. However,
two-step or even a three-step character. However, in thisthese factors are also in� uenced by the size of the
work, as well as in the other publications, there are nosiloxane ring. By varying the ring size we could also
data concerning the nature of this phenomenon.exert an in� uence on the molecular � exibility which is

To eliminate the above contradictions and to gain aalso of great importance in mesophase formation. To
better insight into the problems related to the meso-distinguish the in� uence of side groups and the CS ring
morphic behaviour and mesophase structure of OPCTS,size in the process of the mesophase ordering we must
we decided to begin our investigations with a detailedconsider organosiloxanes in which the side groups and
examination of this compound. However, compoundsthe ring size are changed separately and gradually.
with molecular structures similar to that of OPCTS areMoreover, we need to understand the various factors
very relevant to studies of the mesomorphic nature ofwhich determine the fact that some members of a series
CS compounds. We therefore considered it worthwhileof similarly shaped molecules form mesophase structures
to extend identical studies to other non-symmetricaland some do not. Alongside these considerations, the
phenyl-substitut ed cyclosiloxanes. The plastically crystal-question arises as to whether all the phases of previously
line behaviour of two compounds from the TMSS seriesreported CS compounds have been discovered and
[7] suggested that phenyltriorganylsiloxy compoundsreliably characterized. Such an extended view will demand
could exhibit similar phases. Preliminary DSC resultsnot only the synthesis and investigation of new CS com-
obtained for cis-[PhSi(O)(OSiMe3 )]4 by Feher et al. [8]pounds but also the detailed analysis of the well-known
also pointed out the possibility of mesophase formationones. In the � rst instance this applies to OPCTS, and the
in this CS.fact is that there is very little agreement among previous

As part of our general study on the thermal behaviourauthors as to the phase behaviour and the mesophase
of organosiloxanes , we focused attention on the eŒectstructure of OPCTS.
of the substituent in organocyclotetrasiloxane s (CTS

Research on the mesomorphic behaviour of OPCTS
compounds) and report here some results on the meso-

was initiated by Keyes and Daniels [1] in the early 1970s
morphic properties of OPCTS and a series of cis-

and led to a number of articles concerning the thermal
cyclotetrasiloxane s (c-CTS) of formula cis-[R1Si(O)R2]4 ,

behaviour , the mesophase structure and properties of this
which can be regarded as the triorganylsiloxy derivatives

compound [2–5]. The majority of researchers classi� ed
of OPCTS:

the OPCTS mesophase as plastic crystalline [1, 2, 4, 5].

The neutron scattering pattern revealed only one intense
OPCTS R1 5 Ph, R2 5 Ph

peak for the mesophase of OPCTS, suggesting a smectic A I R1 5 Ph, R2 5 OSiMe3
Ia R1 5 Ph, R2 5 OSiMe2 (CH2Cl)ordering [3]. X-ray diŒraction (XRD) experiments on
Ib R1 5 Ph, R2 5 OSiMe2 (CH CH2 )OPCTS were then carried out by Albertini et al. [4],
II R1 5 C6H4Cl, R2 5 OSiMe3who rejected a smectic A ordering, and con� rmed

the plastically crystalline nature of the mesophase of
Unsymmetrically substituted CTS compounds wereOPCTS. These authors interpreted the absence of addi-

obtained by the treatment of sodium phenylsiloxanolatetional peaks in the neutron scattering pattern as being
(SPS), cis -tetraphenyl- and cis -tetra(chlorophenyl )-due to changes in the sample texture over time. In our
(tetrahydroxy)cyclotetrasiloxane s (A1 and A2) with aopinion there are good reasons for this interpretation,
corresponding triorganochlorosilane according to thesince quite similar eŒects connected with time-dependent
scheme below.changes in mesophase texture were observed in the course

of our X-ray studies on two compounds from the series

of oligotrimethylsiloxysiloxane s (TMSS compounds) :
RO[Si(OR)2O]

n
R, where R is OSi (CH3 )3 , namely, in

hexakistrimethylsiloxydisiloxan e with n 5 2 and in octa-

kistrimethylsiloxytrisiloxan e with n 5 3 [7]. It should

be noted also that in the work of Albertini et al. [4],

although the authors gave emphasis to the optical

isotropy of the mesophase of OPCTS and came to the

conclusion about its plastic crystal nature, the powder

Scheme.diŒractogram of the mesophase given in the article did
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871Mesomorphic organocyclotetrasiloxane s

2. Experimental d 7.20–7.49 ppm (m, Ph), d 5.67–6.21 (m, CH CH2 ).
29Si NMR (CCl4 ): d Õ 0.898 ppm (OSiMe2CH CH2 ),2.1. Materials

Pure OPCTS was synthesized by the method d Õ 78.815 ppm (O3SiPh).
described in [9]. The initial crystalline sodium phenyl-
siloxanolate (SPS) was prepared according to the method 2.1.4. Synthesis of cis-tetraphenyltetrakis [(dimethyl)-

(vinyl)siloxy]cyclotetrasiloxan e fromdescribed in [10]. cis-2,4,6,8-Tetraphenyl-2,4,6,8-tetra-
hydroxycyclotetrasiloxan e was prepared using fractional sym-cis-[PhSi(O)OH]

4
(Al)

2.07 g (0.0035 mol) of the cis-tetrol (Al) was addedrecrystallization from acetone [11 a] and by the reaction
of SPS with a dilute solution of hydrochloric acid [11 b]. as a powder to the mixture of 3.35 g (0.0277 mol) of

Me2 (CH2 CH)SiCl, 2.19 g (0.0277 mol ) of pyridine and
dry toluene (30 ml) at room temperature with vigorous

2.1.1. Synthesis of cis-tetraphenyltetrakis - stirring. The reaction mass was heated under re� ux for 1 h.
(trimethylsiloxy)cyclotetrasiloxane from SPS After cooling to room temperature, the reaction mixture

A � ask was charged with Me3SiCl (9.77 g, 0.09 mol) was washed with water and the organic layer dried over
and 3.96 g (0.05 mol) of pyridine in 60 ml benzene and anhydrous Na2SO4 . 3.07 g (98.7%) of cis-{PhSi(O)-
7.14g (0.01 mol) of SPS were added at once. The resulting [OSi (Me)2 (CH2 CH)]}4 were obtained after removing
mixture was stirred under re� ux for 1 h. After cooling the solvents and drying in vacuum (1 mm Hg/80 ß C/1 h).
to room temperature, the precipitate was � ltered oŒand 1H NMR (CDCl3 ): d 0.23 ppm (s, Me), d 7.06–7.33 ppm
the � ltrate was washed with water until a neutral Cl Õ (m, Ph), d 5.76–6.26 (m, CH CH2 ). 29Si NMR (C6D6 ):
ion test with AgNO3 was obtained. The organic phase d Õ 0.921 ppm (OSiMe2CH CH2 ), d Õ 78.828 (O3SiPh).
was then dried over anhydrous sodium sulphate. The
benzene was removed in vacuo, and the residue was 2.1.5. Synthesis of cis-tetraphenyltetrakis -
recrystallized from hot ethanol to aŒord 7.40 g (87.9%) of [(chloromethyl)(dimethyl)siloxy]tetracyclosi loxane
white crystals. Analysis for {C6H5Si (O)[OSi(CH3 )]3}4 : from SPS
found C 51.82, H 6.66, Si 26.15; calc. for C36 H56O8Si8 11.53g (84%) of cis-{PhSi(O)[OSi(Me)2 (CH2Cl)]}4C 51.38, H 6.71, Si 26.70%. 1H NMR (CCl4 ): d 0.22 ppm were obtained from 8.98 g (0.056 mol) of crystalline
(s, Me), d 7.10–7.40 ppm (m, Ph). 29Si NMR (C6D6 ): SPS and 40.11 g (0.28 mol ) of chloromethyldimethyl-
d 10.46ppm (OSiMe3 ), d Õ 78.97 ppm (O3SiPh). chlorosilane in 170 ml of toluene in the presence of

pyridine (17.71 g, 0.224 mol ). Analysis for {C6H5Si (O)-
[OSi (CH3 )2 (CH2Cl)]}4 : found C 45.11, H 5.80, Si 22.33,2.1.2. Synthesis of cis-tetraphenyltetrakis -
Cl 14.22; calc. for C36H52 Cl1O8Si8 C 44.15, H 5.35,(trimethylsiloxy)cyclotetrasiloxane from
Si 22.95, Cl 14.48%. 1H NMR (C6D6 ): d 0.36 ppmsym-cis-[PhSi(O)OH]

4 (s, Me), d 2.78 ppm (s, CH2Cl), d 6.91–7.55 ppm (m, Ph).cis-Tetraphenyltetrakis(trimethylsiloxy)cyclotetrasiloxane
29Si NMR (C6D6 ): d 5.940 ppm (OMe2CH2Cl), d Õ 78.13was prepared according to the procedure described in [12].
(O3SiPh).1H NMR (C6D6 ): d 0.38 ppm (s, Me), d 7.10–7.64 ppm

(m, Ph). 29Si NMR (C6D6 ): d 10.72 (s) ppm (OSiMe3 )
2.1.6. Synthesis of cis-tetraphenyltetrakis -and Õ 78.74 (s) ppm (O3SiPh).

[(chloromethyl)(dimethyl)siloxy]tetracyclosi loxane
from sym-cis-[PhSi(O)OH]

4
(Al)

3.68 g (86.38%) of the required product were obtained2.1.3. Synthesis of cis-tetraphenyltetrakis [(dimethyl)-
(vinyl)siloxy]cyclotetrasiloxan e from SPS from 2.6 g (0.0044 mol) of cis-tetrol (Al) and 7.48 g

(0.052 mol) of Me2 (CH2Cl)SiCl in 50 ml of benzene in15.5 g (0.097 mol) of crystalline SPS was added to a
mixture of 46.81 g (0.388 mol ) of Me2 (CH2 CH)SiCl, the presence of pyridine (4.11 g, 0.052 mol). 1H NMR

(C6D6 ): d 0.35 ppm (s, Me), d 2.78 ppm (s, CH2Cl),23.02 g (0.291 mol ) of pyridine and dry benzene (200 ml)
at room temperature and vigorously stirred. The reaction d 6.91–7.53 ppm (m, Ph). 29Si NMR (C6D6 ): d 5.89 ppm

(OMe2CH2Cl), d Õ 78.14 (O3SiPh).mixture was then heated under re� ux for 1 h. After
the mixture was cooled to room temperature, it was
washed with water and dried over anhydrous Na2SO4 . 2.1.7. Synthesis of cis-tetra(chloropheny l)tetrakis-

(trimethylsiloxy)cyclotetrasiloxane19.2 g (89%) of cis-{PhSi(O)[OSi(Me)2 (CH2 CH)]}4
were obtained after removing the solvents and drying in cis-Tetra[(hydroxy)(chlorophenyl)]cyclotetrasiloxane

was � rst obtained in a yield of 9.6% by hydrolysis ofvacuum (1 mm Hg/80 ß C/1 h). Analysis for {C6H5Si (O)-
[OSi(CH3 )2 (CH CH2 )]}4 : found C 53.93, H 6.47, chlorophenyltrichlorosilane . The low yield re� ects the

fact that the hydrolysis of monomers of the type RSiCl3Si 24.98; calc. for C40 H56 O8 Si8 C 54.01, H 6.35,
Si 25.26%. 1H NMR (CCl3 ): d 0.27 ppm (s, Me), is a multistep, complicated process leading to various

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
0
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



872 E. V. Matukhina et al.

products including crosslinked 3D-networks, ladder-like quartz crystal ), equipped with a heating and a cool-
ing camera wherein the temperature was automaticallyoligomers, polyhedral silsesquioxanes, etc. A solution of

213 g (0.866 mol ) of chlorophenyltrichlorosilane in either regulated. X-ray diŒraction (XRD) patterns were obtained
over a wide temperature range. Phase diagrams were(200 ml ) was added dropwise to a mixture of water and

ether (300ml/300 ml) with vigorous stirring (temperature, deduced from these diŒraction patterns. During each
experiment the temperature of the sample was controlled3–5 ß C, addition time 2 h). The ethereal phase as

separated oŒ, washed with water until neutral, and dried to better than Ô 1 ß .
The assignments of the transition temperatures wereover anhydrous Na2SO4 ; the ether was then evaporated.

A white precipitate was formed after the addition of con� rmed by polarizing optical microscopy (POM).
Optical birefringence studies were carried out using a200 ml of toluene to the residue. Washing several times

with toluene and pentane yielded 14.40 g (9.6%) of white Mettler FP2 temperature-programmabl e hot stage and
a microscope with crossed polarizers.crystals, m.p. 210–214 ß C.

A benzene/ether (3 ml/8 ml) solution of 0.69g (0.001 mol)
of the above product cis-[ClC6H4Si(O)OH]4 and 0.318 g 3. Phase transition behaviour

3.1. Octaphenylcyclotetrasiloxan e (OPCT S)(0.004 mol) of pyridine was added to 2 ml of a benzene
solution containing 0.868 g (0.008 mol) of Me3SiCl, and According to the DSC curves presented in � gure 1,

OPCTS exhibits three reversible transitions. Comparisonthe mixture stirred for 8 h at room temperature. Then
8 ml of benzene were added and the reaction mixture of the DSC and X-ray data (� gures 1 and 2) indicates

that heating above the � rst transition results in a changewas heated to 60 ß C and stirred for 6 h. The benzene
solution obtained after � ltration from the precipitate of in crystalline structure, whereas at the second transition

the crystals melt and OPCTS remains in a mesomorphicpyridine hydrochloride was washed several times with
water. The solvent was removed to give 0.47 g (44.9%) state until the third transition (isotropization temper-

ature). The temperatures of the transitions are summarizedof a white solid, m.p. 52–58 ß C. The crude product was
recrystallized from benzene/ethanol, followed by sub- in the table, and the X-ray patterns of the crystalline modi-

� cations are in agreement with data reported earlierlimation under vacuum (0.01 mm Hg, 250 ß C) yielding
0.30 g (28.7%) of white crystals, m.p. 56.5–57.5 ß C. [2, 12].
Analysis for {ClC6H4Si(O)[OSi(CH3 )3]}4 : found C 44.59,
H 5.48, Si 22.75, Cl 14.53; calc. for C36 H52Cl1O8Si8
C 44.15, H 5.35, Si 22.95, Cl 14.48%. 1H NMR
(C6D6 1 CCl4 ): d 0.033ppm (s, 9H, Me), d 7.05–7.29 ppm
(m, C6H4Cl). 29Si NMR (C6D6 1 CCl4 ): d 11.92 ppm
(OSiMe3 ), d Õ 80.36 (O3SiC6H4Cl).

2.2. Measurements
The 1H and 29Si NMR spectra were obtained,

respectively , on a Bruker DRX-500 spectrometer operating
at 500 MHz and at 99.325 MHz at 20 ß C in CD3Cl and
in C6D6 . Chemical shifts are reported relative to TMS
as the internal reference standard.

The thermal characteristi cs of glass and phase transitions
were obtained from diŒerential scanning calorimetry
(DSC) scans, which were recorded on a Perkin-Elmer
DSC-7 at a heating rate of 10 ß C min Õ 1 from ambient
temperature up to the sublimation temperature. The
sublimation temperatures were established by thermo-
gravimetric analysis (TGA) using a ‘Derivatograph-K’
(MOM Production, Hungary) . TGA measurements were
carried out in air. The TGA sample size was 20–30 mg
and the heating rate was 5 ß C min Õ 1. The temperature

Figure 1. DSC curves for OPCTS obtained on heatingat which a weight loss of 2% was detected was considered
(curves 1, 2) and cooling (curves 3, 4, 5) at variousas the onset of the sublimation process.
scan speeds: curve 1, 10 K min Õ 1 ; curve 2, 5 K min Õ 1 ;

X-ray characterization was performed with � ltered curve 3, Õ 10 K min Õ 1 ; curve 4, Õ 5 K min Õ 1 ; curve 5,
CuK

a
radiation using a DRON-3M X-ray diŒractometer Õ 0.5 K min Õ 1. Arrow marks the temperature corresponding

to the appearance of birefringence on cooling.with an asymmetric focusing monochromator (a bent
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873Mesomorphic organocyclotetrasiloxane s

Figure 2. X-ray patterns of OPCTS obtained on heating (curves A, B, C, D) and on slow cooling from 198 ß C (curves E, F).
Curve A 20 ß C; curve B 100 ß C; curve C 198 ß C; curve D 210 ß C. Curve E 178 ß C; curve F 168 ß C.

The XRD patterns of OPCTS obtained on heat- occurs at 205 ß C: after isotropization only two broad
maxima are observed (� gure 2, curve D).ing (� gure 2, curve C) show features characteristic of

diŒractograms of a plastic crystalline mesophase. Indeed, According to the DSC and X-ray data, the transition
from crystal to mesophase displays considerable hysteresisthe diŒraction pattern of the mesophase presents only

three Bragg peaks, the intensities of the re� ections and on cooling it occurs at temperatures that are 40–50 ß
lower than the temperature observed on heating. Thedecreasing vary rapidly with increasing Bragg angle h.

The angular positions of the mesophase re� ections diŒraction pattern of the supercooled mesophase at
178 ß C is sharper due to a reduction in molecular motion:appear to be very sensitive to temperature change.

Moreover, a strong diŒuse scattering in the form of two � ve Bragg peaks are observed (� gure 2, curve E). The
values of sin2 h for the neighbouring peaks are inbroad halos is observed underneath the Bragg peaks.

The values of sin2 h for the neighbouring peaks are in the ratio 1 : 2 : 4 : 5 : 6, additionally con� rming the cubic
symmetry of the OPCTS mesophase.the ratio 1 : 2 : 4, and this suggests the existence of cubic

symmetry for the mesophase. This is con� rmed by On slow cooling, the appearance of birefringence was
at 174 ß C, at a temperature substantially higher thanoptical microscopic examination: the mesophase in the

temperature region 190–203 ß C is optically isotropic. The the crystallization temperature detected by DSC. Indeed,
as � gure 1 shows, Tcr 5 145 ß C, when cooling rate wastransition from the mesomorphic to the isotropic state
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874 E. V. Matukhina et al.

Table. Thermal characteristics of the organocyclotetrasiloxanes. I R1 5 Ph, R2 5 OSiMe3 ; Ia R1 5 Ph, R2 5 OSiMe2 (CH2Cl);
Ib R1 5 Ph, R2 5 OSiMe2 (CH CH2 ); II R1 5 C6H4Cl, R2 5 OSiMe3 .

DSCa TGA

Cold crystallization Crystal ¯ Mesophase Mesophase ¯ Isotropic melt Sublimationb

Compound Tg / ß C DTccr/ ß C DH/J g Õ 1 Tm / ß C DH/J g Õ 1 Ti / ß C DH/J g Õ 1 Tsb/ ß C

(A) — — — 186 56.5 200 1.6
OPCTS (B) — — — 149 53.2 199 2.1 330

(C) — — — 183 57.9 202 2.5

(A) — — — 78 25.9 262 2.1
I (B) — — — 29 21.8 258 2.2 242

(C) — — — 64 24.9 263 1.9

(A) — — — 45 18.7
Ia (B) Õ 69 — — — — c 260

(C) Õ 64 Õ 40 � Õ 11 15.8 43 16.7

(A) Õ 78 — — 31 16.6 273 4.2
Ib (B) Õ 82 — — — — 264 3.6 255

(C) Õ 77 Õ 63 � Õ 46 13.8 28 15.4 266 3.9

(A) Õ 69 — — 59 59.0
II (B) Õ 60 — — — — c 235

(C) Õ 67 Õ 28 � 12 46.5 55 51.6

a (A) First heating; (B) cooling; (C) second heating.
b Temperature at which a weight loss of 2% was detected.
c The specimen sublimes directly without isotropization.

0.5 K min Õ 1. Note that on cooling, DSC revealed no In the case of plastic crystals the lowering of the
transition in the temperature range 145–190 ß C. This lattice symmetry should be connected with a restriction
evidence led us to the conclusion that the cooling process of the molecular rotational mobility. In the case of
was accompanied by a transformation from a high OPCTS, this eŒect most probably occurs as a con-
temperature enantiotropic (HT-) mesophase to a low sequence of the constrained mobility of the Ph-groups,
temperature monotropic (LT-) phase. This conclusion is leading to the emergence of anisotropy of the molecular
supported by the corresponding X-ray data. interactions. It is known [5], that high mobility of the

The changes in the scattering pattern observed on Ph-groups is characteristic of OPCTS molecules in the
cooling show that crystallization was preceded by at HT-mesophase. Thus, the main eŒect of the Ph-groups
least one polymesomorphic transition accompanied by seems to be a steric hindering of the molecule on cooling.
a lowering of the lattice symmetry of the mesophase. As soon as the mobility of Ph-groups is su� ciently low,
The pattern observed at 160 ß C revealed only a splitting below 170 ß C, a non-cubic monotropic mesophase arises.
of the peaks of the HT-mesophase; the characteristic
features of a plastically crystalline mesophase were

3.2. Asymmetric cis-cyclotetrasiloxanessimultaneously preserved. So the monotropic non-cubic
Figure 3 shows the DSC scans of compounds I, Ia, Ib(birefringent) mesomorphic modi� cation must also be

and II in consecutive heating and cooling cycles. Theattributed to a plastically crystalline phase. Note that
thermal characteristics of the c-CTSs are given in therare examples of non-cubic plastic crystals have been
table.described in the literature [13]. The features of the

Let us � rst concentrate attention on the data obtainedX-ray pattern after the transition to the monotropic
for I, i.e. for the c-CTS without any functional groups.mesophase, as well as the absence of any thermal eŒects
The speci� c heat curves for I reveal two completelyon the DSC curves in the temperature range 145–190 ß C,
reversible transitions. As can be seen from the table, thesuggest that the LT-mesophase appears as a consequence
temperature of the second transition is higher thanof deformation along one of the symmetry axes of
the temperature of commencement of sublimation.the cubic crystals. In other words the transition to

DiŒraction patterns recorded for I at temperaturesthe monotropic mesophase is similar to solid–solid
below 80 ß C are typical for a crystalline phase (� gure 4,transitions that are usually considered as second order

phase transitions. curve A). As the temperature is raised to above 80 ß C
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875Mesomorphic organocyclotetrasiloxane s

while the intensities of the peaks decrease as the iso-
tropization point is approached and above 80 ß C only
two peaks can be detected. The transition from the
mesomorphic to the isotropic state occurs over a wide
temperature range from 250 ß C up to 270 ß C (� gure 4,
curve E) and is accompanied by an intense sublimation
process.

Considering the DSC data obtained for the c-CTSs
that contain functional groups (� gure 3) one can see,
that the DSC traces (2, 3 and 4) obtained on � rst heating
run reveal two transitions for Ib and one transition each
for Ia and II. The cooling curve (4) of Ib shows only
one exothermic peak in the high temperature region.
The cooling DSC cycles for Ia and II show no enthalpy
change for the transition back to the solid: there is a
slight rise in the base line suggesting that the materials
set into glassy state. On second heating of Ia, Ib and II
exothermic peaks were observed just above the glass
transition temperatures, indicating that in each case an
ordered structure was formed. On further heating the
melting peaks were observed.

As can be seen from � gures 5–7, the diŒraction
patterns obtained on heating and cooling Ia, Ib and II
revealed two ordered phases with that at lower temper-
atures exhibiting the properties of a typical crystal and
that at higher temperatures exhibiting features charac-
teristic of the mesophase of I. The mesophase of Ia, IbFigure 3. DSC curves of compounds I (1), II (2), Ia (3) and
and II is analogous in other ways to that of I. ForIb (4): � rst heating (set A); cooling (set B); second heating
instance, it can be supercooled. Note that the transition(set C). Note the temperature axis break eliminating the

region with no thermal eŒects. Scan speed 10 K min Õ 1. crystal � mesophase for Ia, Ib and II showed highly
rate-dependent supercooling. With the cooling rate of
1 K min Õ 1 used in the X-ray system, this transition
supercools as much as 30 ß C. However, even for thethere is a sharp change in the diŒaction pattern which

corresponds to the crystal � mesophase transition. At supercooled mesophase of Ia, Ib and II, it is impossible
to detect more than two re� ections: the � rst is verythis transition the Bragg peaks of the crystalline phase

disappear; in the mesophase only two sharp Bragg peaks strong, the second is very weak. The values of sin2 h for
these peaks are in the ratio 1 : 2, and based on that we(Bragg max. 1/2 5 0.25 degrees) and one amorphous halo

(Bragg max. 1/2 5 5 degrees) are detected, the second again propose a cubic symmetry for the mesophases of
Ia, Ib and II.Bragg peak of quite low relative intensity (� gure 4,

curve B). Further heating in the mesophase causes the
intensity of the second peak to decrease. The XRD pattern 4. Mesomorphic properties

4.1. T he type of ordering in the mesophaseof the mesophase of I (� gure 4, curve B) is quite similar
to the XRD pattern of the mesophase of OPCTS, showing To sum up the information about the mesophase

behaviour of the CTS materials studied, we can concludeall the above-named features inherent in diŒractograms
of cubic plastic crystals [13]. that all these tetramers exhibit numerous analogies with

plastic crystals [13, 14]: optical isotropy, cubic unitThe temperature of the crystal–mesophase transition
depends on the direction in which the transition is cells, low isotropization enthalpies, plasticity, etc. The

estimated value of DH for the mesophase to isotropicapproached; on cooling it occurs at lower temperatures.
The diŒraction patterns of the supercooled mesophase melt is of the same order as that for compounds exhibit-

ing plastic crystalline phases [14]. It should be notedof I exhibits � ve peaks (� gure 4, curve C). The ratio
1 : 2 : 3 : 5 : 8 between the values of sin2 h for neighbouring that the mesophase of the CTS materials was not as

transparent as the isotropic phase and it was possiblepeaks con� rms the cubic symmetry of the mesophase.
This ratio appears to be constant over the whole temper- to observe the transition from the isotropic liquid to the

mesophase in ordinary light for OPCTS, I and Ib.ature range of existence of the mesophase (25–270 ß C),
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876 E. V. Matukhina et al.

Figure 4. X-ray patterns of I at 20 ß C (A), 83 ß C (B, b), 30 ß C after cooling from 83 ß C (C, c), 250 ß C (D), and 265 ß C (E). The
decrease of the integral intensity observed at temperatures above 240 ß C (curves D and E) is connected with intense sublimation,
see the table.

The small number of observed Bragg peaks prevents 3 1 0 and 2 2 2 re� ections of a three-dimensional body-
centred cubic (bcc) lattice (� gure 2, curves C, E). Theus from estimating the space group of the cubic meso-

phases. For this reason, we have restricted attention bcc unit cell contains two molecules; a 5 13.43 Ô 0.05 AÃ ,
k 5 0.62, r 5 1087 kg m Õ 3 at T 5 192 ß C. Unfortunately,to the determination of the type of a cubic lattice.

Re� ections were indexed on the assumption of distinct the small number of re� ections did not allow us to
derive the lattice structure characteristics of the non-types of cubic unit cell. The packing coe� cient k [15]

served as a criterion for the correction of the chosen cubic LT-mesophase. The X-ray method of homology
usually used for analogous transitions in ordinary crystalsunit cell. We have established that the packing coe� -

cients k calculated on the assumption of a body-centred [16] did not yield good results.
The high temperature ordered phases (3D-mesophases )molecular arrangement are the only ones giving good

agreement with the real values of k for the mesomorphic of all the CTS compounds under study were found to
be isomorphous, unaŒected by the special features of thestate of all the CTS compounds.

For instance, the peaks observed in the OPCTS molecules. Moreover, the low temperature crystalline
forms of the two cis-cyclotetrasiloxanes, I and Ia, appearmesophase can be indexed as the 1 1 0, 2 0 0, 2 2 0,
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877Mesomorphic organocyclotetrasiloxane s

Figure 6. X-ray patterns of Ib at Õ 10 ß C (A), 28 ß C (B, b) and
270 ß C (C). The decrease in intensity observed at 270 ß CFigure 5. X-ray patterns of Ia at 20 ß C (A), 48 ß C (B, b)
(curve C) is connected with the intense sublimation at thisand 265 ß C (C). The decrease in intensity observed at
temperature, see the table.265 ß C (curve C) is connected with the sublimation at this

temperature, see the table.

to be isomorphous too, Isomorphism is supported by the molecular centres of gravity located in the bcc lattice.
Linear dependences of the bcc lattice parameter a onthe formation of complete solid solutions as demon-

strated for combinations of these CTS compounds. Work temperature for all tetramers were found (� gure 8) and
tentative calculations of the k values were madeon the phase diagrams for several selected pairs is now

in progress and will be the subject of a forthcoming (� gure 9).
The low symmetry of the static CTS molecules doespaper.

not correspond with a bcc lattice, and the rotation of
the molecules inherent to the plastically crystalline state4.2. T he eVect of the side groups on the thermal and

structural characteristics of the mesophase is intrinsic to the CTS mesophase. The diameters of the
spheres of molecular rotation established for the tetra-The data obtained from the study of all the CTS

compounds suggest that the type of side group changes mers by using molecular models are considerably larger
than the distances between the molecular centres inthe structural and thermal properties of the CTS

mesophase. the bcc unit cells, r 5 0.866a AÃ . Hence, the rotation of the
molecules in the mesophase must be subject to stericThe structural organization of the mesomorphic state

for all the CTSs is alike: they are plastic crystals, with hindrance.
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878 E. V. Matukhina et al.

Figure 8. Temperature dependences of the parameter a of the
bcc unit cell of OPCTS (curve 1), I (curve 2), Ia (curve 3),
Ib (curve 4) and II (curve 5). Note the a-axis break
eliminating the region without any data. The arrows de� ne
the limits of the temperature region of the mesomorphic
state established by X-ray measurements: ¯ —the temper-
ature of crystal mesophase transition (heating run);
¯ ¯ —the temperature of mesophase crystal transition
(cooling run); —the isotropisation temperature. The
tetramers Ia (curve 3) and II (curve 5) sublime without
isotropisation. The sublimation onset is marked by the
symbol * S .

Figure 7. X-ray patterns of II at 20 ß C (A), 65 ß C (B, b)
and 252 ß C (C, c). The sharp decrease in intensity observed
at 252 ß C (curves C, c) is connected with the intense
sublimation at this temperature, see the table.

As one can see from � gure 8, the sizes of the
molecules of I (S DV

i 5 804.5 AÃ 3 ), Ia (S DV
i 5 853.9 AÃ 3 ),

Ib (S DV
i 5 863.9 AÃ 3 ) and II (S DV

i 5 860.5 AÃ 3 ) are larger
than for OPCTS (S DV

i 5 745.2 AÃ 3 ) and this results quite
naturally in the increase of the bcc lattice parameter a
and hence in the increasing distance between nearest
neighbouring molecules. (S DV

i
is the sum of the van der

Waals volumes calculated from the values for the atoms
Figure 9. Temperature dependences of the packing coe� cientforming a molecule [17].) Of the tetramers described,

k of the bcc unit cell of OPCTS (curve 1), I (curve 2),the molecules Ib, which exhibit the largest bcc unit cell,
Ia (curve 3), Ib (curve 4) and II (curve 5).

are characterized by the largest value of S DVi .
The structural identity of the mesomorphic state for all

tetramers seems to be the consequence of the geometrical Thus, the S DV
i

values are 79.7, 91.4, 103.7, 106.5, and
93.70 AÃ 3 for C6H5 , OSi(CH3 )3 , OSi(CH3 )2 (CH CH2 ),similarity of the molecules. Really, for the tetramers

under study, the longitudinal dimensions and the van der OSi (CH3 )2 (CH2Cl), and C6H4Cl, respectively. There-
fore, changing the tetramers’ chemical constitution byWaals volumes of the side groups diŒer rather slightly.
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879Mesomorphic organocyclotetrasiloxane s

using only these � ve types of side groups does not lead to mesomorphic properties, that is the geometry and the
elemental composition of the side groups. The otherany marked diŒerence in the geometry of the molecules
interesting aspect is of course to understand the eŒectas a whole: the molecules maintain the somewhat oblate
of the geometry of a CS molecule itself on the mesophasespheroidal form with no very pronounced asymmetry
behaviour by changing only the cycle size. This can bethat is inherent to OPCTS [5]. One more factor pro-
accomplished by a comparative analysis of the datamoting the plastically crystalline mesophase is the com-
obtained for the tetramers and the hexamers, and willpact structure of the side groups, allowing them to � ll
be considered in a forthcoming article.the space on all sides of the tetrasiloxane cycle.

The most remarkable diŒerence between the meso-
Financial support of this work by the Dow Corningmorphic behaviour of OPCTS and the unsymmetrically

Corporation is gratefully acknowledged. The worksubstituted tetramers I, Ia, Ib and II is that the presence
involving X-ray measurements was carried out withinof the triorganylsiloxy groups results in a considerable
the program ‘Universities of Russia’.broadening of the temperature range of the mesophase,
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