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Lyotropic smectic layering of side-on

polysoaps in water

Abstract The synthesis and charac-
terization of lyotropic smectic am-
phiphilic side-on polymers are
described. The amphiphile consists
of a rigid, aromatic core with two
terminal ethyleneoxide chains of
various lengths and is laterally
attached to a polysiloxane back-
bone; the length of the spacer has
also been varied. The phase behavior
of the monomeric amphiphiles and
side-on polymers are determined by
polarizing microscopy and “H-NMR
measurements. In water, most of the
low molecular weight surfactants
show restricted lyotropic properties,
namely lyotropic smectic phases.
The packing restriction of the
amphiphiles is due to their geometric

Introduction

anisometry. All side-on polymers
exhibit only lyotropic smectic phas-
es. The phase regime of the polymer
mesophase with respect to the
monomers depends on the spacer
length. In contrast to surfactants
having a flexible hydrophobic group,
these amphiphiles align spontane-
ously parallel to an external mag-
netic field, leading to perfect
lyotropic smectic monodomains.

Keywords Lyotropic smectic
amphiphilic side-on polymers -
Polarizing microscopy -

Deuterium nuclear magnetic
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By introducing polymerizable groups into monomeric

Replacing the flexible hydrophobic part of an amphi-
phile with a rigid hydrophobic aromatic core yields rigid
anisometric surfactant molecules [1-3]. The combination
of an anisotropic shape (thermotropic mesogens) and
amphiphilicity (lyotropic surfactants) causes packing
restraints which only permit the formation of micelles
having specific geometry [4]. Disc-like surfactants,
initially synthesized by Boden et al., have been found
to form micelles which rearrange into columnar phases
[5] (see Fig. 1). Investigations reported by Schafheutle
et al. on the phase behavior of low molecular-weight
amphiphiles with rigid rod-like hydrophobic moieties
reveal that liquid crystalline phases are all of the smectic
type, regardless of the hydrophilic/hydrophobic balance
(HLB) and temperature or concentration regimes [6].

amphiphiles, different types of polysurfactants can be
realized, where the amphiphilic moiety is attached as a
side-chain via the hydrophilic or hydrophobic end to the
polymer backbone (polysoaps). Detailed investigations
of binary phase diagrams of monomeric and polymeric
surfactants in aqueous solution have proved that the
polysoaps form liquid crystalline phases in water.
The phase structure of the polymers is similar to the
phase structure of conventional low molar mass
lyotropic liquid crystals and the well-known poly-
morphism occurs. While for low molar mass surfactants
in dilute solutions the association number N of associ-
ated amphiphiles is essentially determined by the
hydrophobic-hydrophilic balance of the molecules, for
polysurfactants, N is determined by the degree of
polymerization r. Consequently when r > N no critical
micelle concentration occurs. Furthermore, the micellar
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Fig. 1 Geometrical packing of anisometric surfactant molecules into
anisometric micelles

shape becomes anisometric for r > N in very dilute
solutions, even if the monomer units tend to form
spherical micelles. The restriction of motions of the
amphiphiles, due to the linkage to the polymer main
chain, leads to an increased stability of the polymeric
mesophase, compared to the monomeric systems.

In this paper we describe the synthesis and phase
behavior of new polysoaps made by rigid rod-like
amphiphiles, that combine the anisometric geometry of
the Schafheutle’s systems with the polymeric properties
of polysoaps.

Materials and methods

For our investigations we started from the model compounds given
in Fig. 2. These rod-like amphiphiles are not polymerizable and
have been previously synthesized by Schafheutle. In water, the
lyotropic smectic phases exhibit a polymorphism (S, and Sc) which
is similar to the polymorphism of thermotropic smectic liquid
crystals.

In order to realize analogous polymeric compounds, we have to
modify the chemical constitution of the model compounds towards
functional monomers. There are two possible approaches for
attaching these surfactants to a hydrophobic polymer backbone:
the first being the introduction of a polymerizable group located at
the hydrophilic end. This method should yield amphiphilic end-on
polysoaps with hinder hydration at the hydrophilic part attached to
the polymer main chain. In order to maintain the HLB we chose a
second approach: connecting the rigid rod-like amphiphiles to a
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Fig. 2 Basic structure of Schafheutle’s model compounds [6]

polymer backbone via their hydrophobic parts yielding side-on
polysoaps. This is possible by grafting a lateral olefinic spacer to
the rigid aromatic core. The olefinic group allows the attachment of
the amphiphiles to a polymethylsiloxane backbone via an addition
reaction.

The variation of the length of the spacer and the hydrophilic
oligo(ethylene glycol) allowed us to determine whether the HLB
and the rigid/flexible balance influence the shape of the micelles and
the domain of existence of the mesophase of the low molar mass
surfactants. For this purpose, a homologous series of amphiphiles
were synthesized.

The route for the synthesis of the new amphiphiles is presented
schematically in Fig. 3. The monodisperse p-oligo(ethylene gly-
col)benzoic acids (Table 1) were prepared according to the
synthetic route reported by Schafheutle [6]. The middle part of
the rigid core was synthesized via azeotropic esterification of 2,5-
dihydroxybenzoic acid and the 1-alkanols with p-toluenesulfonic
acid as the catalyst.

Esterification of 1-(w-alkylene) 2,5-dihydroxybenzoates by p-
oligo(ethylene glycol)benzoic acid with N,N’-dicyclohexylcarbodii-
mide and 4-pyrrolidino-pyridine as catalyst yields the desired
amphiphiles. All amphiphiles were purified by flash chromato-
graphy.

The polymeric amphiphiles (Table 2) were synthesized by
polymer analogous reactions. The hydrosilation reaction between
the precursor poly(methyl siloxane) (P, = 50) and the amphiphilic
olefins was catalyzed by a platinum catalyst.
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Fig. 3 Route for the synthesis of side-on amphiphilic polymers
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Table 1 Homologous series of the monomeric surfactants

oT>C1CH
(e}

Monomer ‘m n
M4GS3 4 3

_ M6GS3 6 3
M6GS6 6 6
M8GS6 8 6
MS8GS11 8 11

Syntheses

Azeotropic esterification of 2,5 dihydroxybenzoic acid with alco-
hols The esters GS6 and GS11 were obtained by the following
procedure: a mixture of 10 g (0.06 mol) of gentisinic acid, 25 ml of
alcohol, and 0.5 g of p-toluenesulfonic acid in 150 ml of toluene
was refluxed for 50 h in a Dean-Stark apparatus. The progress of
the reaction was followed by TLC. When the gentisinic acid was no
longer detectable, the solvent was removed under vacuum. Excess
alcohol was removed by distillation. The residue was dissolved in
200 ml of diethylether, and this solution was extracted three times
with 150 ml of saturated aqueous sodium bicarbonate. The organic
layer was dried over magnesium sulfate. After removal of the
solvent under vacuum a brown, viscous residue was obtained. After
flash chromatography with diethylether/petroleum ether (1:1), the
desired product was obtained [m.p.(GS6): 30-33 °C; yield: 75—
80%].

'H-NMR (GSI1, 300 MHz, CDCl): 67.25 (d, 1 Ar-H,
J=2Hz), §7.0 (d, 1 Ar-H, J=3 Hz), 6.8 (d, 1 Ar-H, J—7 Hz).
55.8-5.6 (CH, — CH-), 54.9 (dd, CH, — CH-), 64.2 (t, O-CH,-CH,-,
J=17 Hz), 1.7 (m, O-CH,-CH>-), 1.4 (m, CH, =CH-CH,-), §1.2
(m, -(CH>)s).

H-NMR (GS6, 300 MHz, CDCly): 7.3 (d, 1 Ar-H, J=2 Hz),
57.0 (d, 1 Ar-H, J—3 Hz), 66.85 (d, 1 Ar-H, J=9 Hz), 55.8-5.6
(CH,—CH-), 649 (dd, CH,—CH-), 643 (t, O-CH,-CH,-,
J=17 Hz), 51.75 (m, OCHo-CH,- ), 81.55 (m, CH,=CH-CH,).
51.4 (m, -CH,-).

Table 2 Comparison of multiple myeloma (MM) and osteo-
sclerotic myeloma

CHs‘[O/\]/:-@_{O

Polymer . m n
P4GS3 4 3
P6GS3 6 3
P6GS6 6 6
P8GS11 8 11

Esterification of 2,5- dihydroxybenzoic acid with allyl alcohol. In a
250 ml round-bottom flask, 0.06 mol of 2,5 dihydroxybenzoic acid
and 0.06 mol of 1,3 dicyclohexyl-carbodiimide were dissolved with
150 ml allyl alcohol. DMAP (0.1 mmol) was added and the
solution was stirred for 48 h at room temperature. The allyl
alcohol was removed by distillation. The residue was partially
dissolved in 200 ml of CH,Cl, and filtered. The solution was
extracted twice with 50 ml saturated NaHCO;. The organic phase
was dried over magnesium sulfate and CH,Cl, was removed under
vacuum. The crude product was purified by flash chromatography
with ether/petrol ether (1:1) (retention factor: 0.32) to obtain a
white solid. The yield was 70%.

'H-NMR (GS3, 300 MHz, CDCls): 7.3 (d, 1 Ar-H, J=2 Hz),
87.0 (d, 1 Ar-H, J=3 Hz), 86.9 (d, 1 Ar-H, J=9 Hz), 86.1-5.9
(CH, =CH-), §5.45 (dd, CH, = CH-), 34.9 (t, O-CH2-).

Preparation of the monomers All monomers were synthesized by
the following procedure: 12 mmol GSn (n=3, 6, 11), 24 mmol
M(4-5) p-oligo(ethylene glycol)benzoic acid, 0.1 mmol DMAP and
1,3- dicyclohexylcarbodiimide were dissolved in dry CH,Cl,. The
solution was stirred at room temperature for 72 h, filtered,
concentrated and dissolved in 100 ml ether. After the ether solution
was washed with 50 ml of 5% acetic acid and 50 ml saturated
NaHCOs3;, it was then dried over magnesium sulfate and concen-
trated to yield the crude product. After flash chromatography with
ether/acetone (1:1) the desired monomers were obtained as a
colorless oil. The yield was 50-60%.

'H-NMR (M4GS3, 300 MHz, CDCLy): 8.2 (d, 4 Ar-H,
J=10 Hz), 58.0 (d, 1 Ar-H, J=2 Hz), 67.6 (d, | Ar-H, J=6 Hz),
674 (d, 1 Ar-H, J=9 Hz), 57.1 (d, 4 Ar-H, J=10 Hz), 36.0-5.8
(CH,=CH-), §5.3 (dd, CH, = CH-), 64.75 (2H, COO-CH,-), 64.35
(t, 4H, Ar-O-CH»-), 84.0 (t, 4H, Ar-O-CH,-CH>-), 33.8-3.65 (m,
24H, O-CH,-CH,), 63.5 (s, 6H, O-CHs).

'H-NMR (M6GS3, 300 MHz, CDCly): 8.2 (d, 4 Ar-H,
J=10 Hz), 68.0 (d, | Ar-H, J=2 Hz), 67.6 (d, | Ar-H, J=6 Hz),
874 (d, 1 Ar-H, J=9 Hz), §7.1 (d, 4 Ar-H, J=10 Hz), 56.0-5.8
(CH,=CH-), §5.3 (dd, CH, = CH-), 64.75 (2H, COO-CH,-), 84.35
(t, 4H, Ar-O-CHa-), 84.0 (t, 4H, Ar-O-CH,-CH,-), 33.8-3.65 (m,
40H, O-CH,-CH,), 83.5 (s, 6H, O-CH).

'H-NMR (M6GS6, 300 MHz, CDCly): 68.1 (d, 4 Ar-H,
J=10 Hz), 67.8 (d, | Ar-H, J=2 Hz), 67.4 (d, | Ar-H, J=6 Hz),
67.2(d, 1 Ar-H, J=9 Hz), 36.95 (d, 4 Ar-H, J= 10 Hz), 65.7-5.55
(CH,=CH-), 64.9 (dd, CH,=CH-), 34.2 ( 4H, Ar-O-CH»-), 4.1
(t, COO-CH>-), 83.8 (t, 4H, Ar-O-CH,-CH,-), 63.7-3.5 (m, 40H,
O-CH,-CH,), 3.3 (s, 6H, O-CH3), 1.9 (2H, COO-CH,-CH,-),
51.45 (2H, CH, = CH-CH,), 51.3(2H, -CH,-CH,-CH,-).

'H-NMR (M8GS6, 300 MHz, CDCly): 8.1 (d, 4 Ar-H,
J=10 Hz), 67.8 (d, | Ar-H, J=2 Hz), 67.4 (d, | Ar-H, J=6 Hz),
87.2(d, 1 Ar-H, J=9 Hz), 56.95 (d, 4 Ar-H, J= 10 Hz), 5.7-5.55
(CH,=CH-), 64.9 (dd, CH,=CH-), 34.2 ( 4H, Ar-O-CH»-), 54.1
(t, COO-CH,-), 83.8 (t, 4H, Ar-O-CH,-CH.-), §3.7-3.5 (m, 56H,
O-CH,-CH,), 3.3 (s, 6H, O-CH3), 1.9 (2H, COO-CH,-CH,-),
81.45 (2H, CH, = CH-CH.,), 61.3(2H, -CH,-CH,-CH,-).

'H-NMR (MS8GS11, 300 MHz, CDCLy): 68.1 (d, 4 Ar-H,
J=10 Hz), 57.8 (d, 1 Ar-H, J=2 Hz), 67.4 (d, | Ar-H, J=6 Hz),
672 (d, 1 Ar-H, J=9 Hz), 56.95 (d, 4 Ar-H, J= 10 Hz), 35.7-5.55
(CH,=CH-), 64.9 (dd, CH, = CH-), 54.2 (4H, Ar-O-CH,), 34.1 (t,
COO-CH»-), 63.8 (t, 4H, Ar-O-CH,-CH,-), 33.7-3.5 (m, 56H, O-
CH,-CH,), 33.3 (s, 6H, O-CHs), 81.75 (m, COO-CH,-CH,-), 51.4
(m, CH, = CH-CH>), 51.2 (m, (CH,)s-).

Preparation of the polymers The monomeric amphiphile (5-10%
excess) and poly[oxy(methylsilylene)] were dissolved in toluene and
150 ppm Pt catalyst (Wacker SLM 86003) was added. The solution
was left under an atmosphere of dry nitrogen for 3 days at 60 °C.
The reaction was monitored by IR spectroscopy where the
disappearance of the Si-H absorption band at 2175 cm™! indicated
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complete conversion. The polymers were precipitated several times
from toluene in hexane until no monomer could be detected by thin
layer chromatography. The yields were 60-75%.

'H-NMR(P,,GS,.», 300 MHz, CDCly): 0.1-0.3 (-Si-CHj),
50.4-0.9 (-Si-CH,-R).

Excepting the olefinic peaks, all the other peaks correspond to
the monomer spectra with the typical broadening of polymer peaks.

Measurements

Optical microscopy All microscopic investigations were carried out
with a Leitz-Ortholux II Poll-BK microscope equipped with a
modified Mettler FP 80/82 hotstage, which can be cooled with
liquid nitrogen. Samples with different concentrations were pre-
pared using an analytical balance and mixed in Teflon capsules on a
vibrating mill. All points of the phase transitions in the phase
diagram were determined by heating the samples. Penetration
technique experiments were performed to obtain initial information
on the phase behavior, including all temperature minima and
maxima of the liquid crystalline phases.

NMR measurements The >H-NMR spectra were recorded on a
Bruker MSL 300 at a frequency of 46.073 MHz. The sample
temperature was kept constant to =1 K by a Eurotherm. The
measurements at various angles to the magnetic field were
performed using a goniometer probe with a 5 mm solenoid coil.
The sample tube can be rotated about its long axis, which is
perpendicular to the external magnetic field. The samples were
aligned in the magnet by slow cooling from the isotropic phase and
subsequent annealing in the biphasic region. Once the temperature

80 1

Temperature [°C]

% M8GSI11

Fig. 4 Phase diagram of M8GSI11 in water

is lowered to the pure mesophase region, samples can be rotated
over a period of some hours in the magnetic field without
realignment of the directors.

Results and discussion

Before describing the phase behavior of the monomers
and polymers, some general properties of the synthe-
sized compounds should be considered. All monomers
have the same rigid basic structure, namely an aromatic
core made by two benzoic and one hydroquinone ring,
and possess a positive anisotropy of the diamagnetical
susceptibility. Due to the variations of spacer- and

Fig. 5 a Hexagonal fan shaped texture of M8GSI11 at 40% (w/w) and
13 °C. b Homeotropic lamellar texture with oily streaks of M8GSI1
at 55% (w/w) and 35 °C. ¢ S, focal conic texture of M8GSI11 at 70%
(w/w) and 24 °C
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oligo(ethylene glycol) chain length, the systems can be In addition, the resulting polymers belong to a new
distinguished in their flexibility and HLB.

The molecular flexibility and HLB are therefore the similar to that of classical thermotropic side-on poly-
main properties that should be considered for the mers. The chemical structure/phase behavior relation-

comparative studies of the phase behavior of the present ship of side-on liquid crystalline polymers has been
low molar mass homologous series.

Fig. 6 H-NMR spectra for dif-
ferent temperatures at concentra-
tions of 40, 50, 60 and 70%
(w/w) of M8GSI11 surfactant
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ally to a polymer backbone is commonly believed to
strongly favor formation of nematic mesophases, or
even to prevent ordering into smectic layers. On the
other hand, the present polysoaps are made of rigid rod-
like amphiphiles that should favor lyotropic smectic
phases. This investigation should reveal if the synthe-
sized polysoaps exhibit liquid crystalline phases in water,
and if the lyotropic smectic layering is favored in water.
Furthermore we want to analyze how the spacer length
influences the identity and stability of the mesophases.

The phase behavior of the binary amphiphile/water
solutions are studied by polarizing microscopy combined
with “H-NMR measurements. The resulting “H-NMR
spectra and liquid crystalline textures for the identifica-
tion of the mesophases are presented for the monomeric
compound M8GSI11 as an example. Its phase diagram will
be also described in detail. Thereafter we will compare the
phase behavior of the homologous series of monomeric
and polymeric surfactants and conclude with a discussion
about the chemical structure — phase behavior relation-
ship of the investigated compounds.

Phase behavior of M8GS11 in water

The phase behavior of the M8GSI11 surfactant was
determined over a concentration range of 15-80%
amphiphile (w/w). The phase diagram is shown in
Fig. 4. The very concentrated and diluted regions have
been extrapolated. At temperatures above the crystalline
regions the monomer is miscible with water in a broad
concentration range from 0% (w/w) to a maximum of
52% (w/w), depending on temperature. In analogy to
other non-ionic oligo(ethylene glycol)-containing sur-
factants, M8GS11 shows a miscibility gap with a lower

Fig. 7a,b H-NMR spectra
from aligned a lyotropic
smectic sample of M8GSI1 at
40% (w/w) and 8 °C, and b
hexagonal sample of M8GSI11
at 40% (w/w) and 13 °C
rotated by 90° about an axis
perpendicular to the magnetic
field

critical consolution point at 32 °C. Against our expec-
tations for rigid rod-like amphiphiles, the binary
M8GS11/water system shows different lyotropic meso-
phases depending on surfactant concentration or tem-
perature. The first mesophase appears in the
concentration range from 30-55% (w/w) with T, at
15.5 °C. This phase is identified by microscopic inves-
tigations as a hexagonal H; phase, on the basis of the
characteristic optical fan-shaped textures (Fig. 5a). The
second mesophase exists at higher temperatures and at
surfactant concentrations from approximately 25-77%
(w/w). Microscopic investigations identified this meso-
phase as a lyotropic smectic phase. Depending on the
concentration range, two characteristic optical textures
have been found for this mesophasic region: homeo-
tropic areas with oily streaks at low concentrations
(Fig. 5b) and focal conic at higher concentrations
(Fig. 5¢). The present focal conic textures exhibit high
birefringence and are identical to those of smectic A
thermotropic mesophases. Between the hexagonal and
the lyotropic smectic mesophase no optical isotropic
bicontinuous V| phase is found. To confirm microscopic
investigations, “H-NMR measurements of defined sur-
factant/water mixtures were performed. This method
allows an accurate determination of the biphasic re-
gimes. Figure 6 shows the ZH-NMR spectra for different
temperatures at concentrations of 40, 50, 60 and 70%
(w/w). For the samples with 40% (w/w) and 50% (W/w)
of M8GS11 we find a lyotropic to isotropic transfor-
mation between 288 K and 285 K, and an isotropic to
lyotropic transformation between 293 K and 303 K. The
mesophase at lower temperatures has approximately
half the value of the quadrupole splitting at higher
temperatures.

OO

wl

90°
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Fig. 8 Phase diagrams of low
molecular weight surfactants
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To identify the mesophase structure, orientation
measurements at various angles to the magnetic field
were performed. Figure 7 shows the spectra from the
aligned lyotropic smectic sample (M8GS11 at 60% (w/
w) and 8 °C) and the hexagonal sample (M8GSI11 at
40% (w/w) and 13 °C) rotated by 90° about an axis
perpendicular to the magnetic field. Due to the rigid
aromatic core, the surfactant exhibits a strong positive
anisotropy of the diamagnetic susceptibility and orien-
tates parallel to the external magnetic field. The analysis
of spectral line shapes of samples with director orienta-
tion at 0° (top spectra in Fig. 7) and 90° (bottom spectra

4

g M

in Fig. 7) to the magnetic field, confirms the existence of
a hexagonal phase at lower surfactant concentrations
and a highly ordered lyotropic smectic phase at 60% (w/
w) surfactant. The line shape of the lyotropic smectic
phase spectrum (left in Fig. 7) shows a doublet of
narrow lines, and the quadrupole splitting decreasing to
half the value at 90°. This is the evidence for a uniformly
oriented sample with the director parallel to the
magnetic field. Furthermore, the existence of a perfectly
aligned lyotropic smectic phase has been confirmed by
conoscopy and a regularization method [7]. The spectra
at the right of Fig. 7 represent the sample in the
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hexagonal phase with an inner and outer doublet, whose
splitting is related by a factor of 1:2. This results from a
planar director distribution of the cylindrical micelles
with their axes perpendicular to the magnetic field.

Low molecular weight surfactants

The phase diagrams for the low molecular weight
surfactants with different spacer-lengths (n) and hydro-
philic chain-lengths (m) are displayed in Fig. 8. The
transition temperatures (7,x) for the liquid crystalline
phases and lower critical consolute temperatures
(LCSTs) are summarized in Table 3. In the concentra-
tion range from approximately 35% to 70-80% (w/w)
lyotropic smectic phases exist, except for M8GSI11,
where the hexagonal H; phase is additionally found, as
mentioned before. The phase diagrams of the more rigid
amphiphiles with smaller flexible groups (n <6 and
m < 8) given in the middle and bottom of Fig. §, show
no lyotropic polymorphism. The existence of the smectic
phases can be clearly identified under the polarizing
microscope. Figure 9 shows the focal conic textures
between crossed polarizers observed for the surfactant
M6GS6 at 70% (w/w) and 24 °C. This texture, identical
to that of thermotropic smectic A phases, have been
found for all the rigid rod-like amphiphiles presented in
this work at concentration ranges varying from 65% (w/
w) to 75% (w/w). Only the M8GS6 surfactant is soluble
over the whole concentration range, forming the isotro-
pic solution L;. The L; regime is limited to concentra-
tion ranges between 0% (w/w) to a maximum of 55%
(w/w) for the other more hydrophobic surfactants
M4GS3, M6GS3, M6GS6 and MS8GSI11. At high
temperatures the lyotropic smectic phases are limited
by a broad miscibility gap where two isotropic solutions
(L + L,) coexist. At temperatures below 0 °C pure
water crystallizes and coexists with the isotropic phase
or mesophase. For the pure surfactants, no crystalliza-
tion is observed.

Side-on amphiphilic polymers

The phase diagrams for the polymers with different
spacer-lengths (n) and hydrophilic chain-length (m) are

Table 3 Transition temperatures and lower critical consolute
tempearatures (LCST) for the monomers. S-i Smectic-isotropic

Monomer LCST (°C) S-i (°C) H, (°O)
M4GS3 <0 16 -
M6GS3 18 31 -
M6GS6 3 40 -
MS8GS6 34 23 -
MS8GS11 32 54 15.5

Fig. 9 S, focal conic texture of M6GS6 at 70% (w/w) and 24 °C

displayed in Fig. 10. The transition temperatures (7 nax)
and the glass transition temperatures are summarized in
Table 4. The four side-on polymers exhibit only lyo-
tropic smectic phases in water, extended from concen-
trations of about 20-40% to a maximum of 80% (w/w).
No hexagonal phase and only a lyotropic smectic
mesophase are observed for the P8GS11 polymer. The
H-NMR measurements at various angles and for a low
P8GSI11 concentration of 35% (w/w) are displayed in
Fig. 11. The spectra show an inner single peak that
corresponds to unoriented domains with defects in the
lyotropic smectic structure near to the isotropic L;
phase. The outer doublet of the spectra varies its
splitting when rotating the sample about an axis
perpendicular to the magnetic field. The 90° spectra at
the bottom of Fig. 11 has half the splitting of the 0°
spectra at the top. These observations confirm the
existence of the lyotropic smectic phase at low amphi-
philic concentrations and near to the isotropic L, region.

All lyotropic smectic phases are followed at higher
temperatures by a broad miscibility gap L + L,. The
solubility of the P6GS6 polymer in water is limited to a
narrow concentration range between approximately
20% and 30% (w/w). The hydrophobic P4GS3 poly-
mer shows a solubility between 25% and 30% (w/w),
while the more hydrophilic polymers P6GS3 and
P8GS11 exhibit an isotropic L; solution below
approximately 15 °C in a concentration range of 0%
to 30-35% (w/w). For the pure polymers no crystal-
lization was observed and the glass transition temper-
atures are located between a maximum of —37 °C for
the P4GS3 polymer and a minimum of —56 °C for the
P8GSI11 polymer.

In the synthesized homologous series of low molar
mass surfactants, the molecular rigidity, i.e. the grade of
rod-like shape exhibited by the amphiphile molecules,
has systematically been varied. Since the rigid aromatic
core represents the rigidity of the molecule, variation of
the spacer and/or ethylene glycol chain length yields
different levels of molecular flexibility. For the molecules
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Fig. 10 Phase diagrams of 80— A
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Table 4 Glass transition temperatures (7¢) and clearing tempera- M6GS6 and M8GS11 we found very different phase

tures for the side-on polymers behavior although these two systems have nearly the
Polymer Te (°C) S-i (°C) same hydroph.ilic/lipophilic balanpe. The phase diag.ram

of M6GS6 with only a lyotropic smectic phase in a
P4GS; _4312 20 broad concentration range is derived from a packing
gggg o B 50 22 constraint of this amphiphile to disk-shape micelles. The
P8GS11 _36 34 flexible system M8GS11, with the longest spacer and

hydrophilic ethylene oxide chains, shows, in addition to
the lamellar phase, a hexagonal phase. Furthermore,
MB8GS6, which is more hydrophilic than M8GS11, does
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Fig. 11 >H-NMR spectra of partial oriented (outer doublet corre-
sponds to the oriented lamellar domains; inner single peak corre-
sponds to unoriented domains) P8GS11/water sample at 35% (w/w)
and 28 K. The spectra were obtained by slow cooling of the sample in
the magnet from the isotropic phase and rotating about an axis
perpendicular to the magnetic field

not exhibit a hexagonal or cubic phase. According to the
polymorphism of classical non-ionic aliphatic ethylene
glycol amphiphiles, increasing the hydrophilicity of the
surfactants supports the formation of cubic and hexag-
onal phases, while lamellar phases are preferentially
exhibited by systems with small hydrophilic head groups
and long aliphatic chains. This means, the HLB of those
molecules is decisive for the formation of different
micelle shapes at different concentrations and tempera-
tures. In the case of the amphiphiles presented in this
paper, the HLB does not influence the lyotropic
polymorphism. Only the molecular geometry constitutes
a critical parameter for the shape of the micelles.

By comparing the phase diagrams of these surfactants
with those of their side-on polymer analogs, we find
another important factor that determines the extension
of the lyotropic mesophase with respect to temperature:
the spacer length. The smectic lyotropic phase consist of
surfactant monolayers [6], instead of bilayers, which are
normally found in lamellar phases [16]. Considering that
the micellar packing in water has to be consistent with
the molecular geometry of the amphiphiles linked to the
polymer, the thickness of the hydrophobic layer is
limited by the length between the two hydrophilic end
groups terminally attached to the rigid aromatic core.
Within this hydrophobic layer, three different polymer
moieties coexist: the rod-like aromatic core, the aliphatic
spacer and the polysiloxane backbone.

Compared to the analogous monomer, the polymers
P4GS3 and P6GS3 with three methylene groups as
spacer, favor the formation of the lyotropic smectic
phase with respect to concentration and temperature.
The extension of the lyotropic smectic phase in the
P6GS6 polymer with the hexenyl spacer gets broader
with respect to concentration, but it decreases by 5° with
respect to temperature compared to M6GS6. A decrease
of 20° for the smectic to isotropic phase transformation
temperature is found for the P8GS11 polymer, which
has a long undecenyl-spacer. All these observations give
evidence for the strong dependence of the mesophase
stability on the spacer length. A possible explanation for
this phenomenon might be a partial suppression of the
ethylene glycol hydration with water by the polymer
backbone. The length of the spacer determines the main
chain flexibility as indicated by the different glass
transition temperatures. The more flexible P8GSI11
polymer is able to adopt a less pronounced anisotropic
main chain conformation, which leads to defects in the
lamellar structure. These defects might disturb the
hydrophilic areas and consequently vary the hydrophil-
ic/hydrophobic equilibrium established in the analog
M8GS11 monomer. The *H-NMR spectra with the
inner single peak given in Fig. 11 point towards this
explanation and show the defects in the lyotropic
smectic layering of P8GS11.

To conclude, in the present work we have synthe-
sized lyotropic liquid crystalline side-on polymers, in
which only lamellar association of the micellar solu-
tions occurs. The changes in mesophase behavior with
related monomers caused by the analogous lateral
polymer addition of side-on surfactants cause a
destabilization of columnar association and a stabili-
zation of the lyotropic smectic mesophases, depending
on spacer-length. The extension of the regions of the
mesophase with respect to amphiphilic concentration
increases.
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