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Abstract. Data on the synthesis, structure and physicochemical
properties of liquid-crystalline ionomers, a new class of mesomor-
phous polymeric compounds, are summarised. The main classes
of the liquid-crystalline ionomers studied to date (including comb-
like and linear) and liquid-crystalline chelato-telechelic polymers
are considered. It is demonstrated that the ionomer phase state
and structure are determined by the ability of ion pairs to form
stable ionic aggregates. A new model of the structural organisa-
tion of liquid-crystalline ionomers is proposed. The bibliography
includes 110 references.

1. Introduction

Mesomorphous polymeric systems including compounds with
liquid-crystalline (LC) type of ordering belong to the most
interesting aspects of modern chemistry and physics of high-
molecular-mass compounds.' 5 Based on such systems, new
generations of polymeric materials and composites for application
in holography, data storage systems, optoelectronics, optical
filters and polarisers have been designed (and the work is in
progress!). The most promising fields of application of LC
polymers include reinforced organic fibre technologies,® fabrica-
tion of nonlinear optical media, ferroelectrics,”® photonic
crystals,® materials for recording and storage of optical informa-
tion,”- 19~ 12 biologically active compounds, '3 ezc.

Introduction of small amounts of metal ions (a few molar per
cent) into copolymers of unsaturated hydrocarbons with aliphatic
unsaturated acids (first of all, based on ethylene and acrylic acid)
leads to fundamental changes in the physicochemical properties of
the polymers, namely, a decrease in solubility, an increase in the
glass transition temperature and improvement of mechanical
characteristics.'4~ ¢ Detailed investigations of such compounds,
which were named ionomers, showed that in the solid phase or in
nonpolar solvents they form complex ionic aggregates involving
charged groups, which to a first approximation can be considered
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as noncovalent cross-link points of the polymer chains. It is ionic
aggregates that are responsible for specific physicochemical and
mechanical properties of ionomers and peculiar features of the
supramolecular organisation and structure of such systems.!>~17

In spite of considerable advances in research on mesomor-
phous polymers, the structure and properties of ion-containing
LC polymers and LC ionomers have not been systematically
analysed until recently. Taking into account the incessant interest
of researchers in metal-containing polymeric systems,!® this is
more than strange. This review can help to some extent bridge the
gap.

The increasing interest in studies of comb-shaped LC ionom-
ers is due to their ability to combine the supramolecular organ-
isation, which manifests itself in the formation of ionic aggregates,
with the ordering of side mesogenic fragments, which governs the
formation of thermotropic mesophases. Owing to the dual nature
of the molecular organisation, the LC ionomers can ‘inherit’
valuable properties and characteristics of both these classes of
high-molecular-mass compounds. Because of this, they are of
interest for both basic research and applied science as model
systems for the design of novel materials and composites based on
them.

The variety of molecular architectures of LC ionomers and
ion-containing LC polymers is due to the complex chemical
structure of this class of high-molecular-mass compounds
(Fig. 1). The most important characteristic of these compounds
is the content of charged groups in the macromolecules. Note that
an old classification, which is nevertheless used in most studies,
treats LC ionomers as mesomorphous polymers containing at
most 5 mol.% — 10 mol.% of charged groups. Polymers contain-
ing more than 10 mol.% —20 mol.% of charged groups are called
LC ion-containing polymers or LC polyelectrolytes.!®~2! In spite
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Figure 1.  Structures of comb-shaped (@) and linear () LC ionomers and
LC chelato-telechelic polymers (c).

The main polymer chain (7), side chain (spacer) (2), mesogenic group (3)
and charged (ionogenic) group (4).
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of the limited use of this classification (see below), we will also use
it in this review because it is commonly accepted.

Specific features of mesophase formation in comb-shaped and
linear LC polymers have been reported.* 2> With allowance for
this fact it is logical to classify LC ionomers based on such a
macromolecular topology parameter as the position of mesogenic
groups (in the backbone, in side chains, ezc.). Below we will show
an important role of the chemical nature of the monomer units
bearing charged groups, in particular, the charge of counterions,
and of the distance between the monomer unit and the polymer
backbone (the length of the spacer).

The authors of this review have first analysed the state-of-the-
art in the field of research on thermotropic LC ionomers using the
published data and the results of their own studies. First, we
outline the fundamentals of physical chemistry of random amor-
phous ionomers and then consider thermotropic LC ionomers
with various molecular architectures. The emphasis is placed on
the publications reported in the last 10—15 years, because the
pioneering studies on the physical chemistry of thermotropic LC
ion-containing polymers and LC ionomers date back to the late
1980s and early 1990s. Thus, the authors have tried to make the
review accessible to a broader spectrum of readers and, at the same
time, to present a comprehensive treatment of the subject and
report recent advances in this interesting field of polymer science.

I1. Fundamentals of chemistry and physics of
ionomers

1. Ionomers and polyelectrolytes

Traditionally, macromolecules containing charged groups are
divided into two large classes, polyelectrolytes and ionomers.!4 16
Initially, ionomers included random copolymers comprised of
monomers of the ethylene series and unsaturated acids (acrylic
acid, methacrylic acid) in which a fraction of the protons of
carboxyl groups (up to 10 mol.%) is replaced by alkali or alkali-
earth metal ions. Such ion-containing copolymers are practically
insoluble in conventional organic solvents.

Polyelectrolytes comprised !4 high-molecular-mass com-
pounds containing a large amount of ionogenic groups, which
can dissociate in polar solvents, e.g., salts of polyvinylsulfonic
acid, polyacrylic acid and salts of polybases, e.g., quaternised
(alkylated) polyvinylpyridine, ezc. However, later this definition
was recognised to be unsatisfactory, because essential differences
in characteristics of the compounds belonging (from the stand-
point of this definition) to the same class, were established.!®

Basic to the modern classification of ion-containing macro-
molecules is the state of the charged groups they bear. To illustrate
the fruitfulness of this approach, we will consider the simplest
model of an ion pair as a constituent of a macromolecule (Fig. 2).
According to the Coulomb law, the interaction energy of the point
charges ¢ and ¢» of the ionogenic group and the counterion,
respectively, separated by the distance r in the medium with the
dielectric constant ¢ is given by 23

1
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The ratio of the attraction energy between the counterion and
the oppositely charged ionogenic group of the polymer (electro-
static attraction factor) to the average thermal energy of the
counterion (thermal factor) has the form
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Two most important particular cases where this ratio is (i)
much more and (ii) much less than unity are illustrated in Fig. 3.
The former case (the electrostatic factor much exceeds the thermal
factor) is characteristic of contact ion pairs. The latter case is
typical of a dissociated pair in which the Coulomb attraction
between ions cannot hold them together and the external ion not

Figure 2. Model of an ion pair in a macromolecule.
Backbone (7), charged ionogenic fragment (2) and counterion (3).

Brownian
motion
trajectory

of counterion

Figure 3. Ion pairs in the ionomer («) and polyelectrolyte (b) regimes.
Ratio (2): > 1 (a) and < 1 (b).

involved in covalent bonding with the polymer chain can experi-
ence Brownian motion.

From expression (2) it follows that contact ion pairs will
mainly exist in condensed media with low dielectric constant
(e &~ 1) at moderate temperatures, which is characteristic of the
vast majority of organic compounds with the hydrocarbon
skeleton in the solid phase or in nonpolar solvents. In modern
literature, this state (or mode) is called the ionomer state (mode)
and the corresponding high-molecular-mass compounds are
called ionomers.!°

Individual ion pairs are electric dipoles because the positive
and negative charges are separated by the distance r (see Fig. 2).
The electrostatic interaction energy of coplanar electric dipoles
(Fig. 4) is given by 24
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where ua, up are the dipole moments of the ion pairs A and B, dis
the distance between the centres of the dipoles, and 0 and 0y are
the angles between the axes of the dipoles and the line connecting
their centres.

From Eqn (3) it follows that at the dipole —dipole separations
d~5-10 Aatr~1-2 A, ¢ =1 the attractive energy of the ion
pairs is comparable with the energy of hydrogen bonding,?>-2¢
which plays the key role in biochemistry, in the supramolecular
structural organisation and in physical chemistry of liquid crys-
tals.?’=39 1t will be shown below that it is the dipole—dipole
interaction of ion pairs that governs the specific features of the
physicochemical properties and the supramolecular structure of
ionomers.

High dielectric constants of media (¢ >> 1, polar solvents) and
an increase in temperature cause dissociation of ion pairs. This

(2cos 0, cos by — sin b, sin 0g), 3

Figure 4. Electrostatic interaction between dipoles A and B.
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mode is called polyelectrolyte mode and the corresponding com-
pounds are called polyelectrolytes.!®?* A macromolecule can
contain thousands of ionogenic groups; therefore, it is clear that
charges distributed over the polymer chain strongly affect the
conformation and physicochemical properties of the polymer. For
instance, it is repulsion between the similarly charged groups that
is responsible for the well-known swelling of polyelectrolytes.3!-32

Thus, depending on the particular conditions (primarily, on
the dielectric constant of the medium and temperature), counter-
ions near the charged groups of the same macromolecule can exist
as free ions and as constituents of stable ion pairs. Correspond-
ingly, such systems can possess the properties of both ionomers
and polyelectrolytes. It seems likely that different conditions
(modes) for the existence of ionogenic polymers rather than
different classes of these compounds should be discriminated.!®
Since the ordering of macromolecules of thermotropic LC poly-
mers occurs in the solid phase due to the interaction of anisometric
mesogenic groups rather than in a particular range of concen-
trations, as for lyotropic liquid crystals, in the text below we will
consider only the ionomer state of polymers and relevant features
of their morphology and physicochemical properties.

2. Main models for the structure of ionomers

Pioneering experimental studies on the synthesis and properties of
ionomers showed that introduction of charged groups into
random alkene—unsaturated carboxylic acid copolymers leads
to a decrease in their solubility and to an increase in the glass
transition temperature.!> One of the most significant factors
indicating a complex supramolecular structure of ionomers is the
detection of a characteristic maximum at small scattering angles in
their X-ray diffraction patterns. The presence of this maximum,
which is called the ‘ionic peak’, is indicative of the formation of
ordered ionic aggregates within the nonpolar polymer matrix.
Besides, analysis of the temperature dependences of the mechan-
ical loss factor tan d for these thin samples revealed two clearly
seen maxima, which allowed the microphase separation in the
samples to be suggested.'> The model of formation of ionic
aggregates in the polymer matrix has played an important role in
the development of the concepts of structural organisation of
ionomers.

One of the first and most significant theoretical studies in the
field of physical chemistry of ionomers is the study by Eisenberg.?*
The model is based on the concepts of aggregation of ion pairs
driven by the electrostatic dipole—dipole interaction (see above).
Small aggregates comprising a few charged functional groups and
corresponding counterions connected by strong Coulomb inter-
actions were named ‘multiplets’. In the original model, Eisenberg
assumed that an increase in the content of ion pairs in the polymer
matrix will favour further electrostatic aggregation of multiplets,
resulting in clustering. Clusters containing tens of multiplets can
be treated as domains of a new phase dispersed in the initial
polymer.

To explain the influence of multiplets on the polymer matrix,
in the study cited it was assumed that the conformational mobility
of the polymer chain in the vicinity of a multiplet is significantly
restricted compared to the conformational mobilities of distant
fragments of the macromolecule. Therefore, steric interaction
between the polymer chains coordinated to the multiplet through
their own ion pairs and noncoordinated chains in the environment
affects the polymer matrix oppositely to the effect of plasticiser
because any multiplet becomes surrounded by a ‘shell’ comprised
of chain fragments with restricted mobility (Fig. 5).

The thickness of the region of restricted mobility in the vicinity
of the multiplet is primarily determined by the flexibility of the
polymer chains, namely, the higher the flexibility the thinner the
multiplet shell. The range of action of a multiplet (distance at
which the polymer chains ‘feel’ the effect of the multiplet) can
hardly be determined quantitatively, but it must correspond to the
persistence length of the polymer in the solid phase or the length of

Figure 5. Structure of multiplets according to Eisenberg.!7-24
Multiplet core (/), multiplet shell (region of restricted mobility of the
polymer chains) (2) and isolated ion pair (3).

the Kuhn segment.™ The formation of the core of a multiplet is
accompanied by attraction of all neighbouring charged groups;
therefore, the shell of the multiplet must be considerably depleted
of ions.

From the aforesaid it follows that the effect of a multiplet
comprised of a few ion pairs on the polymer matrix is weaker than
the effect of a larger ionic aggregate. The smallest aggregate
comprising two ion pairs, a quadruplet, plays the role of a
conventional intermolecular cross-link, thus causing relevant
changes in the physicochemical characteristics of the polymer
sample. Generally, the region of restricted mobility of the polymer
chains surrounding the multiplet is small and cannot be charac-
terised by its own glass transition temperature; however, the
presence of such regions favours an increase in the glass transition
temperature of the whole polymer sample in accord with the
mechanism considered above.?*

The Eisenberg model provides no unambiguous interpretation
of X-ray scattering data, but permits a qualitative explanation for
the ‘microscopic’ two-phase morphology of ionomers. The model
gave an impetus to further development of the theory of ionomers
in the studies by Forsman,??® Dreyfus,?* Datye and Taylor,?®
Earnest et al.,3% Squires et al.,’” Marx et al.,’® Yarusso and
Cooper,* Ding et al.,** MacKnight et al.,*! Roche et al.,*? etc.

In 1989, Eisenberg’s group proposed an improved model of
ionomers,!” which is used at present. The model considers a
number of factors responsible for the formation of multiplets,
e.g., the force of electrostatic interaction between charged groups,
the concentration of ions (ion pairs) in the polymer, the chemical
nature of the polymer matrix and steric factors.

The most important factor is the force of electrostatic inter-
action between ion pairs, which is determined by the size of ions
and by the contribution of the covalent component to the ion—ion
interaction. It is assumed that ions of small radii interact more
efficiently and form stronger aggregates than do large charged
groups. If the Coulomb forces between the ion dipoles are too
weak to overcome the ‘elastic’ resistance of the polymer chains to
which they are connected, no aggregation occurs.

Low dielectric constant and low glass transition temperature
of the initial (non-ionised) polymer favour the formation of
multiplets. An important role of the parameter ¢ was mentioned
above and the glass transition temperature correlates with the ease
of deformation of the polymer chains, viz., the higher the 7, the
more difficult is to force the polymer chains to change their

T The persistence length is a measure of chain curvature of rigid-chain
macromolecules. It is defined as half the length of the Kuhn segment, i.c.,
the polymer chain segment in which the memory of the chain direction is
retained.
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positions at normal temperatures. Clearly, plasticisers present in a
polymer composite can strongly influence the formation of ionic
aggregates.

For the polymer chains of ionomers with bulky substituents
one should expect the formation of very small multiplets. At the
same time for the ionomers in which the charged groups are
connected to the backbone through long and flexible side bridges
(spacers), steric hindrances are weaker and large multiplets can
form.*>4* This is quite important for considering the molecular
architecture of LC ionomers and for the interpretation of exper-
imental data.

The average distance between multiplets must decrease on an
increase in the concentration of ion pairs in the polymer matrix,
which causes the shells of the neighbouring multiplets to overlap
(Fig. 6). An increase in the number of overlapped fragments leads
to the formation of extended regions in which the mobility of the
polymer chains is restricted. Rather large regions with own glass
transition temperatures are treated as clusters, i.e., microdomains
of a certain phase.!”

Figure 6. Transition from isolated multiplets (a) to clusters (b) caused by
an increase in the content of ion pairs in polymer.
Dashed lines denote individual multiplet shells; clusters are shaded light

grey.

A salient feature of the Eisenberg model is the absence of
constraints imposed on the geometry (shape) of multiplets and
clusters (ionic aggregates of various shape can be formed).!” In the
modern version of this model, in contrast to the first formula-
tion2* and a number of more recent studies,?3~37 electrostatic
interactions between multiplets are not treated as causa proxima
for clustering. It is assumed that multiplets in the cluster do not
form a single aggregate and only contact one another owing to the
overlap of their shells (i.e., regions of restricted mobility of the
polymer chains, see Fig. 6).17

Thus, the main elements of supramolecular organisation of
ionomers are ionic aggregates comprising charged groups (mul-
tiplets and clusters). They strongly influence the surrounding
polymer matrix, being responsible for the changes in its physico-
chemical properties (increase in the glass transition temperature,
two-phase micromorphology, etc.).

Traditionally, LC polymers containing a low proportion of
charged groups are treated as LC ionomers (see above). With
allowance for the aforesaid, one can use this definition in a
broader sense and consider LC ionomers as a specific class of
high-molecular-mass compounds characterised by coexistence of
the regions of LC ordering and ionic aggregates (multiplets or
clusters of various shape). Below we will consider three main
groups of LC ionomers, namely, comb-shaped ionomers (see
Fig. 1a), ionomers with mesogenic groups in the backbone (see
Fig. 1) and telechelic polymers (see Fig. 1 ¢).

II1. Thermotropic comb-shaped liquid-crystalline
ionomers

The macromolecules of comb-shaped LC ionomers (see Fig. 1a)
contain two main types of side substituents, viz., anisometric hard
fragments (mesogenic groups) connected to the backbone through
flexible spacers and charged ionogenic functional groups. They
are responsible for the formation of LC order and the supra-
molecular structure characteristic of ionomers, respectively. Such
a molecular architecture opens the possibility of using these
compounds as promising models for studying the role of electro-
static interactions during the formation of mesophases in poly-
meric systems. Indeed, the concentration of charged groups can be
varied with ease in the synthesis of LC ionomers; the upper limit of
this concentration is governed by the proportion of functional
fragments in the polymer matrix. This feature of the systems under
study permits not only investigations of their phase states and
structures upon a gradual change in the polymer composition but
also, e.g., efficiently influences the magnetic properties of ionom-
ers containing transition-metal ions (see below). Besides, metal
atoms can be introduced into virtually any part of a macro-
molecule (into the backbone, spacers, etc.); a vast variety of types
of their bonding with the polymer substrate should also be pointed
out. In other words, in comb-shaped LC ionomers it is possible to
independently vary the nature and concentration of metal ions
without changing the structure of the mesogenic fragment. This
permits separate studies of the contributions of (i) mesogenic
groups of the polymer matrix and (ii) metal atoms into the final
characteristics of a compound.

1. Metal-containing comb-shaped liquid-crystalline ionomers
There are only a few publications on the synthesis and inves-
tigations of comb-shaped LC ionomers available at the moment.
Systematic studies in this field have been carried out by some
research groups headed by Zhao (Canada),*>~4° by Zentel (Ger-
many)>°~ 3 and by the authors of this review.°~%* These studies
concerned the synthesis and investigations of the general phys-
icochemical characteristics ©!-263.66 of LC ionomers containing
alkali,>—49-56.58 glkaline-earth,° transition-metal 30 —55:61-63 and
rare-earth metal ions.®* The most important results of these
investigations and the corresponding model for structural organ-
isation of comb-shaped LC ionomers will be discussed below. This
model, which is based on the concepts of formation of ionic
aggregates and microphase separation of charged groups, relates
the physical characteristics of a polymer to the concentration,
chemical nature and charge of the metal ions and to the distance
between the charged groups and the polymer backbone.

a. Liquid-crystalline ionomers containing alkali metals

Pioneering studies concerned with analysis of the phase character-
istics and structure of comb-shaped LC ionomers containing
metal ions were reported in the early 1990s. Zhao and Lei 446
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synthesised such compounds using radical copolymerisation of a
mesogenic monomer with methacrylic acid.

I\l/le
C—CH2 C—CH,
100— x |
CO.H /.
il
ﬁ—O—(CHz)G—O@C—O@CN
0 1

x = 12.

Subsequent partial neutralisation of carboxyl groups of polymer 1
thus obtained with potassium carbonate in a benzene — methanol
(95 vol.% : 5 vol.%)*° mixture gave comb-shaped thermotropic
LC ionomers 1-K(x) containing at most 10 mol.% of potassium
ions.* An increase in the degree of neutralisation of carboxyl
groups led to an increase in the glass transition temperature, T,
and in a decrease in the clearing point, 7. (i.e., narrowing of the
temperature range in which the mesophase exists (Fig. 7).

T/°C
I

100

80 S

60

20 1 /’GO\/
1 1 1
0 5 x (mol.%)

Figure 7. Phase diagram of LC ionomers 1-K (x) containing potassium

ions.*
Hereafter the following notations are used: I is isotropic melt, S is smectic
phase and G is glassy state.

Another approach to the synthesis of ionomers involved
partial alkaline hydrolysis of the side fragments of comb-shaped
LC polymers 2 and 3, which also leads to generation of charged
groups.*® The degree of hydrolysis was monitored using 'H NMR
spectroscopy, which revealed selective cleavage of the side groups
of the LC polymers 2 and 3 (position of preferred hydrolytic
cleavage of mesogenic groups under the action of alkali is shown
by a dashed line). In the case of polymer 3, charged groups
appeared in close proximity to the backbone, whereas for polymer
2, charged groups were distant from the backbone.

fCHz—CHﬁf

oot o O
O 2 O

fCHv—Cﬂﬁ—

3

C—'-O

In contrast to LC ionomers 1-K considered above, an increase
in the content of sodium ions in the hydrolysis products of

I Hereafter, hyphens in the notations of ionomers are followed by the type
of counterion and its content (in mol.%) given in parentheses.

polymers 2 and 3 was accompanied by not only a decrease in the
thermal stability of the liquid-crystalline phase but also a marked
decrease in the glass transition temperature. Probably, hydrolysis
of bulky side substituents favoured an increase in the kinetic
flexibility of the backbone,* which leads to a decrease in T, .
Besides, the glass transition temperature could be strongly influ-
enced by water molecules retained in the course of hydrolysis (they
play the role of a plasticiser for ionic aggregates and, correspond-
ingly, enhance the mobility of polymer chains).!”

Based on the results obtained, Zhao and Lei concluded that
the character of the influence of ionic aggregates on the formation
of mesophase in comb-shaped LC ionomers is as follows. In
accordance with the Eisenberg model (see above) they assumed
that the mobility of mesogenic groups in comb-shaped macro-
molecules strongly depends on the conformational capabilities of
the backbone in spite of the presence of flexible spacers. Mobility
restrictions of the chains involved in the formation of multiplets
cause defects in the packing of side mesogenic groups. As a
consequence, the LC phase of ionomers becomes less stable with
an increase in the content of the metal ion and its transition to
isotropic melt is observed at lower temperatures as compared with
the neutral polymer.*® And although this explanation for the
effect of ionic aggregates on the phase state of LC ionomers is
questionable, it is based on commonly accepted concepts from
physical chemistry of random ionomers!” and is undoubtedly
characterised by predictive power. This permits the use of the
Zhao model for the interpretation of new experimental data.

A drawback of these methods for the synthesis of LC
ionomers is the possibility of the hydrolytic cleavage of bonds in
different positions of side groups with formation of products in
which the charged groups are at different distances from the
backbone. Investigations of such compounds revealed no influ-
ence of the position of the ionogenic groups on the physicochem-
ical properties of the polymer phase. Besides, the polymer matrix
must be purified of low-molecular-mass by-products and hydrol-
ysis cannot be used for introduction of the transition metal and
rare-earth metal ions, which significantly reduces the number of
compounds to be studied. An exchange reaction involving an
alkali*® also seems to be somewhat inappropriate, because a
strong base favours the occurrence of side reactions and the
water molecules released play the role of a polar plasticiser and
can therefore change the physicochemical properties of synthes-
ised LC ionomers.

Recently, structurally similar polymeric systems have been
investigated by researchers working at the Polymer Science
Division (Department of Chemistry, M V Lomonosov Moscow
State University), Institute of Macromolecular Compounds of the
Russian Academy of Sciences and the Institute of Physics (Saint-
Petersburg State University). Russian researchers first carried out
a complex study of the dependence of the phase characteristics and
structure of LC ionomers on the structure of initially functional-
ised LC copolymers (i.e., on the chemical nature of mesogenic
groups, length of aliphatic spacers, concentration of functional
carboxyl groups), and on the concentration and charge (valency)
of the metal ions.

It should be noted that the ionomers studied always contained
not only loose and/or contact ion pairs but also a proportion of
non-ionised carboxyl groups.

Mesogenic groups
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lonogenic groups

SN0
0 OH
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Organic ions

/\N/\@O

R =H, CN(n =3,9),
H;N—(CHz)n—Me n=917);
counterions are Li*, Na*, Rb*, Ca™, Cu?*, Co2™, Ni2*.
Comb-shaped LC ionomers were synthesised using an original
two-step procedure.’®-38-67 The first stage involved a radical
Table 1. Random LC copolymers studied in Refs 56—65.
Chemical formula of copolymer Compound x (mol.%) Degree of Phase transitions #
polymerisation
CH—CH, CH—CH, 4a 27 100 G41N1121
100—x )\ 4b 28 59 G39NI1011
4c 30 45 G38N921
_._._CN 4 31 25 G32N761
0@ de 9 31 G42N 1031
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D00+ k )\ )
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O
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—eCH—CHz > / CH—CH>»
100—x J\
0~ 0O OH
~Y 6 21 24 G34N641
O x
Ao O-Oon
4
—éCH_CHz > CH CHZ
100 —x
J\ 0
(0]
o 0 O{Q C :OH 7 28 14 GI8NO95I
O
[0 XN e] < > /<
A O
O—< >—OMe
o
C—CHa> / CH—CHzx \
/1007.\
O
(o] 8 40 51 G39SmA 1351
[0 2]
o0~ O O CN
CHv CH —CH
100 —x
9 10-39 Nb
n- C]XH3 . 45-60 SmBP®
oo~
CH—CH2>_tCH Csz’
100 —x
J\ 10 44 55 S1441
(0]

O%O—.—.—OMe

aN is nematic; SmA, SmB are smectic types; figures denote transition temperature in °C. ® Transition temperatures were not determined.
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copolymerisation of two monomers (of, e.g., acrylic or metha-
crylic series), one containing a mesogenic substituent (anisometric
hard fragment) and the other bearing a functional substituent
containing one or several ionogenic groups. In the second step the
functionalised LC copolymers 4—10 thus obtained (see Table 1)
were introduced into exchange reactions of functional carboxyl
groups with metal acetates or metal acetylacetonates or with
organic amine derivatives. For instance, metal-containing LC
ionomers were obtained 3% by adding a dilute solution of an
acetate, M(OAc),, or acetylacetonate, M(acac),, in EtOH or THF
to a dilute solution of the functionalised LC copolymer in
dehydrated THF and subsequent stirring of the mixture for some
hours and removal of low-molecular-mass reaction products in
vacuo. This procedure offers a number of advantages over the
alkaline hydrolysis of ester bonds considered above, because only
functional carboxyl groups, whose proportion is specified in the
stage of synthesis of LC copolymers, can react with salts of weak
acids, and this method permits introduction of various metal ions
M”*. Acetic acid or acetylacetone released in the course of the
reaction do not lead to hydrolytic cleavage of the side mesogenic
groups, which is confirmed by the absence of hydrolysis products
in the reaction mixture. The exchange reaction is characterised by
high conversion. This is indicated by the absence of the unreacted
salt in the polymer matrix after annealing of the polymer,
confirmed by the data of polarisation optical microscopy and
X-ray scattering.

Thus, the synthetic technique proposed allows a controlled
amount of metal ions to be introduced into the macromolecules of
comb-shaped LC copolymers with retention of the side mesogenic
groups. By monitoring the formation of charged groups in macro-
molecules (as a rule, by IR spectroscopy °%¢7) it is possible to
establish the type of coordination between carboxylate ions and
metal ions from the stretching vibration frequencies vcoo- . As
applied to carboxylate complexes of the metal salts of low-
molecular-mass monocarbonic fatty acids,®® the monodentate
coordination corresponds to the stretching vibration frequencies
lying in the ranges v, = 1600—1630 and vy = 13501380 cm~!;
the frequency difference A = v, — v in this case is 230300 cm 1.
In the case of bidentate chelate coordination of the M”™* ion the
band frequencies v, and vs approach each other (to 1500—1530
and 14401470 cm !, respectively).

In particular, the exchange reaction between ionogenic LC
copolymer 4a and sodium acetate is accompanied by the appear-
ance of an absorption band of the carboxylate ion at 1578 cm~—!,
the band intensity increasing with an increase in the metal content
(Fig. 8 ). The formation of carboxylate ions was also indicated by
a decrease in the intensity of the low-frequency and high-
frequency wings of the complex band vc - o (17701690 cm—1)
corresponding to free (1740 cm~') and hydrogen bonded
(1703 cm— 1) carboxyl groups of the initial LC polymer 4a.3¢-¢7
Low frequency difference between the LC ionomers 5-Rb and
5-Na containing fragments of alkoxybenzoic acid (A =
va—vs = 46—53 cm—!) is an indication of bidentate chelate coor-
dination. For 5-Rb, the antisymmetrical and symmetrical stretch-
ing bands of carboxylate ions are shifted by 34 cm—! to the high-
frequency region compared to the frequencies of ionomers con-
taining lithium ions (Fig. 8 ).

The authors of this review have synthesised metal-containing
comb-shaped LC ionomers following the procedure mentioned
above and studied their phase behaviour, structural and phys-
icochemical characteristics. Differential scanning calorimetry
(DSC) curves of a liquid-crystalline copolymer 4¢ and ionomers
4c-Na with various content of sodium ions are shown in Fig. 9.
The DSC curves exhibit clearly seen characteristic transitions
corresponding to the glass transition temperatures and endother-
mic peaks corresponding to the clearing point, i.e., transition of
the LC phase into isotropic melt. The introduction of alkali metal
ions into the polymer matrix leads to marked broadening of the
temperature interval of existence of the mesophase. For instance,
the heat of transition to the isotropic phase (AH = 1-1.5J g—1)

Absorbance (rel. u.)

Absorbance (rel. u.)

Figure 8. IR spectra of LC copolymers 4a and LC ionomers 4a-Na («a)
and copolymer 5 (b) and ionomers 5-Li and 5-Rb (b).¢7

(a): 4a (1), 4a-Na(4%) (2), 4a-Na(10%) (3) and 4a-Na(20%) (4);

(b): 5 (solid line), 5-Li (/) and 5-Rb (2).
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Figure 9. DSC curves of liquid-crystalline copolymer 4¢ (/) and iono-

mers 4¢-Na(5%) (2) and 4¢-Na(10%) (3).57

obtained for the initial LC copolymer is characteristic of the
nematic mesophase, being consistent with the polarisation micro-
scopy data (Fig. 10@). At the same time, ionomers are charac-
terised by higher AH values (AH = 1.5-2.5 ] g~ 1), which points
to changes in their structure with an increase in the content of
metal ions.

The liquid-crystalline phase of ionomers 4-Na has a fan
texture (Fig. 105); its SAXS diffraction patterns exhibit an
intense maximum corresponding to the period di = 34.6+0.1 A
(Fig. 11). Comparison of these data with the calculated length of
mesogenic groups (~ 18 A) suggests a layered packing of the
polymer chains with partial overlap of side groups for 4-Na.%¢-38
The 2D X-ray diffraction pattern of an oriented sample clearly
demonstrates that diffuse large-angle and small-angle reflections
are split in mutually perpendicular directions. Such a character of
the X-ray diffraction pattern indicates that mesogenic groups of
the polymer are oriented along the magnetic field direction and
permits unambiguous identification of the LC phase as smectic A
(SmA).
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Figure 10. Characteristic optical textures of LC ionomers based on
copolymer 4.%7
Texture: marble («) and fan (b); magnification 200.
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Figure 11. SAXS diffraction patterns (Cu K,-radiation) of LC ionomers
4-Na containing 1.2 (1), 5.0 (2) and 10.1 (3) mol.% of sodium ions (a) and
2D X-ray diffraction pattern of LC ionomer 4-Na (2.3%) oriented in a
magnetic field (b).%’

The arrow denotes the magnetic field direction.

The phase diagrams of ionomers 4-Na differing in degree of
polymerisation Py, and content of carboxyl groups in the initial
copolymer are shown in Fig. 12. Construction of typical phase
diagrams of the ionomers based on the fractions of LC copoly-
mers 4a—d with a similar content of carboxyl groups and different
molecular masses (MM) (Fig. 12a) revealed the following.>¢
First, replacement of protons in the functional carboxyl groups
by Na™ ions led to an increase in the temperature interval of
existence of the mesophase

§The clearing point T and the glass transition temperature T, respectively
determine the upper and lower bounds of the existence region of
mesophase in LC polymers.
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! | LCionomers 4a-Na (a), 4e-Na
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Second, an increase in the content of sodium ions led to a
nearly linear increase in the clearing point, whereas the glass
transition temperature increased to some extent at Na ™ content of
2 mol.% —5 mol.% and then remained unchanged. Third, intro-
duction of metal ions into the polymer matrix led to a change in
the phase state of the polymer, namely, not only the nematic phase
but also the SmA phase was formed starting from a Na™* content
of 1.2 mol.%. The general pattern of the phase behaviour of LC
ionomers 4-Na was almost independent of the MM, whereas the
clearing points of different fractions varied over a wide range
upon variation of Py, (Fig. 13).

An extremely low concentration of charged groups inducing
the appearance of a smectic phase should be pointed out. LC
ionomers 4a—d-Na are characterised by a similar content of
sodium ions at which transition from the nematic to smectic
mesophase occurs (< 1.2 mol.%). Nevertheless, even copolymers
of identical composition contain different amounts of charged
groups per macromolecule owing to a low degree of polymer-
isation and low concentration of metal ions. For instance,
ionomers 4a-Na(2%) with Py, = 100 contain on average two
sodium ions per polymer chain, whereas the ionomers 4c-
Na(2%) (Pw = 45) and 4d-Na(2%) (Pw = 25) contain the same
number of sodium ions per two and four polymer chains,

T/C

120

110

100

20 40 60 80 Py,

Figure 13. ‘Liquid crystal —isotropic melt’ transition temperature plotted
vs. degree of polymerisation of LC ionomers 4-Na(10%).%%-57
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respectively. Thus, in the last-mentioned ionomer there are two
polymer chains per Na™ ion, i.e., 50% of the total amount of
polymer chains contain no charged groups at all. Meanwhile, even
such a small amount of charged groups is sufficient to the change
the phase behaviour of ionomers and to form a layered packing of
the side mesogenic fragments. This observation has played a
significant role in the development of model concepts of the
structural organisation of LC ionomers (see below).

As shown above (see Section II), the modern theory of melts of
random linear ionomers postulates the formation of ionic aggre-
gates (multiplets, clusters) from charged groups in a nonpolar
polymer matrix.'®17 To a first approximation these aggregates
can be treated as non-covalent cross-link points of the backbones.
The authors assumed that it is the charged multiplets that have the
structure-forming effect on the macromolecular system, resulting
in broadening of the temperature interval of existence of the LC
phases and in the appearance of the smectic phase.>°

Often, the formation of smectic mesophases in comb-shaped
LC polymers is attributed to microphase separation of the
polymer chains and side mesogenic fragments.?> The formation
mechanism >’ of a smectic (lamellar) packing of side mesogenic
groups involves the formation of a small amount of the simplest
multiplets (quadruplets) comprising two ion pairs. Fixation of two
polymer chains due to the formation of a quadruplet leads to a
decrease in the entropy of macromolecules and facilitates the
interaction of next ion pairs, resulting in the formation of a new
ionic cross-link. Owing to a low degree of polymerisation (at most
100) the macromolecules of LC ionomers include only a few Kuhn
segments.®® Therefore, the presence of even a small amount of
ionic cross-links must cause a substantial reduction of the number
of possible conformations and rectification of the backbones of
LC ionomers (because the number of segments between ionic
cross-link points is insufficient for the formation of a bent chain
fragment or a loop). It was theoretically substantiated 7 and
experimentally proved 7! that the polymer chains of linear ion-
omers in the vicinity of multiplets are strongly rectified and their
root-mean-square radii of gyration in the melt are larger than that
of non-ionised copolymer. Rectification of polymer chains also
reduces the translational mobility of side mesogenic groups, which
apparently favours a transition from the nematic to smectic
mesophase.

The molecular organisation of LC ionomers in the smectic
mesophase is schematically shown in Fig. 14. Here, we deal with a
‘shortcake’-type packing of macromolecules, which comprises
layers formed by nonpolar (hydrophobic) mesogenic groups and
layers formed by the main chains bearing ion pairs and functional
carboxyl groups. Itis logical to assume that an increase in polarity
of the main polymer chains as a result of the presence of carboxyl
groups and the appearance of charged groups will stabilise the
layered structure, i.e., favour broadening of the temperature
interval in which the smectic mesophase exists.

The formation of multiplets was indirectly confirmed by a
decrease in the solubility of ionomers in organic solvents and by an
increase in the glass transition temperatures (see Fig. 12), which
indicates that the polymer chains become more rigid. From the
phase diagrams it is seen that changes in the glass transition
temperature are most pronounced in a rather narrow range of
compositions, being a maximum at 5 mol.% of Na™ and then
reaching a plateau. Probably, this means that at high content of
charged groups in the polymer matrix the average distance
between ionic cross-links of the polymer chains becomes shorter
than the length of the Kuhn segment.

The size and structure of the multiplets responsible for the
phase state of LC ionomers must depend on the chemical nature of
metal atoms. Fig. 15 a presents the phase diagram of LC ionomers
4c-Rb containing Rb* ions whose ionic radius exceeds that of
Na™ ion and Figure 155 demonstrates the dependences of the
clearing point on the concentration of alkali metal cation for
related ionomers 4¢-Rb and 4¢-Na.

Figure 14. Model of the structure of smectic ionomer.

Multiplets (7), individual ion-containing groups (2), aggregation region of
mesogenic groups in smectic layer (3) and aggregation region of the
polymer chains and ion-containing groups in the interlayer space (4); d is
the thickness of the smectic layer.
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Figure 15. Phase diagram of LC ionomers 4¢-Rb (a) and clearing points
(T.) of ionomers 4¢-Na and 4¢-Rb plotted vs. metal content (b).%8
Metal (M): Rb (/) and Na (2).

Comparison of the phase diagrams in Figs 12 ¢ and 15 a shows
that the phase behaviour of both types of LC ionomers obeys the
same pattern. At the same time is it clearly seen that the clearing
points of the ionomers containing Na* ions are somewhat higher
than those of their Rb*-containing analogues (Fig. 155). A
higher rubidium concentration required for induction of the
smectic phase should also be pointed out. We believe that this
experimental result can serve as an additional substantiation of
the formation of ionic aggregates in LC ionomers.>8

Role of polymer composition. The results and model concepts
considered above provide an incomplete explanation for the
extremely low content of metal ions, which favours induction of
the smectic mesophase in the LC ionomers 4-Na. In this con-
nection it is interesting to compare the character of the phase
behaviour of ionomers with different side groups or differing in
ratio of functional (ionogenic) and mesogenic fragments taking
into account the published data for related comb-shaped LC
ionomers. 4346



564

D A Pebalk, E B Barmatov, V P Shibaev

The effect of the composition and molecular architecture of
the initial LC copolymers on the phase behaviour of correspond-
ing ionomers was considered taking copolymers 4e—f with
smaller, compared to 4a—d, initial content of carboxyl groups
(see Fig. 12b,c) as examples.’® As can be seen in these phase
diagrams, the increase in the clearing point with an increase in the
content of metal ions becomes less pronounced (especially, for
4e-Na), whereas induction of the smectic mesophase for 4f-Na
requires a higher concentration of Na™*; ionomers 4e-Na retain
the initial nematic phase over the whole range of investigated
concentrations. Thus, a decrease in the total number of functional
carboxyl groups in the initial LC copolymers 4a—f makes the
effect of metal ions much weaker, which is consistent with the
concepts of microsegregation in comb-shaped polymeric systems
(see Fig. 14).

The dependence of the phase state of LC copolymers 4 on the
content of acrylic acid units (Fig. 16) shows that copolymers
containing 30 mol.% carboxyl groups are near the induction
region of the smectic mesophase. This means that a slight increase
in polarity of polymer chains owing to introduction of additional
carboxyl or ion-containing groups is sufficient for the formation
of layered order. It is this effect that is achieved by replacing a
small proportion of carboxyl protons by alkali metal ions. At the
same time, polymer chains of the LC copolymers with a low
content of acid groups are less prone to microphase separation
and the induction of the smectic phase requires introduction of a
much higher amount of charged groups into their macromole-
cules.
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Figure 16. Phase diagram of copolymers 4 with different content of acrylic
acid monomer units.>®

It should be noted that consideration of the phase behaviour
of LC ionomers in the framework of the modern theory of
ionomers is consistent with its interpretation based on the
concepts of microphase separation. Undoubtedly, the concept of
microphase separation is more general in character because it can
be applied to a broad range of polymeric systems containing
structural units of different chemical nature. At the same time,
model concepts in the field of physical chemistry of ionomers
show how general regularities of the microphase separation work
as applied to ion-containing macromolecules.

The model considered permits a clear interpretation of the
increase in the clearing point of LC ionomers with an increase in
the content of metal ions. Indeed, thermally induced disordering
of the LC phase due to localisation of the mesogenic groups and
main polymer chains in individual layers requires that not only the
lateral interactions between mesogenic groups be overcome but
also the layer comprising the main polymer chains and multiplets
be broken down. The observed dependence can be explained by
increasing the role of this additional structure-forming factor with
an increase in the concentration of metal ions.

Role of the side chain length. From the modern theory of
ionomers '7 and results of experimental studies 4344 it follows that
an increase in the distance between charged groups and the
polymer backbone can lead to more efficient formation of ionic
aggregates due to lower steric hindrance. The influence of this
effect on the phase behaviour of LC ionomers was studied taking
copolymers ®” with functional groups linked to the backbone
through flexible methylene spacers (CH»),, as examples.

The phase diagram of LC ionomers 6-Na containing charged
carboxyl groups separated from the backbone by two methylene
links is shown in Fig. 17a. An increase in the proportion of
charged groups in the polymer matrix causes a slight increase in
the clearing point. At the same time these ionomers form only the
nematic phase in the whole investigated range of Na™ concen-
trations, which is confirmed by the polarisation microscopy and
SAXS data.
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——" G: o——o—o Figure 17. Phase diagrams of
1 1 1 LC ionomers 6-Na (a), 7-Na
0 10 20 [Na] (mol.%) (b)and 8-Na (c).>%¢7

Thus, in contrast to the ionomers 4-Na and 4-Rb containing
functional carboxyl groups directly connected to the backbone,
ionomers 6-Na with distant ionogenic groups exhibit no induction
of the smectic mesophase with an increase in the concentration of
charged groups in the polymer matrix. The different character of
the influence of metal ions on the phase behaviour of LC ionomers
is schematically shown in Fig. 18 as the ‘range of action’ of
multiplets on the polymer matrix. As can be seen, in the case of
ionomers 4-Na and 4-Rb multiplets are formed in the vicinity of
the backbone and can therefore decrease its entropy to the greatest
extent by reducing the number of accessible conformations. At the
same time in the ionomers with distant charged fragments (6-Na)
this effect is weakened due to the presence of flexible spacers
between multiplets and the backbone.

These effects must be even more pronounced with an increase
in the distance between charged carboxyl fragments and the
backbone. For instance, an increase in the concentration of
sodium ions in LC ionomers 7-Na with a long spacer (CH»)s
leads to reduction of the clearing point and only the initial nematic
phase is retained over the whole range of compositions studied
(Fig. 17 b). Thus, ionic aggregates formed in the ionomers under
consideration play a destabilising role and cause disordering of the
mesophase. A conclusion about the destabilising effect of the
charged groups distant from the backbone on the ordering of side
mesogenic groups in comb-shaped LC ionomers was also drawn
earlier.*®



Liquid-crystalline ionomers as a new class of mesomorphous polymeric systems 565
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Figure 18. Schematic representation of the effect of ionic multiplets on the
polymer matrix.®”

Functional groups are bonded to the backbone (a), charged groups are
distant from the backbone (b).

It was interesting to check for this effect in copolymers with a
smectic rather than nematic ordering type of the side mesogenic
groups. Figure 17 ¢ shows retention of the smectic mesophase in
LC ionomers 8-Na in the Na* concentration range
0 mol.% —25 mol.%; however, an increase in the content of
metal ions in the polymer matrix leads to a decrease in the clearing
point and breakdown of the liquid-crystalline state.>®

Thus, by placing charged groups at longer distances from the
backbone it is possible to efficiently influence the temperature
range of existence of the mesophase in LC ionomers. As the length
of a flexible spacer between charged carboxylate ions and the
backbone increases, the trend towards formation of smectic
phases becomes less pronounced; the clearing point decreases as
the content of charged groups in the polymer matrix increases.
Hence, the key parameters responsible for the formation of ionic
aggregates and their influence on the phase state of ionomers
include not only the composition of the polymer matrix, the
chemical nature of the metal and the concentration of metal ions
but also the distance between functional ionogenic groups and the
backbone. In the text below we will show that most of these
regularities governing the structure and properties of LC ionom-
ers containing alkali metal ions also hold for more complex
systems containing multiply charged ions.

b. Liquid-crystalline ionomers containing calcium ions

An increase in the content of Ca?>™" ions in LC ionomers 4b-Ca to
3 mol.% causes an increase in the melting point of the LC phase %°
(Fig. 19 a). According to solid-state '"H NMR spectroscopy data,
the incorporation of Ca?* into the macromolecules 4b not only
presents no obstacles to the orientation of their side mesogenic
groups in the magnetic field but is also accompanied by an
increase in the orientation order parameter of the LC ionomers
4b-Ca(3%). These results confirm the structure-forming effect of
Ca?" ions on the polymer matrix by the mechanism of ion
association and microphase separation, which was considered
above taking LC ionomers containing alkali metal ions as
examples. But in contrast to Na *-containing ionomers a further
increase in the concentration of Ca?™" ions (>3 mol.%) does not
lead to an increase in the clearing point; this parameter reaches a
constant value and then remains unchanged.
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Figure 19. Phase diagram of LC ionomers 4b-Ca (a), model of ionic cross-
link (b) and the simplest multiplet (¢) in LC ionomers containing calcium
ions.0

This feature of the phase behaviour of Ca?*-containing
ionomers can be explained by a higher coordination ability of
the doubly charged ions compared to alkali metal cations.®?
According to dynamic light scattering data, exchange of the
polymer protons by singly charged ions (Na™, Rb™) in a dilute
solution causes no aggregation of macromolecules that exist as
isolated coils and the multiplets are formed only after removal of
the solvent as a result of bringing ion pairs closer to one another. If
we deal with multiply charged ions characterised by stronger
coordination ability, polymer chains can approach one another in
the course of the synthesis of ionomers with the formation of salt
ionic cross-links (Fig. 19b5) or more complex aggregates
(Fig. 19¢). Indeed, an increase in the molecular mass of such
ionomers in solution was detected by gel-permeation chromatog-
raphy and by light scattering. During removal of the solvent the
aggregates formed in the stage of ion exchange can lead to a
sterically unfavourable arrangement of macromolecules and
induce the appearance of defects in the packing of the side
mesogenic fragments, thus leading to destabilisation of the
mesophase formed. Mutual compensation of the stabilising con-
tribution of ionic aggregates (due to the microphase separation
and chain stiffening mechanism) on the one hand and an increase
in the number of defects on the other hand corresponds to
reaching a plateau in the clearing point plot of ionomers contain-
ing Ca?* cations (see Fig. 194).
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Figure 20. Phase diagrams of LC ionomers containing transition metal
ions: 4¢-Cu (a) and 4b-Co (b).01~¢3

c¢. Liquid-crystalline ionomers containing transition metal ions

The temperature dependences obtained for the liquid-crystalline
ionomers containing doubly charged transition metal ions
(Fig. 20) are in general similar to those found for Ca?* -containing
ionomers.®® At the same time, optical polarisation microscopy
and microcalorimetry data revealed breakdown of the liquid-
crystalline phase at a concentration of M2+ (M = Co, Ni or Cu)
ions of nearly 12 mol.%. This is probably due to the formation of
coordination bonds between the M atom and oxygen atoms and
terminal CN groups in the mesogenic fragments of the copolymer.
A trend towards an increase in the coordination numbers of Co? ™,
Ni?" and Cu?* ions to 4—6 was confirmed by the UV spectra of
films and solutions of the corresponding ionomers.

Strong coordination bonds between transition metal atoms
and the polymer matrix can cause a considerable increase in the
concentration of defects in the matrix and produce steric strain. If
the formation of an ionic cross-link involving a Ca2™ ion leads to
fixation of two COO~ groups (and corresponding polymer
chains), a transition metal atom can form additional bonds with
a number of neighbouring mesogenic groups. At a sufficiently
high concentration of transition metal ions (from 10 mol.% —
15 mol.% in the compounds we have studied), enhanced defect
formation in the mesophase leads to complete disordering.6! — 4

Important experimental information on the supramolecular
organisation of comb-shaped LC ionomers, the state of charged
groups in them and the influence of such groups on the polymer
matrix can be obtained by studying the magnetic properties of
corresponding derivatives containing Cu?™ ions.

The energy of exchange interaction between metal atoms in
ferromagnets and antiferromagnets is known to be comparable
with the thermal energy, which gives rise to co-operative magnetic
phenomena.” 73 (In ferromagnets, the atomic magnetic moments
are directed parallel to one another, while in antiferromagnets
they are directed antiparallel and compensate one another.) A
measure of the degree of correlation of the atomic magnetic
moments is the exchange parameter J. Note that isolated tran-
sition metal atoms (e.g., in a dilute solution) are not involved in the
exchange interactions and, hence, can not induce co-operative
magnetic phenomena.

Undoubtedly, investigations of the magnetic properties of LC
ionomers are of considerable interest, because this makes it
possible to establish the spin state of their metal atoms. The
magnetic properties of compounds are described using a number
of models of interacting metal atoms.”® The simplest dimer model
allows for the magnetic exchange between two metal atoms, while
a more complex one-dimensional (1D) model considers infinite
chains of interacting particles.

The temperature dependences of the magnetic susceptibility of
LCionomers 4¢-Cu in the temperature range 4.2—300 K (Fig. 21)
revealed the absence of a maximum value and a low room-
temperature magnetic moment characteristic of antiferromagnets.
The experimental values of the magnetic susceptibility were
approximated using the dimer model and the 1D Heisenberg
model.

Table 2. Results of approximaton of the data on the magnetic suscepti-
bility of LC ionomers 4-Cu using the 1D Heisenberg model and the dimer
model.®?

Ionomer Model a? —Jjem=!  Cw (%) Cj(%) —0/K
4-Cu(9.9%) 1D 0.8 178 3.6 96.4 2.9
dimer 28.0 349 15.3 84.7 26.0
4-Cu(5.0%) 1D 0.9 148 5.3 94.7 5.0
dimer 20.5 265 12.7 87.3 16.3
4-Cu(2.5%) 1D 15 116 47 953 41
dimer 1.8 264 22.2 77.8 —28.0

Note. Notations are as follows: ¢? is the root-mean-square deviation of
experimental data from the dimer model and 1D Heisenberg model; J is
the magnetic exchange parameter; C,, and C; are the concentrations of
isolated and magnetically coupled copper ions; and 0 is the Curie — Weiss
constant.
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Figure 21. Magnetic moment (/) and magnetic susceptibility (2) of LC
ionomer 4¢-Cu(9.9%) plotted vs. temperature .6!

Full and open circles denote experimental data. Solid and dashed lines
denote fits of experimental data by the 1D Heisenberg model and the
dimer model, respectively.

Analysis of the approximation parameters (Table 2) showed
that LC ionomers 4¢c-Cu containing 2.5 mol.% —9.9 mol.% of
copper atoms are antiferromagnets with high exchange parame-
ters. At Cu?* content from 5.0 mol.% to 9.9 mol.%, the temper-
ature dependence of the magnetic susceptibility of ionomers is
correctly described by the 1D Heisenberg model, whereas the use
of the dimer model leads to marked deviations from the exper-
imental curve. This unambiguously indicates that copper ions
exist in LC ionomers in the form of complex aggregates.6?

Low concentration ( < 15%) of the Cu?" ions not involved in
the magnetic exchange should be pointed out. In the model of
structural organisation of LC ionomers shown in Fig. 22 these
ions correspond to isolated ionic cross-links. This fact is very
important because it shows that steric hindrance in comb-shaped
polymers with bulky side fragments (including the systems under
study) does not preclude a trend towards formation of multiplets
by the charged groups. At the same time it was impossible to
propose an accurate structural model for magnetically interacting
centres because of a limited number of compounds. Probably,
copper atoms in the polymer matrix can be involved in both direct
(if brought to close proximity) and indirect exchange through
oxygen bridges of the ester groups.”

The magnetic properties of the LC ionomer 4-Cu(2.2%) with
low metal content are somewhat different from those considered
above. This ionomer is also an antiferromagnet, but the root-
mean-square deviations of the experimental data from both the
Heisenberg model and the dimer model in this case are the same.
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Figure 22. Model of LC ionomers containing Cu?* ions (see Ref. 61).
Multiplet (/) and isolated cross-link (2).

Thus, none of the models provides a correct description of the
magnetism of compound 4-Cu(2.2%). But it should be noted that
manifestation of the antiferromagnetic properties at so low a
copper content confirms the ability of charged groups to form
aggregates (multiplets), because isolated copper atoms are not
involved in co-operative magnetic interactions (see above).

Yet another approach to the synthesis of LC ionomers
containing ferrocene in the side groups (11a—c) was reported in
studies by Zentel et al.5°~35 (Scheme 1). The oxidation of ferro-
cene fragments to give cationic ferrocenium groups leads to some
broadening of the interval of existence of the SmA phase and to a
slight increase in the clearing points (Table 3). This can be
explained by ordering of the mesogenic groups in the backbone
(for details, see Section IV). The introduction of bulky isometric
ferrocene fragments into the LC copolymer must lead to defect
formation in the packing of the anisometric mesogenic groups. At
the same time the oxidation of ferrocene groups produces ion pairs
which tend to form aggregates that in turn form corresponding
microphases. Thus, bulky ferrocene fragments can be treated as
excluded from the mesophase and thus can affect its liquid-
crystalline characteristics to a much lower extent.>3

The formation of ionic aggregates in the ferrocene-containing
LC ionomers investigated by the Zentel group was confirmed by
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11a:R!' = R2=H,n = 2; X = OMeg;
11b: R! = Me, R? = (CH,),CH=CH,, n = 4, X = OMeg;
11c:R'=R2=H,n=2,X =CN.

Table 3. Compositions and transition temperatures of comb-shaped
ferrocene-containing LC polymers according to 'H NMR data (see
Ref. 54).

Poly- y Phase transitions

mer (mol.%)

reduced form oxidated form?

11a 43 G28SmA 82N 1081 G32SmA 84N> (ClO;)
11a 95 G26SmA66N96T G36SmA97NIP (ClO;)
11a 132 G32SmA 67N 1001 G35SmA 74N 1061 (SO})
11b 2.7 G28SmASSNII0T G32SmA87N 1051 (SO})
11b 44 G35SmA75N981 G29SmASINI00I (SO})
1le 23 G30N 1151 G32N 1181 (SO3)

e 75 G26N 1061 G33N1061° (ClO;)

11c 83 G30N941 G37N951b (ClO;)

aThe counterion is gived in parentheses. ® With decomposition.

the results of dynamic mechanical measurements, small-angle
X-ray scattering and by the orientation features of nematic
samples in electric field.>* The temperature dependences of the
mechanical loss factor tan § and the elastic modulus showed that
the LC ionomers studied obey the regularities known for weakly
cross-linked polymeric systems. At the same time studies on the
orientation of samples in electric field revealed an interesting
feature that is atypical of conventional LC polymers, viz., the
Frederix transition thresholdY was almost independent of the
presence of charged groups.>* These experimental results were
explained by the possibility of breakdown of ionic aggregates and
formation of new aggregates in other domains of the polymer
matrix upon the motion of the polymer chains under the action of
external field. At the same time the influence of the multiplet
structure manifests itself as a considerable (by an order of
magnitude) increase in the reorientation time of the LC ionomers.

Dielectric spectroscopy studies and thermodepolarising cur-
rent measurements were carried out to obtain information on the
molecular mobility of copper-containing LC ionomers and to
establish how ionic aggregates influence the local and segmental
motions of the polymer chains and side mesogenic groups.®> The
incorporation of copper ions into the LC copolymer 4 led to a
slight decrease (by 3—4 °C) in the temperatures of co-operative a-
and o-processes (Fig. 23), which respectively reflect the segmental
mobility of the backbone and the reorientation of the side

9 The critical strength of external field at which the orientation of
mesogenic fragments (direction of director) in liquid crystal sample
changes.

Oxidated form Scheme 1

fCHZ—?HﬁCHz—(lei—
0=C 0=C

| |
(l) (@)
(CHZ)n

Fe™t R! Y-

2/@ 1
R R o=c—o©—x

Y- = ClOj, (1/2)SO3".
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Figure 23. Depolarisation current plotted vs. temperature for copolymer
4 (a) and ionomer 4-Cu(2.5%) (b).9

Polarisation temperature is 60 °C and the electric field strength is 50 (7),
100 (2) and 300 V mm~! (3).

mesogenic groups of the copolymer, which proceeds at higher
temperatures. At the same time studies of LC ionomer
4-Cu(2.5%) at 74 °C revealed yet another intense co-operative
p-process (also dipole in nature), which was characterised by
significantly restricted molecular mobility compared to the o- and
d-processes.

The results obtained are consistent with the Eisenberg model
of amorphous ionomers (see above), according to which the
polymer chains in the multiplet shell are characterised by
restricted mobility (see Fig. 5). The high-temperature process
detected in the thermodepolarising current curves seems to
correspond to the dynamics of the polymer chains in the regions
of restricted segmental mobility in the multiplet shell. The temper-
atures of the local processes associated with the rotational
mobility of the side mesogenic groups along the long axis and
with the mobility of the methylene spacers are almost independent
of the content of copper ions in the 4-Cu ionomers.

All the LC ionomers discussed above belong to the acrylic and
methacrylic series with nearly the same type of molecular archi-
tecture. Information on the systems with polysiloxane back-
bone 7* and comb-shaped LC ionomers with the charged groups
localised within the backbone 7° is scarce. It is interesting that in
last case the glass transition temperature and the clearing point of
the liquid-crystalline phase depend only slightly on the structure
of the side mesogenic fragments. This may be due to strong
microsegregation of charged mesogenic fragments and poly-
(ethylene oxide) blocks incorporated into the backbone.

The results obtained in studies of comb-shaped metal-con-
taining LC ionomers were analysed by the Zhao* %% and
Zentel 335 groups and by the authors of this review. It was
unambiguously shown that correct prediction of the physico-
chemical properties and structure of these compounds requires
taking into account not only the concentration of charged groups
but also some additional factors, e.g., the chemical structure of
macromolecules, the structure of functional (ionogenic) frag-
ments, methods of synthesis, efc. The phase state and the structure
of this class of comb-shaped polymers are primarily determined by
competition between such processes as the formation of meso-
phase due to the dispersion interactions of mesogenic fragments,
the ionic aggregation of charged groups and the microphase
separation of the backbone and the side fragments.

We believe, and this was confirmed by the results of inves-
tigations of LC ionomers of different chemical nature (see
Table 1), that prediction of the structural features and phase
behaviour of these compounds first of all requires taking into
account positions of the charged groups relative to the backbone
and the ability of the starting polymer to form a smectic order (so
named smectogeneity). For instance, the formation of smectic
packing is characteristic of comb-shaped ionomers with high
content of acrylic acid units (>30 mol.%) and cyanobiphenyl
mesogenic fragments because of (i) the microphase separation
between the polar chains and nonpolar side groups and (ii) ionic

aggregation. At the same time a decrease in polarity of the
backbone makes this tendency much less pronounced.

A fundamentally different situation occurs for those LC
ionomers in which functional groups are distant from the back-
bone. Irrespective of the phase character of the initial copolymer
these compounds exhibit a decrease in the clearing point with an
increase in the content of the charged groups owing to the
disordering effect of ionic aggregates on the surrounding meso-
genic fragments.

The phase behaviour and structure of the systems with multi-
ply charged metal ions depend on the structure of the polymer
matrix in a more complex fashion. This is associated with the
possibility of formation of ionic cross-links or coordination
bonds. It seems to be that the most important feature of such
compounds is breakdown of the mesophase (amorphisation) at
high concentrations of transition (or rare-earth) metals. This
imposes limitations on the design of functional materials or
composites based on LC ionomers containing multiply charged
metal ions.

2. Comb-shaped liquid-crystalline ionomersc containing
organic counterions

A conventional method of preparation of thermotropic comb-
shaped LC polymers involves the chemical addition of mesogenic
groups to the side aliphatic branchings of comb-shaped polymers
(Fig. 244).3~>7 At the same time an approach to the design of
comb-shaped LC copolymers by electrostatically binding diphilic
molecules to the polymer chain with the formation of polycom-
plexes (Fig. 24b) has been intensively elaborated in the last
decade. Research groups headed by Paleos,’”>78 Ujiie,” 80
Bazuin 8! 83 and Talrose 8488 contribute largely to the develop-
ment of this avenue. Physicochemical studies of various aspects of
the structure formation and lyotropic mesomorphism in solutions
of such polycomplexes can in fact be treated as a specific,
important field of polymer science. It is necessary to emphasise
that the subject of investigations carried out by all the research
groups mentioned above is thermotropic mesomorphism, i.e., the
ability of polymeric systems to form LC phases in a particular
temperature range under solvent-free conditions.

T

Figure 24. Schematic representation of the molecular structure of comb-
shaped LC polymers with covalent (a), electrostatic (b) and mixed (¢) type
of addition of side groups.

Considerable advances in the design and synthesis of a novel
class of thermotropic liquid-crystalline ion-containing polymers
have been made by Russian scientists.34~38 Polycomplexes
obtained via molecular self-organisation of a polymer matrix
and a low-molecular-mass amine form a smectic-type LC phase.
It should be noted that the individual components of the com-
plexes form no thermotropic mesophases. Conventionally used
polymer matrixes include amorphous polyacids (polyacrylic acid,
polymethacrylic or polymalonic acid) and polyvinylsulfonates.
Amines can be chosen from a broader range of compounds,
namely, from primary to quaternary amines with various struc-
tures of the lyophobic molecular fragment. The reaction between
the polyacid and amine usually results in proton-transfer com-
plexes.

It should be noted that basic to the mesomorphism revealed is
the marked diphilicity of the polycomplex and the corresponding
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microsegregation processes rather than the rigidity or geometric
anisotropy of the side groups. Such ionic complexes represent
microheterogeneous systems in which the layered structures
formed due to packing of the side chains are ‘reinforced’ with a
network of electrostatic interactions and hydrogen bonds.?’ If one
uses linear long-chain aliphatic amines, crystallisation of the
complex involving the formation of crystalline or rotationally-
crystalline phases is highly possible. At the same time it is assumed
that incorporation of one or two aromatic or cyclohexane rings
into the amine molecule must cause appreciable changes in the
symmetry of the alkyl fragment, thus making crystallisation of the
polycomplex less probable.8

Ton-containing polymeric LC systems obtained by non-cova-
lent binding of the polymer chains to low-molecular-mass com-
pounds are of considerable interest. Investigations of the
properties of comb-shaped LC polymers of mixed structure (one
type of the side groups of a macromolecule are covalently bonded
while the other type of the side groups are attached through
electrostatic interactions; Fig. 24 ¢) 892 are also of great impor-
tance. Polymeric systems containing relatively low concentrations
of charged groups can be considered as a specific class of LC
ionomers with organic counterions.

Mesomorphous ion-containing polycomplexes and comb-
shaped LC ionomers with organic counterions exhibit a number
of salient features distinguishing them from the metal-containing
ionomer systems considered above. If the phase states and the
structure of metal-containing ionomers depend on the chemical
nature and concentration of metal ions and on the structure and
mesomorphous characteristics of the polymer matrix, in the case
of ionomers with organic counterions one should also allow for
the concentration and structure of low-molecular-mass complex-
ant. As will be shown below, long aliphatic or aromatic fragments
of counterions can be involved in the formation of mesophase and
also act as bulky packing defects of the side mesogenic groups.

a. Synthesis of liquid-crystalline ionomers containing organic ions
Ion-containing complexes of polyacids with low-molecular-mass
amines are obtained by mixing the initial components in the same
solvent (ethanol, chloroform, pyridine) followed by concentration
of the mixture or by the deposition of the polymer complex in an
appropriate solvent (ethyl acetate, diethyl ether).®* For instance,
the reaction between amines and polyacrylic acid

TCHZ—?I
0.H /,

C
12

was detected 3488 from opalescence and precipitation on mixing
transparent solutions of the initial components in ethanol. Even at
a large excess of amine in the initial solutions the characteristic
composition of the solid complex corresponds to a 2: 1 polyacid :
amine ratio (two carboxyl groups per amino group).®* At the same
time for mixtures of polymethacryloyl-m-aminocarboxylic acids
with cetylamine CH3(CH2);sNH: (see Ref. 88), complexes of all
polyacids studied contain 60 mol.% —70 mol.% of amine. Thus,
the degree of substitution of carboxyl groups in these compounds
depends only slightly on such characteristics of the polymer
matrix as the distance between the COOH groups and the polymer
chain.

Based on the results obtained in studies of model compounds
(malonic and glutaric acids), it was proposed that non-stoichio-
metric complexes of polyacids are essentially stabilised by the
intermolecular hydrogen bonds.®* Seemingly, the case in point is
the formation of a Y-shaped bond, because the proton involved in
the strong hydrogen bond can form an additional H-bond with
strong acceptors.

7 T~
¢ e ¢ e
07 20-H—0"_S0 <> 0Z_ 0--H—0"_0
o T e "
1o+ 15+
NR3 NR3

The reactions between polyacids and low-molecular-mass
amines in a medium with low dielectric constant (THF) were
also studied.??~%* Good solubility of the polymer complex formed
allowed complexes of controllable (stoichiometric) composition
to be synthesised. The character of the polyacid —amine bond was
studied in detail taking complexes of polymers 4d and 10 with low-
molecular-mass primary and tertiary amines as examples.

Analysis of the IR spectra of the products of the reaction
between a nematic copolymer 4d (based on acrylic acid and units
containing mesogenic cyanobiphenyl groups) and octadecylamine
CH3(CH>)17NH; (13) revealed 3° the absence of the antisymmet-
rical and symmetrical vibrational bands of NH» groups (at 3340
and 3260 cm !, respectively) characteristic of the spectrum of the
low-molecular-mass amine (Fig. 25). The spectrum of ionomer
4d - 13 exhibited reduced intensities of the vc=o stretching bands
of carboxyl groups. These data unambiguously point to the
formation of an ionic complex via protonation of the amine NH»
groups by the carboxyl groups of copolymer 4d. A polymer chain
fragment of ionomer 4d - 13 is schematically shown below for the
case of incomplete substitution of carboxyl groups of the copoly-
mer 4d.

80

40

0 1 1
3600 3200 2400 v jem—!

Figure 25. IR spectra of LC copolymer 4d (/), ionomer 4d-13 (9%) (2)
and low-molecular-mass amine 13 (3).%°
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In order to compare the ratios of the carboxyl groups involved
and not involved in the formation of hydrogen bonds, differential
IR spectra of mixtures containing different amine concentrations
were studied.®® A greater decrease in the band intensity of
H-bonded carboxyl groups (at 1704 cm—!) means that they are
more accessible to complexation. An analogous conclusion was
drawn 84 for the complexes of compound 12 with salts of tertiary
amines (14—16) differing in the structure of the lyophobic frag-
ment of the molecule.

R
Qs ¢
Et
\T@o

Et 14-16

14:R = CN,n = 10;
15:R =H,n = 10;
16:R = CN,n = 4.

The reaction between polyacid 12 and photochromic tertiary
amine 15 was confirmed by IR spectroscopic data (Fig. 26).°> An
increase in the concentration of tertiary amine 15 in the mixture of
compounds 12 and 15 leads to a decrease in the intensities of the
vo_u and ve=o stretching bands in the regions 3100—3700 and
1650—1750 cm~!, respectively. These changes are due to the
decrease in the amount of carboxyl groups of polyacid 12 with
an increase in the concentration of tertiary amine. The spectra of
the complex obtained exhibit no intense vc_p band of the
methylene group at the nitrogen atom of the initial amine (at
2788 cm ). The formation of a proton-transfer complex is also
indicated by the appearance of the N — H stretching bands at 2505
and 2610 cm~!. A similar character of products of the reaction
between acid 12 and a tertiary amine was revealed in studies.3 87

Absorbance

1530 2610

2788
2505

iy |
" , [ -

1000 2000 3000 v /em~!

Figure 26. Fragments of IR spectra of polymer 12, photochromic tertiary
amine 15 and their mixtures with different content of amine 15.%2
Content of amine 15 (mol.%): 100 (1), 0 (2), 29 (3) and 44 (4).

b. Structural organisation of liquid-crystalline ionomers containing
organic ions

We will consider salient features of the phase behaviour of LC
ionomers containing organic ions taking ionic complexes of
nematic copolymer 4 with primary amine 13°%8%9 as examples.
Mixtures with octadecylamine concentrations from 6 mol.% to
29 mol.% were obtained in THF solutions for this system.
Investigations of samples with different concentrations of amine
13 allowed us to establish how sequential ‘build-up’ of a comb-
shaped polymer by non-mesogenic low-molecular-mass amine
molecules (see Fig. 24 ¢) affects the state and thermal stability of
the mesophase. This approach provides an effective method of

T/°C T)C

I SmA

/ SmB
/

20 [13](mol.%) 0 10 [13] (mol.%)

| .
" O\GO\O\C’ | SmB Figure 27. Phase diagrams of
1 1

LCionomers 4d-13 (a), 4a- 13
(b) and LC copolymer 9
(c).89:93

0 20 40 60
[N-octadecylacrylamide] (mol.%)

structure modification of comb-shaped LC copolymers and opens
prospects for additional functionalisation of these compounds.

The phase diagrams of the LC ionomers 413 obtained using
fractions of copolymer 4 with different molecular masses are
shown in Fig. 27.8%%0 Noteworthy is the disappearance of the
nematic phase characteristic of the initial ionogenic copolymer
and the formation of the SmA phase at concentrations of amine 13
of 5 mol.% —14 mol.%. Thus, the phase states of LC ionomers
containing organic ions and metal cations obey similar patterns,
namely, an increase in the content of charged groups is accom-
panied by an increase in the ordering of the side mesogenic
fragments.

With allowance for the (i) phase transformations and struc-
tures of metal-containing LC ionomers (see above) and (ii) model
concepts proposed for their interpretation, the formation of the
smectic mesophase in the systems based on copolymers with
organic counterions seems to be quite reasonable. Indeed, the
formation of supramolecular aggregates and microphase separa-
tion, which plays a key role in the formation of mesophase, are
primarily governed by the presence of ion pairs rather than the
nature of the functional groups and counterions they are com-
prised of. Hence, all considerations concerning the character of
the effect of the concentration of charged groups, the composition
of the polymer matrix and the distance between functional groups
and the backbone must also hold for the complexes of polymers
with organic amines. The correctness of this approach is appa-
rently confirmed by the features of the phase diagrams in the
systems 413 (see above). However, the nature of the counterion
can also influence the phase state of the complexes obtained and
impart them in some cases the properties characteristic of the
organic amine added.

Thus, the formation of the SmA phase in the LC ionomers
4-13 is governed by ionic aggregates. The effect of the aliphatic
groups of octadecylamine manifests itself at high concentrations
of this compound, which is associated with manifestation of the
effects of microphase separation in the side groups of the comb-
shaped polymer. If the concentration of amine 13 exceeds
24 mol.%, more ordered smectic mesophases (SmB, SmE) are
formed. Samples with the degree of polymerisation Py, = 25—59
form the smectic B phase while those characterised by Py, = 100
form the smectic E phase. Apparently, the formation of these
ordered mesophases is due to the microsegregation of long
methylene chains of amine 13.

This assumption was tested taking copolymers 9 of a meso-
genic monomer 4-[(4'-cyano-1,1’-biphenyl-4-yl)oxy]butyl acrylate
with N-octadecylacrylamide as examples. In these copolymers, the
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octadecylamide fragment is chemically bonded to the polymer
chain (Fig. 27 ¢). Microcalorimetric and X-ray diffraction studies
showed that copolymer 9 forms an ordered mesophase with
hexagonal packing of the side groups. However, this occurs at a
much higher content of non-mesogenic monomer units
(>40 mol.%) compared to the series 4-13 (25 mol.% of amine
13). An increase in the content of aliphatic units in LC copolymers
9 leads to a faster (compared to ionomers 4-13) decrease in the
clearing points. A broad range of the nematic phase (> 40 mol.%)
and the absence of induction of the SmA phase in copolymers 9
should also be pointed out.

In a continuation of these investigations, comb-shaped func-
tionalised LC complexes containing tertiary amine molecules
14-16 with azobenzene fragments were obtained.’!-* Photo-
chromic organic counterions were chosen to attain two goals,
viz., the incorporation of ion-containing groups simulating the
structure of low-molecular-mass liquid crystals and the use of the
ability of para-substituted azobenzene derivatives to undergo
cis—trans-isomerisation and photo-orientation on exposure to
polarised laser light.®> The LC ionomers obtained are light-
sensitive materials and can be used for recording and storage of
optical information. A study of the kinetic curves of growth and of
the relaxation of photo-induced birefringence revealed the influ-
ence of the electrostatic binding of the photochromic molecules
with the polymer matrix on the character of photo-optical
processes.”!- 92

The phase diagrams of the mixtures based on nematic com-
pound 4c¢ and smectic compound 10 with low-molecular-mass
components 14 and 15 are shown in Fig. 28. Irrespective of the
phase state of the initial copolymer an increase in the concen-
tration of dye in the mixture causes a monotonic decrease in the
clearing point and the glass transition temperature; at a content of
the photochromic component in the 15 mol.% —34 mol.% it
undergoes partial crystallisation. All the mixtures based on the
ordered smectic phase retain an orthorhombic pattern of packing
of the side mesogenic groups in the smectic layer. An increase in
the content of amine 16 only leads to thickening of the smectic
layer due to the ‘build-up’ of the copolymer by photochromic
amine groups, which are longer than the biphenyl mesogenic
groups of the initial LC copolymer 10. It should be emphasised
that the addition of amine 15 (5 mol.%) to nematic polymer 4c is
accompanied by a change in the phase state, viz., the formation of
smectic phase and complete disappearance of nematic phases.

In these LC ionomers photochromic amines are not only
involved in microphase separation and ionic aggregation but
also induce the formation of defects during the ordering of side
fragments, which governs the formation of mesophase. The role of
defects can be played by bulky fragments of quaternary ammo-
nium cations arranged near the polymer chain. Besides, long
aliphatic bridges between the azobenzene fragment and the
tertiary amino group hamper simultaneous packing of the photo-
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Figure 28. Phase diagram of LC ionomers 4c¢- 15 (a) and dependence of
clearing point an concentration of photochromic component for LC
ionomers 10-14 (/) and 10-16 (2) (b).7!-%*

chromic and mesogenic groups of LC copolymers, which mani-
fests itself in a decrease in the clearing point and the enthalpy of
melting of the LC phase with an increase in the content of amine.
The use of amine 16, containing a shorter spacer, is accompanied
by a slight decrease in this negative influence. For example, an
increase in the amine content in smectic ionomers 10-16 is
accompanied by a much lower decrease in the clearing temper-
atures than in ionomers 10- 14 (Fig. 28 b).

IV. Liquid-crystalline ionomers with mesogenic
groups in the main chain

A significant role in the development of approaches to the
synthesis of ferrocene-containing LC ionomers has been played
by the studies of Zentel et al.3>°°~% who showed that incorpo-
ration of ferrocene fragments into the polymer backbone followed
by their oxidation produces no pronounced changes in the phase
state of the systems under study.®’-%¢ This may be due to consid-
erable steric hindrance to the formation of ionic aggregates in
related polymeric systems. It is known that the macromolecules of
LC polymers with mesogenic groups in the backbone adopt
extended conformations. Due to the entropy and steric factors,
this can be a possible reason for hindered interaction of charged
groups, resulting in the formation of multiplets.

In order to reduce steric hindrance in the formation of ionic
aggregates, a series of linear LC copolymers 17a—f was
obtained °® by polycondensation. In these macromolecules, the
ferrocene fragments were separated from the backbone through a
flexible aliphatic bridge (CHz),,, .

17a—f

o
_QI\{\/ _@_
N O(CH2)s—

The ferrocene groups were oxidised by mixtures of p-benzoqui-
none with sulfuric or methylsulfonic acids or by a mixture of
copper(1l) perchlorate and perchloric acid.

The effect of the nature of the oxidant counterion Ox on the
phase behaviour, structure and thermal stability of LC ionomers
(17a—f)- Ox can be followed from the data listed in Table 4. In the
case of the hydrosulfate and methylsulfonate counterions the
compounds obtained are stable on heating above the clearing
point, whereas systems with the perchlorate counterions slowly
decompose under identical conditions. Irrespective of the nature
of the counterion incorporation of charged groups into the
macromolecule leads to some increase in the glass transition and
clearing temperatures. If an increase in 7y is typical of ionomers,
an increase in 7. is associated with microsegregation of the
ferrocene fragments (see above), which facilitates packing of the
mesogenic groups in the linear polymer (Fig. 29).

For the systems with charged groups smaller than ferrocene
ions one can expect the formation of more stable ionic aggregates.
Sulfite and phosphate groups were chosen®® as candidates. The
initial LC polymer 18, to which charged groups were attached,
forms a nematic rather than smectic mesophase unlike the
derivatives 17a—f. With allowance for this fact it was proposed
that the formation of ionic aggregates in this polymer matrix will
be associated with lower steric constraints and smaller entropy
limitations.

R - —O(CH»)6O
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Table 4. Phase transition temperatures of ferrocene-containing LC polymers 17a—f and LC ionomers (17a—f)- Ox with mesogenic groups in the
backbone.*%7

Phase transitions in oxidised LC ionomer 17 - Ox

Ox = MeSO3

Ox = HSO;

Ox = ClO;

Polymer m Phase transitions in polymer
17a 2 G20SmA 1201

17b 3 G17SmA 1111

17¢ 4 G 18SmA 1021

17d 5 G14N831

17e 7 G20SmA 1101

17f 8 G 15SmA 1051

G20SmA 1211
G 18 SmA 1151
G22SmA 1071

G22SmA SIN 1051

G23SmA 1151
G 18 SmA 108 1

G20SmA 1211
G17SmA 1151
see?
see?
see?
see?

G21SmA 1211
G24SmA 1191
G27SmA 1121
see?
see?
see?

2 Compound was not obtained.

Ion pair Mesogenic group

Figure 29. Schematic illustration of microsegregation of ionic multiplets
and mesogenic groups in linear ferrocene-containing LC ionomers.®”
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Experiments showed that the LC ionomers 19 and 20 with
sulfite ions exhibit a monotonic increase in the clearing point and a
decrease in the glass transition temperature with an increase in the
content of charged units. This was explained by the impossibility
of efficient formation of ionic clusters in the absence of a spacer
connecting the charged groups to the polymer backbone (reduc-
tion of T,) and by an increase in the anisometry of macro-
molecules upon incorporation of charged fragments (increase in
T.), because these fragments are more anisometric than the
mesogenic groups themselves.

The opposite was observed for LC ionomers 21a,b with the
phosphate charged groups separated from the backbone by
flexible spacers. The glass transition temperatures of ionomers
considerably increase compared to the T, value of the uncharged
polymer. This was associated with the formation of ionic clusters.
At the same time the clearing point of compound 21a somewhat

decreases while ionomer 21b forms no LC phase at all, which can
be explained by the undesired steric effect of the bulky counter-
ion.”” However, since these polymers contain charged groups in all
monomer units, the interpretation of their properties based only
on the model of random ionomers may be to some extent
incorrect.

O
0—(CHZ)12—04©—/<

CH
O§P/( 2)6 N o)
D 2M
O (o) n

21a.b

M~ = (1/2) Ba2* (21a), NHy(CsH12)7 (21b).

The phase behaviour of structurally similar LC ionomers 22
was also studied.!?° It was established that an increase in the
content of charged groups in these systems is accompanied by a
decrease in the glass transition and clearing temperatures and the
systems become more prone to thermal degradation. The decrease
in T, was associated with a decrease in the molecular mass of
ionomers on an increase in the content of charged groups. At the
same time, the overall narrowing of the temperature range of the
existence of mesophase is due to undesired influence of ionic
aggregates which play the role of packing defects in the mesogenic
fragments. An additional confirmation of this conclusion is
provided by the fact that the temperatures of transition to the
isotropic phase for a number of ionomers with similar molecular
masses decreased to a greater extent as the proportion of charged
groups increased.'% Thus, the model assuming the formation of
microphases comprising ionic aggregates and corresponding
improvement of packing of mesogenic groups (see above) > is
inapplicable to these ionomers.

Important information on the ionic dissociation in LC ion-
omers 22 was obtained in solution studies of the behaviour of
macromolecules. The solubility of samples of compounds 22 in
chloroform decreased in a regular fashion with an increase in the
content of charged groups and the concentration dependence of
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the reduced viscosity was strongly different from the linear
dependence characteristic of the initial polymer. Additional
experiments showed that at low concentration of ionomer 22 in
solution intramolecular ionic interactions favour a decrease in the
size of the polymer coil, whereas at high concentrations of the
ionomer the interaction of macromolecules is accompanied by a
dramatic increase in the reduced viscosity. Thus, solutions of these
LC ionomers excellently obey the regularities established in
studies of amorphous random ionomers.'®

Analysis of the data on the LC ionomers with mesogenic
groups in the backbone provides an additional confirmation of the
occurrence of ionic association in mesomorphous polymeric
systems. However, a correct interpretation of the changes in the
phase behaviour and structure, induced by the incorporation of
charged groups in the polymer, requires taking into account a
number of factors similarly to the case of comb-shaped ionomers.

SO3Na

V. Thermotropic liquid-crystalline chelato-
telechelic polymers

The so-called LC chelato-telechelic polymers (see Fig. 1 ¢) repre-
sent a specific class of liquid-crystalline ionomers with unusual
chemical structure and a vast variety of supramolecular struc-
tures. These are ionic complexes of anisometric low-molecular-
mass compounds (mesogenic groups) with terminal functional
groups of the polymer chains (Fig. 30). Intensive studies of these
compounds have been carried out in a research group headed by
Jerome.101-105

Liquid-crystalline chelato-telechelic ionomers are usually
characterised by a low content of charged groups. The SAXS
diffraction patterns of these compounds exhibit a characteristic
‘ionic peak’ (Fig. 31). Possible types of structural organisation '05
of these compounds are schematically shown in Fig. 32.

Asmentioned above, the ionic peak is a direct indication of the
formation of ionic aggregates (multiplets and clusters) responsible
for specific features of the structure and physicochemical proper-
ties of ionomers. At the same time, microcalorimetric, polar-
isation microscopy and X-ray scattering data unambiguously
confirm the possibility for mesophases to exist in such polymeric
systems. The formation of smectic mesophases only was observed
for all studied compounds as a result of combination of ionic
interactions and microsegregation. It should be noted that the
ionic and mesogenic (i.e., corresponding to the packing of
mesogenic groups) reflections can appear in the diffraction

Mesogenic cation
-X
o>®x
e Ol '
e Ok

Polymer chains

Figure 30. Chemical structure of linear LC chelato-telechelic polymers
containing carboxyl groups (X~ = COO™) and sulfonic acid groups
(X~ =8S03).1%
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patterns of LC chelato-telechelic polymers together or separately,
which points to a complex character of supramolecular organisa-
tion of this type of compounds.!%’

According to Gohy and Jerome,% the key factors responsible
for the supramolecular structure of LC chelato-telechelic poly-
mers are the tendency of mesogenic fragments to form a liquid-
crystalline order and the ionic aggregation of charged groups
precluding this ordering (see Fig. 32). Some other factors, e.g., the
character of the bonds between functional groups of the polymer
and mesogenic fragments, the glass transition temperature of the
polymer (i.e., the backbone flexibility), the molecular mass of the
polymer and the mass fraction of mesogenic groups in the polymer
matrix should also be taken into account. Let us consider them in
more detail.

Let a terminal group of a polymer be connected to the
mesogenic fragment owing to the formation of an ion pair with
large dipole moment. In such polymeric systems, one should first
of all expect the formation of ionic aggregates, which can suppress
the structural organisation of mesogenic fragments, all things
being equal.'® This is characteristic of, e.g., LC chelato-telechelic
polymers with terminal sulfonic acid groups, whereas typical of

SO3Na

I Mesogenic reflection

‘Ion peak’
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Figure 31. SAXS diffraction pattern of LC chelato-telechelic polymers. 03
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Figure 32. Supramolecular organisation of LC chelato-telechelic poly-
mers according to SAXS data.!0

Multiplets (a) and layered organisation in the smectic mesophase (b). For
notations, see Fig. 30.
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carboxylate ions is full suppression of ionic association in favour
of mesophase formation or coexistence of both these types of
supramolecular organisation. In polymers with terminal carboxyl
groups, the average distance between mesogenic groups is, for
steric reasons, shorter than in the polymers containing sulfonic
acid groups. This can facilitate effective side interactions resulting
in liquid-crystalline ordering.193:19

X-Ray diffraction patterns exhibiting ionic peaks are more
typical of ionomers containing sulfonic acid groups bonded to
polystyrene chains, whereas for more flexible polyisoprene macro-
molecules the formation of mesophase becomes possible. By
decreasing the molecular mass of the polymer one can attain the
appearance of an ionic peak, but this will lead to a regular decrease
in the glass transition temperatures.

At very low concentration of mesogenic groups dispersed in
the polymer matrix, they can no longer interact in a co-operative
fashion and the formation of mesophase becomes impossible. In
the case of LC chelato-telechelic polymers the content of meso-
genic groups is unambiguously related to the molecular mass of
the polymer chains and the amount of terminal functional groups
per chain. In order to estimate the upper limit of the molecular
mass at which the mesophase can still be formed, one should take
into account the size of smectic layers formed by the mesogenic
groups. Gohy and Jerome !9 believe that if the chain length is
such that the polymer coil can not be effectively arranged within
the layer of mesogenic groups, their coexistence is impossible.
Clearly, the critical length depends on the chemical nature of the
polymer used.

The dependence of the ionic peak position on the molecular
mass of the polymer chains provides with information on the
structure of ionic aggregates. In LC chelato-telechelic polymers
the multiplets are cylindrical particles of radius ~3.5 nm and a
shell (region of restricted mobility of polymer chains!?) size of
~5.5 nm rather than spherical or lamellar entities.'% Unfortu-
nately, the length of such aggregates was not reported in the
review cited.!9

It is noteworthy that mesophase formation in the classical
comb-shaped LC polymers is usually possible at a content of
mesogenic groups of at least 50 mass% —80 mass% (this value
decreases to 5 mass% —40 mass% for LC chelato-telechelic poly-
mers '91-105) Unusually low content of mesogens necessary for
mesophase induction in such polymeric systems was
explained 191-195 by strong microsegregation of charged meso-
genic groups and the main polymer chains.

VI. Conclusion

Analysis of the published data and the results obtained by the
authors permits a step forward in the development of model
concepts of the structure and physical chemistry of LC polymers
and amorphous ionomers and their use for the description of
specific features of the phase behaviour of comb-shaped LC
ionomers. Using the methods of synthesis of LC ionomers
considered in the review and the laws of mesophase formation,
one can obtain novel metal-containing mesomorphous polymers
and predict possible changes in the phase behaviour and structure
of these compounds due to electrostatic interactions between
charged groups. The review can be useful for those researchers
who work in the field of design of new-generation LC polymers
and materials based on them, i.e., films, coatings, membranes, etc.

Investigations of LC ionomers containing transition metal
ions make it possible to synthesise polymeric materials with
controllable magnetic properties and to obtain mesomorphous
nanocomposites which can find application as catalysts, nonlinear
optical media, anisotropic conducting films and coatings. These
fields are quite promising, as shown by studies on specific features
of the state, structure and physicochemical properties of LC
ionomers in the condensed phase.

Of considerable interest also are investigations of dilute
solutions and gels of LC ionomers. In the text above we have

pointed to the dual nature of these macromolecules, which is due
to the presence of hydrophobic mesogenic fragments responsible
for the formation of the LC phase and hydrophilic functional
groups, which are prone to form ionic multiplets. The diphilic
nature of macromolecules predetermines an increased ability of a
polymer to microsegregation, which leads to formation of a
complex hierarchy of liquid-crystalline structures in the con-
densed phase. In solutions of LC ionomers the conformational
state of macromolecules can be controlled by choosing particular
solvent/precipitant ratios for selective solvation of functional
groups. It is quite interesting to specify a conformation in solution
by fine adjustment of hydrophobic —hydrophilic balance and then
to try to ‘solidify’ it in the condensed state of the polymer by
gradually removing or slowly displacing a certain solvent. This
approach seems to be highly efficient for control of the character
of packing and the size of liquid-crystalline nanostructures
formed.

Unfortunately, such experiments have not been reported so
far. However, similar, in some sense, investigations have long and
successively been carried out by researchers from the Netherlands
and Finland.'%¢ The focus of these studies has been design of self-
organised supramolecular structures as a result of hydrogen
bonding between block copolymer polyelectrolytes and low-
molecular-mass non-mesogenic amphiphilic compounds. In such
systems, phase separation due to variation of temperature causes
the formation of optically anisotropic films comprising a number
of types of lamellar nanostructures of different size (50 to 350 A).
These films closely resemble smectic mesophases of LC com-
pounds and some block copolymers. Transitions between differ-
ent structural types cause considerable (up to two orders of
magnitude) changes in the electrical conductivity of the films.
This offers interesting perspectives for the design of conducting
polymer membranes in which the type of supramolecular organ-
isation responsible for conductivity can be specified in solution.

Probably, an analogous approach can also be realised in the
case of comb-shaped LC copolymers bearing functional groups by
employing hydrogen bonding between these groups and corre-
sponding dopants and introduction of charges into the polymer
chain. Such ternary copolymers could also serve as models for
some complex bioactive systems combining the ability of self-
organisation and molecular recognition mechanisms.

In Japan, Prof. Osada and his collaborators do research in a
related field. They design and study gel-like mesomorphous
systems taking gels of comb-shaped LC polymers with mesogenic
side fragments and functional carboxyl groups in the backbone
(acrylic acid) or in side branchings as examples.!07~19% Strictly
speaking, these compounds are not LC ionomers because the
backbone contains no charged groups, but they belong to an
interesting class of mesomorphous systems potentially capable of
forming ionomers. Such copolymers readily form various types of
mesophases and at low concentration of hydrophobic mesogenic
groups some of them can dissolve in water giving anisotropic gels.
Combination of the anisotropy of properties (in particular,
birefringence) with a rather high molecular mobility allows LC
gels to behave similarly to conventional low-molecular-mass
liquid crystals and produce a fast response to the action of external
(electric, magnetic, mechanic) fields accompanied by a change in
the shape and size of the initial sample. Great prospects for the use
of such systems in the design of novel ‘smart’ materials and
possible fields of application have been outlined.!!?
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