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ABSTRACT: A new type of lyotropic liquid crystalline elastomer is described. The elastomer is synthesized
by cross-linking a lyotropic epoxide—amine addition polymer that exhibits a hexagonal phase in the binary
polymer water mixture. A similar phase behavior is revealed in the water-swollen elastomer. Uniaxial
strain of the network causes a macroscopically uniform orientation of the rodlike micelles parallel to the
stress axis. Such an oriented sample is characterized by hygroelastic measurements at different
temperatures and uniaxial strains monitoring the network dimensions as a function of the water content.
Because of the coupling of the lyotropic liquid crystalline phase structure and the network chain
conformation, the network swells anisotropically within the hexagonal phase. At the isotropic to hexagonal
phase transformation a discontinuous change in length is observed. A partial protonation of the linear
polymers dramatically increases the concentration and temperature regime of the hexagonal phase and
additionally the solubility in water. Applying this knowledge to the cross-linked system, switching between
isotropic and the hexagonal phase is realized by variation of the pH value. The phase transformation
becomes apparent in the anisotropic change of dimensions of the network.

Introduction

Liquid crystalline elastomers (LCEs) combine the
anisotropy of the liquid crystalline state and rubber
elasticity. Because of a coupling of the network chain
conformation and the liquid crystalline state of order,
a macroscopically uniform orientation of the director can
be achieved by mechanical fields.! Furthermore, mac-
roscopically oriented samples exhibit an anisotropic
change in their dimensions as a function of the state of
order.?2 While these properties are well understood
experimentally and theoretically for thermotropic liquid
crystalline networks, little is known about lyotropic
liquid crystalline elastomers.?

Loffler et al. realized a lyotropic liquid crystalline
elastomer revealing a hexagonal phase Hi when swollen
with water.* Actually, a macroscopic orientation of the
hexagonal director has been achieved by an uniaxial
swelling process of the network in a cylindrical glass
tube. This anisotropic swelling process equals an uniax-
ial strain of the sample parallel to the long axis of the
glass tube. A lamellar lyotropic liquid crystalline elas-
tomer has been obtained by Fischer et al. The director
of the L, phase could be macroscopically oriented by
uniaxial compression as identified by WAXS and ?H
NMR measurements.® These experiments have clearly
given the first proof of the coupling of the network chain
conformation and the lyotropic liquid crystalline state
of order similar to that of thermotropic liquid crystalline
elastomers. The rodlike micelles of the hexagonal phase
are compatible with an overall prolate network chain
conformation, while the lamellar phase—built up from
disklike micelles—requires an overall oblate chain con-
formation for a liquid single crystal hydrogel (LSCH).5

Fischer et al. investigated the swelling behavior of a
macroscopically oriented lamellar elastomer.® According
to the phase diagram of the corresponding linear
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polymer, at the phase transformation concentration and
at a given temperature a macroscopic anisotropic de-
formation of the network was observed, and within the
lamellar phase anisotropic swelling occurs that reflects
the phase symmetry. These experiments were confirmed
by Amigo-Melchior” and Hickl® with different types of
lamellar hydrogels. The spontaneous anisotropic defor-
mation of these lamellar hydrogels is about 5% in the
direction of the optical or director axis, which is small
compared to the spontaneous deformation of thermo-
tropic liquid crystalline elastomers.® This indicates that
the coupling between the network conformation and the
micellar liquid crystalline organization is markedly
weaker.

Recently, we reported on the synthesis and phase
behavior of linear lyotropic liquid crystalline epoxide—
amine addition polymers.1° These polymers bear func-
tional groups, such as amines and hydroxyl groups,
which offer two interesting aspects: The hydroxyl
groups are useful for cross-linking reactions to obtain
hydrogels. The amine groups, on the other hand, can
be easily protonated. This protonation strongly modifies
the hydrophilic/hydrophobic balance of the amphiphilic
monomer units and effectively alters the lyotropic liquid
crystalline phase regime. Both the simple chemistry
used in cross-linking these polymers and the pH sen-
sitivity with respect to the liquid crystalline phase
behavior make them perfectly suitable for the synthesis
of hydrogels. The reversible pH-dependent phase trans-
formation from liquid crystalline to isotropic state could
be interesting e.g. for drug delivery systems,11-14 or an
anisotropic mechanical response might be useful for pH
sensors or flow control valves.215

In the first part of this paper, we present detailed
hygroelastic measurements of these hydrogels that
exhibit a hexagonal structure. Because of the hexagonal
geometry, orientation of the director is accessible by an
uniaxial mechanical field, and the swelling behavior is
investigated by variation of stress. In the second part,
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Scheme 1. Synthesis of the Elastomers 2a and 2b by
the Addition Reaction of HMDI and the Free
Hydroxyl Groups of 1a
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Scheme 2. Partial Protonation of 1b with of 30 mol %
of HCI by Addition of an Aqueous HCI Solution To
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the effect of protonation of the polymers on the phase
behavior of the binary polymer water systems as well
as the anisotropic pH-dependent swelling of a corre-
sponding elastomer is investigated.

Experimental Section

The elastomers 2a and 2b were obtained by reaction of
hexamethylene diisocyanate (HMDI) and the free hydroxyl

groups of la (Scheme 1). A solution of polymer la (M, =
45 000 g/mol*®) according to 1 mmol of repeating units in 1
mL of chloroform was prepared. 0.2 mmol (10 mol % per OH
group) and 0.32 mmol (16% per OH group) of HMDI in
chloroform to yield 2a and 2b, respectively, were dissolved in
0.5 mL of chloroform. The polymer and the cross-linker
solutions were cooled in an ice bath and injected into a Teflon-
coated hollow cylinder. In a centrifuge the linear polymers
were cross-linked at 60 °C and 5000 rpm overnight. The
obtained network was carefully dried first at room temperature
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and under normal pressure, and the drying was completed
under vacuum at 60 °C.
__ For the preparation of the partly protonated polymer 3, 1b

(M, = 30 000 g/mol*°) was dissolved in chloroform. 30 mol %
of HCI with respect to the number of repeating units in an
aqueous 1 N solution p.a. was added. Chloroform was evapo-
rated under reduced pressure, and the aqueous polymer
solution was freeze-dried.

IH NMR (CDCl3) 6 [ppm]: 4.01 (m, CHOH), 3.62 (m,
—[CH2CH,0]n—), 3.49 (m, CHOHCH,0), 2.79 (m, NCH,), 1.55
(NCH2CHy), 1.23 (alkyl-CH>), 0.86 (—CHs5).

To estimate the efficiency of the cross-linking reaction, the
isotropic swelling was determined with chloroform at room
temperature under a reflection microscope (Will Strubin). After
swelling, the dimensions were measured, and the swelling
coefficients 4, in length and A« in width were calculated by
dividing the dimensions of the swollen state by the initial
dimensions. As the dry elastomer had a thickness of just ~300
um, Ay was not determined. However, for isotropic swelling 1y
equals Ax. The swelling parameter was determined according
to eq 1:

q=214" @)

WAXS measurements were performed using a Cu X-ray
tube coupled with a graphite monochromator and a 0.5 mm
collimator (Cu Ka: A =1.5418 A). The elastomer samples were
investigated at the swelling equilibrium at room temperature.
The samples were kept in water after deformation and
investigated after 1 h equilibration time. The intensity of the
scattered X-ray beam was detected by an image plate system.
With the higher order reflexes at small scattering angles, the
lyotropic mesophase are identified. In this way the lattice
constants and distance of the centers of adjacent layers are
determined.

The macroscopic dimensions of the hydrogel depending on
the water concentration are measured with the method of
hygroelastic. The method allows the monitoring of the change
of dimension of hydrogels during the swelling process by
precisely controlling the water content of the sample. The
measurements are carried out in a computer-controlled ap-
paratus,® which uses a hygrostat. This hygrostat operates by
the isopiestic principle. At a given temperature T, the sample
is equilibrated with the water partial vapor pressure of a
nitrogen gas flow. The water partial vapor pressure is alter-
nated by saturating nitrogen with water at a temperature Ty,
where Ty, < Ta.

Water is absorbed by the hydrogel depending on the water
vapor pressure. This change of the polymer concentration
can be measured in situ with a microbalance (Sartorius
MP4040). Dimensions of the samples are determined by a CCD
camera.

The phase diagram of the polymer—water system was
generated by the use of polarizing light microscopy POM
(Leitz-Ortholux 11 Poll-BK microscope, Mettler FP 80/82
hotstage). Different polymer—water mixtures were prepared
using an analytical balance and Teflon capsules on a vibrating
mill. For cooling, a nitrogen flow cooled by liquid nitrogen was
channeled around the sample. In this way phases down to 0
°C were investigated. Initial information on the phase behavior
was obtained by a contact preparation at different tempera-
tures. The maximal clearing temperature of the mesophase
was observed in this way. Lyotropic phases were ascertained
by typical textures.

Proton elastic measurements were carried out time depen-
dently. The elastomer is kept under stress by a load and put
into a beaker filled with 100 mL of deionized water covered
by a PE lid. The temperature is kept constant by a Heidolph
MR 3001 K hotstage and a Heidolph EKT 3001 controller unit.
The setup is equipped with a buret filled with HCI solution.
After addition of HCI solution, the length and width of the
elastomer are measured using a CCD camera in defined
intervals controlled by a computer program.
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Figure 1. Structure of 1a and phase diagram of the binary
polymer—water mixture. L; and L, designate isotropic solu-
tions, H is the hexagonal phase, and C refers to the crystalline
polymer.10

Results and Discussion

The elastomers are synthesized from linear, am-
phiphilic epoxide—amine addition polymers that we
recently investigated with respect to their lyotropic
liquid crystalline phase behavior.1° These linear poly-
mers exhibit a new “head-type” geometry, where the
hydrophilic head of the amphiphilic unit is formed by
hydrophilic main-chain segments. The hydrophobic
units are directly linked to the main chain as side
groups without flexible spacer. By changing the length
of the hydrophilic main chain and the hydrophobic side
chain units, a systematic variation of the phase behavior
is feasible. Within this series of lyotropic liquid crystal-
line polymers we chose polymer 1a, which is obtained
from hexaethylene glycol diglycidyl ether and hexa-
decylamine. As shown in Figure 1, 1la exhibits a lyo-
tropic hexagonal phase in binary polymer/water mix-
tures in the region of 60—80 wt % polymer, which is
stable up to 58 °C at about 75% polymer in water.

Weakly cross-linked networks were synthesized by
the reaction of hexamethylene diisocyanate (HMDI)
with the free hydroxyl groups of 1a as shown in Scheme
1. The cross-linking densities were modified by changing
the concentration of HMDI in order to vary the degree
of swelling of the networks with water. The cross-linking
process was carried out by means of a spin-casting
technique. By using chloroform as the solvent for the
reaction mixture, the formation of aggregates of the
amphiphilic polymer is suppressed. The reaction condi-
tions in the isotropic, nonassociating solvent ensures the
formation of networks having a statistical, random
distribution of the cross-links and an overall isotropic
network chain conformation. After cross-linking, the
elastomers are carefully deswollen and the cross-linking
densities characterized by swelling experiments in
chloroform. The isotropic swelling confirms the forma-
tion of isotropic network of 2a (cross-linked with 16 mol
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Figure 2. Determination of the elastic moduli of 2a and 2b
by means of stress—strain measurements at 20 °C.
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Figure 3. Two-dimensional X-ray pattern of 2a in the
hexagonal state at room temperature (20 °C) and intensity
distribution along 26. Analyzed peaks are marked by arrows.

% HMDI) and 2b (cross-linked with 10 mol % HMDI).
The swelling parameters are q = 13.3 for 2a and q =
21.9 for 2b, which directly reflects the higher cross-
linking density of 2a. Additionally, the elastic moduli
of the dry networks are determined by stress/strain
measurements as shown in Figure 2.

Nominal stress on, defined as force per unit un-
strained cross-section area of the sample, is plotted vs
the strain 1. The elastic modulus is given by gradient
of the slope.’® The higher cross-linking density of 2a
becomes apparent in the modulus of Eqeg = 4.1 x 10°
N/m? compared to the modulus Eme = 3.8 x 10°% N/m?
for 2b. These moduli are of the same order of magnitude
than the moduli of conventional thermotropic nematic
side chain LCEs in the isotropic state (about 105 N/m?217),

To examine whether the lyotropic hexagonal phase
of the linear polymer 1a is affected by the cross-linking
process with HMDI, both elastomers 2a and 2b are
swollen with water at room temperature and analyzed
with respect to the liquid crystalline state of order.
According to the phase diagram of la (Figure 1),
swelling equilibrium is expected to occur in the hexago-
nal phase, limited either due to the change of the elastic
free energy upon dilatation or due to the phase border-
line of the miscibility gap that directly contacts the
hexagonal phase regime. Figure 3 shows a WAXS
diffraction pattern of 2a under swelling equilibrium. It
displays reflexes corresponding to layer spacings of 46.3
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Figure 4. (a) Nomenclature of the network dimensions X, y, and z. (b) Order parameter S (calculated according to eq 2) as a
function of strain 4 for 2a at room temperature (20 °C) and swelling equilibrium (error bar represents the experimental error;
dash-point line is a guide for the eye) corresponding to the two-dimensional X-ray patterns for different strains in z-direction as

shown above.

and 26.7 A according to the ratio of 1:1/3Y2, This is a
clear proof for the lyotropic hexagonal state of order of
the networks. The values of the spacings are comparable
to those of the corresponding linear polymer/water
system at a concentration, where the maximal clearing
temperature is observed.’® The constant azimuthal
scattering intensity at fixed scattering angle indicates
that the hexagonal phase is macroscopically nonordered
(polydomain).

Whether the polydomain of 2a can be converted into
a macroscopically uniformly aligned monodomain is
determined by applying a mechanical field in analogy
to thermotropic nematic elastomers. According to the
phase symmetry of the hexagonal phase, uniaxial strain
causes alignment of the hexagonally ordered rodlike
micellar aggregates parallel to the uniaxial stress/strain
axis.* The orientation process of 2a is analyzed by X-ray
measurements as a function of uniaxial elongation at
the equilibrium state of swelling with water. The results
are summarized in Figure 4. The polydomain network
is elongated in the z-direction (Figure 4a), the X-ray
beam enters the sample in the x-direction, and an
overall uniform orientation of the micelles should be
observed in the z-direction. Without deformation (1 =
1), the nonoriented polydomain sample reveals a con-
stant azimuthal scattering intensity of the first-order
reflex (Figure 4b, also see Figure 3). With increasing
strain, equatorial maxima are formed, indicating the
orientation of the micellar aggregates in the z-direction.
To quantify the orientation process, we determined the
overall orientational order parameter S of the hexagonal
network from the azimuthal intensity distribution I(¢)
of the first-order reflex by

2 —
fomzl(cf)) 3 cos Zgo 1 sin ¢ do

s= @)
(— %) [71(@) sin ¢ dg

that is based on a model of a set of regularly spaced

and infinitely long rods.!8 In Figure 4b, S is shown as a
function of .. At 4 = 1 the polydomain sample is
characterized by S = 0. With increasing 4 the orienta-
tion process proceeds, and for 4 > 1.5 it can be assumed
that S remains constant at about S = 0.9. In the region
1 < 1 < 1.5 the reorientation of the rodlike micellar
aggregates toward a monodomain occurs, while for 1 >
1.5 the order parameter S reflects the intrinsic orien-
tational long-range order of about 0.9 of the hexagonal
monodomain. It has to be noted that these results
resemble that of the orientation process for a polydo-
main sample of a thermotropic nematic elastomer. As
discussed below, the condition 4 > 1.5 for obtaining a
hexagonal monodomain is of particular interest. For
nematic elastomers this elongation reflects the anisot-
ropy of the main-chain conformation induced by the
nematic order.

The X-ray investigations have proven that by uniaxial
mechanical deformation of the original polydomain
network a highly ordered hexagonal monodomain of the
hydrogel is obtained. It is possible to measure the
macroscopic dimensions of the monodomain network as
a function of the concentration of water (hygroelastic
measurements) and the changes of dimensions of the
network analyzed at the isotropic-to-hexagonal phase
transformation. These measurements directly provide
information about the coupling between the lyotropic
hexagonal phase structure and the overall network
chain conformation.

For a hydrogel that exhibits a hexagonal phase, the
expected hygroelastic behavior is schematically shown
in Figure 5. In the isotropic state L, at low concentra-
tions of water in the network, essentially isotropic
swelling is expected with equal dilatation perpendicular
(A, y) and parallel (,) to the z-direction, where a slight
mechanical field is applied. The dimensions of dilatation
Ax, Ay, and A, are given by the cubic root of the relative
volume. Assuming an ideal binary mixture, the volume
of the system is given by the sum of the volume of water
and polymer
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Figure 5. Schematic plot of the expected hygroelastic curve
of a hexagonal sample with the relative swelling coefficients
parallel (1,) and perpendicular (14) to the hexagonal director.

Sketch of the swelling of hexagonally ordered rods perpen-
dicular to the long axis within the hexagonal phase.
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where m1, my and p1, p2 denote the masses and densities
of water and polymer. The mass fraction of the polymer
is indicated by c,. At the isotropic-to-hexagonal phase
transformation, a spontaneous uniaxial elongation is
expected in the z-direction due to the formation of
rodlike, ordered micelles in the z-direction. Uniaxiality
of the deformation of the swollen network is given by

1-AA+AL)=1 (4)

Within the hexagonal phase it can be assumed that the
micelles do not grow in length with increasing water
concentration, which is revealed by a constant 4,. Under
these conditions an increase in volume is only given by
a swelling of the micelles in the x,y-plane. If a continu-
ous change of volume is assumed, as given by eq 3,
without discontinuity at the isotropic-to-hexagonal phase
transformation, A, and Ay are given by

I
1+ (1 - 1),02
C,

A=A =—2 1 )

X Yy j‘z

To evaluate the assumptions shown in Figure 5, hy-
groelastic experiments were performed with the hex-
agonal elastomer 2b at 18 °C. To ensure that the
network spontaneously forms a monodomain when
swollen with water above the isotropic-to-hexagonal
phase transformation, a constant load of 8.6 kN/m?2 was
applied in the z-direction. For the dry network this load
causes an elongation of about 1, = 1.2, which should be
sufficient to induce the monodomain state in the swollen
network (see also Figure 4). The hygroelastic measure-
ments are equilibrium measurements for defined water
contents of the sample.

The experimental results are displayed in Figure 6,
where the swelling deformation in width A« perpendicu-
lar and in length A, parallel to the stress axis are
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Figure 6. Relative swelling coefficients of 2b parallel (1,) and
perpendicular (1) to the stress axis at 18 °C in dependence of
polymer concentration (solid lines illustrate expected swelling
from the model; vertical dash-point line indicates the phase
transformation concentration).

normalized to the dimensions of the dry network.
Interestingly, in the isotropic L, phase (100—86 wt %
polymer) a nonisotropic swelling is observed. The swell-
ing behavior and elongation parallel to the stress axis
is lower than perpendicular to the stress axis (A, < Axy).
A plausible explanation for this behavior might be given
by the formation of micellar aggregates that are formed
by adding small quantities of water to the dry network.
Because of the external field, these aggregates are
slightly ordered toward the strain axis, which affects
the swelling behavior, as discussed below for the
hexagonal phase.

At the isotropic-to-hexagonal phase transformation,
a spontaneous elongation of A1, = 0.035 occurs. Simul-
taneously, the network shortens in the perpendicular
directions by Al = 0.014, which fits with eq 3. Similar
to thermotropic nematic elastomers, the elongation can
be explained by the spontaneous alignment of rodlike
objects with their long axis parallel to the z-axis. It has
to be noted that the spontaneous elongation of the
network is only 3.5%, which is far below the spontane-
ous deformation of thermotropic nematic elastomers (up
to 400%).2 This clearly indicates that the micellar
organization—even with the high-order parameter of S
> 0.9 for this hexagonal phase—only weakly couples to
the network conformation. The second important result
that has to be noted relates to the director orientation
of the polydomain sample. As shown before (Figure 4),
a monodomain hexagonal phase was only observed for
A > 1.5. This deformation greatly exceeds the spontane-
ous deformation of Ai, = 0.035 at the isotropic-to-
hexagonal phase transformation. Whether the large
deformation that is needed to obtain the mono-/polydo-
main transition is due to the intrinsic properties of the
lyotropic hexagonal phase or to nonequilibrium condi-
tions of the orientation experiment (Figure 4) has yet
to be clarified. Such nonequilibrium situations are
observed for smectic elastomers, where the long-range
positional order of the smectic layers prevents the
polymer backbone in obtaining the equilibrium confor-
mation.t®

As expected, below the phase transformation concen-
tration and within the hexagonal phase anisotropic
swelling is observed. With increasing water content the
network swells nearly two-dimensionally in the x,y-
direction as given by eq 5. In the z-direction—which of
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Figure 7. Isotropic swelling coefficient Ais, of 2b at 18 °C as

a function of polymer concentration and theoretical fit (solid
line) according to eq 3.

course is also reflected in the other dimensions—a clear
decrease in the length is found, reaching a minimum
in the region of 75 wt % polymer. Thereafter 4, increases
toward a lower network concentration. This behavior
strongly deviates from the ideal picture of the hexagonal
phase as indicated in Figure 6 with the solid lines. An
explanation may be found from the phase diagram of
the corresponding polymer la (see Figure 1). For the
linear polymer the maximal phase transformation tem-
perature is at 77.5 wt % polymer. In the hygroelastic
experiment, which is performed at constant tempera-
ture, this concentration refers to the lowest reduced
temperature T/Tinexagonal Of the hexagonal phase. It
should be noted that within this experiment the hex-
agonal phase exhibits the most stable state of order and
also the most stable state of the micellar aggregates.
With respect to the concentrations near the hexagonal—
isotropic phase boundaries this is obviously directly
reflected in the minimum of 4,.

To check the experimental accuracy, the volume
degree of swelling q is calculated by eq 1 with the
experimental date of Figure 6. The cubic root of q
resembles a pseudo-isotropic swelling parameter and
will be denoted Ziso. Figure 7 shows the calculated data
of diso as a function of the polymer concentration. The
solid line represents the ideal binary system as calcu-
lated from eq 3 with p, = 0.74 4+ 0.01 g/cm® (py = 1
glcmd). The agreement of the data over the whole
concentration range is remarkable. This reveals uniaxi-
ality of the deformation and shows that the elastomer
follows incompressibility. However, within the experi-
mental accuracy, the isotropic-to-hexagonal phase trans-
formation cannot be unambiguously identified.

Another presentation of the experimental data from
Figure 6 allows an interpretation of the network ani-
sotropy in analogy to thermoelastic measurements.®
Introducing the reduced swelling coefficients ¢, = 1,/Aiso
and ex = A/ iso the relation between € and the water
content of the network directly indicates the deviation
from the original network conformation in the dry state,
as shown in Figure 8. Over the whole concentration
range swelling obeys incompressibility given by

e, = le? (6)

As discussed above, in the L, phase a slight anisotropy
is observed, which might be attributed to small, oriented
aggregates.

Macromolecules, Vol. 37, No. 17, 2004

1,03 4 4

] o -

1,02 - . -
PN o, . €
1,01 S as, N -

‘o T N
1,00 - - ST
1 - N - o #

. 099 ; 2 ]
0,98 . i
0,97 Hana ™ .

_ [
0,96 - i
0859 ./ <1 -1 > -1 ]
T ¥ T T T T T T

70 75 80 85 90 95 100
wt-% polymer

Figure 8. Reduced swelling coefficients ¢, and ¢ of 2b and
sketches of the deviation from the initial network chain
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Figure 9. Influence of nominal stress on the maximal
network deformation e,/ex of 2b at the phase transition at 18

°C (error bar represents the experimental error; dash-point
line is a guide for the eye).

If the hydrophilic part of these aggregates form
discontinuous rodlike clusters, preferential swelling
perpendicular to the long axis (and the direction of the
mechanical field) can be assumed, and the network
changes toward a less prolate conformation. Note that
the original dry state of the network exhibits an slight
prolate chain conformation due to the applied mechan-
ical field in the z-direction. At the isotropic-to-hexagonal
phase transformation ¢, > 1 while ¢ < 1, indicating the
additional and spontaneous prolate deformation of the
network due to the macroscopic orientation of rodlike
aggregates. With increasing water content, swelling
perpendicular to the director of the hexagonal phase acts
like a biaxial deformation in the x,y-plane and deforms
the network toward an overall oblate conformation.
Interestingly, at about 82 wt % polymer, the state of
the original dry sample is obtained. The change in the
slope of ¢, and ¢ as a function of the concentration
within the hexagonal phase in the region of 75 wt %
polymer coincides with the minimum in Figure 6, as
discussed above.

To identify whether the discontinuous change in the
dimensions of the network depends on the initial load
of the samples, the ratio of €,/exhas been measured as a
function of the initial load of the samples. The results
are shown in Figure 9 and resemble the X-ray ex-
periments on the orientation of the hexagonal phase
(Figure 4).
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Figure 10. Stress-dependent, reduced swelling coefficients
Azreda Within the hexagonal phase at 18 °C as a function of the
reduced concentration (dash-point lines are second polynomial
fit functions).

With increasing stress an increase in the swelling
anisotropy is observed, and for o, > about 10* N/m? (a
deformation of 1, ~ 1.25 of the initial, dry sample)
additional increases of the load does not noticeably
enhance the swelling anisotropy. We cannot identify
within experimental error whether a monodomain
sample is still influenced by increasing external me-
chanical field as expected from measurements on ther-
motropic nematic elastomers.20

The polydomain/monodomain transition is also clearly
identified, when we analyze the reduced length 4, g as
a function of the reduced concentration c.eq for different
stresses. A,req IS Obtained by dividing 4, with the
maximal value at the phase transition A, max and Creq IS
related to the concentration at the isotropic-to-hexago-
nal phase transformation c,n by Creq = C/CL,n. AN
increase in stress leads to a lowering of the minima, and
for o > 8.6 x 10% N/m? all curves are identical within
experimental error. Furthermore, at low polymer con-
centrations 1, remains below 1 as expected for a two-
dimensional swelling perpendicular to the director of
the hexagonal phase. As discussed above, the minimum
in the curves can be related to an increase in the order
parameter (or decrease of defects) due to the lowest
reduced temperature.

Finally, it has to be noted that the hydrophobic cross-
linker HMDI, which has a concentration of 10% within
the network, modifies the phase behavior of the network
2b compared to the linear polymer la. From tempera-
ture-dependent hygroelastic measurements the phase
transformation temperature can be sensitively deter-
mined as a function of the water concentration. Mea-
surements in the range of 16—22 °C are indicated in
the original phase diagram of the linear polymer in
Figure 11. In agreement with experiments on elastomer
systems described in the literature,*62! the cross-linking
reaction with HMDI causes a destabilization of the
mesophase. The concentration boundary of the hexago-
nal phase at the water-rich side is limited either by the
swelling equilibrium due to the cross-linking density or
by the miscibility gap that contacts the hexagonal phase.

The hygroelastic measurements reveal that the lyo-
tropic liquid crystalline state couples to the network
conformation and causes spontaneous, anisotropic change
of dimensions at the isotropic-to-hexagonal phase trans-
formation of the hydrogels. With the experiments
described above, the isotropic-to-hexagonal phase trans-
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Figure 11. Phase diagram of the binary mixture of 2b and
water (full symbols) compared to the corresponding linear
polymer. L, designates the isotropic state, and H is the
hexagonal state.

formation is obtained by variation of the water concen-
tration within the elastomer. On the other hand, as al-
ready mentioned, the chemical constitution of the linear
polymer 1la and the elastomers 2 offers the possibility
to modify the hydrophilic/hydrophobic balance by pro-
tonation of the tertiary amino group of the monomer
units. This has already been described in the literature
for low molar mass surfactants,?? where the lyotropic
liquid crystalline phase regime is effectively altered by
pH variation. It is straightforward to analyze whether
such a pH variation also effects the phase regime of the
linear polymer la and whether an isotropic, swollen
network can be transformed into the hexagonal phase
by pH variation of the coexisting solution.

To investigate the influence of the pH on the hexago-
nal phase regime, concentration gradients of polymer
1b and different citric acid buffer solutions in the range
of pH = 6—2 were prepared. By varying the tempera-
ture, the maximal clearing temperature Tpex; of the
hexagonal phase can be determined. The results are
shown in Figure 12a, where Tpex is plotted vs the pH
of the buffer solution. Starting from a maximal clearing
temperature of 15 °C, Thex,i increases up to about 30 °C
at pH = 2. As expected, the hexagonal phase becomes
noticeably stabilized by protonation. For these contact
experiments with buffer solutions it has to be noted that
the ionic strength of the solution also affects the phase
behavior, which has not been considered here. To get
more detailed evidence for the influence of protonation
on the lyotropic liquid crystalline phase behavior, the
phase diagram of the partial protonated polymer 3 (see
Experimental Section) is analyzed. In Figure 12 the
phase diagrams of 3 and the non-1b with water are
compared. As qualitatively identified from the contact
preparation, the remarkable change in the phase be-
havior with protonation is obvious. Two aspects should
be noted. First, 3 does not exhibit a miscibility gap
within the investigated temperature and concentration
region. The solubility is strongly enhanced due to the
conversion of tertiary amino groups into the correspond-
ing quaternary ammonium compound. Second, the
phase regime of the hexagonal phase is nearly only
broadened toward low polymer concentration and higher
temperatures. An explanation for this behavior might
be given by an increase of the statistical segment length
(or rigidity) of the polymer chains with increasing
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Figure 12. Maximal clearing temperatures of the hexagonal
phase of polymer 1b and citric acid buffer solutions as a
function of pH value (top) and phase diagrams of 1b (dash-
point lines) and the partially protonated polymer 3 (bottom).
L, and L, designate isotropic solutions, and H is the hexagonal
phase. Bold notation refers to the protonated species.

charge density along the backbone, which has been
investigated in detail for rodlike amphiphilic polyelec-
trolytes.2® The results clearly show that an isotropic-
to-hexagonal phase transformation can be induced by
pH variation, if a swollen, nonprotonated network is
composed of a protonated network within the hexagonal
phase regime.

To verify such an experiment, elastomer 1b is brought
into the swelling equilibrium with water at 40 °C.
Additionally a load is applied, which is sufficient to
obtain a monodomain when the network enters a
hexagonal phase. By addition of a defined amount of
aqueous hydrochloric acid, the reduced values ¢, parallel
and e perpendicular to the stress axis are monitored
as a function of time, as shown in Figure 13. After
addition of HCI, due to the diffusion of the acid the
elastomer is continuously protonated and swells accord-
ing to the different stages of protonation. Actually, at
about 15 min an anisotropic swelling is observed that
indicates the phase transformation from the isotropic
into the hexagonal state of the network. As directly
deducible from the hygroelastic measurements, ¢; in-
creases while e, decreases within the biphasic region.
It should be noted that the anisotropy of swelling
markedly exceeds the anisotropy observed for the non-
protonated network. Obviously, the coupling between
the more rigid protonated system and the hexagonal
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Figure 13. Time-dependent proton elastic measurement of

the reduced swelling coefficients ¢, and ¢ of 2a in water after
addition of an aqueous HCI solution.

phase is more effective than that of the nonprotonated
network. With increasing time and due to the prefer-
ential swelling of the network perpendicular to the
director of the hexagonal phase, the anisotropy of
swelling decreases. Further investigations are in progress
to quantify these results with measurements in the
equilibrium state of swelling.

Conclusions

The synthesis and characterization of a new kind of
lyotropic liquid crystalline elastomer are described,
which is obtained by a cross-linking reaction of a linear
epoxide—amine addition polymer with HMDI. The net-
work exhibits similar phase behavior as the correspond-
ing linear polymers, and in the equilibrium state of
swelling, a lyotropic hexagonal phase exists. Uniaxial
deformation of the swollen hydrogel causes an overall
uniform director orientation of the hexagonal phase.
Such an oriented elastomer shows anisotropic swelling
as a function of the water content. The coupling between
the lyotropic phase structure and the network chain
conformation becomes apparent in an anisotropic de-
formation at the isotropic-to-hexagonal phase transfor-
mation and the anisotropic swelling within the meso-
phase. Stress-dependent measurements indicate that
the magnitude of anisotropy is given by the initial de-
formation of the isotropic network, which determines
the orientational order of the director. By varying the
pH value of the coexisting aqueous solution the hydro-
philic/lipophilic balance HLB of the network can be
easily modified. Protonation causes stabilization of the
hexagonal phase regime with respect to temperature
and concentration without modifying the polymorphism.
This enables an isotropic-to-hexagonal phase transfor-
mation that can be induced by pH variation and which
can be identified in an anisotropic swelling of the
network.
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