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1. Introduction

1.1 Surfactants

Surfactant is an abbreviation for surface-active agent, which means active at the surface. A
surfactant is characterized by its tendency to accumulate at interfaces.

All surfactant molecules consist of at least two parts, one which is soluble in a specific fluid
(the lyophilic part) and one which is insoluble (the lyopholic part). When the fluid is water
one usually talks about the hydrophilic and hydropholic parts, respectively. The hydrophilic
part is referred to as the head group and the hydropholic part as the tail [1].

W

Hydrophilic
head group

Hydropholic talil
Figure 1.1 Schematic illustration of a surfactant

1.1.1 Classification of surfactants

The primary classification of surfactants is based on the charge of the polar head groups. It is
common practice to divided surfactants into the classes anionics, cationics, nortionics and

zwitterionics. The latter class contains both an anionic and a cationic charge under normal
conditions. Carboxylate, sulfate, sulfonate and phosphate are the polar groups found in

anionic surfactants.
/\/\/\/\/\/\/O_ﬁ_o-
O

Alkyl sulfate

s

Dialkyl sulfosuccinate

Figure 1.2 Structures of the anionic surfactants
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Non-ionics surfactants have either polyether or polyhydroxyl as the polar group.

/\/\/\’O\/\O/\/O\/\O/\’OH

Fatty alcohol ethoxylate

(\O/\’O\/\ O/\/OH
NN
I\,O\/\ O/\’O\/\OH

Fatty amine ethoxylate

Figure 1.3 Structures of the nortionic surfactants

The vast majority of cationic surfactants are based on the nitrogen atom carrying the cationic

charge. Both amine and quaternary ammonium-based products are common.

/\/\/\M/\N:H
H

Fatty amine salt

Alkyl 'quat’
Figure 1.4 Structures of the cationic surfactants
Zwitterionic surfactants contain two charged groups of different sign. Whereas the positive

charge is mostly ammonium, the negative charge may vary, although carboxylate is by far the

most common.
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O

I}lf\)'—o'

Betaine
OH
oo~
Ne—NH _
@)
O
Imidazoline

Figure 1.5 Structures of the zwitterionic surfactants
1.1.2 Surfactant self-assembly property

Surfactants exhibit a number of ordered phases, which are the basis of the structure forming
abilities of the polyelectrolyte surfactant complexes. Systems containing amphiphile are best
classfied into homogeneous or single phase systems and heterogeneous systems of two or
more phases. The single phase systems can be divided into isotropic solutions, solid phases
and liquid crystalline phases. The solid crystalline phases have both long distance range and
short-range order, but the degree of short-range order varies between different phases.
Isotropic solution phases are characterized by disorder over both short and long distances,
while liquid crystalline phases or mesophases have a short-range disorder but some distinct
order over longer distances. A single component system, neat surfactants, may have severa
different phases with increasing temperature [2].

They are mostly lamellae, the lateral extent of each layer varies so that they may exist as
sheets, ribbon, or disks. A swalow-tailed structure such as AOT (di-2-
ethylhexylsulfosuccinate) formed a stable crystalline hexagonal phase at 20 °C.

When a second component such as water is added to the surfactant, the volume ratio of the
ionic and hydrocarbon components is changed and more complex liquid crystalline behavior
is observed. Phases with different types of organization including lamellar, hexagonal, and
cubic phases are known for a wide range of surfactants types. These phases are the most

common and bllow a genera progression of phases with decreasing water content from
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reversed micelles « reversed hexagonal « cubic « lamellar « hexagona « micelles. The

most important amphiphile systems can be arranged as following.

(a) Sp]l{'l'ii_:ll] micelle

(8) Spherical micelles with an interior composed of the hydrocarbon chains and a surface
of the polar head groups facing water. There is, however, intensive contact between
the hydrocarbon moieties and water, since there can be only 5 to 7 head groups on an
equatorial cut. Spherica micelles are characterized by a low surfactant aggregation
number (between 60 and 120, depending on size and shape of the surfactant molecule)
and a strongly positive spontaneous curvature. The hydrocarbon core has a radius
close to the length of the extended alkyl chain.

-—

\\,_ _./ b Cylidvieal micells

(b) Cylindrical micelles with an interior composed of the hydrocarbon chains and a
surface of the polar head groups facing water. They form from spherical systems upon
increasing the surfactant concentration or upon the addition of salt. As compared to
spherical micelles the head groups are closer. The cross section of the hydrocarbon
core is similar to that of spherical micelles. The micellar length is highly variable so

these micelles are polydisperse.

@ @ @
% @

() Homgonal Phase
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(©) In hexagonal phases the long axes of rod-like micelles are hexagonally arranged, the
hexagonal phases are continuous in one dimension, and each micelle is surrounded by

six others. It is divided into normal hexagona and reversed hexagonal [3].

{d] Lemellar phaze

(d) Surfactant bilayers build up lamellar liquid crystals. For surfactant-water systems a
hydrocarbon layer has a thickness of ca. 80 % of the length of two extended alkyl

chains.

{e) Reversed micelle
(e) Reversed or inverted micelles have a water core (droplet) surrounded by the surfactant
polar head groups. The akyl chains together with a nonpolar solvent make up the

continuous medium.

() A bicontinuous structure with the surfactant molecules aggregated into connected

filmsis characterized by two curvatures of opposite sign.
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{g) Vesicle

(g) Vesicles are built from bilayers similar to those of the lamellar phase and are
characterized by two distinct water compartments, one forming the core and the other
one the external medium. Vesicles may have different shapes and there are also
reversed type vesicles [4]. Vesicles do not form spontaneously; ustelly sonication is
needed to prepare them.

1.2 Polyelectrolytes

The term polyelectrolyte will be used to denote any polymeric material which contains ionic
groups attached to the polymer chains. The chain may be linear, branched, or cross linked.
The ions may correspond to the ions of strong electrolytes, for example quaternary
ammonium groups (chain), or to the ions of weak electrolytes, such as carboxyl ions (chain)
[5]. Most of the polyelectrolytes examined so far have been polyanions (polyacrylate sats)
and polycations (polyvinyl amine, polyethyleneimine). They are also divided into various
synthetic and natural polyelectrolytes; the following figures display some polyanionic and
polycationic examples.

Eﬂ"‘ poly(glutamate)

poly(stryrene sulfonate)

o -
B H,OH
R © 0, Hvaluronic acid ani
o H H aluronic acid anion
‘[;r\].g poly(methacrylate) e % 0']?1 y
O 0" H  H NHCOCH,
H OH

Synthetic poly(anion) Natural poly(anion)
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Figure 1.6 Structures of natural and synthetic anionic polyelectrolytes

Z I poly(N-alkyl vinyl pyridine)

{MLR‘]T] poly(viologen)

poly(methacryloyloxyethyl
dimethylbenzylammonium

o o\/\,ll+_© chloride)
I
i
H h poly(ethylenimine)

M poly(diallyl dialkyl ammonium)

Figure 1.7 Structures of cationic polyelectrolytes

Polyelectrolytes possess a fascinating array of physical, chemical, and electrical properties,
which are far different from those of conventional polymers, and which can be put to use in a
variety of unusual and practical applications. Polyelectrolytes are used for defined
applications such as the treatment of waste water [6] and of paper slurries [7] and furthermore
for the flocculation of colloidal nanoparticles such as dyes [8]. A new field of application is
the generation of selectively active or inert surfaces with respect to interaction with drugs and
biopolymers [9]. Polyelectrolyte layers are under way to address novel application fields in

nano- and bioscience, especialy in sensor and biomaterial development [10].
1.3 Polyelectr olyte-surfactant complexes

Complex formation between polymer electrolytes and oppositely charged surfactants is a
highly cooperative process in which the driving force is predominantly electrostatic in nature.
The oppositely charged species strongly attract each other. In addition, the highly ionic

environment around the polymer electrolyte screens the charges on the surfactant head groups

-7-
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from each other, diminishing electrostatic repulsion. They are also stabilized by hydrophobic
interactions of nonpolar moieties of the surfactant. An additional feature of these mixtures is
that a phase separation can take place into two phases consisting of a concentrated phase of
polyelectrolyte and surfactant in equilibrium with a dilute solution of the excess component. It
isthis process that can be used for the direct synthesis of polyelectrolyte-surfactant complexes
[11].

1.3.1 Properties of polyelectrolyte-sur factant complexesin solution

Rjumtsev et a. have investigated the interaction of polyelectrolytes and surfactants in dilute
solution. They found that the concentration at which polyelectrolyte-surfactant micelles form
(known as the critica aggregation concentration (cac)) is typically several orders of
magnitude lower than the critical micelle concentration (cmc) for the surfactant alone. This
interaction can be considered here as a specia kind of polymer ligand binding. As with
surfactant micelles, hydrophobic effects of the nonpolar tails of the surfactant molecules also

contribute to the formation of micelle-like structures in polyelectrolyte-surfactant complexes.
1.3.1.1 Theregularities of formation and structurein aqueous solutions

The regularities of formation and structure of such complexes in agueous solutions have been
studied in detail. Depending on the polyelectrolyte to surfactant ratio, the formation of
stoichiometric or equimolar complexes and nonstoichiometric complexes may occur. In the
latter case, the composition of the complexes formed, expressed as the molar ratio of
surfactant to polycation chain units, normally does not exceed 0.3-0.5. An increase of
surfactant concentration in the mixture above 0.3-0.5 results in a disproportioretion reaction.
As a result of this disproportionation, phase separation occurs. The precipitate consists of
stoichiometric or equimolar complexes, while nonstoichiometric complexes remain in
solution. Further increase in surfactant concentration leads to an increase in the mass of the
precipitate, stoichiometric or equimolar complexes, while still no change in the
nonstoichiometric complexes composition is observed. Thus, a disproportionation reaction in
polyelectrolyte-surfactant aqueous solutions precludes the synthesis of nonstoichiometric
complexeswith f >0.3-0.5 via direct mixing of oppositely charged components[12, 13].

llekti et al. found that at sufficiently low water contents a single-phase mixture was stable, but
on addition of water a dilute phase eventually separated. More added water caused a third,

even more concentrated mesogenic hexagonal phase to form, and then the initial phase

-8-
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disappeared, leaving only the hexagonal and the dilute aqueous phase. The concentration of
the concentrated phases always increased with increasing amounts of water.

In a concentrated mixture a high concentration of simple salt is present that screens the
attraction between oppositely charged surfactant aggregates and polyions. Hence, no phase
separation occurs. On dilution with water, however, the simple salt is diluted, its screening
effect becomes weaker, and the attraction between the highly charged aggregates increases.
This increasing attraction leads first to a phase separation and then to a contraction of the

phase containing the complex salt, on addition of more water [14, 15].

1.3.1.2 The structure of the polyelectrolyte-surfactant complexes

The structure of the polyelectrolyte-surfactant complexes depends greatly on the competition
between the rate of complex formation and the rate by which a thermodynamically
equilibrated complex phase is eventually formed. Some structures that are the same as in
surfactant and water binary system should be observable in polyelectrolyte-surfactant
complexes. In the meantime, threading polyelectrolyte chains through these mesophases may
also create different geometrical constraints from surfactants, thus producing some new
structures. The nature of the chain has a strong influence on the phase behaviour in
polyelectrolyte-surfactant mixed systems. It is likely that this is reflected also in the precise
structure of the polyelectrolyte-surfactant complex.

Carnali [16] found a hexagonal phase in the phase diagram of 50 % neutralized sodium poly
(acrylate), (NaPA), tetradecyltrimethylammonium bromide, and water. Likewise, Ilekti et al.
[14] found cubic, hexagonal, and lamellar phases in a phase diagram of complexes between
NaPA and cetyltrimethylammonium bromide. Ordered structures have been observed also in
systems of covaently cross-linked polyelectrolyte gels, either in a lamellar, cubic, or
hexagonal arrangement [17].

The structures of the complexes formed by cationic gels of poly (diallyldimethylammonium
chloride) (PDADMACI) interacting with anionic surfactants of sodium alkyl-sulfate (SCnS)
exhibited hexagonal packing of cylinders for complexes of PDADMACISCnS at n = 12 and
cubic structures for complexes of PDADMACIESCnS at n = 10, respectively. Novel phase
structures were observed in Poly(MAA/NIPAM) gel- TTA and -DTA complexes:. structures of
Pm3n space group cubic, face-centered cubic close packing of spheres, and hexagonal close

packing of spheres were observed in polyelectrolyte-surfactant complexes [18].
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Kabanov et al. [19] reported alamellar structure for complexes of poly (sodium acrylate) gel-
akyltrimethylammonium bromide. Okuzaki and Osada proposed a simple cubic structure for
the complexes formed by poly (2-(acrylamido)-2-methylpropanesulfonic acid) (PAMPS) and
akylpyridinium chloride (APCI). It could be seen that most of the polyelectrolyte surfactant
complexes studied so far showed lamellar, cylindrical, and undulating layered structures.

1.3.1.3 Application of polyelectrolyte surfactant complexes

The study of polyelectrolyte-surfactant complexes has attracted a great deal of attention
because of fundamental interest in their mesoscale properties and their potentia applications
in wastewater purification, biomimetic materials, and el ectroluminescent displays. Substantial
interest in these systems arises in part from their propensity to self-assemble into
mesostructured or nanostructured materials. Importantly, a wide variety of materials with
different properties can be readily assembled from such ionic building blocks without the use
of difficult synthetic procedures [20]. The materials produced can be modified by simply
changing either the surfactant or the polyelectrolyte employed..

Complexes made from polyelectrolyte gels or by hydrogen bonding instead of charge
coupling are regarded as potentially interesting hosts for guest polymerization reactions.
Polyallyldimethylammonium chloride (p(DADMAC) and sodium dodecyl sulfate (SDS) as
hosts for the structure-directed polymerization of some vinyl monomers used as guests. It
combines mesoscopic order, appropriate charge density and good binding properties with
good solubility and swellability [21]. An ordered mesomorphous polyelectrolyte surfactant
complex of this surfactant di(undecenyl) phosphate (wC11) and
polydialyldimethylammonium chloride (bDADMAC) can be used as a template for the
polyaddition reaction of dithiols and the formation of nanostructured polyelectrolyte-
polyelectrolyte complexes [22, 23].

1.3.2 General methodsfor the creation of complexes

Most researchers add agueous solutions of polyelectrolyte to surfactant solutions to form the

complex using metathesis (or ion exchange) as in the following equation.

-10-
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ANY L Rey === AL e
X n RF+In nyY-

Metathesis

For example, if agueous solutions of the salt of poly(acrylic acid) and a quaternary
ammonium salt are mixed, a gel will form when the polyelectrolyte and surfactant are added
in stoichiometric quantities. The gel is then extracted until no more soluble component can be
removed. The resulting purified gel is dried to form a solid, whose properties vary from
elastomeric to brittle and from crystalline to non-crystalline depending on the components of
the complex [24].

In addition to metathesis, several other processes are conceivable. A selection of the most
important of these are neutralization, chemical change, redox chemistry, quaternization, and
miscellaneous reactions as shown in the figure below.

In this figure the polyanion or its source polymer is represented by - (A’) - while the
polycation is given by - (B") -. Counterions are shown as X" and Y and the surfactant is
represented by RF*, where F is some functional group that determines the positive or negative

charge on the surfactant fragment.

~ A + nRFOH

=

Neutralization

T —

n n
Me

+ n )\l’\/\ —_—
Me

Me,
SO,Me 0=5=0 Me-)\l NN
Me

Chemical Change

-11 -



Ingtitut fur Physikalische Chemie und Elektrochemie TU DRESDEN

B+
B |OX|
\(\/ % NRF \(\/R;j;
Redox (e,g. poly(pyrrole), poly(aniline)

B+
N .
\("B\‘)’n Alkylating Agent TIR;’),n

n
n
) +|\/|e-o-9’\/\/\ —_— 4
B o:gf\/\/\
e

OO - 1
o
(Acid Doping) ——— ‘[‘N'Q'N
RF= n

Quaternization

= N\

T ey ——

e.g. M2+ =Zn, RF- = AOT
Miscellaneous (change reversal via poly(electrolyte)

Figure 1.8 Genera techniques for and some example of the production of polyelectrolyte-

surfactant compl exes.
1.3.3 Solid state of polyelectrolyte-surfactant complex

Polyelectrolyte-surfactant complexes in the solid state are considered to be promising for the
development of smart materials that are characterized by self-organized supramolecular
structures [25]. The ready variability of the components provides opportunities for tailoring
the microstructures of such complexes and for control of macroscopic properties. Assembly
processes based on electrostatic interactions, formation of hydrogen bonds, or charge transfer
has been shown to lead to the spontaneous formation of ordered structures in the solid stete.
The assembly through noncovalent interactions offers advantages over chemical synthesisin

that it does not involve complicated preparative procedures, equilibrium structures can often
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be redlized, and adaptive rearrangement of the structure may be possible, if the external
conditions (e.g., solvent or temperature) are changed. The mechanical properties of
polyelectrolyte-surfactant complexes have been shown to depend on the chemical structure of
the amphiphile. Complexes with double-chain surfactants in the amorphous state can exhibit
mechanical properties similar to those of high-performance rubbery polymers, with elastic
moduli in the range of 20-200 MPa[26].

1.3.3.1 The solid-state or ganization of polyelectrolyte surfactant complexes

The solid-state organization of complexes of flexible polyelectrolytes and oppositely charged
surfactants is dominated by the tendency of the amphiphilic molecules to assemble in layered
structures. Complexes formed by linear or cross-linked polyelectrolytes and oppositely
charged single- or double-chain surfactants can spontaneously adopt lamellar structures,
consisting of alternating layers of polymer chains separated by layers of surfactant. The long
period of the lamellae depends on the organization of the surfactant molecules within the
layers, which is governed by akyl chain length and chemical structure of the amphiphile.
Surfactants with shorter chains (fewer than 16 carbon atoms) are typicaly disordered in the
complexes, while surfactants with longer chains (at least 16 carbon atoms) can crystallize in
the complex [27,28].

Antonietti et al. have investigated the solid-state structures of various polyelectrolyte-
surfactant complexes. Lamellar, modulated-lamellar, face-centered-cubic packing of
undulated cylinders, hexagona packing of cylinders, and bicontinuous sponge phase
structures have been observed and analysed [29,30].

In complexes of cross-linked polymethacrylate anions and hexadecyltrimethylammonium
cations, the surfactant chains crystallize on a hexagonal lattice in the solid state. Surfactant
crystallites in the complex are considerably smaller than those of the uncomplexed
surfactants, as indicated by their lower melting temperatures. For complexes of poly
(styrenesulfonate) with akyltrimethylammonium surfactants, no crystalline order was
observed for chains with up to 18 carbon atoms. The strong mobility differences between the
ionic and akyl phase in the lamellar complex PSS-C18 are reflected: in the surfactant tails, a
mobility gradient towards the terminal methyl group is observed. This fact as well as a high
content of gauche conformations suggest a nor-interdigitating morphology of the tails at room
temperature. The behavior changes during cooling below an endothermic transition centered

at 255 K where a high trans content and a homogenisation of the side chain dynamics is
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observed. This is due to the formation of a highly transoid, interdigitated phase of the
surfactant tails which is however not crystallized in a classical sense. The distance between
mobile and immobile regions of the sample varies. For the complex PSS-C14, the length scale
is essentially that of the primary lamellar structure. For PSS-C18, a characteristic length of the
density fluctuations within the proposed undulated lamellar structure is estimated. This
suggests that the polyelectrolyte chains impose restrictions on surfactant chain packing that
decrease the tendency of the surfactant to form ordered structures.

Kabanov et a. [19] proposed a lamellar structure for poly (sodium acrylate) gel-CnTAB
complexes. Okuzaki and Osada [31] proposed a simple cubic structure for complexes formed
by poly (2-acrylamido-2-methylpropanesulfonic acid) with akylpyridinium chloride.
Antonietti et a. [28] have clearly shown poly (styrenesulfonate) (PSS) and
alkyltrimethylammonium bromide (CnTAB) forms lamellar phases and exhibit a periodicity
of 3-4 nm. Potassium poly (1, 4-phenyleneethynylene carboxylate) forms aggregates similar
to cylinders. Complex of dihexadecyldimethylammonium-poly (1, 4phenyleneethynylene
carboxylate) forms an undisturbed lamellar mesophase in the solid state and can be used for a
blue LED with a low turn-on point [32]. The nanostructures of Poly (MAA/NIPAM) gel

complexes with C14TA and C12TA were observed to form structures of Pm3n cubic, face-
centered cubic and hexagonal close packing of spheres [33]. Poly (diallyldimethylammonium
chloride) (PDADMACI) and anionic surfactants of sodium alkyl sulfate (SCnS), the decrease
in surfactant tail length could induce a structural transition from a two-dimensional (2D)
hexagonal structure to Pm3n cubic structure, while in complexes between anionic hydrogels
of poly (N-isopropylacrylamide-co-sodium methacrylate) [P(NIPAM-co-MAA)] and
alkyltrimethylammonium bromide (CnTAB), the decrease in charge density of polyelectrolyte
chains could induce a structural transition from Pm3n cubic to face-centered cubic and then to
a 3D hexagonal close packing of spheres. For poly (vinylamine hydrochloride) (PVACI) and
sodium akyl sulfate (SCnS), A pH induced structural transition in the PVACESC10S
complex from la3d cubic to bilayer lamellar and then to 2D hexagonal close packing of

cylinders [34].

Another type of morphology was observed for the complexes formed between cationic
copolymer poly (ethylene oxide)- g-polyethyleneimine and anionic surfactants. These systems
self-assemble in micelle-like aggregates with a hydrophobic core from neutralized
polyethyleneimine chains and surfactants and a corona from hydrated poly (ethylene oxide)
chains[35].
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In complexes based on poly (a-L-glutamate), the polypeptide chains are predominantly in the
a-helical conformation at room temperature. As the temperature is increased, disruption of
hydrogen bonds and a transition to a disordered conformation. The conformational changes
are completely reversible on cooling. A reversible helix-to-coil transition is observed at
elevated temperatures. Poly (L-lysine) complexes can adopt either b-sheet or a-helica
conformations in the solid state. Poly (L-lysine) also adopts a b-sheet conformation in
complexes with negatively charged lipids and in the protonated form in the solid state.
Casting of films from chloroform:trifluoroacetic acid mixtures in which the poly (L-lysine)
chains are disordered yields complexes in which the polypeptide chains are predominantly a-
helica. The ordered conformations of the polypeptide chains in the complexes are
considerably more susceptible to changes in environment (e.g., temperature, solvent) than
those of the covalent analogues, suggesting that dipole-dipole interactions of the "side chains'
destabilize the ordered arrangement of the polypeptide chainsin the solid state and in organic
media[36, 37].

1.3.3.2 Potential application of the solid-state polyelectrolyte-surfactant complexes

The potential use of poly(N-ethyl-4-vinylpyridinium bromide) and sodium dodecyl sulfate
(SDS) can be used for the synthesis of new type of ionomers [38].

The amphiphilic properties of water-insoluble polyelectrolyte-surfactant complexes make
these compounds promising as materials for molecular composites electronic devices such as
light-emitting diodes as suggested by Neher et al [39].

The development of new thin-film surface coatings continues to be an important motivation
behind many materials research programs. New materials are being sought for applications in
optical and electrochemical sensors or in fuel-cell-based power systems [40].

The polyelectrolyte surfactant complexes also are used in the fabrication of biocompatible
materials to immobilize or release drugs and proteins [41].

Owing to the amphiphilic nature of polyelectrolyte-surfactant complexes and the easy
variability of their components, such compounds are promising as materials for separation
membranes, solubilization, and compatibilization.

A number of polyelectrolyte-surfactant complexes form dirt repellent and low-friction
coatings with low surface energies [42] and with interesting optical or biological properties.

Solid comblike or "bottle brush" complexes raise interest due to their potentia as facile
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building blocks for self-organizing materials [43]. A fluorinated complex can be used as a

coating material for smooth surfaces [44,45].

1.3.4 Stoichiometric polyelectrolyte-sur factant complexes

Stoichiometric polyelectrolyte-surfactant complexes represent a new type of comb-shaped
polymers, in which every polymer chain unit has an electrostatically bound "side chain" [46].
One of the attractive features of the stoichiometric polyelectrolyte-surfactant complexes is the
simplicity of their synthesis, which simplifies the "fine-tuning" of the resulting structures.

If equimolar amounts of charged polymer chain units and surfactant are used, the
stoichiometric complexes precipitate from water. Stoichiometric complexes consisting of
hydrophobically modified polyelectrolytes and double chain surfactants, as well as complexes
formed by conventional polyelectrolytes and oppositely charged amphiphilic molecules can
be redissolved in some common organic solvents of low polarity (e = 2-10) without
dissociation. Stoichiometric polyelectrolyte-surfactant complexes also dissolve in relatively
polar solvents (N,N-dimethylformamide, dimethyl sulfoxide, aliphatic alcohols) [47]. The
solubility and conformational state of the complex in solution is dependent on the structure of
the surfactant and the polyelectrolyte as well as on the properties of the solvent. Complexes
consisting of linear or dightly cross-linked polyelectrolytes and oppositely charged
amphiphiles adopt lamellar structures in the solid state, in which the lamellae are believed to
consist of alternating layers of polymer chains and surfactant molecules. Polyelectrolyte-
surfactant complexes are anticipated to exhibit interesting properties in organic solvents and
in the solid state owing to the combination of their polymeric nature with the amphiphilic
nature of the surfactants [48].

Stoichiometric polyelectrolyte complexes can be processed easily by casting from organic
solvents. Melt processability is limited. The high density of ionic groups results in a high
glass transition temperature (Tg), which exceeds the temperature of decomposition. An
interesting approach to decrease Tg has been reported, in which surfactants are complexed
with copolymers of ionic and nonionic monomers. For practical applications, this is a harsh
restriction, and melt processing is a desirable goal. To mantan a high lyotropic
mesomorphous order as well as the stoichiometry of complex formation, a long alkyl chain
should covalently be bonded to this polar repeat unit [30].

1.3.4.1 The structure of the stoichiometric polyelectrolyte-surfactant complexes
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The stoichiometric 1:1 complexation of polyelectrolytes with oppositely charged surfactants
typically results in the formation of water-insoluble soft-matter materials with numerous
interesting liquid crystalline-like phases that have been reviewed by Zhou, Chu [49], Ober and
Wegner [24] aswell as Tirrell and Thunemann [50].

Harada et a. [51] have shown that the stoichiometric complex of poly (vinyl sulfate) (PVS)
and cetyltrimethylammonium bromide (C16TAB) also possesses a lamellar structure, with a
longer period of about 56 nm. When cast as thin films, sich stoichiometric materials most
likely form relatively chemically uniform coatings, at least in the film plane. Depending on
the preparation methods employed, their surfaces may be terminated by either the
hydrophobic alkane chains of the surfactant or the hydrophilic ionic regions of the complex
[52]. The stoichiometric complex of polystyrene-block-polyacrylate anions (PS-b-PAA-) and
N-cetylpyridinium cations (C16Py+) showed in the solid state the nonionic and surfactant-
neutralized polyion segments segregate. The resulting materials have a unique
microheterogeneous structure combining sequences of ion pairs formed by surfactant and
PAA units, crystalline domains formed by aliphatic surfactant radicals, and amorphous
polystyrene [53]. The stoichiometric complexes of poly (ethylene oxide)-block-
polymethacrylate anions and N-alkylpyridinium cations are soluble in water. It has been
shown that these complexes spontaneously arrange in small vesicles with a wall from the
surfactant-neutralized polyion surrounded by the hydrophilic ethylene oxide shell [54].

For the poly(L-lysine) - dodecyl sulfate complex, the ratios of the Bragg spacings are
1:1/2:1/3:1/5:1/6:1/7, indicating a lamellar structure. The long period of the lamellar does not
depend on the conformation of the polypeptide chains, but the lamellar orientation is different
for different conformations. For films cast from chloroform containing 1 vol % trifluoroacetic
acid the reflections corresponding to the lamellar spacings are equatoria, indicating
anisotropic orientation of stacks of the lamellae within the film. At high trifluoroacetic acid
content, the films are characterized by an isotropic orientation of stacks of lamellae [37].

All poly (a-L-glutamate) complexes studied possess similar lamellar structures. Thisis shown
by the dependence of the lamellar spacing on the surfactant chain length. The slope of the
dependence is equal to the projection of the GC bond along the molecular axis in the fully
extended alkane chain (1.3 A per CH, group), suggesting that the surfactant chains in the
complexes are nearly fully extended, interdigitated, and perpendicular to the lamellar surface
[27].

The minimum number of carbon atoms in the side chain required for crystallization is 10 in

the case of the poly (a-L-glutamic acid) and 16 for the known complexes of conventional
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synthetic polyelectrolytes and oppositely charged surfactants. It is likely that, in the
polypeptide-surfactant complexes the a-helical polymer backbone combined with the bulky
headgroups of the surfactants imposes additional restrictions on akyl chain packing and
increases the minimum crystallization chain length [27].

The polypeptide chains in the complexes were shown to be predominantly in the a-helical
conformation at room temperature. At higher temperatures, weakening or disruption of
intramolecular hydrogen bonds stabilizing the a-helical conformation was observed. The
polypeptide-surfactant complexes were shown to adopt lamellar structures in the temperature
range 20-150 °C [36]. The polypeptide chains complexed with the surfactants adopt a -helical
conformations. The shorter surfactant alkyl chains, consisting of twelve and sixteen carbon
atoms, are disordered in the complexes, while the longer surfactant chains of eighteen carbon

atons crystallize in a hexagonal lattice [37].

1.3.4.2 The application of the stoichiometric polyelectrolyte surfactant complexes

The dtiff, helical polyglutamate backbone promotes formation of ordered structures in
solution and in the solid state, while the fexible side chains promote solubility in a wide
range of organic solvents. Owing to their unique combinations of physical properties, such as
high solubility and the ability to form liquid crystal phases, rod- like polypeptides with flexible
side chains show promise as materials for optoelectronics, separation membranes and
molecular composites [48].

A combination of an anionic polyelectrolyte (sodium polystyrenesulfonate, Na-PSS) and
polymerizable cationic surfactants of the 2-(methacryloyloxy) ethyl (dimethyl) (nralkyl)
ammonium bromide type (CnBr) was used for the complex formation. The introduction of
monomeric surfactants into the self-assembly process leads to the possibility to create a
stoichiometric polyelectrolyte-polyelectrolyte complex from a polyelectrolyte surfactant
complex by internal polymerization. It aso reveas a novel example to conduct
polymerization reactions in organized media [55].

The complexation of poly (styrenesulfonate) with viologencontaining dialkyl sulfates capable
of reversible structural rearrangement has been used to prepare membranes with controlled
permeability, in which the temperatures of the liquid-solid transitions of the alkyl chains can

be controlled by redox reactions of the headgroups [56].
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1.4 Polyelectrolytes investigated here: |onenes

A class of polyelectrolytes having ammonium groups (mostly quarternary ammonium groups)
in the main chains is called ionenes [57]. These [x,y]-ionenes are polyelectrolytic molecules
consisting of dimethylammonium charge centers interconnected by alternating alkyl chain

segments containing X and y methylene groups as shown below.

[X,Y] -ionene Bromide Polymer
1.4.1 Properties of ionenes

The properties of ionenes depend strictly on the charge density. lonenes with high charge
density demonstrate strong ionic interactions in agueous solutions. Whereas ionenes derived
from dihalides with long alkyl chains have lower charge density and show many similarities
to non-charged organic polymers [58].

lonenes containing short segments, that is, the [3,6]-, [6,6]-ionenes, and the [3,y]-ionenesin
which y < 14, exhibit behavior typical of polyelectrolytes with rodlike or extended
conformations. In contrast, the [3,y]-ionenes in which y is increased beyond 14 progressively
form more compact (globular or micelle-like) aggregate structures and exhibit many of the
properties (substrate solubilization, catalytic rate enhancements, counterion binding, etc.)
reminiscent of those observed for aqueous cationic micellar solutions. As a consequence, such
ionenes have been dubbed micelle-mimetic agents.

Polyelectrolyte solutions display strongly nonideal behavior due to electrostatic interactions
between the highly charged polyions and small ions in solution [59]. In the absence of added
salts, the aqueous solution of the [3,m]-ionenes with m £ 14, and [6,6]-ionene exhibit a
behavior typical of polyelectrolytes with extended or rodlike conformations. In contrast, the
[3,16]-ionene forms spherical micelles [60]. In the presence of salt solution, the viscosity
behaviour is similar to that of uncharged polymers. The conformation of ionenes in agqueous

solutions for three species, 2,10-Br, 6,10-Br, and 6,6-Br (Br stands for bromide counterions)
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was affected by the hydrophobic interaction between the CHz groups governing their
conformations when the polyelectrolyte effect was suppressed by added salts, in which case
the distribution of CHs groups along the backbone of the polymer played an important role
[61]. Counterion binding appears to increase in the order F < C1 < Br < NO3 < | < CNS,
similar to that observed for strongly basic anion exchange resins. A variation in the charge
density of the polymer chain does not appear to affect the root-meansquare end-to-end
distance in salt solution [62]. Viscometric investigations indicated that these compounds are
more compact at higher polarity of the solvent, and that this compactness is more dependent
on the length of the alkyl chain than on the charge density. In less polar solvents this
compactness is independent of the length of the side alkyl group chainaslongasR 3 12 (Ris

the side alkyl group chain) [63].

1.4.2 Potential application of ionenes

lonenes like other polyelectrolytes have found potential applications ranging from the use as
solid polymer conductors and as flocculation agents of clays in solution to modifiers of
polymer-coated packing materials for capillary e ectrochromatography, polysoaps and
vesicles, and for the preparation of simplex membranes for pervaporization [64]. lonene
polyelectrolyte-silica gels were suggested as stationary phases for high-performance liquid
chromatography [65]. New ionenes with allyl pendant groups by quarternization of N,N'-
diallylpiperazine with organic dihalides such as 1,4-dichlorobutane, 1,6-dibromohexane and
1,4-dichloromethylbenzene serve as cross-linkers. In the presence of the ionenes, free radical
initiated copolymerization of acrylic acid gives transparent hydrogels, which would be of

interest in preparing of simplex membranes [66].
1.5 Theionene surfactant complexes

The systematic study of the binding of anionic surfactants displayed that sodium alkyl sulfates
(n =6, 12) and sodium akanesulfonates (n = 8, 10) has been reported by Y. Osada [67], with
the synthetic polycations carrying charges on the chain backbone: x,y-ionene bromides (x = 3,
6, 12; y = 3, 4, 6, 12). lonone polymers, depending on their structure, undergo two-step
binding: first, they form stoichiometric one-to-one insoluble complexes and then non
stoichiometric soluble complexes. The formation of soluble complex was closely associated

with the chemical structure of the ionenes. There existed a critical charge density and alkyl
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chain length to give the two-step binding, below which only the conventional one-to-one
stoichiometric binding took place.

Zheng et a found that in agueous solution there is a narrow molar ratio of SDS/ionene (~1.0-
1.35 depending on different ionenes), at which the viscosity of ionene-SDS aqueous solution
rises suddenly due to the formation of water soluble inter-polymer aggregates via the SDS
attached on the polymer chains. The viscosity falls sharply with further addition of excessive
SDS, which forms micelles in solution and causes the de-aggregation of the inter-polymer
aggregates [68]. Frommel and T. Wolff researched the influence of ionene polyelectrolytes on
rheology and photorheology of agueous micellar cetyltrimethylammonium bromide
containing 9-anthracene carboxylic acid, and found that solubilization of 9-anthracene
carboxylic acid (9-AC) in agueous solutions of [3,12]-ionene and [3,16]-ionene (with bromide
counterions) generates hydrobromic acid. Photodimerization of solubilized 9-AC reverts this
effect. Newtonian flow is observed in solutions of ionenes and 9-AC throughout. In contrast,
agueous solutions of cetyltrimethylammonium bromide containing 9-AC exhibit
viscoelasticity. The addition of [3,16]-ionenes, as well as the photodimerization of 9-
anthracene carboxylic acid, reduced viscoelastic features. Rheological analysis revealed up to

four relaxation processes in sheared viscoelastic systems [69].

1.6 Aims and scope of studying ionenes and ionene surfactant

stoichiometric complexes

1. The charge density of ionenes is solely determined by the choice of starting materials
for synthesis and thus can be dhanged at will in a wide range. Moreover, with these
materials it is possible to vary one parameter while keeping the other constant. It is
possible to obtain samples with the same degree of polymerization but different charge
density, or to keep the intercharge spacing constant and alter the polymer chain length.
Viscosity and flow behaviour of methanol ionene solution will be investigated with
and without smple salt and the size of ionene dodecyl sulfate complexes in methanol
will be determined.

2. 1-anilinonaphthalene-8-sulfate (ANS) in methanol was used as the spectroscopic
probe to determine the complex formation between the ionene and alkyl sulfate
sodium.

3. The usua method of preparing the polyelectrolyte-surfactant complex from agueous

solution from iorene halides and akali-surfactant salts has the following shortcoming:

-21-



Ingtitut fur Physikalische Chemie und Elektrochemie TU DRESDEN

adherent low molecular weight salts are found in the crude complex, purification
affords reprecipitation severa times. A new approach to prepare ionene-surfactant
complex will avoid the formation of low molecular weight salts, one gets pure
complexes after evaporation of methanol immediately.

4. Until now there are only few studies on the ionene-surfactant stoichiometric
complexes in the solid state. The properties of stoichiometric complexes of several
ionenes and alkyl sulfate-surfactants in the solid state will be studied with respect to
the stability of stoichiometric complexes at high temperatures and to lyotropic and
thermotropic phase transitions from the optically isotropic phase to the optically
anisotropic phase. IR, DSC, and TG methods will be applied as well as polarized
optical microscopy and birefringence measurements. Special attention will be payed to
understanding the influence of water (or humidity) on the formation of mesogenic
phases. It will be shown that some stoichiometric ionene surfactant complexes are

temperature and humidity sensitive materials with according potential applications.
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2 Experimental Part

2.1 Apparatus

2.1.1 Deter mination of isotr opy/anisotropy (phasetransition)

POLARIZER POLARIZER
He Ne ‘ ‘ ‘ DETEC- |__
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Figure 2.1 Schematic representation of the apparatus for the determination of phase transition
temperatures ([70], modified by Jens frommel). S = sample; C = cuvettes filled with water; H
= salt solution for controlled humidity of the gas phase, which is in contact with the sample
filmS.

Figure 2.1 displays schematic representation of the apparatus for the determination of phase
transition temperatures [70]. The method makes use of the fact that optically anisotropic
phases are capable of converting linearly polarized light into circularly polarized light.
Therefore, when the sample displays an anisotropic phase, the light of a He-Ne-laser can pass
through a thermostatted sample placed between perpendicularly crossed filters for linearly
polarized light. The transmitted light is recorded by the detector as photodiode voltage. The

principle of the apparatus is shown in figure 2.2.

; : photo
polarizer - analyser diode

RPeJAofm| 9 N AR
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Figure 2.2 The principle of the apparatus for the determination of phase transition
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Controlled relative humidity is achieved by placing an appropriate agueous salt solution in the
vicinity of the sample. This assures contact through the gas phase between the sample film
and the salt solution. Constant relative humidity at 25 °C is provided by aqueous salt solutions
with concentrations according to the desired water activity, which is shown in table 2.1 [71].

In the temperature range investigated in this study the relative humidities do not deviate

significantly from the valuesat 25 °C.

aqueous salt solution relative humidity (25 °C)
saturated MgCh 33%°
saturated Nal 38%°
5.75 mol/kg CaC 41.9%”°
5.50 mol/kg CaC 44.05 %"
5.25 mol/kg CaC 46.8% °
saturated Ca(NOs), 51%*°
saturated My(NOz), 53%?
saturated NaBr 58% ¢
saturated NH4sNO3 62 %2
solutions of CaCk 64 % - 68%"°
saturated K1 699%?
saturated NaNOs 74%*
saturated NaCl 75%°2
solution of NaCl 3T77T%°
pure water 100 %

& David R. Lide, CRC handbook of chemistry and physics 75 th Edition, 1994, CRC Press, p. 15-25.

® Gmelins (1957) Handbuch der anorganischen Chemie, vol. 28 (Ca), teil B lieferung 2. Verlag Chemie,
Weinheim, p. 488ff.

¢ Gmelins (1973) Handbuch der anorganischen Chemie, vol. 21 (Na), 7th supplement, 8th edn. Verlag
Chemie, Weinheim, p. 10 ff.

Table 2.1 The relationship between aqueous salt solutions at various concentrations and the

water activity in the gas phase
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2.1.2 Thermogravimetry-mass spectrometry (TG-MYS)

Thermogravimetric analyses were performed using a Netzsch TG/DTA STA 409 instrument,
which is in conjunction with the mass spectrometer (MS). The low-molecular-weight gas
products in pyrolysis and steam gasification were measured by a Balzers MID at the same

time. During the experiment Argon gas was fed into the thermobal ance reactor.

2.1.3 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) curves were taken on a Setaram DSC 121
instrument. For low temperatures liquid nitrogen was used to control the temperature.

The sample preparation for differential scanning calorimetry (DSC): the predried
stoichiometric complex was filled into a suitable crucible and wes dried in a desiccator over
phosphorous pentoxide for two days at normal pressure, then placed in a desiccator together
with a cup of aqueous salt solution at the desired water activity for 24 h. The swollen sample
was sealed in the crucible. This method can prevent water uptaken by the stoichiometric

complex from escaping when the complex was heated during the DSC process.

2.1.4 Attenuated total reflection (ATR)-IR-spectra

For attenuated total reflection (ATR)-IR-spectra a Thermo-Nicolet AVATR instrument, fitted
with amodel 360 FT-IR detector, was available.

2.1.5 Polarized microscopy

Textures of mesogenic samples were obtained via polarizing microscopy using a Jenapol

polarizing microscope with a Mettler FP8OHt central processor. The sample is held in the
Mettler FP80Ht hot stage. In the process of experiment, the sample could be heated or cooled
by the control of the Mettler FP80Ht central processor, which also allowed to adjust and
control the heating and cooling rate of sample.

Mesogenic samples for polarized microscopy were prepared as follows: a film of the complex
was casted from methanol solution on a glass plate; the film was dried in a desiccator over
phosphorous pentoxide for two days at normal pressure. The dry complex was then placed in
adesiccator together with a cup of aqueous salt solution at the desired water activity for 24 h.
Grease (Glisseal) was casted on the four side edges on another glass plate, then the two glass
plate were put together tightly to keep the sample and absorbed water between the two glass
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plates. The method prevents water uptaken by the complex from escaping when the complex
was heated on the hot stage.

=< Glass Plate

Grease

Sample

2.1.6 NMR spectra

NMR spectra were taken on Bruker models DRX-500 and Ac-200, respectively.

2.1.7 Quasielastic and Static Light Scattering

The light scattering set-up from ALV, which was used for both static and quasielastic light
scattering (QELS), consists of a 632.8nm 22mW He-Ne laser light source and the detector
optics coupled via a monomodal fiber to an ALV/CSG-8 goniometer. An ALV/High QE APD
detector was connected to an ALV-5000/EPP multiple tau digital correlator. The Cuvettes
were sealed after filtration through 0.22 mm Millipore filters and immersed in a large-diameter
thermostated bath containing toluene placed at the axis of a goniometer. Apparent
hydrodynamic radii of ionene and its complexes, Ry®, were measured at 90 ° at different
sample concentrations [72].

Static light scattering was performed with the same apparatus by measuring the total
scattering intensity and comparing it with that from toluene. The data were treated by the
cumulant technique. Refractive index increments have been measured with a Brice-Phoenix
differential refractometer.

A part of the ionene polyelectrolytes were reinvestigated on analogous apparatus set up at the
Charles University at Prague in the group of Prof. Karel Prochazka under the auspices of the
Euorpean Graduate College “Advanced Polymeric Materiads’. Results from both QLS
apparatuses widely agreed.

2.1.8 Steady-State Fluorimetry

Steady- state fluorescence spectra (i.e., corrected excitation and emission spectra and steady-

state anisotropy) were recorded with a SPEX Fluorolog 3 fluorometer in a 1 cm quartz cuvette
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closed with a Teflon stopper. These experiments were performed at the Charles University at
Prague in the group of Prof. Karel Prochdzka under the auspices of the Euorpean Graduate
College “Advanced Polymeric Materials’.

ANS was purchased from Sigma, declared contents of EtOH and MeOH were 0.2% and less
than 0.1%, respectively.

8-anilino-1-naphthalenesulfonic acid

Methanol was purchased from Fluka. It was "for luminescence" grade MeOH; the purity was
more than 99.5%.

Excitation of fluorescence emission spectrawas at 370 nm and the concentration of 8-anilino-
1-naphthalenesulfonic acid (ANS) was 3 nmol [*; the concentration of ionene solution in

methanol was 10 g I'*.

2.1.9 Ubbelohde viscometer

Viscosities of ionenes were measured at 25+0.01 °C, using Ubbelohde viscometer. No
correction for shear dependency was applied, since only low molecular-weight ionene was
investigated.

2.2 Preparation of ionenes
2.2.1 Synthesis of [3,22]-ionene

2.2.1.1 Preparation of 1-morpholino-1-cyclohexene

O

[j . & p- CH,C,H,SO,H ‘ [Nj
-H,0 @
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A solution of 147 g (1.50 moal) of cyclohexanone, 157 g (1.80 mol) of morpholine, and 1.5 g
of p-toluenesulfonic acid in 300 ml of toluene is heated to boiling in a 1 liter round-bottomed
flask fitted with a water separator under a reflux condenser. The separation of water begins at
once and ceases after 4 ~ 5 hours. An indented Claisen distill head is attached to the flask, and
the reaction mixture is distilled. Most of the toluene is removed at atmospheric pressure. 1-
morpholino-1-cyclohexene is collected as a colorless liquid at boiling point 118-120 °C [73].
Theyield is about 92 gram (37%).

Notes. an excess of morpholine is required because water which separates during the reaction
always contains a considerable amount of it in solution; 1-morpholino-1-cyclohexene is very
easily hydrolysed. Accordingly one must be careful to keep moisture out. On long standing in
arefrigerator, the compound generally becomes somewhat yellowish, but this does not affect
its usefulness in subsequent reactions.

'H-NMR of 1-morpholino-1-cyclohexene (d/ppm at 500 MHz in CDCk): 1.53 (m, 2 H, d-
CHa- in cyclohexene), 1.66 (m, 2 H, e-CH_- in cyclohexene), 2.01-2.07 (m, 4 H, (g, z)-CH,-
in cyclohexene), 2.76 (t, 4 H, (g, €)-CHy- in morpholin), 3.71 (t, 4 H, (b, z)-CH> In
morpholin), 4.66 (t, 1H b-CH- in cyclohexene)

2.2.1.2 2,2'-Sebacoyldicyclohexanone

O O )

[ ] 2 (C,Hy),;N

SIS
> N 4 cicoeH,,cocl ——
@ HC CO(CHZ)BCO~©
O @]
HCIH,0
_ TR HHC  + &CO(CHZ)SCOﬁ

A solution of 33.4 g (0.2 moles) of 1-morpholino-1-cyclohexene and 20.2 g (27.8 ml 0.2
mole) of anhydrous triethylamine in 100 ml of dry chloroformis put into 1 liter, three necked,
round-bottomed flask equipped with a mechanical stirrer, a dropping funnel, and a reflux
condenser. Tubes with calcium chloride are inserted in the open ends of the dropping funnel

and reflux condenser. The reaction flask is immersed in an oil bath at 35 °C, and a solution of
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24 g (0.1 moles) of sebacoyl chloride in 40 ml of dry chloroform is added to the well-stirred
reaction mixture over a period of about 1.5 hours. The reaction mixture gradually assumes an
orange to red color, and a solid precipitates. The reaction mixture stirred for additional 3
hours a 35 °C, 100 ml of 20 % hydrochloride acid is added, and the mixture is boiled under
reflux for 5 hours with vigorous stirring. The reaction mixture is cooled to room temperature,
and the chloroform layer is separated and extracted with six 30-ml portions of water. The
washing and the aqueous phase are combined, adjusted to pH 5-6 with 25% sodium hydroxide
solution, and extracted with five 20-ml portions of chloroform. The chloroform extracts are
combined with the chloroform layer, and the chloroform is removed by distillation. The
residue gradually congeals to an oily solid on standing at room temperature under a pressure
of 10-15 mm Hg. The yield is about 38.8 gram (53.7%).

Notes. sebacoyl chloride can be prepared as follows. A mixture of 150 g (0.74 moles) of
sebacic acid (Acros) and 150 ml of thionyl chloride are heated in an oil bath a 60 °C. The
acid gradually dissolves with evolution of HCI. After ceasing of the evolution, the mixture is

distilled as rapidly as possible under reduced pressure.

2.2.1.3 Disodium 7,16-diketodocosanedioate

@] O
é*CO(CHz)SCO‘é NaO  NaOCO(CH,),CO(CH,),CO(CH,).CO,Na

A mixture of 24 g (0.6 moles) of sodium hydroxide and 280 ml of commercial absolute

ethanol are refluxed with stirring in a 1 liter round-bottomed flask until al the sodium
hydroxide is dissolved (about 2 hours). The solution is cooled to room temperature, and a
warm solution of 2, 2'-sebacoyldicyclohexanone in 60 ml of absolute ethanol is added.
Within 15 min the mixture is heated by means of an oil bath and then refluxed for 1 hour.
Colorless disodium 7,16-diketodocosanedioate separates during the heating. The reaction
mixture is cooled to room temperature and the sat is collected on a Bichner funnel and
pressed to become as dry as possible. The moist salt is suspended in 200 ml of absolute
ethanol with stirring and is then collected on the Blichner funnel as before. The yield is about
47.4 gram (95%) [74].

2.2.1.4 1,22-Docosane diacid
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H,NNH,

HOCO(CH.),,COOH

NaOCO(CH,);CO(CH,);CO(CH,);CO,Na 220
Disodium 7,16-diketodocosanedioate of 47.4 g, 13.14 g (0.24 moles) potassium hydroxide,
110.6 ml diethylenglycol and 158 ml (82%) hydrazine hydrate are added and mixed in a 1
liter round-bottomed flask equipped with a reflux condenser, a thermometer, a stirrer, and a
deep oil bath. The mixture is heated under reflux about 8 hours.

Potassium hydroxide (67.15 g, 1.23 moles) is dissolved in 395 ml diethylenglycol by heating
the mixture. This solution is added to the reaction mixture. Reflux condenser is stopped, the
reaction mixture was allowed to boil in order to remove the excess hydrazine hydrate, when
the inside temperature of reaction mixture reaches 195 °C, the removing hydrazine hydrate
process is stopped. Then the reflux condenser is opened, the residual mixture is refluxed for
additional 14 hours. The reaction mixture is cooled to about 100 °C, washed out of the flask
with hot water, and acidified to a pH between 2 and 3 with 12 N hydrochloric acid. The
aqueous solution is centrifuged. The collected moist paste is heated to about 100 °C, and then
cooled down to room temperature. The collected moist paste is filtered through a folded
paper; the filter cake is pressed as dry as possible.

Under reflux the filter cake is dissolved in butanone (as little as possible), the solution is
cooled to 0 °C very slowly. The 1,22-docosane diacid that crystallizes thereby is separated on
afunnel and then dried completely in vacuum.

The crude 1,22-docosane diacid and 150 ml of nitric acid (65%) mixed in a 500 ml round-
bottomed flask equipped with a reflux condenser, a stirrer, was heated for about 15 hours
under reflux (producing much violet smoke). The solution was filtered, and the filter cake was
washed until the pH of the filtrate reaches about 4. The filter cake was pressed as dry as
possible and then dried completely in vacuum. The crude product was purified three times by
recrystallizations from butanone [75]. Colorless 1,22-docosanedioic acid is obtained; mp 121-
122 °C. (lit. mp 125-127 °C). Theyield is about 13 gram (33%).

'H-NMR of 1,22-docosane diacid (d/ppm at 500 MHz in CDCh): 1.24-1.30 (m, 32 H,
(9,d,e,z,h,q,i,k,)-CHy), 1.63(m, 4 H, b-CH,), 2.35(t, 4 H, a-CH,)

2.2.1.5 N,N,N¢NGtetramethy-1,22-docosanediamine

socl
HO CO(CH,),,COOH Z » (CH,),NCO(CH,),,CON(CH,),
aq(CH,),NH
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1,22-docosane diacid (5.03 g, 13.6 mmol) was refluxed with about 30 ml of thionyl chloride
for 5 hours. After this reaction, excess thionyl chloride was completely removed by vacuum
distillation and the chloride of the acid was obtained as brown crystals. An ethyl ether
solution (30 ml) of the acid chloride was added with vigorous stirring to a well-chilled
agueous solution of dimethylamine (40 %, 10 ml) containing 3 g of sodium hydroxide. After
1 hour reaction time, chloroform was added to this reaction mixture and the organic layer
separated. This organic phase was dried over magnesium sulfate, and the solvent was
removed by evaporation. The crude diamine thus obtained was recrystalized from ethyl
acetate to get pure diamine [76]. Mp 97-98 °C (lit. mp 99-100 °C). The yidd is about 4.09
gram (71%).

LiAIH
(CH,),NCO(CH,),,CON(CH,), : » (CH,),N(CH,),,N(CH,),

Next, a portion of the diamine (total 4.09 g, 11.5 mmol) was added stepwise to a mixture
containing LiAIH, (2.12 g, 55.9 mmoles) and 150 ml anhydrous THF, and the total mixture
was refluxed for 18 hours. The excess LiAlH4 was destroyed by adding several milliliters of
ethyl acetate and then 300 ml of ethyl ether to the reaction mixture. A few milliliters of water
were added until the white precipitate settled down to the bottom of the flask when the stirring
was stopped. The precipitate was filtered and the filtrate solution dried over magnesium
sulfate. The solvents were removed from the filtrate by evaporation, and N,N,N¢N¢
tetramethy- 1,22- docosanediamine was obtained as white crystals. The crystals were dissolved
in 100 ml of agueous hydrochloride acid, and the solution was neutralized by addition
agqueous ammonium hydroxide solution. The precipitated diamine was filtered and dried
under vacuum to obtain N,N,N¢Nétetramethy-1,22-docosanediamine [77], GC-MS purity
93.45 %, mp 47 °C (lit. mp 48 °C). Theyield is about 2.11 gram ( 62.6%).

'H-NMR of N,N,N¢N¢tetramethy-1,22-docosanediamine (d/ppm at 500 MHz in CDCh):
1.23-1.26 (m, 36 H, (g, d, e, z, h, q, i, k, | )-CH,-docosano-), 1.43 (m, 4 H, b-CH,-docosano-),
2.20-2.25 (m, 16H including 12 H in (CHz),N" and 4 H, a -CH,-docosano-)

2.2.1.6 [3,22]-ionene
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<|:H3 (|:H3

+ +

(CH,)N(CH,), N(CH,), + Br(CH,);Br ——— ——N—(CH,)3 I\ll—(CH2)22
CH, g~  CH, Br

n
Equimolar quartities of the reactants, N,N,N¢Né&tetramethy-1,22-docosanediamine (purity
93.45% 4.765 g, 11.22 mmoles) and 1,3-dibromopropane (2.266 g 11.22 mmoles) were
dissolved in 50 ml dry THF, and the solution was stirred for 96 hours at 40+1 °C. The
resulting solution was added stepwise to dry ethyl ether (100 ml) from which the [3, 22]-
ionene separated as a white powder. The mixture was cooled in an ice bath and stirred 1 hour
to crystallize the ionene, which was filtered and dried over phosphorous pentoxide for two
days at normal pressure and for another three days in vacuum. The yield is about 8.87 gram
(79.2%)).

The molecular weights for [3,22]-ionene was 8370 g/mol as revedled by light scattering
experiments (QLS) in methanol.

'H-NMR of [3,22]-ionene bromide (d/ppm at 500 MHz in CDs0D): 1.35-1.49 (m, 36 H,
(9,d,e,z,h,q,i, Kk, 1)-CHy), 1.88 (m, 4 H, b-CH»-docosano-), 2.41 (m, 2 H, b-CH,-propano-
), 3.26 (s, 12 H, (CH3)2N™), 3.38 (m, 8H, a-CH,).

2.2.2 Preparation of [3,12]-ionene, [3,10]-ionene and [5,10]-ionene

2.2.2.1 N,N,N¢Né¢tetramethy-dodecane-1, 12-diamine and N,N,N¢NGtetramethy -decane-

1,10-diamine

1,10-dodecane diacid (0.1 moles) or 1,8-decane diacid (0.1 moles) was refluxed with about 50
ml of thionyl chloride for 5 hours. After this reaction, excessthionyl chloride was removed by
vacuum digtillation. An ethyl ether solution (150 ml) of the acid chloride was added with
vigorous stirring to a well-cooled (about 0 °C) aqueous solution of dimethylamine (40 %, 87
ml) containing 26 g of sodium hydroxide. After 1 hour reaction time, chloroform was added
to this reaction mixture and the organic layer separated. This organic phase was dried over
magnesium sulfate, filtered, and the solvent was removed by evaporation. The crude diamine
thus obtained was recrystallized from ethyl acetate to get the pure diamine. The GC-MS
purity of 1,10-dodecane diacid bis-dimethylamide and 1,8-decane diacid bis-dimethylamide
was 100 % in both cases.

Next, the diamine (0.019 mmoles) was added in portions to a mixture containing LiAlIH, (2.4

g) and 120 ml anhydrous THF, and the completed mixture was refluxed for 12 hours. The
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excess LiAlIH4 was destroyed by the addition of ethyl acetate and 200 ml of ethyl ether to the
reaction mixture. A few milliliters of water were added until the white precipitate settled to
the bottom of the flask when the stirring was stopped. The precipitate was filtered off and the
filtrate dried over magnesum sulfate. The solvents were removed from the filtrate by
evaporation and N,N,N¢N¢tetramethy-dodecane-1, 12-diamine or N,N,N¢Nétetramethy-
decane-1,10-diamine was obtained as a colorless liquid. The materials were dried over
phosphorous pentoxide for two days at normal pressure and for another three days in vacuum.
The GC-MS purities of N,N,N¢Nétetramethy-dodecane-1, 12-diamine and N,N,N¢N¢
tetramethy-decane-1,10-diamine were 100 % and 99.57 %, respectively. The yield of
N,N,N¢Nétetramethy-dodecane-1, 12-diamine is about 12.5 gram (48.6%) and the yield of
N,N,N¢N é¢tetramethy-decane-1,10-diamine is about 16.8 gram (70%).

'H-NMR of N,N,N¢N¢tetramethy-dodecane-1, 12-diamine (d/ppm at 500 MHz in CDCh):
1.23-1.25(m, 16 H, (g, d, e, z)-CH>), 1.41 (m, 4 H, b-CHz-dodecano-), 2.17-2.21 (m, 16 H,
including 12 H (CHs)2N) and 4 H, a-CH,-dodecano-)

N,N,N¢N¢étetramethy-1, 10-decandiamine (d/ppm at 500 MHz in CDCk): 1.25 (m, 14 H,
(9, d, e)-CHz-decano-), 1.41 (m, 4 H, b-CH,-decano-), 2.17-2.21 (m, 16 H including 12 H,
(CH3)2N) and 4 H, a - CH,-decano-)

2.2.2.2[3,12]-ionene, [3,10] -ionene and [5,10]-ionene [78,79,80]

Equimolar quantities of the reactants N,N,N¢Nétetramethyl-dodecane-1,12-diamine or
N,N,N¢N étetramethy-decane-1,10-diamine (purity 100% and 99.57%. 10.67 mmoles) and
1,3-dibromopropane (10.67 mmoles) or 1,5-dibromopentane (10.67 mmoles) were dissolved
in 10 ml methanol, and the solution was stirred for 48 hours at 40+1 °C. The methanol was
removed by evaporation and the residue was dried over phosphorous pentoxide for two days
at normal pressure and for another three days in vacuum. The yield of [3,12]-ionene is about
82%, the yield of [5,10]-ionene is about 85% and the yield of [3,10]-ionene is about 88%.

Molecular weights for [3,10]-ionene, [3,10]-ionene, and [5,10]-ionene were 2090 g/mol, 1300
g/mol, and 2170 g/mol, respectively, as determined by light scattering experiments (QLS) in

methanal.
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'H-NMR of [3,12]-ionene bromide d/ppm at 200 MHz in CDsOD): 1.42-1.49 (m, 16 H,
(9,d, e, 2)-CH,), 1.89 (m, 4 H, b-CH_-dodecano-), 2.43 (m, 2 H, b-CHa-propano-), 3.29 (s, 12
H, (CH3)2N"), 3.66 (s, 8H, a-CHb).

(d/ppm a 500 MHz in DMSO): 1.27 (br, 16 H, (g, d, e, 2)-CH,), 1.68 (br, 4H, b-CH-
dodecano-), 2.20 (br, 2 H, b-CH,-propano-), 3.10 (br, 12 H, (CHs).N"), 3.32 (br, a-CH, and
H,0).

'H-NMR of [5,10]-ionene bromide ¢/ppm at 500 MHz in CDsOD): 1.46-1.56 (m, 14 H
including 12 H, (g, d, €)-CH,-decano- and 2 H, g-CH_-pentaro-), 1.86 (m, 4 H, b-CH,-decano-
), 1.97 (m, 4 H, b-CHypentaro-), 3.20 (s, 12 H, (CHs),N*), 3.38-3.50 (m, 8H, a-CHy);
(d/ppm at 500 MHz in DM SO): 1.29 (br, 14 H including 12 H, (g, d, €)-CH;-decano-and 2 H,
¢ CH,-pentano-), 1.66 (br, 4H, b-CH, -decano-), 1.73 (br, 4 H, b-CH_-pentaro-), 3.03 (br, 12
H, (CHs)oN%), 3.33 (br, a-CH,and H,0).

'H-NMR of [3,10]-ionene bromide (d/ppm at 500 MHz in DMSO): 1.30 (br, 12 H, (g, d, €)-
CHa -decano-), 1.68 (br, 4H, b-CH, -decano-), 2.2 (br, 2 H, b-CH_,-propano-), 3.09 (br, 12 H,
(CHs)2N"Y), 3.33 (br, a-CH, and H,0).

2.3 Preparation of the silver salts of surfactant alkyl sulfates
2.3.1 Silver dodecyl sulfate

Silver dodecyl sulfate (AgDS) precipitated from an agueous solution of sodium dodecyl
sulfate (SDS, Merck, 0.9 mol/l) and silver nitrate (Merck, 5.6 mol/l) at room temperature. The
white solid of silver dodecyl sulfate was filtered, and pressed as dry as possible. AgDS was
recrystallized severa times from water (< 50 °C) until all the sodium salt was removed. The
content of sodium salt was tested by the flame coloration method. The pure material was dried
in vacuum. The yield is about 33.3%.

water

AgDS | + NaNO,

SDS+ AgNO,

'H-NMR of silver dodecyl sulfate (d/ppm at 500 MHz in CDsOD): 0.97 (t, 3 H, -CHs), 1.36-
148 (m, 18 H, (g, d,e, z, h,q,i, Kk, 1 )-CH), 1.72 (m, 2 H, b-CH,) and 4.06 (t, 2 H, a-CH,)

2.3.2 Silver decyl sulfate and silver octyl sulfate
Because the aqueous solution of sodium decyl sulfate o sodium octyl sulfate and silver

nitrate at room temperature can not form the precipitate, the method described above for silver
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dodecy! sulfate does not work any more. Cation exchange resins were chosen to prepare silver
decyl sulfate and silver octyl sulfate. The ion exchange resins are highly ionized in both acid
(R-SO3H) and salt (R-SO3Na) form of the sulfonic acid group. They can convert a metal salt
to the corresponding acid by the reaction. The hydrogen and sodium forms of strong acid
resins are highly dissociated and the exchangeable Na’ and H* are readily available for
exchange over the entire pH range. Consequently, the exchange capability of strong acid
resins is independent of solution pH.

The column was filled with 500 ml cation exchange resin (Lewatit S 100, Na“ form), and
rinsed subsequently with 2 N agueous nitric acid solution until al the sodium ions were
removed, which was tested by the flame coloration method. The column was rinsed again by
distilled water until the pH of the rinsing solution reached about 6-7. By that the exchange
resin was converted to the acidic form (R-SOsH).

The column was rinsed by 5 N agueous silver nitrate solution (Merck). When the pH of the
rinsing solution was about 4-5, the rinsing process was stopped and the acidic form of the
resin became the salt (R-SOsAQ). Distilled water was used to wash the column until the pH of
the rinsing solution reached about 6-7, indicating that al the free ion of silver in the column
has been removed. The Ag" attached on salt (R-SOsAg) can not be rinsed off by distilled
water.

Notes: the outside of the column was wrapped by aluminum foil to prevent silver ions from

reduction upon exposure to light.

R-SO,Na + HNO,— R-SO,H + NaNO,

R-SO,H + AgNO,—/8—= R-SO,Ag + HNO;,

Thereafter the column was rinsed with agueous decyl sodium sulfate or octyl sodium sulfate
(Acros, 0.8 mol/l) dowly. The elute was collected in portions which were tested for the
presence of sodium. When sodium was detected the rinsing was stopped. Decy! silver sulfate
formed white crystals in aqueous solution, which were separated. The materials were dried in
vacuum to remove all water. The yield is about 92 %. Silver octyl sulfate does not precipitate.
Therefore the solution of silver octyl sulfate was kept at a temperature below 40 °C until most
of the water was slowly evaporated. Then the materials were dried in vacuum to remove all
water. White pure crystals were obtained. The yield is about 86%.
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'H-NMR of silver decyl sulfate (d/ppm at 500 MHz in CDsOD): 0.97 (t, 3 H, -CHs), 1.36-
141 (m,14H, (g, d,e z,h,q,i)-CHy), 1.73(m, 2H, b-CH,) and 4.06 (t, 2 H, a-CHy)

R-SO;Na +

'H-NMR of silver octyl sulfate (d/ppm at 500 MHz in CDs0D): 0.97 (t, 3 H, -CHa), 1.34-1.48
(m,10H, (g, d,e, z, h)-CHy), 1.73(m, 2 H, b-CH,) and 4.06 (t, 2 H, a-CH,)

2.4 Preparation of the stoichiometric complexes of ionenes and alkyl
sulfates

[3,22], [3,12], [5,10] or [3,10]-ionene bromide (about 1 g in 50 ml anhydrous methanol) was
added drop-wise to dodecyl, decyl or octyl silver sulfate (50 mmol/l) dissolved in 50 ml dried
methanol. The addition of ionene bromide was stopped, when the voltage of the
electrochemical cell <Ag|Ag", DS, ionene, AgBr(s), methanol || K*, Br (saturated),
methanol, AgBr(s)|Ag> had passed its steepest slope as a function of added ionene bromide
solution [81]. Silver bromide precipitated and was easily filtered off through a folded paper
from the solution. After slow evaporation of the solvent at low pressure and low temperature
(E 35 °C), the sdlt free stoichiometric complexes were obtained. Schematic representation of
the preparation of the ionene akyl sulfate stoichiometric complexis shown in Figure 2.3. The
[3,12]-ionene dodecyl sulfate, [5,10]-ionene dodecyl sulfate, [5,10]-iorene decyl sulfate,
[3,10]-ionene dodecyl sulfate, and [3,10]-ionene decyl sulfate stoichiometric complexes
formed opaque films on a quartz plate, whereas the other stoichiometric complexes ([3,10]-
ionene octyl sulfate, [5,10]-ionene octyl sulfate, [3,12]-ionene decyl sulfate, [3,12]-ionene
octyl sulfate, [3,22]-ionene dodecyl sulfate, [3,22]-ionene decyl sulfate stoichiometric

complexes) are all powders, they cannot form a clear and opague film on a quartz plate.
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Figure 2.3 Schematic representation of the preparation of the ionene akyl sulfate
stoichiometric complex.

The [3,12]-ionene dodecy! sulfate, [5,10]-ionene dodecyl sulfate, [5,10]-ionene decyl sulfate
[3,10]-ionene dodecyl sulfate, and [3,10]-ionene decyl sulfate stoichiometric complexes
formed opaque films on a quartz plate placed at the bottom of the reaction beaker. Finally the
films were dried in a desiccator over phosphorous pentoxide for two days at normal pressure
and for another three days in vacuum.

The swelling of ionene-alkyl sulfate stoichiometric complexes due to uptake of water from the
gas phase as a function of controlled relative humidity was investigated as follows: a film of
the stoichiometric complex was casted from methanol on the inner wall of an open
polyethylene screw cap bottle and dried over phosphorous pentoxide until constancy of
weight. A high complex concentration in methanol insured a high viscosity of the solution so
that the film at the wall remained stable during the drying process. Then the bottle with the
dry film was weighed, placed in a desiccator together with a cup of aqueous salt solution at
the desired water activity for 24 h, and weighed again. The bottle was tightly capped while
weighing it in order to rule out the uptake of moisture from ambient air (or the loss of water).
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3. Results
3.1 The solution properties of ionenesin methanol

3.1.1 Viscosity of ionenesin methanol in the absence of added electrolytes

The viscosity (h) of dilute solutions of uncharged polymers can usually be represented, over a

reasonably large range of concentrations, as a linear function of concentration
(h - ho)/he=[h]+klh]°c )

Where hg is the viscosity of the solvent, [h] the intrinsic viscosity, ¢ the concentration in
grams of solute per 100 ml of solution, and k is a dimensionless constant (Huggins constant),
which is characteristic of the polymer and solvent but normally independent of the molecular
weight. Fuoss [82] reported that the reduced viscosity, hg/c, of solutions containing a pure,
highly charged, flexible, linear polyelectrolyte increased sharply and continuously with
dilution at very low concentration (here hg=(h-hg)/hg). The observed concentration

dependence of hg/c could be represented by the empirical relationship [82].

A
h./c= +D 2
7 1+Bc @

where A, B, and D are characteristic constants of each sample.

-38-



Ingtitut fur Physikalische Chemie und Elektrochemie TU DRESDEN
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Figure 3.1 Reduced viscosities as a function of polyelectrolyte concentration.

From Figure 3.1 we can see the viscosity of [3, 22]-ionene and [3, 12]-ionene as a function of
concentration. The behaviour is typical for polyelectrolytes in polar organic solvents (such as
methanol) in the absence of added electrolyte [83]. The plot in Figure 3.1 could be very
accurately represented by eq 2. The data were fitted to this relationship by plotting (hg/c- D)?
us. c¥2. D was first obtained approximately from aplot of hg/c us. ¢/? and the values of D so
obtained were found to produce perfectly linear plots of (hg/c-D)* us. ¢”2. From eq 2, the
value of hg/c isequd to (A + D) as ¢ approaches zero. Since D is negligibly small, for all
practical purpose, A is the vaue of the intrinsic viscosity i.e., the limit of the reduced
viscosity as the concentration approaches zero A = [h]. [84]. The intercept of the plot of
(hg/c-D)* us. ¢ is equal to 1A, and the slope is equal to B/A. It was not possible to

determine the values of A very precisely, because of the small magnitude of 1/A. The results
arelisted in table 3.1.

ionene A/d gt B/ (dl/g)Y? D/d gt
[3,22]-ionene 89.206 463.99 0.15255
[3,12]-ionene 29.710 128.49 0.21055

Table 3.1 Fuoss equation parameters of ionenes
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A or [h] are related to the molecular weight of the polyelectrolyte. The data suggest that the

molecular weight of [3,22]-ionene is ca. three times that of [3,12]-ionene.

3.1.2 Viscosity of ionenesin methanol in the presence of added electrolytes

3,5 -
i °
3,0 -
a 25 | [3,22]-ionene in NaBr methanol solution
% L § ® [3,22]-ionene in methanol
N—r 2,0 ] ..
8% ] : °
=" 1,54 .
10 ©oe
™~ °
1 ¢ ]
0,5 -
0,0 T T T

T T T I T T T
0,00 0,02 0,04 0,06 008 0,10 0,12
c (g/dl)

Figure 3.2 Concentration dependence of the reduced viscosity with and without salt.

In this solution the simple salt concentration is not constant, and its concentrations changed
with the ionene concentration. The first ionene solution only contained ionene, no simple salt
in it. When the ionene solution became dilute, and then the salt was added in a quantity that
kept the total ion concentration unchanged. For example the first concentration of [3.22]-
ionene solution was 0.1 g/dl, the ion concentration was cal culated to be 3.34* 10" mol/l. When
the ionene concentration was diluted to 0.5 g/dl, the ion concentration was 1.67*10™* mol/l,
NaBr salt (0.835 mol/dl) was added to the solution so that the ion concentration was kept
constant at 3.34* 10 mol/l.

- 40 -



Ingtitut fur Physikalische Chemie und Elektrochemie TU DRESDEN

3.1.3 The size of ionenes and their dodecyl sulfate complexes

Sample PA2(10° mol ml g2) | ®Mw(10% g mort)
[3,10]-ionene 4.43 13
[3,12]-ionene 0.08 1.9
[3,12]-ionene dodecy! sulfate complex 0.88 6.0
[5,10]-ionene 1.05 21
[5,10]-ionene dodecy! sulfate complex 1.63 6.7
[3,22]-ionene -5.0 84

®molecular weight, evaluated from SL S data by the standard Zimm technique
P the second virial coefficient, evaluated from SLS data by the standard Zimm technique

Table 3.2 The molecular weight of ionenes and ionene-dodecyl sulfate stoichiometric

complexes

For ionene and its surfactant complexes the second virial coefficients (A2), evaluated from
SLS data by the standard Zimm technique, are al positive except [3,22]-ionene, (i.e., [3,12]-
ionene is 0.08 mol ml g2, [3,12]-ionene dodecyl sulfate complex 0.88 mol ml g2, [5,10]-
ionene 1.05 mol ml g2 and [5,10]-ionene dodecyl sulfate complex 1.63 mol ml g?), therefore
methanol was a good solvent for [3,12], [5,10], [3,10]-ionenes and for the [3,12]- and [5,10]-
ionene dodecyl sulfate stoichiometric complexes, but for [3,22]-ionene the second virial
coefficients (A2) is negative, so the methanol is not good solvent. At ambient condition the
methanol solutions of ionenes and the [3,12]- and [5,10]-ionene dodecyl sulfate stoichiometric
complexes are clear and transparent, no precipitate was observed.

Table 3.2 displays the molar masses of both complexes are clearly higher than those expected
from stoichiometric reaction between ionene and dodecyl sulfate. The unit molar mass o
[3,12]-ionene is 229.18 g/mol, and the unit molar mass of [3,12]-ionene dodecyl sulfate
complex is 414.68 g/mol, from these data the expected molar mass of [3,12]-ionene dodecy!
sulfate stoichiometric complex is 3.43*10° g/mol, which is much less that the measured molar

mass (6* 10° g/moal); The [5,10]-ionene and its complex shows a similar regularity.
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Figure 3.3 Apparent hydrodynamic radius, Rs*P, of ionenes and their stoichiometric
complexes (no ssimple salt) in methanol (evaluated from DL S data by the cumulant method).

From figure 3.3 we can see that the apparent hydrodynamic radius; R4*”, of al ionenes did
not change significantly but for their stoichiometric complexes (no simple salt) the apparent
hydrodynamic radius; R4*° changed considerably within the concentration range 10-40 gl™.
Light scattering data show that [3,12] and [5,10]-ionenes had almost the same molecular
weight (M) (1.9¥10° and 2.1*10° g/mol, respectively) and the same apparent hydrodynamic
radius, R4, in methanol [86]. Of the complexes [5,10]-ionene dodecy! sulfate had a higher
molar mass than [3,12]-ionenes dodecyl sulfate; also [5,10]-ionene dodecyl sulfate had a
higher apparent hydrodynamic radius, R+®", than [3,12]-ionene dodecyl sulfate in methanol
solution.

The complex was formed in solution by adding sodium dodecy! sulfate in methanol to [3,12]-
ionene bromide which means in methanol NaBr was produced while forming the complex, so
there is simple salt present while the hydrodynamic radius is being measured. In this process
no precipitate was formed, and the complex solution is clear and transparent. The Ry vs. ¢
(sodium dodecyl sulfate) dependence clearly showed a fast increase in Ry until ¢ (sodium
dodecyl sulfate) of about 20 mmol/l was reached; dower increase in Ry above this

concentration was probably caused by increase in viscosity due to the sodium dodecyl sulfate

- 42 -



Ingtitut fur Physikalische Chemie und Elektrochemie TU DRESDEN

addition (methanol viscosity was about 0.5906 mPas at 20 °C, sodium dodecyl sulfate
viscosity (0.1 M) in methanol about 0.6691 mPas at 20 °C) and had nothing to do with
complex formation. Again, the transition from fast to slow increase occurred at a
concentration which was approx. twice smaller than that corresponding to 1:1 stoichiometry
between dodecyl sulfate and [3,12]-ionene. The apparent hydrodynamic radius, Ry, in
methanol of stoichiometric [3,12]-ionene dodecyl sulfate complex which contained ssmple
salt which was produced by Br in ionene and Na' in sodium dodecy! sulfate was about 3.7
nm, but Ry in methanol without simple sat was only 2.57 nm at the same concentration,

which was much smaller than the above stoichiometric complex which contained simple salt.

stoichiometric point of

[3,12]-ionene SDS complex

2,5

2,0 -

1,5 —
| ' | ' | ' | ' | ' 1
0 10 20 30 40 50

-1
CSDS/ mmol |

Figure 3.4 Apparent hydrodynamic radius, R4*P, of [3,12]-ionene as a function of the

concentration of sodium dodecyl sulfate (Cspg. (concentration 10 g ')
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3.1.4 Fluorescent probeinvestigation of ionene surfactant complexes
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Figure 3.5 Emission maximum wavelengths (3,4) and maximum intensities (1,2) of the ANS
fluorescence in methanol as a function of the sodium dodecyl sulfate concentration. Curves 2

and 3 in the presence, curves 1 and 4 in the absence of [3,12]-ionene.

The emission maximum wavelengths of the spectroscopic probe (with and without the [3,12]-
ionene) decrease with the increase of the concentration of sodium dodecyl sulfate (SDS).
While in the absence of [3,12]-ionene the emission maximum wavelengths decrease almost
negligibly (Fig. 3.5, curve 4), in the presence of [3,12]-ionene the decrease is substantia
below the stoichiometric point (SDS concentration at about 30.15 mmol 1) of [3,12]-ionene
and SDS. Above this stoichiometric SDS concentration the decrease is poor, similar to the
behavior in the absence of [3,12]-ionene (Fig. 3.5, curve 3). The intensities (with and without
[3,12]-ionene) as a function of SDS concentration yields two paralel curves, both increase

with increasing concentration of SDS (Fig. 3.5, curve 1 and 2).
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Figure 3.6 Emission maximum wavelengths (3,4) and maximum intensities (1,2) of the ANS
fluorescence in methanol as a function of the sodium dodecyl sulfate concentration. Curves 2

and 3 in the presence, curves 1 and 4 in the absence of [5,10]-ionene.

When [3,12]-ionene was exchanged by [5,10]-ionene or by [3,10] ionene, respectively, the
results qualitatively coincide and are quantitatively very similar (compare Fig. 3.5 with Fig.
3.6 and 3.7). A marked distinction, however, was found when SDS was exchanged by sodium
decyl sulfate, see Fig. 3.8 and 3.9: in the absence of ionene the addition of sodium decyl
sulfate leads to a more nontpolar environment. In the presence of [3,10]- and [5,10]-ionene
the levelling off at the stoichiometric point (at 30.53 mmol/l sodium dodecyl sulfate) is not
observed.

In al cases the intensity of the maximum of the fluorescence emission increases
monotonously with the surfactant concentration, a little less for the decyl sulfate. The
stoichiometric point is not reflected. The reason for the increase of the intensity therefore
probably has to do with changes in the refractive index of the solutions or differences in the

reflectivity of cuvette walls in the presence of the surfactants.
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Figure 3.7 Emission maximum wavelengths (3,4) and maximum intensities (1,2) of the ANS
fluorescence in methanol as a function of the sodium dodecyl sulfate concentration. Curves 2

and 3 in the presence, curves 1 and 4 in the absence of [3,10]-ionene.
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Figure 3.8 Emission maximum wavelengths (3,4) and maximum intensities (1,2) of the ANS
fluorescence in methanol as a function of the sodium decyl sulfate concentration. Curves 2

and 3 in the presence, curves 1 and 4 in the absence of [5,10]-ionene
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Figure 3.9 Emission maximum wavelengths (3,4) and maximum intensities (1,2) of the ANS
fluorescence in methanol as a function of the sodium decyl sulfate concentration. Curves 2

and 3 in the presence, curves 1 and 4 in the absence of [3,10]-ionene.

3.2 Theionene and ionene alkyl sulfate stoichiometric complexes

3.2.1 Filmsformed from ionene alkyl sulfate stoichiometric complexes

To prepare water and salt free complexes according to referernce [28], first the precipitate was
formed in water between polyelectrolyte and surfactant, the resulting white precipitate usually
coagulates, and the water is removed. The crude complex contains large amounts of excess
surfactant, salt, and water. For purification, this mixture is redissolved in alcohol, and water is
added until a phase separation of a complex rich gel phase and a salt and surfactant rich water
phase takes place. After removal of the water phase, this phase separation is repeated until the
water phase is practically free of halogenide ions. lonene hydroxide as a necessary component
would be unstable at room temperature. Therefore stoichiometric complexes of ionene and
alkyl sulfate were prepared via the reaction of the bromide of the ionene and the silver salt of
akyl sulfate in methanol under precipitation of the silver halide. Films produced from [3,22]-
ionene dodecyl sulfate, [3,22]-ionene decyl sulfate and [3,22]-ionene octyl sulfate, [3,12]-
ionene decyl sulfate and octyl sulfate, [5,10]-ionene octyl sulfate, [3,10]-ionene octyl sulfate
stoichiometric complexes turned out to be cloudy and to form undulated surfaces. These

complexes were not investigated further. Films produced from [3,12]-ionene dodecy! sulfate,
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[5,10]-ionene dodecyl sulfate, [5,10]-ionene decyl sulfate, [3,10]-ionene dodecyl sulfate, and
[3,10]-ionene decy! sulfate, however, were clear, transparent, optically isotropic and flat; i.e.

they showed the desired properties. Table 3.3 displays the film properties of stoichiometric

complexes.
substance Dodecy! sulfate Decyl sulfate Octyl sulfate
[3,22]-ionene bad bad bad
[3,12]-ionene good bad bad
[5,10]-ionene good good bad
[3,10]-ionene good good bad

Good film: clear, transparent, flat and optically isotropic
Bad film: cloudy and undulated surface
Table 3.3. Apparent properties of stoichiometric complex films

3.3[3,12]-ionene and [3,12]-ionene dodecyl sulfate stoichiometric complexes

3.3.1 Thesilver dodecyl sulfate
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Figure 3.10 ATR-IR spectra of silver dodecy! sulfate
Similar to sodium dodecyl sulfate the silver dodecyl sulfate formed white crystals, and, but

the solution of silver dodecyl sulfate was easily decomposed when it was exposed to light. So
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it was kept in the dark (and at a dry place). Figure 3.10 shows the ATR-IR spectrum of silver
dodecy! sulfate in the range from 1800 cmi® to 500 cmit. The observed wavenumbers and

band assignments for silver dodecy! sulfate are displayed in table 3.4 [87].

wavenumber(cmit) assignment
2955 asymmetric CHjs stretching
2921 antisymmetric CH, stretching
2849 symmetric CH, stretching
1473 CH, scissoring
1394 CHs bending
1206 asymmetric (OSOz3’) stretching
1148 asymmetric (OSO3) stretching
1050 symmetric (OSO3") stretching
947 asymmetric (C-O-9) stretching
827 symmetric (C-O-S) stretching
608 asymmetric (OSOs3’) bending
586 symmetric (OSO3’) bending

Table 3.4 The wavenumber and band assignments of silver dodey! sulfate after [87]

The ATR-IR spectrumis very similar to that of sodium dodecyl sulfate, see the literature [88].
The strong bands at 1206 cmit and 1148 cmi* were caused by asymmetric (OSOs") stretching
and the strong band at 1050 cm* was symmetric (OSO3) stretching. These bands were the

characteristic ones in spectra of silver dodecyl sulfate.
3.3.2[3,12]-ionene

[3,12]-ionene was a brittle material, and it was easy dissolved in methanol or water. The
ATR-IR spectrum of [3,12]-ionene is displayed in Fig. 3.11. It exhibits a strong O-H band at
3411 cm?, but [3,12]-ionene has no O-H group, so [3,12]-ionene contained another
compound, which probably was water or methanol. The strong band at 1466 cmi* was caused
by the C-H torsional vibration in the -CH,N" moiety which is characteristic for [3,12]-ionene
[89, 90].
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Figure 3.11 ATR-IR spectrum of [3,12]-ionene

The observed wavenumber and band assignments of [3,12]-ionene displayed in table 3.5.

wavenumber(cm?) assignment
3411 H-bridge, O-H stretching
3006 chelate H-bridge, O-H stretching
2922 antisymmetric CH, stretching
2852 symmetric CH, stretching
1466 C-H torsional vibration in the -CH,N* moiety
1235 symmetric (C-C) stretching
1031 (C-0O) dtretching
990 symmetric (N-CHg) stretching
909 symmetric (N-CHy) stretching

Table 3.5 The wavenumber and band assignments of [3,12]-ionene, cf. [71,72]

3.3.2.1 Thethermal stability of [3,12]-ionene
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Figure 3.12 DSC of [3,12]-ionene

The differential scanning calorimetry (DSC) curve in Fig. 3.12 shows an absorption peak at
about 70 °C when [3,12]-ionene was heated for the first time. The corresponding enthalpy
was only about -4.8 Jg. After cooling the sample to room temperature and repetition of the
above measurement from 20 °C to 140 °C there was no absorption peask any more, so this
absorption peak indicates a volatile low- molecular-weight compound [91] (such as methanol
left from the solvent) rather than the glass temperature of [3,12]-ionene. The boiling point of
methanol is about 65 °C, so the OH band (Fig. 3.11), which was displayed in ATR-IR
spectrum, was probably methanol.

The assignment of the band to the loss of methanol was supported by a thermogravimetric
anaysis (TG). In the TG diagram (Fig. 3.13) and fragment diagram (Fig. 3.14) of [3,12]-
ionene two fragment peaks at m/z = 32 and 18 were found at about 90-120 °C and 100-120 °C
in pyrolysis and steam gasification of [3,12]-ionene, clearly indicating the m/z =32 as
methanol as one of the fragments. The figure shows a peak at m/z =18, so [3,12]-ionene also
contained water as the assigned band in the ATR-IR spectrum at 1628 cm® (Fig. 3.11 O-H
bend band of water). But there is no DCS peak attributable the evaporation of water.
According to Fig. 3.13 [3,12]-ionene contained about 6.8 % of methanol and water.
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Figure 3.13 Thermogravimetric analysis of [3,12]-ionene; heating rate 5 K/min.
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Figure 3.14 Fragments produced in thermogravimetric analysis of [3,12]-ionene; heating rate
5 K/min

The ATR-IR spectrum before and after heating the [3,12]-ionene to 150 °C was almost
constant (Fig. 3.15). This shows that the functional groups of [3,12]-ionene did not change

during heating, i.e. the complex is stable under these conditions.
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Figure 3.15 ATR-IR spectra of [3,12]-ionene before and after heating.

From DSC and ATR-IR spectra of [3,12]-ionene, [3,12]-ionene was stable between 20 °C and
150 °C. It was difficult to remove methanol completely, even over phosphorous pentoxide in

vacuum, because [3,12]-ionene was prepared at room temperature.
3.3.3[3,12]-ionene dodecyl sulfate stoichiometric complex

The stoichiometric complex structure of [3,12]-ionene dodecyl sulfate is displayed below.

structure of [3,12]-ionene dodecyl sulfate complexes
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The NMR spectra of [3,12]-ionene dodecyl sulfate stoichiometric complex in DMSO
consisted of two parts, one was [3,12]-ionene, and the other was dodecyl sulfate.

'H-NMR of [3,12]-ionene dodecyl sulfate stoichiometric complex (d/ppm a 500 MHz in
DMSO): 0.97 (t, 3 H, -CHs in dodecyl sulfate), 1.24-1.27 (br, 34H including 18 H,
(g,d,e,z,h,q,i, Kk, 1)-CHy in dodecyl sulfate and 16 H, @, d,e, z)-CH; in [3,12]-ionene),
1.47 (m, 2 H, b-CH> in dodecyl sulfate) 1.66 (br, 4H, b-CH, dodecano- in [3,12]-ionene),
2.14 (br, 2H, b-CH,-propano- in [3,12]-ionene), 3.04 (br, 12 H, (CHz)2N™), 3.32 (br, a-CH,
and H0), 3.67 (t, 2 H, a-CHz in dodecy!| sulfate).

wavenumber(cmit) assignment
3492 H-bridge, O-H dretching
3037 chelate H-bridge, O-H stretching
2921 antisymmetric CH, stretching
2852 symmetric CH, stretching
1639 H.O
1466 C-H torsional vibration in the -CH;N" moiety
1377 CHj3 bending of dodeyl sulfate
1212 asymmetric (OSOs") stretching
1056 symmetric (OSO3") stretching
990 symmetric (N-CHz) stretching
914 symmetric (N-CHy) stretching
622 asymmetric (OSOs3’) bending
578 symmetric (OSO3’) bending

Table 3.6 The wavenumber and band assignments of [3,12]-ionene dodecyl sulfate

stoichiometric complex

Fig. 3.16 displays ATR-IR spectra of both, the [3,12]-ionene dodecy! sulfate stoichiometric
complex and the composite ATR-IR spectrum of [3,12]-ionene and silver dodecyl sulfate. It
was found that the ATR-IR spectrum of the [3,12]-ionene dodecyl sulfate stoichiometric
complex was not the simple addition of the IR spectra of the components. The two
asymmetric (OSOz) stretching bands at 1206 crmit and 1148 cm® of silver dodecyl sulfate
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became a strong asymmetric (OSOs) stretching band at 1212 cmit in the complex The
symmetric (C-O-S) stretching band at 947 cm* and the symmetric (C-O-S) stretching band at
827 cmit (which appeared in silver dodecy! sulfate) disappeared completely to give rise to a
new strong band at 793 cmit in the [3,12]-ionene dodecyl sulfate stoichiometric complex
(compare Table 3.6 with Table 3.5). This band is probably due to the symmetric (N-CHy)

stretching of the [3,12]-ionene dodecy! sulfate stoichiometric complex.

11r —a— composite spectrum of [3,12]-ionene and silver dodecyl sulfate

—a—[3,12]-ionene dodecy! sulfate stoichiometric complex
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Figure 3.16 ATR-IR spectra of [3,12]-ionene dodecy! sulfate stoichiometric complex
3.3.3.1 Thethermal stability of the [3,12]-ionene dodecy! sulfate stoichiometric complex

The ATR-IR spectrum before and after heating the [3,12]-ionene dodecyl sulfate
stoichiometric complex to 200 °C was amost constant (Fig. 3.17). This shows that the
functional groups of [3,12]-ionene dodecy! sulfate stoichiometric complexes did not change
during hesting, i.e. the complex is stable under these conditions. The spectra also reveal that
the stoichiometric complexes contain some water (peak at 3470 cmi?) [92], which the sample

might have taken while it was exposed to air for recording the spectrum.
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Figure 3.17 ATR-IR spectra of [3,12]-ionene dodecyl sulfate stoichiometric complex before
and after heating.

In the DSC diagram (Fig. 3.18) there was also an absorption peak at about 100 °C, which was
a weak peak and its enthalpy was only about 3 J g*. After cooling the sample to room
temperature and repeating the DSC process (from 20 °C to 120 °C) there was no absorption
peak any more (not shown in Fig. 3.18). Therefore after heating [3,12]-ionene dodecyl sulfate
stoichiometric complex, water was removed from the stoichiometric complex, and the boiling
point of water is 100 °C, so the O-H stretching band at 3470 cm?, which was displayed in
Fig. 3.17, is attributed to water.
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Figure 3.18 DSC of [3,12]-ionene dodecy! sulfate stoichiometric complex

The assignment of the absorption peak to the loss of water was also confirmed by a
thermogravimetric analysis (TG). In the TG diagram (Fig. 3.19) in the first stage below 125
°C, water evaporation from [3,12]-ionene dodecyl sulfate stoichiometric complex was the
main weight loss. Fragment peaks (Fig. 3.20) at m/z = 18 and m/z =17 were found at about
100 °C, clearly proving water as the evaporating species[93].

50 100 150 200 250
J/°C

Figure 3.19 Thermogravimetric analysis of the [3,12]-ionene dodecyl sulfate stoichiometric

complex; heating rate 5 K/min.
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The according weight loss of the [3,12]-ionene dodecyl sulfate stoichiometric complex was
about 3.6 %. From this value we calculate that every ion pair unit of the [3,12]-ionene dodecyl
sulfate stoichiometric complex absorbs at least 0.9 water molecules, when the [3,12]-ionene
dodecyl sulfate stoichiometric complex was in equilibrium with ambient air. The samples
were opticaly isotropic when prepared at ambient conditions, the [3,12]-ionene dodecy!

sulfate stoichiometric complex was stable below 120 °C, but it can easily absorb water in air.
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Figure 3.20 Fragments produced in thermogrametric analysis of [3,12]-ionene dodecyl sulfate

stoichiometric complex; heating rate 5 K/min.

3.3.3.2 I sotropic-mesogenic transition of the [3,12]-ionene dodecy! sulfate stoichiometric

complex

From the birefringence measurements at constant temperature (Fig. 3.21; performed using the
apparatus sketched in Fig. 2.1; see experimental part) we learned that [3,12]-ionene dodecyl
sulfate stoichiometric complexes easily absorbed more water when they were exposed to
increased relative humidity. While the optical properties did not change at relative humidities
up to 89.4 %, at 91.4 % the film changed from optically isotropic to optically anisotropic. We
will show below that a mesogenic phase was formed thereby [94]. However, a quite long

period needed for equilibration was noted.
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Figure. 3.21 Birefringence measured as detector voltage Up in the apparatus sketched in Fig.
21 a 25 °C as a function of time at two activities a(H,O) of water in agueous NaCl
corresponding to 91.4 % and 86.8 % relative humidity.

Further evidence for the humidity induced transition from optically isotropic to optically
anisotropic arose from DSC diagrams as in Fig. 3.22. When the diagram was measured at
elevated relative humidity an exothermic peak appeared at 115 to 120 °C in addition to the
endothermic peak attributed to water evaporation, cf. Fig. 3.18. The enthalpy as well
temperature of the maximum of the emission peak exhibited a substantial change at the
transition point (at a water activity of 0.91): as shown in Fig. 3.23 the enthalpy dropped from
ca. 2.68 Jg to 1.4 Jg (after passing through a maximum). The temperature of the maximum
of the emission peak displayed an analogous feature: At the transition point (a (H2O) = 0.91)
it decreased from 120 °C to 103 °C indicating that the evaporation of absorbed water 5

facilitated when the anisotropic phase is formed at room temperature.
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Figure 3.22 DSC-curves of [3,12]-ionene stoichometrically complexed with dodecyl sulfate
for two samples equilibrated at constant relative humidities: 88.1 % and 92.2 %; heating rate 1

K/min.

This caloric effect is sengitive to the heating rate. In Fig. 3.24 it is shown that at a heating rate
of 10 K / min both enthalpy and temperature of the maximum of the emission peak have

moved to lower water activities (compare Fig. 3.22).
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Figure 3.23 Enthalpy and temperature of the maximum of the DSC emission peak of [3,12]-

ionene dodecyl sulfate stoichiometric complexes as a function of relative humidity, measured
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by DSC after appropriate equilibration at the respective relative humidity; heating rate 1

K/min.
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Figure 3.24 Enthalpy and temperature of the maximum of the emission peak of [3,12]-ionene
dodecy! sulfate stoichiometric complexes measured by DSC; heating rate 10 K/min to be
compared with 1 K/minin Fig. 3.22.

All these features indicate dightly different lyotropic structures of the various samples [95].
However, no caloric effect was found accompanying the transition isotropic-anisotropic
between 45-55 °C described |ater.

From Figure 3.25 it follows that the take up of water was proportional to the fraction of water
in the gas phase. At the transition point changing from optically isotropic to optically
anisotropic every ion pair of [3,12]-ionene dodecyl sulfate stoichiometric complex absorbed

about 4 water molecules.
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Figure 3.25 Swelling (mass fraction w of water) of [3,12]-ionene dodecyl sulfate
stoichiometric complexes and number of water molecules per ion pair unit (1(H20)) as a

function of the relative humidity (a(H-0)) applied to the dry sample at room temperature.

For a sample at 91.4 % relative humidity, Fig. 3.26a depicts changes from the anisotropic to
the isotropic phase and vice versa upon periodicaly sweeping the temperature (5 K/h) from
30 to 55 °C, i.e. across the transition point (using the apparatus sketched in Fig. 2.1). Taking
the onset of the anisotropy-signal at decreasing temperature as the transition temperature, Fig.
3.26b revealed a transition isotropic-anisotropic (or isotropic- mesogenic) around 47 °C upon
cooling the sample, and an anisotropic-isotropic transition around 51 °C upon heating the
sample (under constant relative humidity), i.e. a hysteresis of ca 4 K was found for the
transition in the heating and cooling cycles. The material proved stable for the 7 cycles
displayed. However, a drift of transition temperatures by 2-3 °C was noted within 70 h (Fig.
3.26¢).
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Figure 3.26 (@) Birefringence at varying temperature J (5 K/h) as a function of time
measured as detector voltage Up with the apparatus sketched in Fig. 2.1; (b) birefringence as a
function of temperature at 91.4 % relative humidity for the seven cycles anisotropic- isotropic-

anisotropic shown in (a); (c) drift of transition temperatures within 70 h.

Figure 3.27 shows the texture of the anisotropic mesogenic phase of the stoichiometric

complex after cooling at 103.5 + 0.5 °C from the isotropic phase as it appeared on the

polarizing microscope. The texture indicates a hexagona mesogenic structure [96, 97].

bl

Figure 3.27 Texture of the anisotropic mesogenic phase in [3,12]-ionene dodecyl sulfate
stoichiometric complexes obtained from a polarizing microscope. Magnification 100X,
sample prepared at a(H,O) = 0.95.

3.3.3.3 The mesogenic phase stability of the [3,12]-ionene dodecy! sulfate stoichiometric

complex

When the relative humidity was raised from 91.4 to 93.0 %, the transition temperature
increased to ca. 83 °C upon heating and to 68 °C upon subsequent cooling. During the next
cycles both transition temperatures dropped. Upon further periodical heating and cooling the
sample became liquid and eventually the anisotropy vanished completely. So the anisotropic
[3,12]-ionene dodecyl sulfate stoichiometric complex was not stable at high relative humidity
and high temperature. The NMR spectrum of a sample decomposed at 93 % relative humidity
isshownin Fig. 3.28.
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Figure 3.28 The NMR of [3,12]-ionene dodecy! sulfate stoichiometric complex decomposed
at 93 % relative humidity

The arrows in Fig. 3.28 mark the two new peaks, which arise upon decomposition of the
[3,12]-ionere dodecyl sulfate stoichiometric complex. The peaks at 4.31 ppm and 1.39 ppm
(d/ppm at 500 MHz in DM SO) indicate that the dodecyl moiety of the complex was converted
to the corresponding acohal, i.e. 1-dodecanol [98]. This was also supported by the ATR-IR
spectrum shown below.

11r —a—[3,12]-ionene dodecy! sulfate stoichiometric complex

[ — decomposed [3,12]-ionene dodecy! sulfate stoichiometric complex
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Figure 3.29 ATR-IR spectra of the decomposed [3,12]-ionene dodecyl sulfate stoichiometric

complex.

- 65-



Ingtitut fur Physikalische Chemie und Elektrochemie TU DRESDEN

Fig. 3.29 depicts the comparison between [3,12]-ionene dodecyl sulfate stoichiometric
complex and the decomposed stoichiometric complex. After decomposition there was a strong
absorption pesk at 1048 cmit, which corresponds to the C-O stretching band in 1-dodecanol,

in agreement with the spectrum of 1-dodecanol [99].

3.4 [5,10]-ionene and [5,10]-ionene alkyl sulfate stoichiometric complexes
3.4.1[5,10]-ionene

[5,10]-ionene had an appearance similar to that of [3,12]-ionene, a brittle polyelectrolyte,
which was easily dissolved in methanol or water. The ATR-IR spectrum of [5,10]-ionene is
shown in Fig. 3.30. It widely agrees with the [3,12]-ionene, because both ionenes have the
same functiona groups. The only substantial difference is stronger symmetric (N-CHs)
stretching peaks at 963 cmi* and 903 cmit. Asin [5,10]-ionene astrong O-H band at 3422 cmi
L in both the ionenes indicates the presence of an impurity exhibiting an O-H functional group,
probably from water or methanol. Table 3.7 displays the wavenumber and band assignments
of [5,10]-ionene.

wavenumber(cmit) assignment
3422 H-bridge, O-H stretching
3005 chelate H-bridge, O-H stretching
2923 antisymmetric CH; stretching
2854 symmetric CH, stretching
1470 C-H torsional vibration in the -CH,N™ moiety
1235 symmetric (C-C) stretching
1030 (C-0) stretching
963 symmetric (N-CHj3) stretching
903 symmetric (N-CH>) stretching

Table 3.7. The wavenumber and band assignments of [5,10]- ionene
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Figure 3.30 ATR-IR spectra of [5,10]-ionene compared to [3,12]-ionene

3.4.1.1 The stability of [5,10]-ionene

The differential scanning calorimetry (DSC) curve of [5,10]-ionene displays an absorption
peak at about 140 °C with a corresponding enthalpy about -7.4 J/g. The boiling point of water
is 100 °C, so the O-H band a 3422 cm* (Fig. 3.30), which was displayed in ATR-IR
spectrum, was probably water, not methanol, because methanol has a lower boiling point of

65 °C. The assignment of the band to the loss of water was supported by a thermogravimetric
anaysis (TG).
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Figure 3.31 DSC of [5,10]-ionene

In the TG diagram (Fig. 3.32) there were four stages of the weight loss; the table 3.8 listed the
minimal temperature, maximum temperature and weight loss in every stage. In the first stage
before 170 °C the weight loss was 4.7 %, and this was mainly evaporation of water from
[5,10]-ionene. The DTA in Fig. 3.32 showed that at about 144 °C the evaporation of water
reached the maximum rate, which was consistent with the absorption peak in DSC (Fig. 3.31).
At high temperatures above 170 °C [5,10]-ionene began to decompose, above 223 °C, [5,10]-
ionene decomposed rapidly and completely. So [5,10]-ionene was not stable at high

temperature.
sage Tmin/ °C Tmax / °C weight loss/ %
1 35 170 4.71
2 170 223 1.61
3 223 249 5.7
4 249 274 22.2

Table 3.8 Weight loss and temperature range in every stage of [5,10]-ionenein TG
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Figure 3.32 Thermogravimetric analysis of [5,10]-ionene; heating rate 5 K/min.

The sample from Fig. 3.31 was analysed by ATR-IR spectra. In Fig. 3.33 spectra [5,10]-
ionene as prepared and after heating to 150 °C are compared. The absorption peak at 1031
cml (pertaining to absorbed water) became weaker. It can be concluded that below 150 °C
[5,10]-ionene was stable, in keeping with the TG diagram (Fig. 3.32).

At high temperatures above 170 °C [5,10]-ionone would become unstable due to thermal
degradation, above 223 °C it decomposed completely as revealed by the TG analysis, cf.
[100].
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Figure 3.33 ATR-IR spectra of [5,10]-ionene before and after heating
3.4.2[5,10]-ionene dodecyl sulfate stoichiometric complex

The structure of the stoichiometric complex of [5,10]-ionene and dodecy! sulfate displayed as

follows.

structure of [5,10]-ionene dodecyl sulfate complexes
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The NMR spectra of the [5,10]-ionene dodecyl sulfate stoichiometric complex in DM SO

agreed with a superposition of [5,10]-ionene and dodecy! sulfate moieties.

'H-NMR of [5,10]-ionene dodecyl sulfate stoichiometric complex (d/ppm at 500 MHz in
DMSO): 0.85 (t, 3 H, -CHgz in dodecyl sulfate), 1.24-1.27 (br, 32 H including (18 H,
(g,d,e,z,h,q,i,Kk,1)-CHz in dodecyl sulfate) and (14 H including 12 H, @, d,e)-CHx-
decano- and 2 H, g-CH,-pentano-in [3,12]-ionene)), 1.47 (br, 2 H, b-CH, in dodecyl sulfate)
1.65 (br, 4 H, b-CHz-decano- in [3,12]-ionene), 1.70 (br, 4 H, b-CHz-pentano- in [3,12]-
ionene), 2.49 (br, 12 H, (CHg)2N™), 2.99-3.3 (br, a-CH, and H0), 3.67 (t, 2 H, a-CH, in
dodecyl! sulfate).
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Figure 3.34 ATR-IR spectra of the [5,10]-ionene dodecyl sulfate stoichiometric complex

compared with the [3,12]-ionene dodecyl sulfate complex

Fig. 3.34 displays the ATR-IR spectrum of the [5,10]-ionene dodecyl sulfate stoichiometric
complex. Because [5,10]-ionene sulfate stoichiometric complex has functional groups very
similar to the [3,12]-ionene sulfate stoichiometric complex, they had a similar ATR-IR
spectrum. The strong asymmetric (OSOz) stretching bands at 1213 cmi* and the C-H torsional
vibration in the—CH,N* moiety at 1466 cmi are characteristic absorption peaks of the [5,10]-
ionene dodecyl sulfate stoichiometric complex. In Table 3.9 the wavenumber and band

assignments of the [5,10]-ionene dodecyl sulfate stoichiometric complex are listed.
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wavenumber(cmit) assignment
3471 H-bridge, O-H stretching
3040 chelate H-bridge, O-H stretching
2922 antisymmetric CH, stretching
2852 symmetric CH, stretching
1638 H.O
1466 C-H torsional vibration in the -CH,N" moiety
1377 CHs bending of dodeyl sulfate
1213 asymmetric (OSOz3’) stretching
1060 symmetric (OSOs") stretching
987 symmetric (N-CHa) stretching
914 symmetric (N-CHy) stretching
622 asymmetric (OSOs3’) bending
577 symmetric (OSO3") bending

Table 3.9 The wavenumber and band assignments of [5,10]-ionene dodecyl

stoi chiometric complex

3.4.2.1 The stability of the [5,10] -ionene dodecyl sulfate stoichiometric complex
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Figure 3.35 ATR-IR spectra of the [5,10]-ionene dodecy! sulfate stoichiometric complex

before and after heating
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In the ATR-IR spectra some difference before and after heating the [5,10]-ionene dodecyl
sulfate stoichiometric complex to 190 °C (Fig. 3.35) were obtained. The absorption peak at
1045 cmi' (which represents the symmetric (OSOs) stretching band of dodecyl sulfate)
became stronger and a new pesk at 842 cni' appeared. This showed that some functional
groups of [5,10]-ionene dodecyl sulfate stoichiometric complexes had changed during heating
to 190 °C, i.e. the complex was somewhat unstable under these conditions. The spectra aso
revea that the stoichiometric complexes contain some water (peak at 3470 cmit), which the
sample might have taken up after exposure to air for taking the spectrum, and which reduces
upon hesating.

The assignment of the latter peak to water was supported by differential scanning calorimetry
(DSC). In the DSC diagram (Fig. 3.36) there was an absorption peak at about 105 °C, which
was a weak peak and its enthalpy was only about 2.8 J g*. After cooling the sample to room
temperature and repeating the process, (from 20 °C to 140 °C) there was no absorption peak
any more (Fig. 3.36). Therefore, after heating [5,10]-ionene dodecyl sulfate stoichiometric
complex water was vaporized from complex. As the boiling point of water is 100 °C, the O-H
stretching band at 3470 cmi* was water.
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A
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% -80
~
@
-100 ) .
the first time
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Figure 3.36 DSC of [5,10]-ionene dodecy! sulfate stoichiometric complex
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The assignment of the absorption peak to water was also confirmed by a thermogravimetric
anaysis (TG). In the TG diagram (Fig. 3.37) in the first stage (below 130 °C) water
evaporation caused the main weight loss of the [5,10]-ionene dodecy! sulfate stoichiometric
complex, fragment peaks (Fig. 3.38) a m/z = 18 and m/z =17 were found at about 100 °C,

clearly indicating water as the fragment evaporating from the complex.
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Figure 3.37 Thermogravimetric analysis of [5,10]-ionene dodecyl sulfate stoichiometric

complexes; heating rate 5 K/min.
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Figure 3.38 Fragments produced in thermogravimetric analysis of [5,10]-ionene dodecyl
sulfate stoichiometric complexes heating rate 5 K/min
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The according weight loss of the [5,10]-ionene dodecyl sulfate stoichiometric complex was
about 0.36 %, which corresponds to only 0.1 water molecules per ion pair unit absorbed in
equilibrium with air. The samples were optically isotropic when prepared at ambient
conditions. Thus the [5,10]-ionene dodecyl sulfate stoichiometric complex was stable below
130 °C, but it also absorbed some water in air, but much less as compared to the [3,12]-ionene
dodecy! sulfate stoichiometric complex in which every ion pair unit absorbed at least 0.9
water molecules [101].

At high temperatures > 170 °C, the [5,10]-ionene dodecyl sulfate stoichiometric complex
became unstable and began to decompose, similar to the non-complexed ionene (Fig. 3.32).
Thiswas supported by fragments produced in the thermogravimetric analysis of [5,10]-ionene
dodecyl sulfate stoichiometric complexes (Fig. 3.39). Low-molecular-weight compounds
were produced above 170 °C due to thermal degradation. Three fragments (Fig. 3.39) are
shown at m/z = 2, 15 and 29. According to the mass fragments the [5,10]-ionene dodecyl
sulfate stoichiometric complex decomposed into CH; (m/z =15) ion and CHzN (m/z =29) ion
[100].
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Figure 3.39 Fragments produced in thermogrametric analysis of [5,10]-ionene dodecy! sulfate

stoi chiometric complexes; heating rate 5 K/min

3.4.2.2 | sotropic-mesogenic behavior of the [5,10]-ionene dodecyl sulfate stoichiometric

complex
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The[5,10]-ionene dodecyl sulfate stoichiometric complexes easily absorbed more water when
they were exposed to increased relative humidity. While the optical properties did not change
a relative humidities up to 67.4 %. At 69 % the film changed from optically isotropic to
optically anisotropic, i.e. at a lower humidity than in the case of the [3,12]-ionene dodecyl
sulfate complex (cf. Fig. 3.21). A polarizing microscope confirmed the existence of optical
anisotropy. It will be shown below that a mesogenic phase structure was formed thereby.

The DSC curve for samples equilibrated at 67.4 and 69 % relative humidity (Fig. 3.40)
exhibited emission peaks at about 100 °C. These peaks were assigned to the chemical reaction
of dodecyl sulfate as in the case of the [3,12]-ionene dodecy! sulfate complex. The dodecyl
sulfate was hydrolyzed to form dodecanol, which is impossible in the absence of sufficient
water (cf. Fig.3.36).

a(H,0) = 0.69
——a(H,0) = 0.674

s | s | s
20 40 60 80 100 120 140

60 . 1 . 1 . 1
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Figure 3.40 DSC-curve of [5,10]-ionene stoichiometrically complexed with dodecyl sulfate
for two samples equilibrated at constant relative humidities: 67.4 % and 69 %; heating rate 1

K/min.

The transition point for the humidity induced transition from optically isotropic to optically
anisotropic was aso reflected by enthalpy and temperature of the maximum of the emission
peaks measured by DSC (Fig. 3.41) as a function of relative humidity: The minima in the
curves shown in Fig. 3.41 are between 65 and 69 % relative humidity, i.e. in the range of the

transition.
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Figure 3.41 Enthalpy and temperature of the maximum of the exothermic peak of [5,10]-
ionene dodecy! sulfate stoichiometric complexes measured by DSC; hesating rate 1 K/min.

From Figure 3.42 it follows that the take-up of water was proportional to the fraction of water
in the gas phase. At the transition point (isotropic to anisotropic) at 68 % relative humidity
every ion pair of the [5,10]-ionene dodecyl sulfate stoichiometric complex had absorbed 2.38

water molecules.
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Figure 3.42 Swelling (mass fraction w of water) of [5,10]-ionene dodecyl sulfate
stoichiometric complexes and number of water molecules per ion pair unit (((H20)) as a

function of the relative humidity (a(H20)) applied to the dry sample at room temperature.
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Figure 3.43 shows the texture of the mesogenic phase of the stoichiometric complex after
cooling (at 105 + 1 °C) from the isotropic phase as it appeared on the polarizing microscope.

The texture indicates a hexagona mesogenic structure.

Figure 3.43 Texture of the mesogenic phase in [5,10]-ionene dodecyl sulfate
stoichiometric complexes obtained from a polarizing microscope. Magnification
100X, sample prepared at a(H,O) = 0.75.

3.4.3[5,10]-ionene decyl sulfate stoichiometric complex

3.4.3.1 Thesilver decyl sulfate

The silver decyl sulfate was a white crystal, and similar to silver dodecyl sulfate, the solution
of silver decyl sulfate was easily decomposed when it was exposed to light. So it should be
kept in dark and dry place. The following figure depicts the ATR-IR spectrum of silver decyl
sulfate. The observed wavenumbers and band assignments for silver decyl sulfate are
comprised in Table 3.10 [102].
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Figure 3.44 ATR-IR spectra of silver decyl sulfate

wavenumber(cmit)

assignment

2957

asymmetric CHjs stretching

2921

antisymmetric CH, stretching

2849

symmetric CH, stretching

1476

CHa scissoring

1209

asymmetric (OSOg3’) stretching

1149

asymmetric (OSOz3’) stretching

1048

symmetric (OSOs) stretching

947

asymmetric (C-O-S) stretching

827

symmetric (C-O-9S) stretching

608

asymmetric (OSO3") bending

586

symmetric (OSO3") bending

Table 3.10 The wavenumber and band assignments of silver decyl sulfate

The spectrum is similar to the ATR-IR spectrum of sodium decyl sulfate [103]. The strong
bands at 1209 cm* and 1149 cm! were caused by asymmetric (OSOs") stretching and the
strong band a 1050 cm! was symmetric (OSOs3) sretching. These bands were the

characteristic for silver decyl sulfate.

3.4.3.2 The[5,10]-ionene decyl sulfate stoichiometric complex
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The stoichiometric complex structure of [5,10]-ionene decy! sulfate is displayed as follows.

[+ [ +
M/\/’TI \/\/\/'\lI ‘jl‘n
o~ o~
|
o=$=o 0=S=0
e} 0

structure of [5,10]-ionene decyl sulfate complexes
The NMR diagrams of [5,10]-ionene decyl sulfate stoichiometric complex in DMSO were

consisted of two parts, one was [5,10]-ionene, and another was decyl sulfate.

'H-NMR of [5,10]-ionene decyl sulfate stoichiometric complex (d/ppm a 500 MHz in
DMSO): 0.85 (t, 3 H, -CHz in decyl sulfate), 1.24-1.28 (br, 28 H including (14 H,
(g,d,e, z,h,q,i)-CHzindecyl sulfate) and (14 H including 12 H, (g, d, €)-CHy-decano- and 2
H, g CHz>-pentano-in [ 3,12]-ionene)), 1.47 (br, 2 H, b-CH> in decyl sulfate) 1.65 (br, 4 H, b-
CHa-decano- in [3,12]-ionene), 1.70 (br, 4 H, b-CH,-pentano- in [3,12]-ionene), 2.49 (br, 12
H, (CHz)2N"™), 2.99-3.3 (br, a-CH, and H,0), 3.67 (t, 2 H, a-CH, in decy! sulfate).

wavenumber(cmit) assignment
3493 H-bridge, O-H stretching
3036 chelate H-bridge, O-H stretching
2922 antisymmetric CH, stretching
2853 symmetric CH, stretching
1466 C-H torsional vibration in the -CH,N" moiety
1373 CHj3 bending of dodeyl sulfate
1214 asymmetric (OSOz3’) stretching
1058 symmetric (OSOg3’) stretching
983 symmetric (N-CHg) stretching
620 asymmetric (OSOs3’) bending
577 symmetric (OSO3’) bending

Table 3.11 The wavenumber and band assignments of the [5,10]-ionene decyl sulfate
stoichiometric complex
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Figure 3.45 ATR-IR spectra of the [5,10]-ionene decyl sulfate stoichiometric complex and of

the superposed components

Fig. 3.45 digplays the ATR-IR spectrum of the [5,10]-ionene decyl sulfate stoichiometric
complex and the composite ATR-IR spectrum of [5,10]-ionene and silver decyl sulfate. It was
found that the two spectra did not coincide. The two asymmetric (OSO3") stretching bands at
1207 cm! and 1147 cm? of silver decyl sulfate became a strong asymmetric (OSOs)
stretching band at 1213 cmit in the complex. The asymmetric (C-O-S) stretching band at 946
cm! and the symmetric (C-O-S) stretching band at 827 cmi* which appeared in silver decyl
sulfate almost disappeared in the complex. Instead a new strong band at 784 cmi*was found.
A comparison of Table 3.10 with Table 3.11 suggests that this band was probably the
symmetric (N-CHy) stretching of [5,10]-ionene decy! sulfate stoichiometric complex.

3.4.3.3 The stability of the [5,10] -ionene decy! sulfate stoichiometric complex

The ATR-IR spectrum before and after heating the [5,10]-ionene decy! sulfate stoichiometric
complex to 160 °C was almost constant (Fig. 3.46). This shows that the functional groups of
[5,10]-ionene decyl sulfate stoichiometric complexes didn’'t change during heating, i.e. the
complex is stable under these conditions. The spectra aso revea that the $oichiometric
complexes contain some water (peak at 3493 cmit, not shown), which the sample must have

taken up after exposure to air for taking the spectrum. As compared to the [3,12]-ionene decy!
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sulfate stoichiometric complex, the [5,10]-ionene decyl sulfate stoichiometric complex

contained much less water.

—a—[5,10]-ionene decy! sulfate stoichiometric complex
100 after heating complex to 160 °C
T TN

_° 80}
~~
c
)
8

B 60|

40 |

' | ' .I ' | ' |
1800 1500 1200 900 600

-1
wavenumber / cm

Figure 3.46 ATR-IR spectra of [5,10]-ionene decyl sulfate stoichiometric complex before and
after heating

Consequently, differential scanning calorimetry (DSC) did not reveal the absorption peak
attributable to the loss of water upon heating. In the DSC diagram (Fig. 3.47) there was no
absorption peak at about 100 °C. There were, however, an absorption peak at 55 °C and an
exothermal peak at about 132 °C, they were both weak peaks. After cooling the sample to
room temperature and repeating the DSC experiment there was no peak any more (Fig. 3.47).
The processes responsible for the small absorption and emission peaks in the first time curve
could not be identified.

Accordingly, aloss of water was also not supported by a thermogravimetric analysis (TG) and
mass spectra. In the TG diagram (Fig. 3.48) in the first stage before 130 °C, the weight loss

was only about 0.13 % for [5,10]-ionene decyl sulfate stoichiometric complex.
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Figure 3.47 DSC of the [5,10]-ionene decy! sulfate stoichiometric complex

The missing intensity at m/z = 18 clearly indicated no peak from 80 °C to 130 °C for [5,10]-

ionene decyl sulfate stoichiometric complex. The DTA displayed an absorption peak at 100
°C, which was a very wesk peak. From above statement it can be concluded below 160 °C

(Fig. 3.49) amost no water was vaporized from [5,10]-ionene decyl sulfate stoichiometric

complex, and the stoichiometric complex was stable.
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Figure 3.48 Thermogravimetric analysis of [5,10]-ionene decyl

complexes; heating rate 5 K/min.

sulfate stoichiometric
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In the second stage above 160 °C, [5,10]-ionene decyl sulfate stoichiometric complex became
unstable. The fragments at m/z = 2, 18 and 29 all increased with increasing temperature,
indicating that [5,10]-ionene decyl sulfate stoichiometric complex had been decomposed, this
was caused by thermal degradation of [5,10]-ionene (Fig. 3.49).
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Figure 3.49 Fragments produced in thermogrametric analysis of [5,10]-ionene decyl sulfate
stoichiometric complexes; heating rate 5 K/min

3.4.3.4 Isotropic-mesogenic property of [5,10]-ionene decyl sulfate stoichiometric

complex

[5,10]-ionene decyl sulfate stoichiometric complexes absorbed more water when they were
exposed to increased relative humidity. While the optical properties did not change at relative
humidities up to 58 %, at 62 % the film changed from opticaly isotropic to opticaly
anisotropic. A polarizing microscope confirmed the existence of optically anisotropic. We
will show below that a mesogenic phase structure was formed thereby.

The DSC curve for a sample equilibrated at 58 % relative humidity (Fig. 3.50, curve for
a(H.0) = 0.58) exhibited an exothermic peak at about 62 °C. On further inspection of the
figure we noted that the temperature of the maximum of the exothermic peak at transition
point was lowest temperature (Fig. 3.51). This indicates dightly different lyotropic structures

of the various samples.
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Figure 3.50 DSC-curve of [5,10]-ionene stoichometrically complexed with decyl sulfate for
two samples equilibrated at constant relative humidities: 58 % and 62 %; heating rate 1

K/min.

In this system the humidity induced transition point from optically isotropic to optically

anisotropic was less clearly revealed, when enthalpy and temperature of the maximum of the

emission peak measured by DSC were plotted as a function of relative humidity (Fig. 3.51).
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Figure 3.51 Enthalpy and temperature of the maximum of the exothermic peak of [5,10]-

ionene decyl sulfate stoichiometric complexes measured by DSC; heating rate 1 K/min.
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While the minimum of the temperature of the maximum of the emission peak exhibits a
minimum at the transition point, the value of enthalpy passes through a broad minimum not
indicating the transition.

From Figure 3.52 it follows that the take up of water was proportional to the fraction of water
in the gas phase. At the transition point changing from optically isotropic to optically
anisotropic every ion pair of [5,10]-ionene decyl sulfate stoichiometric complex absorbed

about 2 water molecules.
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Figure 3.52 Swelling (mass fraction w of water) of [5,10]-ionene decyl sulfate stoichiometric
complexes and number of water molecules per ion pair unit ("(H20)) as a function of the

relative humidity (a(H20)) applied to the dry sample at room temperature.

Figure 3.53 showed the texture of the mesogenic phase of the stoichiometric complex after
cooling (at about 76 = 1 °C) from the isotropic phase as it appeared on the polarizing
microscope. The texture indicates a hexagonal mesogenic structure.
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Figure 3.53 Texture of the mesogenic phase in [5,10]-ionene decyl sulfate stoichiometric

complexes obtained from a polarizing microscope. Magnification 100X, sample prepared at
a(H,0) = 0.70.

3.5[3,10]-ionene and itsalkyl sulfate stoichiometric complexes
3.5.1[3,10]-ionene

[3,10]-ionene had a structure similar to [3,12]-ionene and [5,10]-ionene and so similar
properties can be expected. It was again a brittle polyelectrolyte, which easily dissolved in
methanol and water. The following Fig. 3.54 depicts the ATR-IR spectrum of [3,10]-ionene,
which is very similar to the spectra of [3,12]-ionene and [5,10]-ionene possessing the same
functional groups. There was a strong O-H band at 3418 cmi*, but there is no O-H functional
group in [3,10]-ionene, so [3,10]-ionene contained another low- molecular-weight compound.
It was probably water or methanol. The strong band at 1468 cmi* was caused by C-H torsional
vibration in the —<CH,N" moiety which was the characteristic spectrum of [3,10]-ionene. Table
3.12 displays the wavenumber and band assignments of [3,10]-ionene.
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Wavenumber (cmit) assignment
3418 H-bridge, O-H stretching
3008 chelate H-bridge, O-H stretching
2924 antisymmetric CH, stretching
2854 symmetric CH, stretching
1468 C-H torsional vibration in the -CH,N" moiety
1028 (C-0O) dtretching
991 symmetric (N-CHg) stretching
901 symmetric (N-CHy) stretching

Table 3.12 The wavenumbers and band assignments of [3,10]- ionene
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Figure 3.54 ATR-IR spectrum of [3,10]-ionene
3.5.1.1 The stability of [3,10]-ionene

The differential scanning calorimetry (DSC) curve indicated an absorption peak at about 50
°C, and the enthalpy was only about —1.57 Jg. After cooling the sample to room temperature
and repeating the above process there was no absorption peak any more, i.e. after heating the
sample the absorption peak had disappeared, maybe there was a low molecular-weight
compound in [3,10]-ionene. When the sample was heated, the low molecular-weight

compound was vaporized from [3,10]-ionene.
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Figure 3.55 DSC of [3,10]-ionene

Asthe TG diagram (Fig. 3.56) displays,

in DTA curve, and in the second stage

was about 1.99 %. In agreement with the DSC curve (fig. 3.55), the features in this

temperature range should be caused by

preparation at room temperature. The removal of methanol over phosphorous pentoxide in

vacuum was incomplete.

there was an endothermic peak from 50 °C to 100 °C
of TG diagram from 50 °C to 100 °C the weight loss

the evaporation of methanol, which was left from the
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Figure 3.56 Thermogravimetric analysis of [3,10]-ionene; heating rate 5 K/min.
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The sample from Fig. 3.55 was analysed by ATR-IR spectroscopy. The comparison between
[3,10]-ionene and heated [3,10]-ionene reveals only small changes: the absorption peak at
1028 cmi! diminished as did the OH-band at 3418 cm®. As these bands were caused by
methanol [3,10]-ionene proved stable up to 150 °C, consistent with the TG diagram (Fig.

3.56).
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Figure 3.57 ATR-IR spectra of [3,10]-ionene before and after heating

3.5.2[3,10]-ionene decyl sulfate stoichiometric complex

The stoichiometric complex structure of [3,10]-ionene decyl sulfate is displayed below.

9
0=S=0 O:SI:O
O

structure of [3,10]-ionene decyl sulfate complexes
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The NMR spectra of the [3,10]-ionene decyl sulfate stoichiometric complex in DM SO
consisted of two parts, one was [3,10]-ionene, and another was decyl sulfate.

'H-NMR of [3,10]-ionene decyl sulfate stoichiometric complex (d/ppm a 500 MHz in
DMS0): 0.85 (t, 3 H, -CHs in decyl sulfate), 1.24-1.28 (br, 26 H including (14 H,
(g,d,e,z,h,q,i)-CH; in decyl sulfate) and (12 H, (g, d, e)-CH,-decano- in [3,10]-ionene)),
1.46 (br, 2 H, b-CH; in decyl sulfate) 1.67 (br, 4H, b-CH, —decano- in [3,10]-ionene), 2.14
(br, 2 H, b-CHa-propano- in [3,10]-ionene), 3.04 (br, 12 H, (CH3)2N™), 3.25-3.32 (br, a-CH,
and H0), 3.68 (t, 2 H, a-CH, in decyl sulfate).

wavenumber(cmit) assignment
3475 H-bridge, O-H stretching
3033 chelate H-bridge, O-H stretching
2922 antisymmetric CH, stretching
2853 symmetric CH, stretching
1466 C-H torsional vibration in the -CH,N* moiety
1210 asymmetric (OSOz3’) stretching
1058 symmetric (OSOg3’) stretching
981 symmetric (N-CHg) stretching
622 asymmetric (OSOs3’) bending
579 symmetric (OSO3’) bending

Table 3.13 The wavenumbers and band assignments of [3,10]-ionene decyl sulfate

stoichiometric complex

Fig. 3.58 displayed the ATR-IR spectrum of the [3,10]-ionene decyl sulfate stoichiometric
complex. The strong asymmetric (OSO3) stretching bands at 1210 cmit and the C-H torsional
vibration in the -CH,N* moiety at 1466 cmi* were the characteristic absorption peaks of the
[3,10]-ionene decyl sulfate stoichiometric complex. In Table 3.13 the wavenumber and band

assignments of the [3,10]-ionene decyl sulfate stoichiometric complex are listed.
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Figure 3.58 ATR-IR spectra of [3,10]-ionene decyl sulfate stoichiometric complex

3.5.2.1 The stability of [3,10]-ionene decyl sulfate stoichiometric complex

The ATR-IR spectrum before and after heating the [3,10]-ionene decy! sulfate stoichiometric
complex to 150 °C kept amost unchanged (Fig. 3.59). This indicated that the functional
groups of the [3,10]-ionene decyl sulfate stoichiometric complex didn't change during

heating, i.e. the stoichiometric complex was stable under these conditions.

1,1 —[3,10]-ionene decy! sulfate stoichiometric complex

10 [ —— after heating [3,'10]-ionene decyl sulfate complex to 150 °C
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Figure 3.59 ATR-IR spectra of the [3,10]-ionene decyl sulfate stoichiometric complex before
and after heating
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The spectra also reveal that the stoichiometric complex contains ssme water (peak at 3491
cmt), which the sample probably has taken up after exposure to air for taking the spectrum.
Before heating there was a stronger intensity of O-H stretching band, which indicated that
some water was vaporized from the complex after heating sample to 150 °C.

Differential scanning calorimetry (DSC) supported the assignment of the absorption peak to
the loss of water. As expected, there was an absorption peak at about 100 °C in the DSC
diagram (Fig. 3.60). It was aweak peak and its enthalpy was only about 3 J g*. In the second
run of the DSC curve this peak had vanished, in keeping with water being removed from

complex.
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Figure 3.60 DSC of [3,10]-ionene decyl sulfate stoichiometric complex

A thermogravimetric analysis (TG) aso confirmed assignment of the absorption peak to the
loss of water. In the TG diagram (Fig. 3.58) the second stage from 55 °C to 118 °C reveals a
weight loss of about 1.52 %, which was caused by water evaporation from the stoichoimetric
complex. There was an endothermic peak at about 90 °C in the DTA curve, which was
consistent with the existence of an endothermic peak in the DSC diagram. The fragment peaks
(Fig. 3.62) at m/z = 18 and m/z =17 were found at about 91 °C, clearly indicating water as the

fragment evaporating from the stoichiometric complex.
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Figure 3.61 Thermogravimetric analysis of [3,10]-ionene decyl sulfate stoichiometric

complexes; heating rate 5 K/min.

At temperatures above 175 °C the third stage of weight loss started, the fragment peaks (Fig.
3.62) at m/z = 29 were found from about 200 °C, and the intensity increase with increasing
temperature, indicating thermal degradation. According to the mass fragments the [3,10]-
ionene decyl sulfate stoichiometric complex decomposed into CH3N (m/z =29) ions.
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Figure 3.62 Fragments produced in thermogravimetric analysis of [3,10]-ionene decy! sulfate

stoichiometric complexes; heating rate 5 K/min
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The weight loss according to water was about 1.52 %. From this value we calculate that every
ion pair unit of the[3,10]-ionene decyl sulfate stoichiometric complex absorbs only about 0.3
water molecules, when the complex was in equilibrium with ambient air. The samples were
optically isotropic when prepared at ambient conditions, the [3,10]-ionene decyl sulfate
stoichiometric complex was stable below 170 °C, but it can easily absorb water in air and

when it was heated water was aso easily lost.

3.5.2.2 Isotropic-mesogenic properties of the [3,10]-ionene decyl sulfate stoichiometric

complex

The [3,10]-ionene decyl sulfate stoichiometric complex easily absorbs water when it was
exposed to increased relative humidity. While the optical properties did not change at relative
humidities up to 60 %, at 65 % the film changed from opticaly isotropic to opticaly
anisotropic. A polarizing microscope confirmed the existence of optically anisotropy. It will
be shown below that a mesogenic phase was formed thereby.

The DSC curve for a sample equilibrated at 58 % relative humidity (Fig. 3.63, curve for
a(H»0) = 0.58) exhibited an emission peak at about 100 °C, which moved to 82 °C at 65 %
relative humidity, i.e. after transition to the anisotropic mesogenic phase. This indicates

dightly different lyotropic structures of the various samples.
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Figure 3.63 DSC-curve of [3,10]-ionene stoichometrically complexed with decyl sulfate for
two samples equilibrated at constant relative humidities: 58 % and 64.8 %; heating rate 1

K/min.
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The trangition point from optically isotropic to optically anisotropic was aso nicely reflected,
when the enthalpy and the temperature of the maximum of the emission peak measured by
DSC were plotted as a function of the relative humidity (Fig. 3.64). Both variables exhibited a

quite sharp minimum at the relative humidity, at which the sample switches to anisotropic.

4r —w— temperature of the maximum of the emission peak
I —a— enthalpy 4110
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Figure 3.64 Enthalpy and temperature of the maximum of the exothermic peak of [3,10]-

ionene decyl sulfate stoichiometric complexes measured by DSC; heating rate 1 K/min.

From Figure 3.65 it follows that the take up of water was proportioral to the activity of water
in the gas phase. At the transition point (ca. a(H2O) = 0.65) for the changing from optically
isotropic to optically anisotropic every ion pair of [3,10]-ionene decyl sulfate stoichiometric

complex absorbed about 2 water molecules.
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Figure 3.65 Swelling (mass fraction w of water) of [3,10]-ionene decyl sulfate stoichiometric
complexes and number of water molecules per ion pair unit (h(H20)) as a function of the

relative humidity (a(H20)) applied to the dry sample at room temperature.

Figure 3.66 shows the texture of the anisotropic mesogenic phase of the stoichiometric
complex after cooling (at about 86.5 + 1.5 °C) from the isotropic phase as it appeared on the

polarizing microscope. The texture indicates a hexagonal mesogenic sructure.

Figure 3.66 Texture of the anisotropic mesogenic phase in [3,10]-ionene decyl sulfate
stoichiometric complexes obtained from a polarizing microscope. Magnification 100X,
sample prepared at a(H,O) = 0.75.

-97-



Ingtitut fur Physikalische Chemie und Elektrochemie TU DRESDEN

3.5.3[3,10]-1onene dodecy! sulfate stoichiometric complex

The stoichiometric complex structure of [3,10]-ionene dodecyl sulfate is shown below.

"~ (0]
o= (£= le) O=$
Q

O

structure of [3,10]-ionene dodecyl sulfate complexes

The NMR spectra of [3,10]-ionene dodecyl sulfate stoichiometric complex in DMSO were

consisted of two parts, one was [3,10]-iorene, and another was dodecy! sulfate.

'H-NMR of [5,10]-ionene dodecyl sulfate stoichiometric complex (d/ppm at 500 MHz in
DMSO): 0.85 (t, 3 H, -CH3 in dodecyl sulfate), 1.24-1.28 (br, 30 H including (8 H,
(g,d,e,z,h,q,i, Kk, 1)-CH; in dodecyl sulfate) and (12 H, (g, d, €)-CHx-decano- in [3,10]-
ionene)), 1.47 (br, 2 H, b-CH. in dodecy! sulfate) 1.67 (br, 4H, b-CH, —decano- in [3,10]-
ionene), 2.1 (br, 2 H, b-CH.-propano- in [3,10]-ionene), 3.04 (br, 12 H, (CHs).N"), 3.27-3.32
(br, a-CHzand H,0), 3.68 (t, 2 H, a-CH- in dodecyl sulfate).

wavenumber(cmt) assignment
3494 H-bridge, O-H stretching
3037 chelate H-bridge, O-H stretching
2921 antisymmetric CH, stretching
2853 symmetric CH, stretching
1466 C-H torsional vibration in the -CH,N" moiety
1373 CHs bending of dodeyl sulfate
1212 asymmetric (OSOg3’) stretching
1058 symmetric (OSOg3’) stretching
989 symmetric (N-CHjs) stretching
623 asymmetric (OSO3") bending
578 symmetric (OSO3") bending

Table 3.14 The wavenumber and IR band assignments of the [3,10]-ionene dodecy! sulfate

stoichiometric complex
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Fig. 3.67 displays the ATR-IR spectrum of the [3,10]-ionene dodecyl sulfate stoichiometric
complex. The strong asymmetric (OSOs") stretching bands at 1212 cmi* and the C-H torsional
vibration in the —CH,N* moiety at 1466 cmi® were characteristic absorption peaks of the

complex. Table 3.14 lists the wavenumbers and band assignments.
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Figure 3.67 ATR-IR spectrum of the [3,10]-ionene dodecyl sulfate stoichiometric complex

3.5.3.1 The stability of [3,10]-ionene dodecyl sulfate stoichiometric complex

The ATR-IR spectrum before and after heating the [3,10]-ionene dodecyl sulfate
stoichiometric complex to 150 °C was almost constant (Fig. 3.68). This determined that the
functional groups of [3,10]-ionene dodecyl sulfate stoichiometric complexes didn’'t change
during heating, i.e. the complex was stable under these conditions. The spectra also reveal that
the stoichiometric complex contains some water (or another compound with an OH-group;
peak at 3494 cmit). In contrast to the [3,10]-ionene decyl sulfate stoichiometric complex band
intensity here kept constant before and after heating. This showed that was difficult to remove
the water from the [3,10]-ionene dodecyl sulfate stoichiometric complex even at 150 °C.
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Figure 3.68 ATR-IR spectra of the [3,10]-ionene dodecy! sulfate stoichiometric complex
before and after heating

Compared to the previously described systems, it was somewhat strange that there was no
clearly visible absorption peak from 20 °C to 150 °C in the DSC diagram (Fig. 3.69). From
the ATR-IR spectra of [3,10]-ionene dodecyl sulfate stoichiometric complex we know the
complexes contained water, and this is apparently not removed upon heating.
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Figure 3.69 DSC of the [3,10]-ionene dodecyl sulfate stoichiometric complex
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In the DSC diagram, too, a peak attributable to the evaporation of water from the complexes
was not found. The binding between the [3,10]-ionene dodecyl sulfate stoichiometric complex
and water therefore might be stronger than in the other complexes.

But a thermogravimetric analysis (TG) confirmed the loss of water. In the TG diagram (Fig.
3.70) the second stage from 38 °C to 95 °C revedls a weight loss of about 1.66 % which was
consistent to an absorption peak at 82 °C in the DTA diagram and was caused by water
evaporation from the stoichoimetric complex, as revealed by the fragment peaks (Fig. 3.71) at
m/z = 18 and m/z =17, which were found at about 91 °C. The quite large temperature interval
within which the evaporation proceeds may have prevented the clear-cut appearance of the
respective peak in the DSC diagram (Fig. 3.69).

The third stage from 96 °C to 185 °C, in DTA curve this stage had two absorption peaks
respectively at 119 °C and 162 °C. In the DSC diagram, however, there was no corresponding
peak between 20 °C and 150 °C. But there is a difference between the [3,10]-ionene dodecyl
and the [3,10]- ionene decyl sulfate stoichiometric complex: the [3,10]-ionene dodecy! sulfate
stoichiometric complex is more stable than the [3,10]-ionene decyl sulfate stoichiometric

complex, as even at 230 °C the thermal degradation does not happen
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Figure 3.70 Thermogravimetric analysis of [3,10]-ionene dodecyl sulfate stoichiometric
complexes; heating rate 5 K/min.

The weight loss according to water was about 1.66 %. From this value we calculate that every

ion pair unit of the [3,10]-ionene dodecy! sulfate stoichiometric complex absorbs only about
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0.32 water molecules, when the complex was in equilibrium with ambient air. The samples
were optically isotropic when prepared at ambient conditions. So the [3,10]-ionene dodecyl

sulfate stoichiometric complex was stable below 170 °C, but it can absorb water in air.
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Figure 3.71 Fragments produced in the thermogravimetric analysis of [3,10]-ionene dodecyl
sulfate stoichiometric complexes heating rate 5 K/min

3.5.3.2 I sotr opic-mesogenic properties of the[3,10]-ionene dodecy! sulfate stoichiometric

complex

The [3,10]-ionene dodecyl sulfate stoichiometric complexes easily absorbed water when they
were exposed to increased relative humidity. But the optical properties did not change at
relative humidities up to 56 %. At 58 % the film changed from optically isotropic to optically
anisotropic. A polarizing microscope confirmed the existence of optical anisotropy. We will
show below that a mesogenic phase was formed thereby.

The DSC curve for a sample equilibrated at 53 % relative humidity (Fig. 3.72, curve for
a(H»0) = 0.53) exhibited an emission peak at about 150 °C. If we again assign this peak to the
reaction enthalpy of the hydrolysis of the alkyl sulfate, the high temperature means that water
is not available for the reaction at lower temperatures, in keeping with a missing endothermic
peak for the evaporation of water.
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Figure 3.72 DSC-curve of [3,10]-ionene stoichometrically complexed with dodecyl sulfate
for two samples equilibrated at constant relative humidities: 53 % and 58 %; heating rate 1

K/min.

In this case the plot of enthalpy (or temperature of the maximum of the emission peak) vs.
relative humidity cannot be used to indicate the isotropic-anisotropic phase transition, as only

broad maximum were obtained in the transition region (Fig. 3.73).
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Figure 3.73 Enthalpy and temperature of the maximum of the exothermic peak of [3,10]-
ionene dodecyl sulfate stoichiometric complexes measured by DSC; heating rate 1 K/min.

- 103 -



Ingtitut fur Physikalische Chemie und Elektrochemie TU DRESDEN

From Figure 3.74 it follows that the take up of water was proportional to the fraction of water
in the gas phase. At the trandition point changing from optically isotropic to optically
anisotropic every ion pair of [3,10]-ionene dodecyl sulfate stoichiometric complex absorbed

about 1.5 water molecules.
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Figure 3.74 Swelling (mass fraction w of water) of [3,10]-ionene dodecyl sulfate
stoichiometric complexes and number of water molecules per ion pair unit (1(H20)) as a

function of the relative humidity (a(H20)) applied to the dry sample at room temperature.

Figure 3.75 shows the texture of the anisotropic mesogenic phase of the stoichiometric
complex after cooling (at about 131 + 1 °C) from the isotropic phase as it appeared on the
polarizing microscope. As in the other systems the picture shows a fan texture, which

typically indicates a hexagonal mesogenic structure.
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Figure 3.75 Texture of the anisotropic mesogenic phase in [3,10]-ionene dodecyl sulfate
stoichiometric complexes obtained from a polarizing microscope. Magnification 100X,
sample prepared at a(H,O) = 0.69.
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4 Discussion

4.1 Solution behavior

4.1.1 Viscosities

From inspection of Figures 3.1 and 3.2 it follows that normal polyelectrolyte behaviour was
observed for [3,22]-ionene and [3,12]-iorene in methanol: as the concentration of the ionene
decreased in salt-free solution, the charges on the backbone become less shielded by the
counterions, leading to an increase in intramolecular repulsion. This causes the polymer to
expand, resulting in a dramatic rise in reduced viscosity as shown in Figure 3.1, but when a
simple salt as NaBr was added to the polyelectrolyte solution, some of the mobile electrolyte
diffuses into the polyion coil [85]. The electrostatic screening of the charged segments by the
electrolyte resulted in a marked reduction in the repulsive potential between segments. The
polyion contracted and caused a corresponding decrease in the viscosity of the solution, so the
ionene in simple salt solution behaved like a nonionic solute.

The intrinsic viscosity [h] (or the coefficient A in the Fuoss equation) can be taken as a
relative measure of molecular weights. The h] vaue for [3,22]-ionene exceeds that for
[3,12]-ionene by afactor of 3. The evaluation of light scattering experiments however leads to
8366 g/moal for [3,22]- and 1900 g/moal for [3,12]-ionene (Tab. 3.2), i.e. the molecular weights
differ by a factor of more than 4. So there is only a rough agreement between the two
methods.

4.1.2 Fluorescence of 1l1-anilinonaphthalene-8-sulfate (ANS) in methanol

environments

It is known [104,105] that the fluorescence maximum of ANS is sensitive to the polarity of the
immediate surrounding of the ANS probe molecule. When the probe enters a region of
different polarity, the wavelength at which a maximum in emission intensity occurs will shift
[106], i.e., the maximum decreases from 515 nm in BO to 473 in methanol, to 460 nm in
octanol, and eventualy to 430 nm in hexane. The results for increasing sodium dodecy!
sulfate concentration in methanol suggest that in the absence of ionene there is no marked
effect of SDS, which indicates that micelles are not formed in methanol under the conditions
investigated. Solutions of the ionenes in methanol provide an environment more polar than

methanol. This can be interpreted in terms of ANS anions strongly bound to the cationic units
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of the ionenes. This situation is gradually changed while SDS is added, whose dodecy! sulfate
anions obviously bind more strongly to the cationic units than the ANS ions, which are
consequently replaced and find themselves in a methanol environment. Therefore the
maximum emission wavelength decreases until the stoichiometric point is reached and levels
off thereafter at approximately the methanol value 473 nm (Fig. 3.5 to 3.7). These

experiments clearly monitor and prove the ionene-surfactant complex formation.

For sodium decyl sulfate differing features were observed. The fact that the stoichiometric
point is not indicated suggests that decyl sulfate binds less strongly to the ionenes, so that the
complexes in methanol solution are not completely formed. On the other hand, the decrease of
the fluorescence maximum below the methanol value (473 nm) indicates that ANS induces
the formation of micelles of sodium dodecyl sulfate, which shield ANS from methanol (Fig.
3.8and 3.9).

4.2 lonene

Four ionenes were synthesized, of which [3,22]-ionene had a comparatively high molecular
weight (about 8500 g/mol), while the other three ionenes had low molecular weights only
about 2000 g/moal.
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Figure 4.1 ATR-IR spectra of ionenes
All ionenes have similar functional groups, so they also have the widely agreeing IR-spectra,
which are compared in Fig. 4.1. Only the O-H stretching intensity exhibits some difference.
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But this band was caused by low molecule-weight impurities (water or methanol), as ionene
does not contain O-H groups.

40 -
1
-60 |
2
-
o> -80F
E 100}
~~
o
-120 |
N | N | N | N | N | N | N |
20 40 60 80 100 120 140 160
J/°C

Figure 4.2 DSC of ionenes 1: [3,10]-ionene (3 K/min); 2: [5,10]-ionene (3 K/min); 3: [3,12]-
ionene (5 K/min)
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Figure 4.3 Thermogravmetric analysis of ionenes; 1. [3,10]-ionene; 2: [5,10]-ionene; 3:
[3,12]-ionene; heating rate 5 K/min.
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ATR-IR spectra, DSC and TG diagrams indicated that [3,12]- and [3,10]-ionenes aways
contained some methanol, which was used as solvent during the synthesis, and which was
difficult to remove completely at room temperature over phosphorous pentoxide in vacuum.
[5,10]-ionene, in contrast, easily absorbed water (Fig. 4.2, 3.33). Up to 170 °C [3,12], [3,10]
and [5,10]-ionenes were stable in nitrogen atmosphere, the weight losses were due to the
evaporation of methanol or water and not to the decomposition of ionene. For [5,10]-ionene
the thermal degradation happened at higher temperature, above 223 °C it quickly decomposed
(Fig. 4.3).

4.3 lonene alkyl sulfate stoichiometric complexes

lonene alkyl sulfate stoichiometric complexes have identical functional groups, which are in
dightly differing molecular surroundings. So they aso have very similar ATR-IR spectra,
which are displayed in Fig. 4.4. All stoichiometric complexes contained water, but the content
varied. At ambient conditions, every ion par unit of the [3,12]-ionene dodecyl sulfate
stoichiometric complex absorbs 0.9 water molecules, which reduces to 0,03 water molecules

in the case of the [5,10]-ionene decyl sulfate complex.
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Figure 4.4 ATR-IR spectra of ionene alkyl sulfate stoichiomtric complexes. 1. [3,10]-ionene
dedyl sulfate; 2: [3,10]-ionene dodecy! sulfate; 3: [5,10]-ionene dedyl sulfate; 4: [5,10]-ionene
dodecyl sulfate; 5: [3,12]-ionene dodecyl sulfate
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The capability of the complexes to absorb water was indicated by ATR-IR spectra as well as
by DSC and TG diagrams. DSC curves of [3,12]-ionene dodecyl sulfate, [5,10]-ionene
dodecyl sulfate and [3,10]-ionene decyl sulfate complexes show an unequivocal absorption
peak at about 100 °C (Fig 4.5), which was caused by water vaporizing from the stoichiometric
complex. In DSC diagrams of the [3,10]-ionene dodecyl sulfate stoichiometric complex there
was no absorption peak, indicating a high binding energy between ion pairs and water, which
precludes the evaporation of water below 150 °C.

For the [5,10]-ionene decy! sulfate stoichiometric complex the typical water evaporation peak
is also missing. Instead, at low temperature (60 °C) there was an endothermic peak, and at
high temperature (130 °C) an exothermic peak, and the TG-MS (Fig. 3.49, 4.5) clearly proved
that below 160 °C no water escaped from complex. But in the DTA curve there was a weak
peak at about 100 °C, the weight loss was only about 0.13 %, so this amount is negligible. So
there was aso a strong force between the [5,10]-ionene decyl sulfate stoichiometric complex

and water, only at high temperature (> 150 °C) the strong force can be weakened, and then

water easily escaped.
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Figure 4.5 DSC of ionene akyl sulfate stoichiometric complexes. 1. [5,10]-ionene decyl
sulfate (3 K/min); 2: [3,10]-ionene dodecyl sulfate (3 K/min); 3: [3,10]-ionene decy! sulfate (3
K/min) 4: [5,10]-ionene dodecyl sulfate (3 K/min) 5: [3,12]-ionene dodecyl sulfate (5 K/min)
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Figure 4.6 Thermogravimetric analysis of iorene alkyl sulfate stoichiometric complexes. 1.
[5,10]-ionene decyl sulfate; 2: [5,10]-ionene dodecy! sulfate; 3: [3,10]-ionene dedyl sulfate 4:
[3,10]-ionene dodecy! sulfate 5: [3,12]-ionene dodecyl sulfate; heating rate 5 K/min.

lonene alkyl sulfate stoichiometric complexes had the same stability as ionenes at ambient
humidity. [3,12], [5,10], and [3,10]-ionenes were stable below 170 °C, and [3,12], [5,10] and
[3,10]-ionene akyl sulfate stoichiometric complexes were also stable below 170 °C; [5,10]-
ionere thermally decomposed above 170 °C, and [5,10]-ionene alkyl sulfate stoichiometric
complexes also become unstable at high temperature; the decomposition of the ionene moiety
in the complexes was indicated by the mass fragments CHs (m/z =15) and CHsN*(m/z =29).
The ionenes in the [3,10]-ionene decyl sulfate stoichiometric complex decomposed into
CH3N*(m/z =29) ion above 200 °C.

From curves 1 and 2 in Fig. 4.6 similar processes can be concluded: the [5,10]-ionene alkyl
sulfate stoichiometric complexes contained less water than other ionene alkyl sulfate
stoichiometric complexes, and therefore below 170 °C the weight loss was also negligible.
The [3,12]-ionene dodecyl sulfate stoichiometric complex contained more water than the
other complexes, so below 170 °C the weight loss was the largest.

The apparent discrepancy between the stability of the stoichiometric complex from [3,12]-
ionene and dodecyl sulfate against temperature at ambient humidity (Fig. 3.17) and the
instability upon periodicaly heating the hydrated sample to >80 °C has to be rationalized. A
likely cause is the instability of dodecyl sulfate in the presence of water at high temperature,

-111-



Ingtitut fur Physikalische Chemie und Elektrochemie TU DRESDEN

which leads to hydrolysis yielding dodecyl acohol and sulfuric acid. Initially small amounts
of dodecyl alcohol may stabilize the anisotropic phase [107]. Further progress of hydrolysis
increases the lack of dodecyl sulfate resulting in a complete breakdown of the structure of the
complex and melting. That dodecyl alcohol is formed indeed, was proved by *H-NMR (Fig.
3.28) and ATR-IR spectra (Fig. 3.29), cf. [108]. Further the emission peaks in the DSC
diagrams at elevated humidity (attributed to the hydrolysis reaction) are in keeping.

The hysteresis of transition temperatures observed in heating and cooling cycles (Fig. 3.26)
indicates either a hindered transition or a transition of second order. When the long
equilibration time revealed by Fig. 3.21 is considered, the former explanation is more likely.
Lyotropic phase transitions in water swollen solid polyelectrolyte-surfactant complexes
triggered solely by a temperature change are rarely described. It is a unique feature in the use
of ionene as a backbone that the electrostatic forces and hydrophobic effects (governing the
lyotropic properties) can be balanced without the addition of inorganic salt by varying the
number of CH»-groups between the cationic sites and in the akyl sulfate. As a consequence
no binding strength of ion pairs has to be sacrificed to alow a phase transition at suitable
temperatures.

Lyotropic phase transitions induced by an increase of humidity, i.e. the solvent is offered from
the gas phase, is a new feature discovered in our group [94].

lonene akyl sulfate stoichiometric complexes take up water at ambient humidity. The
complexes nevertheless still display the isotropic phase; this would change to anisotrpic when
the complexes were exposed to sufficiently high humidity. The results have shown, that this
phenomenon is connected with the position and the enthal py of an exothermic peak arising in
the DSC curves when these are measured at elevated relative humidity. Fig. 4.7 and Fig. 4.8
comprise the DSC diagrams before and after the humidity induced transition form the

isotropic to the anisotropic phase.
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Figure 4.7 DSC-curve of ionene goichometrically complexed with alkyl sulfate for samples
equilibrated at constant relative humidities: 1) 53 % [3,10]-ionene dodecyl sulfate; 2) 58 %
[3,10]-ionene decyl sulfate; 3) 58 % [5,10]-ionene decyl sulfate; 4) 67.4 % [5,10]-ionene
dodecyl sulfate; 5) 88.1 % [3,12]-ionene dodecyl sulfate; heating rate 1 K/min. All the

stoichiometric complexes showed optical isotropy.

In Fig. 4.7 and 4.8 the DSC diagrams of samples at constant relative humidities shortly below
(Fig. 4.7) and shortly above (Fig. 4.8) the humidity induced phase transition from isotropic to
anisotropic are comprised. Inspection of the figures reveal that for identical ionenes
complexed with varying akyl sulfates ssimilar endothermic (absorption) peaks were found:
[3,12]-ionene alkyl sulfate stoichiometric complexes show similar endothermic peaks at 132-
135 °C before and after the transition; [5,10]-ionene alkyl sulfate stoichiometric complexes
behave analogously in exhibiting endothermic pesks at 120-122 °C. But [3,10]-ionene alky!l
sulfate stoichiometric complexes have not these endothermic peaks between 0 °C and 170 °C,
which indicates that below 170 °C no water was vaporized from these complexes. For al
stoichiometric complexes below and above the humidity induced transition there are
exothermic peaks, which are missing in the DSC curves of samples at ambient humidity.
These peaks were assigned to the chemical reaction of alkyl sulfate with water. The alkyl
sulfate was hydrolysed to form akyl alcohol. As the exothermic peaks appear at distinct
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temperatures we can conclude that the ionenes have a specific influence on the stability of

akyl sulfates in the stoichiometric complexes.

Q/mwg™

20 40 60 80 100 120 140 160
J/°C

Figure 4.8 DSC-curve of ionene stoichometrically complexed with alkyl sulfate for two
samples equilibrated at constant relative humidities: 1) 58 % [3,10]-ionene dodecy! sulfate
2) 64.8 % [3,10]-ionene decyl sulfate; 3) 62 % [5,10]-ionene decyl sulfate; 4) 69 % [5,10]-
ionene dodecyl sulfate; 5) 91.4 % [3,12]-ionene dodecyl sulfate; heating rate 1 K/min. All the

complexes showed optical anisotropy at room temperature.

As the formation of akyl alcohol from akyl sulfate has been proven for the [3,12]-ionene
dodecy! sulfate complex, we can with high probability attribute the exothermic peak to the
reaction enthalpy of the hydrolysis of alkyl sulfates. This reaction requires comparatively free
water (and a sufficient temperature). Obviously, the availability of water in the complex
varies during the transformation isotropic-anisotropic. Therefore the emission peaks shift
accordingly in most cases and can be used to indicate the humidity induced transition point
(Fig. 3.41 and related). At the humidity induced transition point the respective values changed
very quickly (Fig. 3.22, 3.41, 3.51, 3.64, 3.73), but the curve forms were different.
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n(C- Transition Transition n(H2O) / n(ion
atoms/unit) | humidity | temperature* pairs)
a(H20) T/°C

312C12 27 0.914 102 4
510C10 25 0.69 62 2.38
510C12 27 0.62 97 2
310C10 23 0.648 80 2
310C12 25 0.58 154 15

* Sample prepared at the relative humidity given in the a(H,O) column

Table 4.1 The properties at the transition point for ionene akyl sulfate stoichiometric
complex. 312C12: [3,12]-ionene dodecyl sulfate stoichiometric complex; 510C10: [5,10]-
ionene decyl sulfate stoichiometric complex; 510C12: [5,10]-ionene dodecyl sulfate
stoichiometric complex; 310C10: [3,10]-ionene decyl sulfate stoichiometric complex;
310C12: [3,10]-ionene dodecyl sulfate stoichiometric complex; n(H2O)/n(ion pairs): number

of water molecules per ion pair unit.

Inspection of the table reveals that transition humidities (a(H2.O)) do not correlate with the
total number of C-atoms per ionic unit (chain segments + surfactant) nor with the lengths of
the ionene chain segments of surfactant chains. On the other hand the number of water
molecules needed for the humidity induced phase transition fairly correlates with the relative
humiditiy at the phase transition point. This correlation meets the intuition. The transition
temperature column clearly reveals that dodecyl sulfate complexes need higher temperatures
for the thermal transition to the isotropic phase as compared to the decyl sulfate complexes.
This can be rationalized in terms of a more stable hexagonal order in the surfactants with the
longer alkyl chain.

All ionene akyl sulfate stoichiometric complexes (except [3,22]-ionene complexes) showed
phase transitions hexagonal-isotropic upon heating, provided that there was sufficient
humidity present to alow the formation of the hexagonal phase [110]. Phase transitions in
[3,12]-ionene dodecyl sulfate stoichiometric complexes can be induced in a thermotropic way
(Fig. 3.26) or in alyotropic way (Fig. 3.21), if we accept the take up of water through the gas
phase as a lyotropic process. If the stability problem (hydrolysis of akyl sulfates) can be
overcome, the systems may be readily applied to develop hygrometers. In this respect,

surfactants which are stable against water may be more promising complex partners.
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Complexes of [3,22]-ionene were not suitable for the purpose of the thesis as the complexes
with akyl sulfates did not form transparent films. The reason might be a too large distance
between the ionic units leading to a behavior much like nonpolyelectrolytes, in which the
long CH»-segments form crystalline domains. A less likely reason is that the comparatively
high molecular weight achieved in the preparation of this ionene precludes the formation of

transparent films (8000 g/mol as compared to 2000 g/moal).
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5 Conclusion

1. The ionenes investigated behaved as polyelectrolytes in methanol in the absence of
added simple electrolytes and like a nonionic polymer in methanol in the presence of
added electrolytes, because some of the mobile electrolyte diffused into ionene, and
the electrostatic screening of the charged segments by the electrolyte resulted in a
marked reduction in the repulsive potential between segments. Differences in the
molecular weights of the ionenes were reflected by the respective intrinsic viscosities
[h].

2. The apparent hydrodynamic radius;, Ry of [3,12] and [5,10]-ionene (in the absence
of salt) did not change significantly within the concentration range 10-40 gI*; but for
their alkyl sulfate stoichiometric complexes, apparent hydrodynamic radius, R4*P
changed significantly within the concentration range 10-40 g I'*; [3,12]-ionene dodecy!
sulfate stoichiometric complexes (in the absence of salt) in methanol had a lower
apparent hydrodynamic radius (R4*") than [3,12]-ionene dodecyl sulfate
stoichiometric complexes in the presence of simple salt.

3. Fluorescence experiments with the spectroscopic probe 1-anilinonaphtha ene-8-sulfate
(ANS) in methanol environments confirms the ionene-surfactant complex formation
between ionene and SDS, but for sodium decyl sulfate the complexes in methanol
solution are not completely formed.

4. [3,12], [3,10]-ionenes aways contained some methanol, while [5,10]-ionene easily
absorbed water. From 20 °C to 170 °C [3,12]-, [3,10]-, and [5,10]- ionenes were stable
in nitrogen atmosphere, but for [5,10]-ionene above 170 °C thermal degradation
happened. lonene in ionene akyl sulfate stoichiometric complexes probably
decomposed into CH3 (m/z =15) ion and CH3N(m/z =29) ion.

5. All ionene akyl sulfate stoichiometric complexes easily absorbed water when they
were exposed to air. Below 170 °C the weight loss in TG experiments was mainly
caused by the evaporation of water from ionene alkyl sulfate stoichiometric
complexes.

6. The sort of ionene used influences the stability of iorene alkyl sulfate stoichiometric
complexes in aspecific way.

7. The stoichiometric complexes of ionene akyl sulfate display mesogenicity, i.e.
lyotropic and thermotropic phase transitions from the optically anisotropic to the

opticaly isotropic phase (and vice versa) can be induced. They were all sensitive to
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both humidity and temperature. In principle, the effects can be applied to measure
humidity.

8. [3,12]-, [5,10]-, and [3,10]-ionene alkyl sulfate stoichiometric complexes exhibit
hexagonal structures in the optical anisotropic phase.
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