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Introduction

The wide number of studies performed in polymer-polymer or polymer-surfactant aqueous
mixtures is a consequence of their significance in many different fields from fundamental
science to industrial applications. Polymers and surfactants are present everywhere: they can be
found in the human body, in cleaning products, in construction materials, in paper, in food, in
pharmaceutical products, etc'™.

When mixed in water, under some circumstances, some polymers or polymers and surfactants
attract each other and form complexes. These complexes can be soluble (homogeneous
solution) or insoluble (separating out from the solution), depending on the chemistry of the
molecules, the composition of the mixture and the ionic strength. Insoluble complexes can be
used to create water-insoluble surface coatings by surface deposition techniques™® The
insoluble complexes can separate out from water, forming a concentrated phase, which is in
equilibrium with a dilute phase. For polymer-surfactant systems, the concentrated phase may
display a variety of long-range ordered structures (liquid crystals) with diverse and interesting
properties, due to the self-assembling tendency of surfactant molecules. These concentrated
phases display structures that may be related to those formed by surfactants alone, but the
presence of the polymer can facilitate the formation of the structures as well as modify their
features. The long-range ordered structure of the concentrated phase depends largely on the
chemistry of the molecules, the composition of the mixture and the interactions between the
molecules. The structure of the concentrated phase can also be altered through chemical
reactions performed directly in the system. When the mixtures exhibit long-range ordered

11,12

structure, they can be used as templates to produce “mesoporous” materials or to form

structured nano-particles'*'.

Different states of a mixture (soluble or insoluble) may find use in different states of an
application. For instance, a shampoo is a homogeneous solution containing polymers and
surfactants (or polymer-surfactant complexes) and during rinsing with water the polymer-
surfactant complexes become insoluble and deposit onto the hair, creating a smooth coating'’.
Performing in situ chemical reactions is another way to produce mixtures with some properties
at a certain stage and other properties at another stage. This method has been used in
applications in paints and surface coatings'.

Polymers and surfactants are widely used as rheology modifiers or gelling agents and their
mixtures can exhibit interesting (sometimes non-monotonic) rheological behaviour, different
from the individual polymer or surfactant solutions®' "2,

In this Thesis, interactions between polymers or polymers and surfactants in aqueous media

have been studied, approaching the various systems (charged and non-charged) from different



perspectives. The work performed involved the study of phase behaviour of an uncharged
polymer-polymer system, charged polymer-polymer and polymer-surfactant systems and the
influence of chemical reactions in the polymer-surfactant systems.

The summary of this Thesis provides first a general background on polymers and surfactants
and moves on to particular relevant aspects of the mixtures. For each mixture studied, a short
overview of the related previous works is presented followed by a short summary of the main

findings in this Thesis.

Polymers

Polymers are long chain molecules built from many smaller structural units called monomers
(repeating units) which are covalently connected through polymerization reactions. The
essential requirement for a small molecule to qualify as a monomer is that it contains reactive
chemical bonds which under some conditions provide two or more bonding sites through which
other monomers can covalently link and form the polymer chain. The number of repeating units
in a chain is called the degree of polymerization.

Polymers can be ionic, and they are called polyions, or non-ionic (hydrophobic or hydrophilic).
When charged, there is always an oppositely charged counterion neutralizing each charge of
the polyion and the polyion together with its counterions constitutes a polyelectrolyte. They can
be linear or branched (contain side groups attached to the backbone chain). Polymers can be
homopolymers (built up from one kind of monomer) or copolymers (built up from different
monomers). Copolymers can be amphiphilic if they contain both hydrophilic and hydrophobic
repeating units. Copolymers can be made of blocks or be statistical (with a random distribution
of the monomers). Polymers can have titratable or permanent charges. They can be flexible or
rigid. Figure 1 shows examples of uncharged polymers, A, with titratable carboxylic groups,
B, with neutral repeating units, and D, a triblock copolymer with poly(ethylene oxide) and
poly(propylene oxide) groups, also called poloxamer; and polyelectrolytes (polyions +
counterions): C, E, F and G. A, B and C, poly(acrylic acid), PAA, poly(NIPAM) (NIPAM =
N,N-isopropylacrylamide) and sodium poly(styrene sulfonate), NaPSS, respectively, are
obviously simpler polymers when compared to D, E, F and G, poloxamer, derivative of
hydroxyethyl cellulose hydrophobically modified with Ci,H,s, cat-HMHEC, cat-HEC (no
hydrophobic modification) and deoxyribonucleic acid, DNA, respectively.
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Figure 1 — Chemical structure of polymers relevant to this Thesis: A — poly(acrylic acid), PAA;

B — poly(NIPAM) (NIPAM = N,N-isopropylacrylamide) copolymer; C — sodium poly(styrene

sulfonate), NaPSS; D — poloxamer; E — derivative of hydroxyethyl cellulose hydrophobically
modified with Ci,Hys, cattHMHEC, F — cat-HEC (no hydrophobic modification) and G —

deoxyribonucleic acid, DNA.



Polymers can be synthesized by different methods (in bulk, suspension or emulsion). Bulk free
radical polymerization is a simple polymerization reaction which initiates by the formation of
radicals from an initiator by increasing temperature or using UV radiation. The radicals
“attack” vinylic bonds creating a chain carrier and addition of monomers to a propagating chain
occurs. Finally, the reaction is terminated by combination of radicals or disproportionation

mechanisms?.

Polymers in aqueous solution

Water-soluble uncharged polymers dissolve in water due to the gain in conformational entropy
of the individual flexible polymer chains when these are diluted by the solvent. In general,
charged polyions have a higher solubility in water than the corresponding uncharged polymer
due to the dissociation of the counterions which increases the entropy of mixing®*. The
distribution of the counterions is enhanced close to the polyion and levels off with increasing
the distance from the chain®. Some polyions, e. g. cat-HMHEC (Figure 1E), belong to the
category of intrinsically insoluble polyions because the origin of its solubility is the presence of
the charges (these polymers do not dissolve if their charges are screened by the addition of
salt).

The amount of charged units per unit length in the polyion is referred to as the charge density.
The charge density of polyions can vary considerably. Small distances between charges in the
chain give a high charge density. Two examples of highly charged polyions are poly(acrylate)
(PA") (Figure 1A in the acid form) and DNA (Figure 1G) with the distances between charges
0.25 nm and 0.34 nm (in each strand of DNA)®, respectively. For cat-HMHEC and cat-HEC
(Figure 1E and F) the distances between the charged groups projected onto the polyion

backbone are roughly 10 nm and 2 nm, respectively,””**

corresponding to polyions of low
charge density. The charges in the polyion can cause additional rigidity of the chain due to the
electrostatic repulsion between charges of the same sign. Note that PA™ has a more flexible
chain compared to cat-HEC or DNA.

For amphiphilic uncharged polymers (Figure 1D) and cat-HMHEC, the hydrophobic parts
minimize the contact with water and self-assemble. This behaviour is similar to the surfactant

behaviour that will be discussed below.

Flory-Huggins Theory

The entropy increases when mixing polymer and solvent. But, as said before, because the
number of polymer chains is small, the most important contribution to the entropy of mixing
comes from the increased number conformations available to individual flexible polymer

chains when the latter are surrounded by small solvent molecules, rather than other polymer

4



chains. A lattice model to calculate the entropy of mixing for polymer solutions is given by the
Flory-Huggins theory”. In the model one assumes a random distribution of the monomers
despite the connectivity and that one monomer or one solvent molecule occupies one lattice

unit (see Figure 2).
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Figure 2 — Flory-Huggins lattice model for the mixture of a polymer and solvent.

The entropy of mixing can be calculated using Equation 1.
ASyi = -k(N1 + r:2No) [ filngy + (/1)) Ing, | 1)

where @ = N/(N; + r,N,) and ¢ = roNo/(N) + r,N,) are the volume fractions of solvent and
polymer respectively. N; is the number of solvent molecules, &, is the number of monomer
units, r; is the number of monomers per polymer (degree of polymerization).
AG,,; is expressed as

AG,,= KT(N, + 1Ny [dilngy + (h/ro)Ing, + yiadi ] (2)
The entropy of mixing becomes more important the smaller the molecules are. The enthalpy is
considered as being due to the balance of intermolecular interactions between the different
molecules which is expressed by the y parameter. This parameter can be negative or positive
depending on whether the 12 interaction is more or less attractive than the average of the 11

and 22 interactions.”*?’

Surfactants

Surfactants are amphiphilic molecules, containing both polar (hydrophilic) and non-polar
(hydrophobic) parts. The polar part of the molecule can be charged or uncharged (non-ionic)
and the non-polar part is typically a hydrocarbon chain. When charged, the head group of the
surfactant ion is neutralized by a counterion. Due to their special properties, surfactants are
surfaces active agents that can control surface and interfacial tensions, wettability, interfacial
hydrodynamics, dispersion stability and rheology. Figure 3 shows examples of single-chain
ionic surfactants (cationic surfactant ions + anionic counterions). In Figure 3 is seen that the

alkyl chain length and the counterion type can vary. In Figure 3A, the common



cetyltrimethylammonium bromide surfactant is (C;sTABr) shown. The surfactant presented in
Figure 3B has the dodecyltrimethylammonium ion neutralized by the organic counterion
acrylate (C;,TAAcr). Acrylate (containing one vinylic bond) as seen in the Polymers section is
the monomer which builds the poly(acrylate) polyion. Figure 3C shows a surfactant ion which
contains an ester group which is very unstable under some pH conditions. Surfactants of the

type shown in Figures 3B and C are used to manipulate surfactant action/properties through

polymerization of the counterion or the hydrolysis of the ester bond, respectively'*.
Br ,CH3
Gt CH, o CHg
H;C /N ~ /
H;C—N
H;C /
g o s H;C
HC—N o
H;C 0
A HiC B H;C C CH;

Figure 3 — Chemical structure of surfactant molecules relevant to this Thesis: A —
cetyltrimethylammonium bromide (C;TABr); B — dodecyltrimethylammonium acrylate

(Ci2TAAcr) and C — decyl betainate (DeB).

cMC

In water, the hydrophobic chains tend to associate spontaneously and the surfactant molecules
form aggregates at some characteristic concentration. The simplest surfactant aggregate is the
micelle. The micelles can have the shape of a sphere, an ellipsoid or a rod. The formation of
micelles starts at the critical micellar concentration (CMC) and is a highly cooperative process.
This concentration is approximately equal to the concentration of the free surfactant molecules,
also called unimers (not aggregated) that remain in solution above CMC. Below the CMC, the
surfactant behaves like a simple electrolyte. Above the CMC adding more surfactant to the
solution only produces more micelles over a certain concentration range.

The balance between hydrophobic, electrostatic and steric effects determines the CMC®.
Different surfactants have different CMCs depending on the chain length, type and valency of
the counterion and type of head group®'*2. The CMC of ionic surfactants can be lowered by: i)
an increase in the alkyl chain length (not specific for ionic surfactants); ii) an increase in the
valency of the counterion; iii) the presence of salt and iv) an increase in the counterion affinity

to the surfactant ion.



The number of aggregated surfactant molecules in a micelle is called the aggregation number,

Nige.
Pseudo-phase separation model

When surfactant molecules are added to water, they are distributed between the bulk and the
air-water interface (surface). The micelle has been considered as a separate phase in the
pseudo-phase separation model, where the CMC is regarded as the saturation concentration for
the single surfactant ions. The Gibbs adsorption equation, which connects the surface tension of

a solution with the concentration of a solute, may be written in the form

-RTT; = (8/0Ina;)y = (0y/0lnx,)r (Olnx/dlna,)r 3)

where 7 is the surface excess of the component i, ¥ is the surface tension, «; the activity and x;
the mole fraction of the component i. The surface tension, y, has a nearly constant value over a
wide range of values of x; in excess of the CMC. If [ is finite and if (0y/0lnx,)r is zero, it
follows that (Olnx;/Olna;)r is also zero. This is equivalent to the statement that a; is independent

of x; above CMC and this is a signature of phase separation.*®

Krafft point

The solubility of a surfactant varies with temperature. When the temperature decreases, the
surfactant can precipitate out from solution as a solid crystal instead of forming micelles. The
point at which the solubility equals the CMC is called the Krafft temperature. The solubility
below this point is determined by the solubility of the surfactant monomers, whereas above it

the high solubility of the micelles enables the formation of an homogeneous solution®™".

Surfactant number and mean curvature

The shape of the surfactant aggregates can be understood by two different approaches: the
surfactant number or critical packing parameter, N;, N~=v/lay, and the mean curvature of the
surfactant-water interface, H, H=1/2(1/R;+1/R5). v is the volume of the hydrophobic portion of
the surfactant molecule, / is the length of the hydrophobic chain and ay is the effective area per
surfactant head group. R; and R, are the radii of curvature of the surfactant-water interface in
two perpendicular directions. Surfactant numbers relate the properties of the molecule to the
preferred curvature properties of the aggregates. For a sphere: Ng=1/3 and H=1/R (R;=R,=R);
for a cylinder: N,=1/2 and H=1/2R (R;=R and R,=wx), for a planar bilayer: N~=1 and H=0; and

for bicontinuous structures: N:=>1 and H~0 (R1=—R2).25



Aggregates at high concentrations

In binary surfactant/water systems, a variety of structures can be found, ranging from
disordered micellar solutions (referred to as M here and in the following sections) at lower
concentrations to liquid crystalline structures (long-range order and short-range disorder) at
higher surfactant concentrations. Liquid crystalline structures are composed of surfactant
aggregates. The organization of surfactant aggregates can be in 3, 2 or 1 dimensions,
corresponding to cubic (C), hexagonal (H) or lamellar (L) arrangements, respectively. The
cubic structure can be bicontinuous or formed by discrete micelles packed in different
arrangements (discontinuous). The micellar cubic structures can be divided into three main
families: primitive, body centered and face centered. The unit cell, the smallest repeating unit
in the 3D structure, in a cubic micellar structure contains different numbers of packed micelles
in the different structures. The simplest is the primitive, which has only one micelle per unit
cell. Body-centered (BCC) and face-centered (FCC) cubic structures have two and four
micelles per unit cell, respectively, and the cubic structure with the Pm3n space group has eight
slightly elongated micelles in the unit cell. The most common space group encountered for
bicontinuous cubic structures is the /a3d (Cy). Cubic structures are optically isotropic while
hexagonal and lamellar are anisotropic. Figure 4 shows schemes for surfactant structures.
Various factors that determine the relative stability of the different structures are discussed

below.

7 f
58N =
colleop E W T —

Figure 4 — Schemes of surfactant liquid crystalline structures relevant in this Thesis. From left
to right: micellar cubic (C): A — BCC, B — FCC, C — Pm3n; D — hexagonal (H); E — Cubic
Bicontinuous /a3d (C,) and F lamellar (L).

A U g

Figure 5 summarizes sequences of surfactant aggregate structures appearing at high

concentrations that will be discussed below.
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Figure 5 — The scale of the axis goes from 0 to 100 wt% for the respective compound in water.
H shows the concentration of decanol. A — water phase, M — micellar, C — micellar cubic, H —

hexagonal, L — lamellar and D — decanol.

Concentration

Concentration effects are apparent in the majority of the binary systems listed in Figure 5. In
the top of the figure the phase sequence for P104/water binary mixtures is illustrated. The
poloxamer P104 is composed of x=27 ethylene oxide (EO) units in each of the poly(ethylene
oxide) blocks and y=61 propylene oxide (PO) units in the middle poly(propylene oxide) block
(see scheme in Figure 1D). P104 in water presents a very rich phase behaviour: at low
concentrations there is a micellar phase, then at intermediate concentrations a micellar cubic
phase of FCC type emerges and at higher poloxamer concentrations the hexagonal and lamellar
phases are found.

Examples of surfactant/water binary systems for the cetyltrymethylammonium cationic
surfactant ion with the negative organic counterions acetate (Ac) and acrylate (Acr), C;sTAAc
and C¢TAAcr, respectively, are shown in Figures 5B and C. These systems present a micellar
phase for low concentrations, a cubic phase of the Pm3n symmetry, for intermediate
concentrations and for the highest surfactant concentration shown they exhibit a hexagonal
phase. These two counterions are chemically very similar and indeed the surfactant/water
binary mixtures give the same phase sequence.

When the concentration is increased, the surfactant parameter does not change very much when
moving from micellar to cubic structure, hence the micelles pack into a cubic arrangement. At a
certain concentration surfactant molecules cannot be accommodated in the micelles unless they
deform. When this happens the micelles grow in one dimension forming long-cylinder shaped
aggregates, with a subsequent decrease of the aggregate curvature. The cylinders pack in a

hexagonal arrangement. At higher concentrations, the surfactant aggregates must grow in one



other dimension to accommodate more surfactant molecules, hence they rearrange into

lamellae (planar bilayers).

Counterion

The type of counterion to the surfactant ion might affect the phase behaviour. Strongly bound
counterions decrease the repulsion between the charged head groups, resulting in a smaller
head group size. Consequently, the micelles grow and become non-spherical at high
concentrations. One example of this change of phase behaviour is given in Figure 5D for the
cetyltrimethylammonium bromide, C;(TABr, in water. It shows a transition from micellar
phase directly into a hexagonal phase, without an intervening cubic phase.

Theoretical and experimental studies have shown that the increase of the counterion valency

3438 When a monovalent

gives rise to an additional attraction between the aggregates
counterion is replaced by a polyion, the polyion gives rise to an attraction between the
surfactant aggregates and even at very low surfactant concentrations, polyion-surfactant ion
complexes separate out from water. The polyion-surfactant ion concentrated phase often has a
long-range ordered structure. Figures SE and F show two results for the systems with polymeric

counterions, poly(acrylates), PA", with a degree of polymerization of 30 and 6000.

Chain length
The long chain surfactant has a higher propensity to form elongated aggregates when compared
to a shorter chain surfactant, due to its lower surfactant parameter. This is shown in Figure 5G,

for the PA™ with 6000 repeating units, which should be compared with Figure SF.

Co-surfactant

Another way of changing the curvature of the surfactant aggregates is to add a so-called co-
surfactant, normally an alcohol. Fontell et al showed that adding decanol to C;sTABr or
(C16TA),SO, aggregates in water caused the surfactant aggregates to change to a lamellar
structure®. The small head group of the alcohol situates at the surface and decreases the
average head group area of the surfactant + co-surfactant mixture, thereby increasing the
surfactant number. The curvature is decreased and the sequence cubic—hexagonal—lamellar
can be obtained increasing the alcohol content (see Figure 6). Figure SH shows the phase

sequence for the complex C;,TAPAyy With increasing concentration of decanol®.
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Figure 6 — Scheme showing the decrease in curvature and the transition from micelles to rods

and planes, as the content of the alcohol is increased.

Ternary mixtures

Associative phase behaviour

When two polymers (P,, P;) or a polymer (P,) and a surfactant (S;) are mixed in water the
compositions of the mixtures can be presented in a ternary phase diagram (Gibbs triangle) as
the one shown in Figure 7. The sides of the triangle represent the three binary mixtures while
the inside represents the ternary mixtures. Due the small contribution of the translational
entropy of mixing for polymers and surfactant aggregates, their mixtures have a strong
propensity to phase separate. Therefore when there is an attractive interaction between the
polymers or the polymer and the surfactant, they associate and it is common to encounter a so-
called associative phase separation (2¢ region; in this context ¢=phase) for the water-rich
mixtures close to the water corner'®. The mixture separates into two phases. (Water is
represented by W here and in the next sections.) Typical features of an associative behaviour

are depicted in Figure 7.

Figure 7 — Typical features of the phase diagram for an associative behaviour. Shadow — 2¢

region.
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In the associative phase separation, the 2¢ region is anchored in the water corner of the ternary
phase diagram and has the shape of a drop, which can be more or less symmetric in relation to
the bisector of the water corner. The tie-lines, connecting the equilibrium compositions of the
co-existing phases in the 2¢ region, run from the water corner to the opposite side of the loop,
showing that one phase is very dilute and the other is mostly constituted of the complexed
molecules. Outside the 2¢ drop one finds a 1¢ region, meaning that the mixture of the two
associating components can lead to the formation of soluble or insoluble complexes depending
on the composition or ratio between the mixed components.

This association is quite general for oppositely charged mixtures, but can also be found for
non-ionic mixtures. The size of the phase separation region increases with an increase of
polymer molecular weight, alkyl chain length of the surfactant or charge density of the
polyelectrolyte™ and it decreases for instance with addition of salt, which screens the
electrostatic interactions. For certain non-ionic systems, the extension of the phase separation
region can also be strongly affected by temperature. An associative phase separation is

favoured by a decreased hydrophilicity of one or both of the solutes*'.

Flory-Huggins Theory for three-component systems

The reason for the analogy in the phase behaviour between aqueous polymer-polymer and
polymer-surfactant systems comes from the fact that the translational entropy of mixing is
small for both the micellar and the polymer solution and that the phase behaviour is strongly
influenced by the enthalpic effect.

The phase behaviour of ternary polymer-polymer-water or polymer-surfactant-water systems
can be understood in the context of simple lattice Flory-Huggins theory for polymer mixtures.

The Flory-Huggins theory can be extended to three components®:

AG = KT(Ny + 12Ny + 13N3) [ gilngy + (dy/r)Ings + (dy/r3)Ings + yiudi b + yi3i s + 1aaahs | 4

where the subscript 3 refers to the second polymer or the surfactant.

Polymer-polymer systems

Non-ionic mixtures
Associative aqueous polymer-polymer or polymer-surfactant non-ionic mixtures have not
received much attention with respect to detailed phase studies. Generally the mixtures were

restricted to dilute regime. For instance poly(acrylic acid), PAA, poly(methyl methacrylic
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acid), PMMA, and other polymers containing acrylic acid have been mixed with other non-
ionic polymers such as polyethylene oxide (PEO), polypropylene oxide (PPO), poloxamers or

non-ionic conventional surfactants*>?

. In many of these studies, a macroscopic phase
separation was seen. Saito concluded that complexation between PAA and PPO was weak
compared to PMMA-PPO complexation® and Costa et al. inferred that PAA preferred to reside
in the PEO corona of the poloxamer P123 micelles rather than in the PPO core™. At the other
concentration extreme, there is recent work on PAA and poloxamers blends>**>.

Associative mixtures of poloxamers and polymerized silica are used to prepare mesoporous
silica materials because in dilute solutions of poloxamers, the poloxamer molecules remain
aggregated and they separate out from solution, together with the polymerized silica in the form
of a liquid crystalline structure''”**”. This suggests a preference of the polymerized silica for
the PEO blocks, compared to the PPO blocks. It is interesting to note that it was found for some
systems that silica hydrophobic silica precursor (tetramethoxy orthosilane) initially penetrates
into the PPO core of the poloxamer micelles, but the polymerized silica network partitions to

the PEO corona™.

In this Thesis, the aqueous phase behaviour for systems containing PAA of different lengths, m
= 6000, 25 and 1 (m represents the number of repeating units or degree of polymerization, 1
corresponds to the repeating unit, propionic acid, PrA), and the poloxamer P104 was studied.
As seen from the overview above, it is known that PAA interacts associatively with poloxamers
in water, however the studies are restricted to the dilute regime. P104/water binary system
presents a variety of structures, as can be seen in Figure SA. This study bridges the studies in
dilute regimes to the study in PAA-poloxamer blends of Watkins et al****. The obtained ternary

phase diagrams are depicted in Figure 8.

Figure 8 — Experimental P104/H,0O/PAA(PrA) phase diagrams.
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The main observations/conclusions from this study are listed below.

— Replacement of water by PAA (>10wt%) destroys the poloxamer self-assembly and thus
the liquid crystalline phases giving place to disordered liquids or stiff gels. The decrease in
PAA length, in the PAAgyo — PAA,s — PrA sequence, increased the efficiency to destroy
the structured phases. PAA acts as a less “selective” solvent, for the PPO and PEO blocks,
than water.

— At low and intermediate concentrations of P104, an associative phase separation was
found, appearing in a closed droplet-shaped miscibility gap with tie-lines confirming the
association. This phase behaviour is similar to the one shown in Figure 7. The different 1¢
regions are seen for all the compositions outside the miscibility gap.

—  Within the miscibility gap, none of the two phases in equilibrium showed long-range
order. Here the self-assembly of the poloxamer, which occurs in water is largely irrelevant
for the associative phase separation which involves individual poloxamer chains rather
than aggregates of chains.

— The phase separation was larger for the longer PAA and non-existing for PrA.

— There was an asymmetry in relation to the water corner bisector in the sense that even very
small additions of P104 to PAA solutions resulted in phase separation, whereas a
significant amount of PAA could be added to P104 solutions before phase separation.

— Similarities between this study and the study of Galatanu et al”® on PAA mixed with a
common non-ionic surfactant, Triton X-100, were found. An associative phase separation
was observed at low concentration of PAA and Triton X-100 and, at higher overall
concentrations, a variety of single-phase regions of different liquid crystalline or

disordered structures was found.

Oppositely charged mixtures

Oppositely charged polyelectrolyte mixtures have been studied and some detailed phase studies
have been performed to understand the role of molecular weight, charge density, chemical
structure and ionic strength in phase behaviour and rheological properties®®".

When two neutral salts, for instance two polyions of opposite charges (P,  and P;") with their
respective counterions (A" and A"), are mixed, the dissociation of the counterions and the
different alternatives to combine the charged species into net neutral (mixed) salts turns the
mixture into a 4-component system. Contrary to the non-ionic systems, presented above, for
oppositely charged systems the classical triangular representation is generally not correct when

5 species are mixed. The Gibbs phase rule states that f~=c-p, when pressure and temperature are

fixed. f'is the number of degrees of freedom, p is the number of phases in the system and ¢ the
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number of components. Due to the electroneutrality constraint all ionic species are independent
but one. The latter constraint turns the system in a 4-component system, which has to be
correctly described by a 3D figure and not a 2D triangle (since each one-phase region has three
degrees of freedom in the compositional variables) (Figure 9).° Typically, the phase
behaviours of two oppositely charged species have been represented by the so-called
conventional mixing plane (A'P,/P;"A/W). In Figure 9 a hypothetical associative phase
separation region (similar to Figure 7) is drawn in the conventional mixing plane. Again the
associative interaction between the oppositely charged polyions leads to the formation of a
concentrated phase enriched in the polyions and a dilute phase which in this case is enriched in
the simple counterions. In Figure 9, there are two hypothetical tie-lines which pass through the
two different phase-separating mixtures. In this hypothetical scenario, the tie-lines do not fall in
the same plane; generally the separating phases are not restricted to the conventional mixing
plane. The dilute phase has the composition corresponding to the location of the end of the tie-
line closer to the water corner and the concentrated phase has a composition corresponding to
the location of the opposite end (farthest from the water corner). Due to the difficulties in
representing the mixtures in the 3D phase diagram, triangular representations are preferred in
general. Often, for the sake of correctness, the mixtures of oppositely charged species are
presented in the so-called phase maps rather than in phase diagrams. Each mixture is placed in
the map accordingly to the number of phases that it presents. When experimental tie-lines are

shown in the phase maps they are generally projections of the real tie-lines.

PA

Figure 9 — 4-component system represented by a pyramidal phase diagram with an associative
phase separation in the A"P,/P;'A/W plane. The tie-lines are shown as straight lines passing

through the mixing plane.
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It is indeed possible to observe that oppositely polyion-polyion complexes do not separate out
of the solution only at charge equivalence; mixtures of oppositely charged polyelectrolytes can
show a pronounced asymmetry in relation to the charge equivalence. This asymmetry has its
origin in some difference between the polyions other than the sign of the charge (a mixture of
two polyions differing only in the sign of their charge must necessarily give rise to a symmetric
phase diagram). For instance, a well established cause of asymmetry in phase behaviour in
these systems is a pronounced difference in the number of charges per polyion®.

The oppositely charged polyions interact mainly by Coulombic forces but if, for instance, the
polyions contain hydrophobic moieties, hydrophobic interactions might play a major role and
can modulate the thermodynamic phase behaviour, as reflected in the extent of the phase
separation. When hydrophobic interactions are present, they are normally responsible for a
decrease in extension of the phase separation. In some cases, due to the hydrophobic
interactions, insoluble complexes only form in a narrow composition region (close to charge
equivalence), largely reducing phase separation®*®’. When both polyions are hydrophobically
modified there is a tendency of the hydrophobic groups to associate and reside in one phase.
When one of the polyions is in excess (charge-wise) in the mixture, the complexes acquire
excess charge because the hydrophobes associate and the complexes redissolve (the mixtures
go from two-phase to one-phase samples)®**"*** The hydrophobic association can be the
cause an asymmetry in the phase separation region in relation to the charge equivalence.

DNA is a widely studied polyion and it has been mixed with different oppositely charged
polyions®™. Some of the main ideas behind these studies are to understand the role of cationic
molecules which interact with DNA using synthetic polycations as model molecules and to
formulate DNA for gene therapy and drug delivery®®®’°. However, there are other more
technological/methodological applications, such as immobilization of DNA onto solid supports,
design of DNA-templated nano-materials, development of better strategies for DNA
purification, etc®. From a fundamental point of view DNA is also a very interesting polyion; it
is has a high charge density and a stiff chain (when it is in the double-stranded native form).
The previous studies of the oppositely charged polyelectrolyte mixtures containing DNA are
often restricted to the dilute regime®®. From all the studies involving DNA-polycation
mixtures there are not many general similar conclusions that can be taken. In some systems, the
associative phase separation occurs around charge equivalence, but below and above the charge
equivalence soluble complexes exist’”®. Other mixtures show a more pronounced asymmetric

phase behaviour®.

In this thesis, single- and double-stranded DNA were mixed with dilute and semidilute

solutions of cationic derivatives of cellulose, cat-HMHEC and cat-HEC (see Figure 1E and F).
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(When these two polycations are referred to collectively, the notation cat-(HM)HEC is used).
Phase behaviour and rheological properties of the off-stoichiometric homogenous mixtures
were investigated. Figure 10 shows the phase behaviour of cat-HEC/DNA/H,O system in two
alternative ways, using either the equivalent charge concentration or the weight percent of the

polyions as concentration units.
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Figure 10 — Phase maps for cat-HEC/DNA/H,0 system. r=equivalent concentration of cat-
(HM)HEC/equivalent concentration of DNA.

Some observations/conclusions from this study are listed below.

— The associative phase separation was asymmetric: only minor additions of cat-(HM)HEC
(both cat-HMHEC and cat-HEC) to DNA solutions lead to phase separation while
mixtures dominated by the polycations did not phase separate on addition of DNA until
some distinct global charge ratio of the mixture was reached.

— Redissolution of the cat-(HM)HEC-DNA complexes (into a single homogeneous phase)
occurred for a specific charge ratio (with modest excess of cationic polyelectrolyte) which
was independent of the overall polyion concentration. The one-phase off-stoichiometric
mixtures presented a viscoelastic character. The presence of DNA strengthened the
viscoleastic behaviour of the cat-(HM)HEC solutions.

— For the catHEC/dsDNA/H,O system, the rheology showed a non-monotonic behaviour:
the storage modulus, G°, and the viscosity (both the complex viscosity, 7, and the shear
viscosity, 77) showed pronounced maxima, roughly coinciding with a transition from bluish
to clear samples, for all the series of samples where the cat-HEC concentration was
increased at constant dSDNA concentration. (The rheological parameters are described in
the Methods section at the end of this Thesis summary.)

— Differences in the phase behaviour and rheology were observed, particularly between
systems containing cat-HMHEC or cat-HEC, but also between dsDNA and ssDNA

systems.

17



1 for

— Similarities between these systems and the systems studied by Thuresson et a
mixtures of cat-HMHEC with PA" and HMPA™ were found: a phase separation was
observed over the most of the PA™ rich side of the mixing range and an efficient
redissolution was obtained for a small charge excess. The replacement of PA" by HMPA"
led to an efficient redissolution on the HMPA™ rich side. Owing to association of the
hydrophobic groups cat-HMHEC and HMPA™ molecules have the strong tendency to
reside almost quantitatively in one and the same phase. In excess of cat-(HM)HEC or
HMPA™ the molecules partition strongly to the concentrated phase, associating into

(mixed) hydrophobic aggregates. The overcharged concentrated phase swells, eventually it

absorbs all the water and a 1¢ mixture is formed.

Polymer-Surfactant systems

Early studies of polymer-surfactant systems were connected to the interest in the understanding
of the interactions between surfactant and proteins or other biological polyelectrolytes, with the
aim of investigating and understand the role and mechanisms of these macromolecules very
abundant in the human body’'. But the need to understand more about this topic drove the
attention to synthetic systems which serve as models for the biological ones. The interest in
these systems was further increased with the huge amount of applications that the systems find
in the industrial world.

The fundamental feature of oppositely charged polymer-surfactant systems is the strong
attraction between the charged polyions and the oppositely charged surfactant ion aggregates,
both containing multiple charges leading to extensive association. Typically, a concentrated
polyion-surfactant ion phase separates out when stoichiometric and neutral polyion-surfactant
ion complexes are formed. However, certain off-stoichiometric mixtures produce 1¢ solutions,

whereas other remain phase separated at practically all mixing ratios.

Redissolution phenomenon by adding excess surfactant

Uncharged slightly hydrophobic polymers and charged polymers display important similarities
in their interaction with ionic surfactants. In both cases, binding of the surfactant to the polymer
chain can be observed, resulting in the formation of micelle-like clusters of surfactant
molecules adsorbed to the polymer chain. The surfactant binding normally starts at a rather
well-defined surfactant concentration, the so-called critical aggregation concentration (CAC),

which is always lower than the CMC of the surfactant. The binding of the surfactant is
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normally characterized by its marked cooperativity due to the hydrophobic interaction between
the surfactant chains (the binding is actually a micelle formation at the surface of the polymer).
Polyions associate strongly with oppositely charged surfactant ion aggregates due to the strong
Coulombic attraction between the two multi-charged species. Phase separation often occurs,
resulting in a concentrated phase enriched in polyions and surfactant ion aggregates in
equilibrium with a dilute phase. When phase separation occurs, a dense “solid” or gel-like
concentrated phase typically forms. In some systems, it is possible to bind a considerable
amount of surfactant ions to the polyion before phase separation occurs’>. There are other
systems where phase separation occurs for a very low concentration of surfactant ions”.
“Redissolution” of the concentrated phase, which occurs when non-stoichiometric complexes
are redissolved into a single phase, is subject of very large interest. The redissolution can be
accomplished by addition of excess surfactant or excess polyelectrolyte, but the mechanisms
behind this phenomenon are not fully understood.

The focus in this Thesis in is on the redissolution phenomenon of polyion-surfactant ion
complexes by adding excess surfactant.

The typical procedure to study this phenomenon is to fix the concentration of polyion
(normally very low, <1 wt%) and then add surfactant stepwise. This corresponds to a line close
to the surfactant/water binary axis in the phase map (conventional mixing plane) as shown in
Figure 11. Another used procedure is to start with a macroscopic gel of crosslinked polyion
which is immersed into a surfactant solution and observe what happens in terms of swelling
behaviour. Note that in these studies the compositions of the concentrated phases that separate

out are normally not determined.

Figure 11 — Exemplification of composition line (thick arrow) used in redissolution studies in

dilute systems.

As said above the surfactant starts to aggregate at the polymer backbone at the CAC.
Macroscopic phase separation occurs at the CAC or slightly above depending on the polyion

concentration and the characteristics of the system’*. For the gel experiments the CAC
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corresponds to a deswelling of the gel. When extra surfactant binds to the polyion above the
charge equivalence, the complexes become overcharged. In some systems, a second
cooperative binding of surfacatnt ions can occur at what is is called the CAC(2), which is
sometimes referred to as the “hydrophobic” CAC, because cooperative binding happens due to
a hydrophobic association of the excess surfactant ions to the neutral complex. This may lead
to redissolution, and for the gel experiments the redissolution corresponds to the reswelling of
the gel.

Goddard et al studied the complexation of cationic hydroxyethylcellulose (cat-HEC) and the
oppositely charged NaDS™"®. Adding NaDS to cat-HEC resulted in precipitation at charge
equivalence, followed by redissolution at excess surfactant. It was concluded that an
overcharged polyion-surfactant complex had been created by hydrophobically bound excess
surfactant. Note that it was observed that ionic surfactant binds to certain uncharged polymers,
producing charged soluble complexes’’. It was also found that it is more difficult to obtain
redissolution if the charge density of the polyion was increased’®. Precipitation and
redissolution behaviour of cat-HEC/surfactant mixtures have also been studied by gel swelling
experiments’’. The collapsed gel (at charge equivalence) reswelled when excess surfactant was
added to the solution. The reswelling was considered to be caused by the recharging of the
complex due to hydrophobic binding of additional surfactant to the neutralized complex. The
onset of the reswelling was sharp, and was identified as the CAC(2).

Gel swelling experiments were also performed for systems containing copolyions of acrylate
with either isopropylacrylamide (NIPAM) or dimethylacrylamide (DAM) and it was shown
that a sharp reswelling does not occur unless the co-polyion is hydrophobic enough®**!. Other
studies with linear polymers clearly show that the hydrophobicity of the polyion is very
important for the efficient redissolution of the polyion-surfactant ion complexes”'**2. On the
other hand, in some cases investigators of dilute mixtures have concluded that apparently
redissolved complexes were, in reality, non-equilibrium dispersions of particles of the
concentrated phase, stabilized by a surface covered with excess surfactant™®.

Different systems could in principle show different redissolution mechanisms. In conclusion, in
some systems efficient redissolution occurs; however, there are other systems were efficient
redissolution is not achieved by adding access of surfactant’ >

As exemplified above, a large amount of work in this field has been performed in very dilute
polyion solutions (mixtures containing large amounts of water). More detailed phase studies
have been performed in some multi-component polyelectrolyte-surfactant mixtures. For
instance, in the studies performed by Thalberg et al, the NaPA/C,TABr/H,O (n=number of
carbons in the alkyl chain) phase maps showed that a decrease of the alkyl chain length (from

Cy4 to Cyp) of the surfactant reduced the phase separation region in the phase diagram, keeping
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the shape of the phase separation region and the slope of the tielines®. One of the explanations
for this was the reduction of the aggregate size. Here the most significant reduction was when
going to Cjo. There was a difference from Cy4 to Ci, but not huge. Note that with a shorten
chain length, the aggregates formed are smaller and more numerous, and this originates higher
entropy of mixing for the aggregates, which disfavors complexation. Also with shorter chain
length there is a higher free surfactant (unimer) concentration (CMC is higher) and the
electrolyte effect is stronger; this increases the solubility of the polyion-surfactant ion***’.

As it was explained before for multi-component systems, the tie-lines do not generally fall in
the mixing plane and the full characterization of the separated phases involve a considerable
amount of work. A few number of works have presented the fully characterization of the
separated phases and the direction of the tie-lines in multi-component polyelectrolyte-
surfactant systems®***¥_ Therefore, the study of the redissolution phenomenon by adding
excess surfactant under multi-component conditions does not provide a clearest path for
understanding, particularly because a varying level of simple salt is present in the separated

phases screening more or less the interactions between polyion and surfactant ions.

From complex multi-component systems to simplified systems

To simplify the study of the phase behaviour, the number of components in the mixture can be
reduced by synthesizing the pure “complex salt”, that is, the pure salt resulting from the
complexation of the polyion and surfactant ions (S'P"), and use this as one of the starting
components. The complex salt can be then mixed with excess surfactant (S'A"). This mixture
contains three components and thus represents a truly ternary mixture, corresponding to the
S'P/STA/W face of the pyramid in Figure 9 (when P," is replaced by P and P;~ by S"). This
face of the pyramid is also called the surfactant ion mixing plane®””*’'. The schemes of the
NaPA/C,TABr/H,O phase map and the C;4TAPA;)/C;sTABr/H,O phase diagram are
presented in Figure 12. The schemes are similar to the experimental phase diagrams in
references 89 and 90. When comparing the phase map of NaPA/CTABr/H,O mixtures with
the CiTAPA;/CisTABr/H,O phase diagram, they both contain the same phases but the
relation between the phases is not clearly illustrated. In the phase map in Figure 12A the
hexagonal-micellar region has no connection with the hexagonal 1¢ region. In the dilute part of
the phase map, there is the appearance of the cubic phase. From the phase diagram we
understand that this cubic phase is stable only when the mixture is composed of a concentrated
phase containing essentially complex salt in equilibrium with almost pure water (compositions
close to the complex salt/water binary axis in Figure 12B). In Figure 12B the connection

between the hexagonal-micellar phase and the hexagonal 1¢ region is observed.
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S'A’ S'A
Figure 12 — A'P/S"A"/W phase map (A) and S'P/S'A/W phase diagram (B). The figures are

schematic reproductions from references 89 and 90.

With a simplified system, a true redissolution has been encountered in a study where the
complex salt cat-HECDS (DS=dodecylsulfate) was prepared and mixed with excess NaDS®.
The phase diagram is reproduced in Figure 13A. The redissolution of the polyion-surfactant ion
complexes occurs for 5-10wt% of excess NaDS and the formation of a micellar one-phase
occurs. The latter phase covers the major part of the phase diagram, stretching from the
surfactant/water binary axis to the concentrated regions of the complex salt/water binary axis.
For the most dilute region (>98wt% of water) the phase boundary between the two-phase and
the one-phase regions was roughly linear, implying that both the complex composition and the
free surfactant concentration at the redissolution were constant.

A number of ternary mixtures of complex salts C;¢TAPA (S'P") with added C;,TAX (S'A") (X
refers to the surfactant counterion) surfactant have been established (see Figures 12B and 13B
and C). The phase diagrams referring to complex salts with short (30 repeating units) or long
(6000 repeating units) poly(acrylate) polyions, and two different simple surfactant counterions
are all very different. Moreover, all three phase diagrams are quite different from the phase
diagram of cat-HECDS with NaDS. An efficient surfactant redissolution of C;sTAPA by added
CisTAAc is observed when the PA™ chain is very short. However, if instead a very long PA
chain is used in C;4TAPA, or if C;4TABr is used instead of C;(TAAc (Figures 13C and 12B,
respectively), a wide two-phase region results, which extends practically all the way across the
phase triangle with an almost constant low water content of the concentrated phase - even when
the latter phase is dominated by the added surfactant. The general conclusion is that added
excess surfactant may redissolve oppositely charged polyion-surfactant ion complexes more or
less efficiently or not at all, depending on the system. The ability to understand and control this

variation is of considerable interest.
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NaDS C, TAAc C, TAAC

Figure 13 — Experimental cat-HECDS/NaDS/H,0 (A)**,C;sTAPA;y/C;cTAAc/H,O (B) and
C16TAPA600/C16TAAC/H,0 (C) phase diagrams.*”

93-95
and can be

The Flory-Huggins lattice model has been adopted to polyelectrolyte systems
adopted here, to study the phase behaviour of these systems. The essence of this version of the
Flory-Huggins theory, as applied to the present type of system, is to treat each of the solvent
(W), the polyion (P"), the surfactant ion aggregate (S), and the simple counterion of the
surfactant (A") as a separate species, but with the additional constraint that each equilibrium
phase in the mixture must be electroneutral. As in the real system, the latter constraint implies
that the mixture of the four species considered is reduced to a three-component system. To
incorporate the electroneutrality condition, each unit taken to occupy one lattice site (a polyion
repeating unit, a surfactant ion, a simple ion or a water molecule) has a charge number. The
Coulomb attraction between oppositely charged species is modelled by a strongly negative
Flory-Huggins y parameter. The essential features that the model captures are thus the strong
attraction between oppositely charged species, the electroneutrality condition and the change in
the translational entropy of mixing that accompanies a change of the degree of polymerization

of an ionic species.

In this Thesis, the redissolution phenomenon was investigated systematically by experimental

and theoretical phase equilibrium studies. Complex salts with linear polyions (C,TAPA,,) and

copolyions (C,TA-co-NIPAM/DAM) were mixed with excess surfactants with different akyl
chain lengths and different counterions. Flory-Huggins calculations were carried out to obtain
further insight into the studied experimental systems.

The main observations/conclusions of this study were:

— A large excess of small spherical micellar aggregates with simple counterions is not
sufficient to redissolve complexes containing homopolyions. The ternary system with
C1,TAPA40o/C1o,TAAc/H,O (Figure 14A) does not show a decrease of the phase
separation region (miscibility gap) compared to the CisTAPAg0/C1sTAAc/H,O system
(Figure 13C). The tie-lines for Ci;TAPAg0/C1oTAAc/H,O system show that the
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distribution of the surfactant between the phases is almost equal; extra added micelles (as
the surfactant concentration is increased) simply distribute equally between the phases. A
large excess of surfactant in the concentrated phase is not sufficient to cause redissolution
of the complex.

Redissolution of polyion-surfactant ion complexes containing poly(acrylate) is much more
efficient when the homopolyion is short (Figure 14B). C;;TAPA,s/C;,TAAc/H,O system
shows approximately the same features as the C;sTAPA;(/CisTAAc/H,O system (Figure
13B).

Introducing a large fraction of uncharged slightly hydrophobic DAM or NIPAM
comonomers into the poly(acrylate) chains makes the surfactant redissolution much more
efficient even for long copolyion chains (Figure 14C — for the co-polyion containing 82
mol% of NIPAM). The efficient redissolution is explained by the formation of soluble
polyion-surfactant ion complexes carrying an excess of surfactant ions through an
additional hydrophobic attraction.

Acetate, rather than bromide, counterion makes the cationic surfactant more potent to
redissolve the complex salt, in agreement with Figures 12B and 13B; bromide counterions
are known to bind strongly to C,TA".

A simple mean-field Flory-Huggins theory predicts the correct phase behaviour found for
the complexes with long homopolyions (Figure 15A). The Flory-Huggins theory also
predicts an increased tendency for surfactant redissolution when the complex salt contains
very short polyions (Figure 15B) and it captures the effect of an additional attraction
between the simple anion and the surfactant ion aggregate (Figure 15C), which
corresponds to the experimental phase diagram presented in Figure 12B).

The agreement between the model and the experimental phase diagrams for the
homopolyions suggests that the details of the polyions and surfactant aggregates do not
need to be taken into account to explain the main entropy-enthalpy balance underlying the
phase separation phenomenon and it shows that the entropy of the counterions is very

important.
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C,TAAc C,TAAc C,TAAc

Figure 14 — Experimental C|2TAPA6000/C12TAAC/H20 (A), C]zTAPA25/C|2TAAC/H20 (B) and
C1,TAPA-co-NIPAM(18:82)/C,,TAAc/H,O (C) phase diagrams.

S'A” S'A S'A”
Figure 15 - Calculated phase diagrams using the Flory-Huggins model. A — long
homopolyions, B — going from long (lighter) to short (darker) homopolyions and C — going

from a less bound (lighter) to a strongly bound (darker) surfactant counterion.

Templating of ordered surfactant structures

In the studies shown above, the discussion did not focus on the structures presented in the
systems but only on the redissolution of insoluble polyion-surfactant ion complexes regardless
of their structure. Now the main focus will be the structure.

The concentrated ordered phases formed by surfactants or poloxamers are very interesting to be
used as templates or “structure directing agents” for creation of the so-called mesoporous
ordered materials. A common procedure for producing mesoporous materials is that the
monomer or polymer precursor is mixed with the surfactant, either in a dilute the micellar
phase™ or in organized concentrated phases’’ and the polymerization reactions create a
polymer around the surfactant aggregates which become embedded in a polymer matrix. After
the reaction is finished the surfactant template can be removed from the mixture and
mesoporous materials are created. In case of direct or “true” templating , the templated material
is a copy of the template structure, and no changes in order or length scale of the template
structure occur’®.

Several different approaches have been taken using many kinds of polymerizable surfactants or

just polymerizing some kind of water- or oil-soluble monomer in the organized surfactant
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systems. Both organic and inorganic polymers have been used. What comes out from the
polymerizations is not always the desired product/result. Sometimes, the structures resulting
from the reactions are different from the original template structure. One reason for such
changes is that when a polymer is formed in an original concentrated surfactant phase it can be
excluded from the space in between the aggregates due to so-called depletion forces, if no
attractive interactions keep the polymer and the surfactant together.”
Silicate-surfactant/silicate-poloxamer aggregates are precursors for the synthesis of
mesoporous materials. The most common procedure to produce inorganic mesoporous
materials is to use mixtures containing large amounts of water. The synthesis of the materials
involves the mixing of the silica precursor with a dilute micellar solution of
surfactant/poloxamer aggregates and the polymerization at different temperatures in basic or
acid media. An attractive interaction between the silica oligomer/polymer which is formed by
silicate condensation and the surfactant/poloxamer aggregates drives the system towards an
associative phase separation, resulting in the formation of concentrated phase with a long-range
ordered structure. Removal of the surfactant by calcination results in an ordered mesoporous
silica material. In the silica material the polymer is not linear but is extensively crosslinked.
The curvature of the resulting structures depends on the ratio between surfactant and inorganic
material, the strength of the interaction between the silica polymer and the aggregates, the ionic
strength, the presence of simple ions and the chemistry of these, the temperature of the
synthesis reaction and the presence of non-polar additives™.

The interaction between the different components (surfactant/poloxamer aggregates and formed
polymers) in the system should be attractive in order to create long-range ordered structures
containing both polymer and surfactant”. After this description, it is obvious that there are
similarities between the equilibrium polymer-surfactant phase diagrams, described in the earlier
section and silicate-surfactant systems. Indeed, complex salts also separate out from water

forming concentrated long-range ordered phases.

Difficulties in making mesoporous soft materials

Most of the nano-structured materials (nano-particles or meso- and microporous) produced via
templating are inorganic. The the use of organic (soft) templates to produce organic (soft)
mesoporous materials is much more restricted. One reason for this restriction is that organic
polymer chains can generally adjust their shape to pack more efficiently and maximize the
intermolecular interactions; porous and structural details are not normally thermodynamic
favourable, and pores can close. Therefore the maintenance of the mesopores in an organic
material normally requires a stiff and highly cross-linked polymer network.” Nevertheless it is

very attractive to produce nano-structured soft materials. However, most approaches to
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polymerization reactions in soft systems so far seem to have been based on trial and error and
most of the resulting structures have often been different from the original surfactant

template' """,

Phase diagrams come alive

There 1is another way to view the phase diagrams showed earlier for the
C,TAPA,/C,TAAc/H,O systems: These equilibrium phase diagrams illustrate what happens
when simple monomeric counterions to the surfactant (Ac) are partially or completely replaced
by polymeric counterions (PA",). This is shown as an example by the arrows in the phase
diagrams in Figure 16. This replacement process is a process that closely resembles a
polymerization reaction and the phase diagrams can therefore serve as guidelines for

polymerization reactions. In the phase diagrams showed in Figure 16 the arrows show different

polymerization cases.

C, TAAc C,,TAAC C, TAAc

Figure 16 - C 1 6TAPA30/C 1 GTAAC/HQO, C 1 2TAPA3 5/C 1 6TAAC/H20 and
Ci16TAPA40o/C16TAAc/H,O phase diagrams illustrating (arrows) predicted results of

polymerization reactions (cases 1-5).

In this Thesis, polymerization reactions were performed in systems of minimum complexity by
the use of akyltrimethylammonium surfactants with polymerizable acrylate counterions (one
example is shown in Figure 2B). Therefore, the synthesis was done under conditions where the
surfactant aggregates were the sole counterions to the growing polyion chains. C,TAAcr was
used instead of C,TAAc and different polymerization reactions, under different conditions,
such as different monomer-to-initiator ratio and different concentrations, were performed.

Some of the observations/conclusions from this study are listed below.

— The outcome from polymerization reactions agreed with the predictions from the
equilibrium phase diagrams. The polymerization of the counterions in a disordered
micellar solution results in the formation of a concentrated, ordered cubic phase,
containing polyions and the surfactant aggregates with essentially pure water (case 1). A

partial polymerization of the counterions in an originally cubic phase results in a change of
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the system to a viscous disordered micellar solution (case 2). It is possible to polymerize
the counterions of an originally cubic or hexagonal phase without changing the structure
(case 3 and 4, respectively). Increasing the molecular weight of the polyion in the C;¢TA"
system leads to a hexagonal phase instead of a cubic phase separating out from the
originally micellar phase (case 5). Thus, the phase diagrams “come alive” as the systems
evolve through the polymerization reactions.

— The synthesized polymer is not excluded from the surfactant phase but rather aids in the
formation of long-range order.

— The conditions to create, destroy or change ordered structure through polymerization
reactions were established for the studied systems.

— The polymerization reactions in these organic systems agree, indeed, with trends seen for

the silica-surfactant systems.

Structural changes through the degradation of the surfactant molecule

The addition of decanol to complex salts of the C;TAPA, type (m=30 or 6000) was
investigated previously by Bernardes et al®. The phase behaviour for the
C1,TAPAg/Decanol/H,O system in the decanol dilution line (adding decanol) was presented
in Figure 5H.

Along the decanol dilution line, the effects caused by the incorporation of oil into the surfactant
aggregates can be followed. The complex salt/water binary mixture presents a 2¢ system of a
concentrated phase with the micellar cubic structure in equilibrium with excess water. The
addition of alcohol changes the shape and size of the surfactant aggregates; the general feature
is that oil favors the development of structures with reduced curvature (hexagonal or lamellar).
Note that a small amount (<2wt%) of decanol changes the structure of the concentrated phase
into hexagonal.

Recently, nano-particles formed by poly(acrylate) and alkyltrimethylammonium surfactant ions
at low concentrations were investigated'*. These nano-particles, observed by means of cryo-
transmission electron microscopy (cryo-TEM) presented a long-range ordered structure. The
studied systems by Nizri et al involved the mixture of NaPA and C,TABr (n=8,10,12,14 or
16)."

Long-chain betaine esters are surfactants as the one shown earlier in Figure 2C. The hydrolysis
of the betaine esters shows a rather dramatic pH dependence and these esters are much more
prone to alkaline hydrolysis than esters in general' ™', The alkaline hydrolysis of the ester
group of a surfactant molecule, such as the one shown in Figure 17, starts by the nucleophilic
attack by hydroxyl ions to the ester carbonyl carbon, producing an alcohol and a betaine. The

reaction produces protons that lower the pH of the reaction medium.

28



C o HC
me |, e,

AN AN S T U N o AN i

H;C 0 ,( CH; H;C OH o CcH; T

Figure 17 — Base-catalyzed hydrolysis of decyl betainate, DeB, into decanol and betaine.

In this thesis, the change in curvature of the structures of the concentrated polyion-surfactant
ion phases (possibly containing small counterions) or of nano-particles were produced in situ
by the hydrolysis of DeB. The studied mixtures are, thus, responsive and evolving systems.
DeB was used either as the only surfactant or together with a stable surfactant,
dodecyltrimethylammonium chloride C,TACI (referred to as DoTAC), in mixtures with the
anionic polyelectrolyte. Introduction of DoTAC was done in order to control the maximum
amount of alcohol formed. Three different systems were studied: mixtures containing the
titratable PA”™ polyion (both NaPA or PAA), DeB and DoTAC, and mixtures of DeB, DoTAC
and the non-titratable NaPSS (see Figure 1C).

The main observations/conclusions are listed below.

— The mixtures containing NaPA, DeB and DoTAC are “self-degrading” mixtures due to the
fact that the pH of the mixture immediately after mixing is ~8, and no addition of base is
needed to start the reaction. The mixtures are also “self-quenching” because the decrease
in pH as the reaction evolves makes the reaction stop by itself. A change in structure of the
polyion-surfactant ion concentrated phases was observed, going from cubic to hexagonal
and to lamellar when the amount of DeB was increased in the mixture.

— For the most dilute samples of NaPA and DeB, where polyion-surfactant ion nano-
particles were observed, these evolved into multi-lamellar “onion-like” particles with a
size distribution of 30-80 nm were obtained when the samples were left untouched for 17
days (see cryo-TEM images in Figure 18).

— For the mixture containing NaPSS, DeB and DoTAC, the concentrated polyion-surfactant
ion phase containing no long-range order was exposed to NaOH solution and the
degradation of DeB produced a polyion-surfactant ion concentrated phase with a
hexagonal structure.

— The hexagonal structure obtained for the mixtures containing NaPSS, DeB and DoTAC
presented a dramatic swelling when washed with large amounts of water for the samples

containing the highest amounts of DeB in the starting mixture.
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Figure 18 — Cryo-TEM images for two mixtures of 10 mM NaPA and 5 mM DeB, one freshly
mixed (A) and one 17 days old (B).
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Advanced methods

SAXS
The structures in the liquid crystalline phases were identified by small angle X-ray scattering
(SAXS).
The phenomenon of diffraction is the interference caused by objects in the path of
electromagnetic waves. In the case of SAXS, the incoming waves interact with the electrons in
the sample. From both crystals and liquid crystals, which have long-range structural order,
characteristic diffraction patterns, which reveal the crystal symmetry, can be obtained. The
crystal can be modeled as stacks of reflecting lattice planes separated by a distance d. When the
diffraction angle satisfies Bragg’s law, nA=2dsiné, constructive interferences give rise to peaks
in the SAXS profile; » is an integer, A is the wavelength and @ the diffraction angle. SAXS
peaks are normally referred to as reflections. The SAXS profile is normally presented as
intensity (a.u) as a function of the scattering vector, g, g=n(27/d), which relates to € by
q=(47/)sin(82). SAXS measurements give structural information in the size range from 10-
1000 A. SAXS profiles reflect the organization and the electron density of the sample. High
organization and high electronic density result in higher intensity and higher number of
observed reflections. From the scattering profiles it is possible to identify the structure and
obtain values for distances, sizes, and aggregation numbers. The unit cell is the smallest
repeating unit of a crystalline structure. There are an infinite number of ways to divide the
crystal into planes. The Miller indices, %, k and / denote the number of parallel planes that
intersect with each unit axis and are therefore used to define the lattice planes in the crystal. For
a cubic structure, the unit cell size, &, is calculated by
e = Qlg)(W*+ K+ P)'? 5)
For the hexagonal structure the order is in 2D and the distance between the centers of two rods,
djer, 18 given by
dye = (21(3)"*)(270q1) (6
For lamellar structure the order is in 1D and the distance between equivalent planes in
neighbouring lamellae, d,,,,, is simply
diam =271, (N

q, 1s the scattering vector of the first reflection in the profile.

SEC-MALLS
The molecular weight of the synthesized polymers was determined by size exclusion

chromatography coupled with a multi-angle laser light scattering instrument (SEC-MALLS).
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The SEC column set is used to separate the polymer molecules according to size. After leaving
the column, the molecules flow past a light scattering detector (using one or more angles) and
then to a concentration detector. The usual choice for the concentration detector is a differential
refractive index instrument (RI). Using this method, absolute molecular weights can be
obtained.

The relationship between the experimental data and the molecular parameters of the system is
described by Equation 8'*.

Ro/Ke =M,P(8) - 24,cM,*P*(6) (8)

The excess Rayleigh ratio, R4 which describes the scattering after the contribution of the pure
solvent is subtracted, is the light scattered by the pure solution at an angle € in excess of that
scattered by the pure solvent, divided by the incident light intensity. ¢ is the molecular
concentration, M,, the weight average molar mass, 4, is the second virial coefficient (related to
polymer-solvent interactions in the system), and K is an optical constant that contains the
refractive index increment, dn/dc. P(6) is the form factor which describes the scattered light’s
angular dependence (P(6) ~ sin’(0/2)). It is possible to solve Equation 8 in a variety of ways,
leading to a number of different fit methods (Debye, Zimm, Bery and Random Coil methods).
In the Debye fit method (used in this Thesis), first a Debye plot, R/Kc versus sin’(82), is
constructed. Second, a polynomial in sin’(42) is fitted to the data, thereby obtaining the
intercept at zero angle, RyKc. Note that as & approaches zero, P(6), approaches unity.

Therefore Equation 8 becomes

Ro_y/Kc = RyKe =M, - 24,cM,} ©))
If A,=0, then
M,, = Ry/Kc (10)
Otherwise
M, = [2(1-(1-8A%c(Ry/Kc))*)]/8A%c (1n

The degree of polydispersity of the polymer chains is calculated from the relation between
number and weight average molecular weights (M,/M,). M, =(Z(ciM;))/Zc; and
M,=(Zc;)/Z(ci/M;), ¢; and M; are the weight concentration and the molar mass of the ith data

slice.

Rheology

Rheology is a technique which gives information on deformability and/or flow properties of
materials, elasticity, fluidity and viscosity. When an external pressure is exerted on a material
(for instance a polymer-polymer mixture), the material responds to the action in different ways

depending on its properties. The response varies according to the liquid or solid (elastic)
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character of the material. Many polymeric materials are viscoelastic showing a combination of
liquid-like and solid-like properties. Rheology is used in many industrial processes where
control of viscosity, elasticity and/or fluidity is required and is an excellent technique for
comparing between different materials.
The measurements performed can be linear (oscillatory) or non-linear (rotational). In linear
measurements, a constant sinusoidal shear stress, o; (at one or in an interval of frequencies, @)
is applied in alternating directions (oscillation) to the material, and the deformation (shear
strain, ) of the material is measured. Shear stress is defined as the force applied per unit area of
the material. The deformation depends on both applied stress and frequency. In non-linear
experiments a stress is applied to the material and viscosity of the material is measured. The
first assumes no destruction of the sample and the second can destroy the physical arrangement
of the sample.
In the oscillatory experiment, the solid-like response of the material is characterized by the
storage modulus, G’, which is in phase with the input shear stress.

G’ = (oy/n)coso (12)
oy is the amplitude of the shear stress, y is the amplitude of the shear strain and J'is the phase
angle between the shear stress and the shear strain. G° is a measure of the energy stored and
recovered per cycle (stored elastic energy). It is dependent on the strength and number of
entanglement connections in the material.
The liquid-like properties in the sample are obtained by the loss modulus, G’°, which is 90° out
of phase with the input shear stress.

G’ = (oy/n)sind (13)
G’ is a measure of the dissipated or lost energy, in the form of heat, per cycle of sinusoidal
deformation.
When G’ is higher than G”’, the behaviour is predominantly elastic. For viscolelastic systems
this happens at high frequencies whereas at low frequencies, G’ is lower than G’’. The
intersection time (inverse of frequency) can be regarded as a relaxation time for the
disengagement of the entanglements in the network of polymer chains, together with the G’
reveal the relative strength of the entanglements.
The complex viscosity, 7, is a combination of G” and G’

=G+ G w (14)

The shear viscosity, 77, is obtained in non-linear experiments and is defined as the stress divided
by the shear rate (defined as the change in shear strain with time) and measures the resistance

of the material to flow.
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Popular science summary in English

Polymers are long chain molecules, built from smaller repeating units (monomers) which are
connected through polymerization reactions. Polymers can be charged or uncharged. When
they are charged the building blocks (monomers) contain charges. For each charge there must
be a small charge of opposite sign (called counterion) in order to keep the electroneutrality
requirement. In this case, the long charged polymer chain is sometimes referred to as a polyion,
because it contains many ions in the chain.

Surfactants (also called detergents or soaps) are molecules that contain one part which likes
water (hydrophilic) and another that dislikes water (hydrophobic). These molecules with a dual
nature are called amphiphilic. Due to this special characteristic, when they are put in water the
hydrophobic parts of the surfactant molecules hide from water forming aggregates (called
micelles) of different shapes depending on a number of parameters, such as the molecule
structure and the solution properties. The hydrophilic part of the surfactant can be charged or
uncharged. Again when the hydrophilic part is charged there is a counterion which neutralizes
this charge.

Two polymers can attract each other, either if they are uncharged or if they are oppositely
charged (the latter is immediately understood because opposite charges attract each other).
Polymers and surfactants of oppositely charge also attract each other. Sometimes for the
mixtures where these big molecules attract each other, water-insoluble polymer-polymer or
polymer-surfactant complexes are obtained and they separate out from water. The complexes
can also be soluble in water under certain conditions, for instance when an excess of one of the
species (polymer or surfactant) is added to the mixture. It is very interesting to understand
under which conditions soluble or insoluble complexes are obtained. One very important
application of these insoluble/soluble complexes is found in a conditioning shampoo. Getting a
smooth hair texture is a good example when colloid chemistry comes into play. The shampoo
that we apply on our hair contains both charged polymers and charged surfactants in a soluble
mixture. When we rinse the hair with lots of water the polyion and the surfactant ions complex
together and form an insoluble layer that deposits onto our hair giving rise to the smooth
texture. Other processes are used to deposit layers of insoluble polymer-polymer or polymer-
surfactant complexes onto different kinds of surfaces, changing their roughness.

Surfactants can form very highly ordered structures at high concentrations, because surfactant
aggregates (micelles) pack into different arrangements, such as cubic (packed micelles in a
cube), hexagonal (long rods of surfactants aggregates packed in a hexagonal way) or lamellar
(planes packed on top of each other). These structures can be transformed through in situ

chemical reactions. One example is when the small counterions to the ionic surfactant ion
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aggregates are monomers. These monomers can be connected through polymerization reactions
and form a long polymer chain. This means that the surfactant structures can be created,
destroyed or changed through polymerization reactions, when the structures formed in the
presence of polymer are the same or different from those of surfactant alone.

When a long-chain alcohol (a molecule that looks like a surfactant but has a very small
uncharged hydrophilic part is mixed with a surfactant it can change the ordered surfactant
structures, in the cubic—hexagonal—lamellar sequence as the concentration of alcohol is
increased in the structure. Some surfactants can be transformed into alcohols through chemical
reactions. These surfactants are called degradable or cleavable surfactants, because part of the
surfactant molecule breaks into two and gives rise to an alcohol, when the pH of the mixture is
increased. In a mixture of degradable, non-degradable surfactants and an oppositely charged
polymer, the cleavable surfactant can be transformed into alcohol in sifu and the structure of
the polymer-surfactant mixtures can be changed. In situ reactions can find use when a certain
structure is desired in a stage but another structure is desired in another stage.

All the above presented examples are manifestations of complex phase behaviour in polymer-

polymer or polymer-surfactant systems.
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Populirvetenskaplig sammanfattning pa Svenska

Polymerer dr molekyler bestdende av langa kedjor, vilka byggs upp av repeterande enheter,
monomerer, som binds samman vid polymerisationsreaktioner. Polymerer kan antingen vara
laddade (polyelektrolyter) eller oladdade. Till varje eventuell polymerladdning finns en
motladdning (motjon) for att elektroneutralitetsvillkoret ska vara uppfyllt. Da en polyelektrolyt
sitts till en vattenldsning dissocierar den i mer eller mindre hog grad, och den laddade kedjan
kallas da for en polyjon.

Tensider (detergenter) &r molekyler som har en hydrofil (“vattenélskande) och en hydrofob
(“vattenhatande”) del. De kallas saledes for amfifila molekyler. En konsekvens av tensiders
16sningsegenskaper &r att de aggregerar da de 16ses i vatten, och dessa aggregat kan anta olika
former beroende bland annat pa tensidens kemiska struktur och l6sningens egenskaper.
Tensidens hydrofila del kan antingen vara laddad eller oladdad. Om den é&r laddad 4r den
forsedd med en neutraliserande motjon.

Polymerer i en vattenlosning kan attrahera varandra, bdde om de ir neutrala eller motsatt
laddade (det senare fallet &r mer uppenbart, da det alltid finns en attraktionskraft mellan tva
motsatta laddningar). Polymerer och tensider (av motsatta laddningar eller oladdade) kan ocksa
attrahera varandra. DA dessa forekommer tillsammans i 16sning leder ofta attraktionskraften till
att vattenolosliga komplex bildas, vilket i sin tur resulterar i en fasseparation. Om polymererna
dr laddade frislédpps de sma motjonerna i 16sningen varpd de laddade polyjonerna blir varandras
neutraliserande motjoner. Detta resulterar aterigen i en fasseparation. Under vissa betingelser
kan komplexen aterupplosas, till exempel dd en av komponenterna (polymer eller tensid)
tillsétts 1 Gverskott. Det dr av stort intresse att forstd under vilka forhéallande dessa komplex &r
16sliga eller olosliga. Ett viktigt anvéndningsomréde for dessa olosliga/losliga komplex ar vid
formulering av harschampo. Da ett lent har efterstrivas blir forstaelsen for kolloidkemi av hog
vikt! Schampot som vi 16ddrar in vart har med 4r i sjdlva verket en blandning av bland annat
16sliga komplex av laddade polymerer och motsatt laddade tensider. D& schampot skoéljs bort
med (Gverskott av) vatten bildar polyjonerna och de motsatt laddade tensidjonerna oldsliga
komplex som i sin tur skapar en beldggning pa harstrana, vilket resulterar i ett mjukt och lent
har. Andra viktiga sammanhang dar olosliga komplex av antingen motsatt laddade polymer-
polymer- eller polymer-tensid system forekommer ar vid beldggning av olika sorters ytor.
Dessa kan séledes ges nya egenskaper, sdsom fordndrad skrovlighet.

Vid hoga koncentrationer kan tensider bilda flertalet vildigt ordnade strukturer, sdésom kubiska,
hexagonala och lamelldra. Detta beror pa att olika strukturer blir olika gynnsamma da
tensidkoncentrationen forandras. Vidare kan dessa strukturer omformas genom kemiska

reaktioner in situ. Ett exempel pa detta dr da en laddad tensids motjon &r en monomer. Da en
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polymerisationsreaktion initieras forbinds motjonerna till en l&ngkedjig motjon (polyjon), varpa
den befintliga strukturen kan forstdras och nya strukturer kan skapas och foridndras, ifall
strukturen for tensid ensam skiljer sig fran polymer-tensidsystemets struktur.

Da en langkedjig alkohol (en molekyl lik en oladdad tensid, men med en hydrofil del som ar
betydligt mindre) blandas med en tensid i en vattenlosning fordndras systemets struktur enligt
sekvensen kubisk—hexagonal—lamelldr vid en 6kande alkoholkoncentration. Vissa tensider
kan fordndras till alkoholer genom kemiska reaktioner. De kallas d& for nedbrytbara eller
klyvbara tensider, eftersom en del av tensiden bryts av som en alkohol. I en blandning av
klyvbara, icke-klyvbara joniska tensider och en motsatt laddad polyjon kan den klyvbara
tensiden omvandlas till en alkohol in situ, vilket kan resultera i en strukturférindring av
systemet. Dessa system brukar kallas for responsiva eller evolverande system. In situ —
reaktioner kan vara anvindbara da en viss struktur onskas i ett visst skede, men en annan
struktur efterstrivas i ett annat skede.

Alla ovan beskrivna exempel &r manifestationer av komplexa fasbeteenden hos polymer-

polymer eller polymer-tensid system.
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Associative phase behaviour and disintegration of copolymer aggregates on
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The influence of adding poly(acrylic acids) of two different chain lengths (PAA,s and PAAgo0) on the
phase behaviour of the amphiphilic triblock copolymer Pluronic® P104 (P104 = (EO),7(PO)s(EO),7,
where EO = ethylene oxide, PO = propylene oxide) in H,O was investigated. The resulting phase
equilibria and structures were investigated by visual inspection, using crossed polarizers, and small
angle X-ray scattering (SAXS). At low and intermediate P104 concentrations an associative phase
separation was found, where a concentrated phase separated out from a dilute one on adding PAA. The
corresponding phase separation region appeared in the phase diagram as a closed, droplet-shaped
miscibility gap that was significantly larger for the longer PAA. Neither of the coexisting phases
contained any long-range ordered structures. At higher concentrations of P104 (above ca. 25 wt%) no
miscibility gap appeared but, remarkably, the various ordered liquid crystalline phases observed in
binary P104/H,O mixtures were eventually destroyed upon the replacement of H,O by PAA. A similar
effect was found when propionic acid (PrA), corresponding to the repeating unit of the PAA chain, was
added to aqueous P104. A decrease in the PAA length, in the series PAAgooo - PAA,s - PrA, increased
the efficiency to destroy the structured phases. NMR self-diffusion measurements showed that the self-
assembled P104 aggregates dissolved on replacing water with PrA. The same mechanism was found to
be responsible for the effect of added PAA, that is, PAA (or PrA) acts as less selective “solvent” for the

PEO and PPO blocks compared to water.

Introduction

There is an increasing interest in the behaviour of associating
polymer—surfactant or polymer—polymer mixtures in water, that
is, combinations of individually water-soluble entities that
associate to form water-insoluble materials on mixing in water.
This interest is largely motivated by two recent breakthroughs,
each having huge implications for material science. One is the
development of the layer-by-layer deposition technique to create,
in a simple and controlled fashion, water-insoluble surface
coatings by repeatedly exposing a surface in an alternating
fashion to individual solutions of the two polymers (often
oppositely charged polyions) of an associating pair.! The other
development involves the use of self-assembling block copoly-
mers, or surfactants, to produce nano-structured “templates”
around which a mesoporous hard or soft material may be built
by inorganic or organic polymerisation.>* Here one uses as
templates the multitude of organized structures of different
geometries that can be built by self-assembling amphiphilic
molecules in water. It is notable that the successful creation of an
ordered mesoporous structure on polymerisation normally
requires that the template and the polymerised compound
constitute an associating pair.> When there is only a repulsive
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depletion interaction between polymer molecules and surfactant
aggregates, the ordered structures are typically destroyed by the
polymerisation reaction.® Associating mixtures of polymers and
surfactants are also used in everyday products such as shampoos
or fabric detergents to create beneficial surface layers on hair or
fabric by surface deposition.®” Also here, the size and long-range
organization of the surfactant aggregates in the concentrated
surface layer is of interest, since it may have important conse-
quences for both molecular transport and mechanical properties
of the layer.

The most widely studied associating polymer—surfactant pairs
contain charges of opposite sign.>*'* However, there are other
examples of associating mixtures in water, which have received
much less attention. Poly(acrylic acid) (PAA) is known to asso-
ciate with poly(ethylene oxide) (PEO) in water'' and, similarly,
PAA and nonionic surfactants containing hydrophilic segments
of ethylene oxide (EO) form associating pairs in water.’> The
only previous systematic study of the phase behaviour of such
a system that we are aware of is that by Galatanu and co-workers
on mixtures of Triton X-100 and PAA in water.'® As expected, an
associative phase separation was observed in these mixtures at
low concentrations of polymer and surfactant. At higher overall
concentrations a variety of single-phase regions of different
liquid crystalline or disordered structures was found.

In the present work, we study PAA of two very different chain
lengths (25 and 6000 repeating units) in aqueous mixtures with
a triblock copolymer of the poloxamer type, which contains two
hydrophilic blocks of EO groups separated by a hydrophobic
middle block of polymerised propylene oxide (PO). Poloxamers
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have surfactant properties and are very commonly used for
templating mesoporous silica materials."*'” Here we have chosen
to study a copolymer with the average composition
(EO),7(PO)s1(EO),;, commercially available under the trade
name Pluronic® P104. The P104 poloxamer forms a rich variety
of structures upon increasing the concentration in binary
mixtures with water, ranging from disordered micellar solutions
to cubic micellar, hexagonal and lamellar liquid crystals.'®"

It is well-known that poloxamers and polymerised silica are
associating mixtures, since mesoporous structures with long-
range order separate out on polymerising silica in dilute solutions
of poloxamers.'*7 It is also known that an association is present
between poloxamers and PAA, in some cases resulting in
precipitation, but the published studies have been restricted to
the dilute regime.?*?* To look for ordered structures in concen-
trated aqueous mixtures has never been an objective. Some
studies of dry binary mixtures of poloxamers and PAA have been
performed, however, and very recently, Watkins and coworkers
showed that the addition of PAA in the melt could induce the
formation of ordered cubic, lamellar, or hexagonal structures in
poloxamers of varying compositions.>*?* Our study thus fills the
gap between the previously studied dilute aqueous mixtures, on
the one hand, and the blends in the melt state, on the other.

The objective of the present study is to address the following
questions. What does the miscibility gap, caused by an associa-
tive phase separation, look like at low overall concentrations of
P104 and PAA? In particular, what is the nature (structure and
composition) of the concentrated phase that separates out from
dilute mixtures of P104 and PAA? How does the addition of
PAA affect the liquid crystalline phases formed in concentrated
aqueous P104? How does the PAA chain length influence the
phase behaviour, and how can we understand such an influence?
What can we learn about the interactions between PAA and the
different blocks, PEO or PPO, of the poloxamer? In order to
answer the last questions, aqueous mixtures of P104 with pro-
pionic acid (PrA), corresponding to a single repeating unit of
PAA, were also investigated. The methods we have used are
visual inspection, SAXS and NMR self-diffusion. A novel
conclusion that emerges from our study is that PAA actually
displays considerably less selectivity than water for the different
blocks of the poloxamer molecule.

Experimental
Materials

Pluronic® P104, henceforth referred to simply as P104, was
obtained from BASF Corp., New Jersey. The molecular weight is
approximately 5900 g mol~', the PEO content approximately 40
wt% and the density 1.04 g mL~!, according to the manufacturer.
The resulting composition is (EO),7(PO)e; (EO),7. Propionic acid
(PrA), 99+%, was obtained from Aldrich. The density of PrA is
0.992 g mL . Millipore water with a resistivity of 18.2MQ was
used throughout the study. D,O (99.80 atom% D) for the NMR
experiments was purchased from ARMAR, Switzerland. Poly-
(acrylic acids) with molecular weights of 450 000 g mol !,
PAAgo00, and 1800 g mol ™!, PAA,s, were obtained from Aldrich.
PAAgoo0 and PAA,s were purified by dialysis against Millipore
water for 5 and 3 days, respectively, using cellulose membranes

from Spectrum Laboratories, Inc. with molecular weight cut-offs
of 10 000 and 500, respectively, and subsequently freeze-dried.
Other chemicals were used without further purification.

Phase diagram determinations

For investigating the phase behaviour of P104/H,O/PAA the
following strategy was employed. Since the phase behaviour of
P104 in H,O is known,'®" samples were prepared along the
P104/H,0 axis of the phase diagram, choosing points in the
proximity of the expected phase boundaries. Subsequently, sets
of ternary samples were prepared where the samples in each set
had the same P104-to-H,O ratio and increasing PAA contents,
hence moving from the P104/H,O axis towards the PAA corner
in the ternary phase diagram.

Samples of about 0.5 g were prepared in glass tubes with the
appropriate amounts of the respective components. The contri-
bution from the H,O content (0.2 wt%) in P104 to the overall
sample compositions was considered; the water content of the
freeze-dried PAA was found to be negligible (<0.1 wt%). Each
sample was prepared by filling a glass tube with the desired
amount of PAA, after which the P104 could be added. Lastly, the
desired amount of H>O was added. This order of addition was
chosen since the P104 was very sticky and tended to remain at the
top of the tube. For the same reason the samples were centrifuged
in order to get the P104 sufficiently far down in the tube to enable
flame-sealing of the tubes. After flame-sealing the tubes, samples
were mixed by centrifuging the tubes alternatively right-side-up
and up-side-down at least twice. Subsequently they were centri-
fuged for a long time (more than a week) to accelerate the
equilibration, after which the samples were stored at 25 °C.
Centrifugation was generally done at 4000 rpm (3416.5 g) and
25°C.

Structural characterization

Samples were visually inspected for determination of the number
of phases present, both under normal light and between crossed
polarizers to detect birefringence revealing the presence of opti-
cally anisotropic phases (hexagonal and lamellar structures). The
structures were determined by SAXS. A Kratky compact small-
angle system was used, with a Seifert ID-3000 X-ray generator,
operating at 55 kV and 40 mA, providing radiation with
a wavelength of 1.54 A A position sensitive detector from
MBraun with 1024 channels was used, with a sample-to-detector
distance of 277 mm and a long slit geometry collimation system.
Stiff samples were measured in a cell with mica windows and
liquid samples in a capillary. All samples were measured for at
least several hours. For other samples, the SAXS beamline (I1711)
with synchrotron radiation at Max II in Lund was used.?® The
experimental setup involved the use of X-rays at the wavelength
of .1 Aanda sample-to-detector distance of 1241 mm or 1404
mm. The cell with mica windows was used. Typical acquisition
times were 300 and 600 s. The volume between the sample and
the detector was kept under vacuum during data collection in
order to minimize the background scattering. The temperature of
the sample in the cell was kept at 25 °C. The analysis of the 2D
SAXS scattering patterns was conducted by the software Fit2D.
The size of a cubic unit cell, @, can be obtained by plotting
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(q/27t)?, where q is the scattering vector, versus the Miller indices
(h* + Kk + P) of the cubic structures, according to eqn (1).

(¢2m) = (Ul (P + K + P) (1

It follows from the geometry of the hexagonal structure that
the center-to-center distance between the adjacent rods (and the
unit cell size), d, can be obtained from the first diffraction peak
using eqn (2).

d = (2/3")2wlqy) @

For the lamellar structures the distance between the planes, D, is
given by eqn (3).

D = 27l/q, (3)

In eqn (2) and 3, ¢, is the position of the first diffraction peak.
Assuming that the density of all the components is ~1g cm™—,
eqn (4) below was used to calculate the aggregation number,
N g, of the micelles for the two micellar cubic structures found in
the studied systems.

—w 3
Nagg = Wp1040 MpicV 104 4

Here wp,o4 is the poloxamer mass fraction, 7,,;. the number of
micelles in the cubic cell (four for the face-centered space group
and two for the body-centered space group), and vpy, is the
volume of one copolymer molecule (9400 A%).1®

NMR self-diffusion measurements

Samples of approximately 0.5 g for NMR were prepared by
weight in test tubes. The samples contained 20 wt% of P104 and
varying proportions of D,O and PrA. The tubes were carefully
closed, centrifuged for several hours and left to equilibrate for 5
days. Subsequently the samples were transferred to 5 mm tubes
and sealed to avoid evaporation of PrA or water.

The NMR method used to measure self-diffusion coefficients,
D, relies on the application of two pulsed field gradients (PFGs)
in the dephasing and refocusing periods of a spin-echo (SE), 90°-
1-180°-1-echo pulse sequence. A detailed description of the
methods can be found elsewhere.?” The intensity of the echo, 7, is
given by eqn (5).

I = Iyexp[—(g0)*(A — 0/3)D] ®)

In eqn (5), Iy is the intensity of the signal following a single 90°
pulse, v is the magnetogyric ratio of the studied nucleus and A is
the separation between the leading edges of the PFGs with
duration 6 and strength g. The experiment is performed by
acquiring the signal for a series of values of g. Eqn (6) below was
used to evaluate the apparently bi-exponential decays obtained
in the measurements. Here Dy and D are the fast and the slow
diffusion coefficients obtained for the two apparent classes of
poloxamer molecules with the fractions p and (/-p), respectively.

I'= Ip{pexp[—(vgd)*(A — 6/3)D/ +
(1 — plexp[—(vgd)y* (A — &/3)D,]} ©)

The PFG SE method is used for species with fast diffusion and
long T>. Here we assume that 77, is similar for both P104 unimers
and micelles. The NMR measurements were performed on
a Bruker DMX 200 spectrometer operating at 200.13 MHz
proton resonance frequency. Pulsed field gradients were gener-
ated in a Bruker DIFF-25 gradient probe driven by a BAFPA-40
unit. The self-diffusion was studied using the PFG SE pulse
sequence with the parameters 6 = 1 ms and 4 = 100 ms. The
measurements were performed at 25 °C.

Results
Mixing and equilibration

A first observation on studying the phase behaviour of the P104/
H,O/PAA systems was the long time required for samples to mix
and equilibrate. Mixing the samples by turning the flame-sealed
tubes alternatively right-side-up and up-side-down in the
centrifuge took hours, or sometimes days, of centrifugation. It
was found to be important to equilibrate the samples for long
periods of time to obtain the equilibrium structure. Especially
samples with low water contents kept changing over long times.
Samples with a high polymer content generally took months to
equilibrate. The equilibration time for the samples containing
PAA,s was generally not more than a couple of months. For the
system P104/H,O/PAAgo00, and especially samples with low
amounts of P104, the concentrated phases in the miscibility gap
remained turbid over long periods of time, sometimes more than
2 years. Some of the samples remained translucent or turbid in
appearance. Generally, the scattering contrast was low even after
long equilibration times, and difficulties in obtaining a sufficient
number of diffraction peaks to resolve the structure of some
samples remained. This was the reason for the use of synchrotron
radiation.

The time for equilibration of the concentrated samples from
the P104/H,O/PrA system was of the order of days and hence
much shorter compared to the systems containing PAAggg or
PAA,s.

Ternary phase diagrams with PAA

The ternary phase diagrams for P104/H,O/PAAg0o and P104/
H,O/PAA,s, obtained at 25 °C, are shown in Fig. 1. The sample
compositions investigated are indicated by different symbols in
the phase diagrams according to the phase structure(s) that they
contain. The boundaries to the various regions are indicated by
solid lines. The presence of narrow two-phase regions between
one-phase regions of different symmetries, required by the Gibbs
phase rule, is indicated by double lines, although none of the
prepared samples were actually located in these regions. In
addition to these narrow biphasic regions, one extended two-
phase area, separating samples of widely different compositions,
is present in each of the phase diagrams. We will occasionally
refer to this two-phase region as a miscibility gap, since the phase
separation here is caused by a net attraction between the two
polymeric solutes, P104 and PAA.

We note that both poloxamers and PAAs have a considerable
degree of polydispersity. Hence, the present systems are not
strictly three-component systems. Nevertheless, regions with
more than three coexisting phases were not detected.
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Fig. 1 Experimental P104/H,O/PAAgpp (top) and P104/H,O/PAA,s
(bottom) phase diagrams at 25 °C. Concentrations are in wt%. Open
circles — disordered solutions or gels, filled circles — 2 phases, open squares
— micellar cubic, filled squares — 3 phases, open triangles — hexagonal,
diagonal crosses (x) — lamellar, inverted triangles — bicontinuous cubic
and crosses (+) — disordered gels. Samples indicated by stars remained
macroscopically heterogeneous, presumably because of insufficient mix-
ing (see text). Curved solid lines represent phase boundaries. Straight
lines in the miscibility gap in the P104/H,O/PAAgooo phase diagram are
tielines. Solid arrows in the two-phase region of the P104/H,O/PAAgp00
system show the directions of increasing viscosity of the top phase.
Dotted arrow shows the direction of replacing H;O by PAA. Dashed
lines show the limits of the investigated composition range.

The binary mixtures (P104/H,0)

Our study includes a number of samples along the binary P104/
H,O0 axis, and the results confirm, with some modifications noted
below, the phase behaviour reported by previous researchers.'®!?
At low P104 contents a region of optically isotropic transparent
solutions was found with a viscosity that increased upon
increasing the poloxamer concentration. On increasing the P104
concentration, a very stiff, isotropic phase appeared between 26
wt% and 42 wt% of P104. In Fig. 2, the SAXS profile of this
phase is shown and the seven reflections 3'2:42:812:112:19'2;
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Fig. 2 SAXS pattern of a sample containing 40 wt% P104 in the P104/
H,O binary system with a FCC structure of the space group Fm3m
featuring peaks at the relative positions 3"2:4":812:1112:1912:2412:27'%,
Inset: (¢/27)* versus (I* + k* + P).

24'2:27"2 could be indexed to the face-centred cubic (FCC)
structure with the space group Fm3m. This cubic structure is
composed of globular micelles in a face-centered cubic arrange-
ment, with four micelles per unit cell. This assignment is different
to that of Svensson ez al. who, based on SAXS results obtained
with a less advanced instrument, assigned the structure to the
Pm3n space.” Table 1 contains information on unit cell sizes and
micellar aggregation numbers of the cubic structures.

For higher P104 contents than 43 wt% optically anisotropic
phases where found and SAXS patterns showed the presence of
the hexagonal phase up to approximately 70 wt% of P104 and
above this content the lamellar phase was found.

General trends on addition of PAA

Upon addition of PAA, miscibility gaps were observed for both
the P104/H,O/PAAgooo and the P104/H,O/PAA,s systems,
starting already at very low P104 poloxamer and PAA concen-
trations. The miscibility gap was larger for P104/H,O/PAAs000
than for P104/H,O/PAA,s. There was an asymmetry in the sense
that even very small additions of P104 to PAA solutions resulted
in phase separation, whereas a significant amount of PAA could
be incorporated in P104 solutions before phase separation
occurred.

On increasing the PAA concentration, starting from the liquid
crystalline P104/H,O mixtures, similar changes occurred for both
PAA lengths. The cubic phase shrunk in extension and was
finally replaced by a disordered isotropic mixture. The aniso-
tropic phases were also eventually destroyed on adding PAA,
giving place to disordered liquids or stiff gels. A small growth of
the hexagonal phase, at the expense of the cubic phase, was
initially seen for small additions of PAA. Otherwise, the
boundaries of the anisotropic phases were found to be more-or-
less straight lines pointing in the general direction of the P104/
PAA axis.

We will now describe specific observations for each one of the
two P104/H,O/PAA systems.
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Table 1 Characteristic parameters obtained from SAXS results

Composition (wt%) Structure Space group o/A Nuge

30 P104, 70 H,O FCC Fm3m 207 71

40 P104, 60 H,O FCC Fm3m 208 96

34.1 P104, 63.4 H,0, 2.4 PAAsooo FCC Fm3m 214 89

33.1 P104, 61.6 H,0O, 5.3 PAAsoo0 FCC + BCC+ 2 extra peaks Fm3m 212 84
Im3m 167 82

36 P104, 54 H,0,10 PAA>s BCC Im3m 154 70

64 P104, 16 H,0, 20 PAA;s Gyr la3d 178 -

29.2 P104, 67.4 H,0, 3.4 PrA FCC + BCC Fm3m 208 70
Im3m 167 72

29.9 P104, 63.3 H,0, 6.8 PrA FCC + BCC+ 2 extra peaks Fm3m 209 73
Im3m 164 70
d(A) UInprod(A)

45.3 P104, 54.7 H,O Hex 129 1.44

49.8 P104, 50.2 H,O Hex 131 1.27

60.7 P104, 39.3 H,O Hex 124 1.16

63.7 P104, 36.3 H,O Hex 126 1.07

49 P104, 31 H,0, 20 PAAgo00 Hex 119 1.56

67.3 P104, 22.7 H,0, 10 PAAgo00 Hex 123 1.07

42.7 P104, 52.2 H,0, 5.1 PAAgo00 Hex 127 1.58

57.8 P104, 36.9 H,0, 5.3 PAAg0 Hex 128 115

51.8 P104, 33.2 H,O, 15 PAA,s Hex 116 1.56

52 P104, 29.3 H,0, 18.7 PAA,s Hex 113 1.63

54.4 P104, 20.7 H,0, 24.9 PAA,s Hex 109 1.68

42.5 P104, 52.2 H,0, 5.3 PAAs Hex 126 1.61

40.3 P104, 49.4 H,0, 10.3 PAA,s Hex 119 1.9

57.9 P104, 37 H,0, 5.1 PAA,s Hex 123 1.24

54.9 P104, 35.2 H,0, 9.9 PAAs Hex 118 1.42

40.1 P104, 56.7 H,0, 3.2 PrA Hex 125 1.73
D (A)

80.2 P104, 19.8 H,O Lam 97

80.7 P104, 14.3 H,O, 5 PAAgo00 Lam 103

76.5 P104, 13.5 H,0, 10 PAAgono Lam 103

72 P104, 18 H,0, 10 PAA,s Lam 97

67.5 P104, 22.5 H,0, 10 PAA,s Lam 105

P104/H,0/PAAgo00

Samples found in the miscibility gap in this system were of three

types: a clear liquid on top of a clear stiff gel, a clear liquid on top

of a turbid (or tanslucent) stiff gel, or a viscous turbid liquid on top T

of a turbid stiff gel. The stiffest concentrated phases were obtained r - Top Phase

Bottom Phase

at the highest amounts of P104. From the boundaries of the
miscibility gap we infer that the most concentrated phase (i.e., the
phase with the lowest water content) that could separate out from
a two-phase sample in this system had a composition of,
approximately, 29 wt% P104, 42 wt% H,0, and 29 wt% PAAgpoo-
Using 51.4 g mol™' as a number average molar mass of the
repeating EO and PO units in P104, we calculate that this
composition corresponds to a stoichiometry of 4.2 HO molecules
and 0.7 repeating units of PAA per repeating unit of P104. The gel-
like phases found in biphasic samples did not flow and presented
a stiff, elastic consistency. The clear liquids were low-viscous,
some with a very low viscosity. The viscosity of the top phase
increased on changing the overall compositions in the directions
indicated by the solid arrows in the miscibility gap in Fig. 1.

When samples of different overall compositions showed the
same viscosities of their top phases, they were taken to belong to
the same tieline. The approximate tielines drawn in Fig. 1 are
based on these observations. SAXS measurements were per-
formed to determine the nature of the phases in this two-phase
region and the results indicated no long-range ordered structure
for either phase (see Fig. 3).

Normalized Intensity (a.u.)

qA"

Fig. 3 SAXS scattering patterns from the clear top phase and the
translucent bottom phase from a sample with the global composition 4.3
wt% P104, 81 wt% H,0O and 14.7 wt% PAAggoo located in the miscibility
gap. Subtraction of the capillary background and the detector back-
ground was made and the normalization carried out for the transmitted
beam intensity.
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Fig. 4 SAXS scattering pattern from a translucent sample containing
9.8 wt% P104, 55.2 wt% H,0 and 35 wt% PAAgpo. Subtraction of the
capillary background and of the detector background was made and the
normalization carried out for the transmitted beam intensity.

Between the miscibility gap and the cubic phase, a three-phase
region was discovered, in addition to the isotropic solution
region. When the stiff bottom phase was turbid (which could be
achieved by simply heating the sample slightly by holding it in the
hand) one could observe two additional clear layers of liquid
phases, differing in viscosity, upon tilting the sample. Attempts
to mix the liquids by vortex mixing clearly showed an immisci-
bility of the two liquid phases. Hence, it can be concluded that
these samples were indeed part of a three-phase region. At high
concentrations of PAAgo a very viscous, isotropic liquid was
found. Upon entering this region the viscosity of the sample
increased strongly with increasing PAAgoo content and at very
high proportions of PAAgng, a very stiff gel phase was found.
SAXS measurements revealed that these samples did not present
any long-range ordered structure (Fig. 4). A stiff gel could be
distinguished from a very viscous liquid by looking at its inter-
face with the air. If a meniscus was present at this interface the
sample was most likely liquid, whereas a flat interface implied
a stiff gel. Stiff samples did not flow in the gravitational field
during an observation time of weeks. The micellar cubic phase
extended in a narrow tongue pointing towards the P104/PAA
axis, and persisted until approximately 20 wt% of PAAggoo.

Scattering patterns from one hexagonal and one lamellar
sample are presented in Fig. 5. The scattering patterns with peaks
occurring at the relative ratios 1 : 3"%4"%7Y2:9'2 confirmed the
presence of the hexagonal structure and the 1: 42:9"2 pattern
confirmed the lamellar structure. More information about the
hexagonal and lamellar structures is shown in Table 1, regarding
the distances between rod centers and consecutive planes,
respectively.

Three samples with low water contents and high contents (>15
wt%) of PAAgngo, indicated by stars in Fig. 1, did not give
homogeneous mixtures by our mixing procedure, but contained
white solid-like material surrounded by an anisotropic phase. We
doubt that these comparatively dry samples reached equilibrium
through our mixing procedure. Hence, the equilibrium phase
compositions in this region were not established.

Intensity (a.u.)

T T T
0.00 0.03 0.06 0.09 0.12 0.15 0.18 0.21
q @A
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Fig. 5 SAXS patterns from anisotropic samples of the P104/H,O/
PAAgooo system. The sample with the composition 49 wt% of P104, 31
wt% of H,O and 20 wt% of PAAgyo (top) was hexagonal showing
diffraction peaks at the relative positions 1 : 3'%:4"2:7"2:9'2 The sample
with 80.7 wt% P104, 14.3 wt% H,O and 5 wt% PAAgpo (bottom) was
lamellar with diffraction peaks at the relative positions 1 : 4" 92,

P104/H,O/PAA 5

In this system, the two coexisting phases in the miscibility gap
were clear liquids with different viscosities. Surrounding
the miscibility gap, a continuous liquid solution was found; the
three-phase region found with the longer PAA was absent. The
concentrated phases in the miscibility gap with PAA,s had higher
water content than the corresponding mixtures with PAAggoo.
The most concentrated composition at the boundary to the
miscibility gap had a composition of, approximately, 19 wt% of
P104, 51 wt% of H,O, and 30 wt% of PAAgngo. This composition
corresponds to a stoichiometry of 7.7 H,O molecules and 1.1
repeating unit of PAA per repeating unit of P104.

The micellar cubic region was smaller for this system
compared to the system with the longer polymer. An example of
a SAXS pattern from this region is given in Fig. 6 for a sample
with 10 wt% of PAA,s. The relative positions of the reflections
are 2"%:412:612:812:1212:142, The corresponding structure was
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Fig. 6 SAXS pattern of a sample with the composition 36 wt% P104, 54
wt% H,0 and 10 wt% PAA,s, having a BCC structure of the space group
Im3m featuring peaks at the relative positions 2"%:4!2:6"812:1212:14!2,
Inset: (¢/27)* versus (h* + k> + P).

body-centered cubic (BCC) with the space group Im3m. This
structure is composed of globular micelles in a body-centered
cubic arrangement, with two micelles per unit cell. More infor-
mation about this structure is given in Table 1.

The scattering patterns obtained for the hexagonal and
lamellar structures were similar to those of the P104/H,O/
PAAgo0o system and all the results are summarized in Table 1.
The lamellar phase region for the system with PAA,s was larger
than that with the longer polymer. Moreover, an additional
single-phase region was found between the hexagonal and the
lamellar phases for higher amounts of PAA,s. The samples in
this intermediate region were very stiff and optically isotropic,
and the SAXS pattern is shown in Fig. 7. The eleven reflections

observed, 312:412,712:812:1012: 1 112:2017%:22172:2412:2672:291/2,
e oomos
£ 1 0.00072 E|
Z 000036
= 1”2
2L 4 ooz E
3
2
2
=]
2
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=
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Fig. 7 SAXS pattern for an isotropic sample with the composition 64
wt% P104, 16 wt”% H,O and 20 wt% PAA,s. The structure was bicon-
tinuous cubic with the space group la3d, featuring reflections at the
relative positions 3'2:412:7'2:812:1012:112:2012:2212:24!"2:26!2:29'>. Inset:
(q/2m)?* versus (B> + k* + P).

represent the Ja3d space group of the bicontinuous cubic phase.
The structure of the la3d cubic phase is related to the gyroid
minimal surface and it is the most commonly encountered space
group for bicontinuous cubic phases with surfactants and
surfactant-like lipids and also in block copolymer systems. See
Table 1 for the size of the unit cell.

P104/H,O/PrA

We have seen above that the phase diagrams for the ternary
mixtures with added PAA have important common features, but
also show clear trends on changing the PAA length. In an
attempt to separate effects of molecular interactions from effects
of the degree of polymerisation of PAA, we decided to study
mixtures of P104 with the compound that corresponds to a single
repeating unit of PAA, that is, PrA. A partial ternary phase
diagram for the P104/H,O/PrA system is shown in Fig. 8. For
low amounts of poloxamer, there was a continuous liquid region
without a miscibility gap. Interestingly, as in the mixtures with
PAA, the cubic region present in the binary P104/H,O system
gradually disappeared on addition of increasing amounts of PrA.
Indeed, the cubic phase in this system was smaller, when
compared with the same region in the systems with PAAgop0 and
PAA;s, thus continuing the trend on decreasing PAA chain
length seen in the latter mixtures. The hexagonal phase region
also disappeared more rapidly with addition of PrA, compared
to the hexagonal regions with added PAAggoo or PAA,s. Samples
were also prepared along the P104/PrA binary axis, and these
samples, where the highest amount of poloxamer was 30 wt%,
were clear isotropic liquids. Note that in the P104/H,O mixtures,
the sample with 30 wt% of P104 was cubic.

The P104/H,O/PrA system is essentially a system of a polox-
amer in a mixture of two good, miscible solvents. However, the
phase diagram suggests that the self-assembly of P104 molecules
into larger aggregates gradually disappears when H,O is replaced
by PrA. Owing to the low viscosity of the mixtures, NMR

Propionic Acid
0

/ Uninvestigated Area

100
HZO 0 20 40 60 80

100 P104

Fig.8 Experimental P104/H,O/PrA phase diagram at 25 °C. Open circles
— disordered solutions, open squares — micellar cubic, open triangles —
hexagonal and filled triangles — 2 phases. Solid lines represent phase
boundaries. The dotted arrow shows the direction of replacing H,O by PrA.
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Fig. 9 NMR echo decays for P104/water/PrA samples containing 20
wt% P104 and varying proportions of PrA and water.

Table 2 Self-diffusion coefficients for samples with 20 wt% of P104 and
different water weight fractions (W,,ue,)

Wewater D//m’s~! Dym?s! P

0.764 4.0 x 107" 1.1 x 1072 0.247
0.601 3.5 x 107" 2.8 x 1012 0.223
0 4.1 x 107" 1.8 x 10" 0.253

self-diffusion measurements can conveniently be used to test this
possibility. In Fig. 9, we present the results from the self-diffusion
measurements in a series of samples, containing 20 wt% P104,
where water was gradually replaced by PrA. All the curves could
be satisfactorily fitted to a bi-exponential decay (eqn (5)),
yielding two diffusion coefficients. A previous careful analysis of
NMR self-diffusion data for similar poloxamer solutions in
water has shown that the two diffusion coefficients reflect the
diffusion of non-aggregated unimers (D;) and self-assembled
micelles (D) of the polydisperse poloxamer. The diffusion
coefficients obtained for the micelles and unimers are presented
in Table 2. The reason that two distinct populations, rather than
an average, are observed is due to the polydispersity of the
poloxamer; the unimer and the micelle populations are enriched
in the more hydrophilic and the more hydrophobic components,
respectively.?® The essential feature for our purposes, however, is
that the results clearly show that the slow-diffusing micelles, with
an effective diffusion coefficient of the order of 107> m? s,
disappear on replacing water by PrA. The decay from the solu-
tion of 20 wt% of P104 in 80 wt% of PrA was also well repro-
duced by a bi-exponential, but here the fit gave two very similar
diffusion coefficients, D, = 1.8 x 107"' m*> s™' and D, = 4.1 x
10~"" m? s~!, most probability reflecting the polydispersity of the
P104 unimers. A single exponential fit to this curve gave an
average diffusion coefficient of 2.2 x 107" m? s~".

Discussion
General considerations

The two most striking features of the phase behaviour of aqueous
mixtures of P104 and PAA are the associative phase separation

at high H,O contents and the disappearance of the liquid crys-
talline structures at high PAA contents and intermediate
concentrations of P104. The appearance of an effective attraction
between poloxamers and PAA in H,O was known before, but full
phase diagrams describing the miscibility gap and the general
directions of the tielines (confirming the association) have not
been reported, to the best of our knowledge. As expected from
the difference in the entropy of mixing between the systems, the
phase separation becomes stronger with increasing molecular
weight of the PAA polymer. Accordingly, in mixtures with the
monomeric PrA, no phase separation is seen.

The disappearance of the liquid crystalline phases when H,O is
replaced by PAA at intermediate concentrations of P104 is
a novel feature found in the present investigation. The experi-
ments with PrA shed lights on the origin of this effect. Clearly,
PrA acts as a non-selective solvent for the PEO and PPO blocks
of the poloxamer and, hence, the self-assembly of the poloxamer
molecules into large aggregates is gradually destroyed when H,O
is replaced by PrA as a solvent. In previous investigations of the
effect of a number of other water-miscible cosolvents on polox-
amer self-assembly, Ivanova et al. found a similar disappearance
of the PEO-PPO segregation on replacing H,O by, in particular,
ethanol.?>*° It is, in fact, well-known that H,O induces segrega-
tion of the PEO and PPO blocks; solvent-free melts of short
poloxamers, or solutions of poloxamers in xylene, do not contain
self-assembled aggregates.?>3'-** The striking similarities between
the effects of PrA and PAA leave little doubt that a similar
decrease in selectivity on replacing H>O with PAA is responsible
for the disappearance of the self-assembly of P104—<clearly
evident from the featureless SAXS patterns (Fig. 4)—in the latter
mixtures. While understandable in principle, this seems to be
a novel phenomenon; we are not aware of previous observations
where the replacement of a low-molecular weight solvent (here
H,0) with a polymer (here PAA) results in a less selective envi-
ronment and, hence, a vanishing segregation between the blocks
of a block-copolymer system.

The quantitative differences between PrA, PAA,s and
PAAgooo in their abilities to dissolve the P104 aggregates can be
understood as a consequence of the balance between entropy of
mixing and preferential interactions. Thus, while PAA is clearly
a less selective environment for poloxamers than water, there
should nevertheless be a weak preference for a PAA unit to reside
in the PEO-rich corona of the poloxamer aggregate, as shown by
recent studies of dry melts.>*** On the other hand, the entropy of
mixing favours a uniform distribution of PAA repeating units
throughout the polyoxamer aggregate. Hence, the monomeric
PrA is most efficient, and PAAgqo least efficient, in breaking up
the PPO aggregates.

For the specific systems and conditions that we have investi-
gated, the much weaker selectivity of PAA, compared to water,
apparently prevents the formation of long-range ordered struc-
tures in the concentrated phases that separate out from dilute
mixtures of poloxamer and PAA. It seems that when the
proportion of PAA is sufficiently high to induce an associative
phase separation, it is also sufficiently high to prevent the
formation of long-range ordered self-assembled structures in the
concentrated phase that separates out. This implies that the self-
assembly of the poloxamer, which occurs in pure H,O, is largely
irrelevant for the associative phase separation that occurs in
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aqueous poloxamer/PAA mixtures; the latter phase separation
seems to involve individual poloxamer chains rather than
aggregates of chains. It is interesting to compare this situation
with that found in mixtures of polymerised silica and polox-
amers, including P104: on polymerising silica in dilute solutions
of poloxamers, the poloxamer molecules remain aggregated, and
a concentrated ordered phase separates out."*' This seems to
suggest a selectivity of the silica environment for the PEO blocks.
This conclusion is indeed supported by the detailed studies of the
initial formation of poloxamer-templated mesoporous silica by
Goldfarb and coworkers.* Interestingly, the latter authors found
that while the non-hydrolyzed hydrophobic silica source, tetra-
methoxy orthosilane, initially rapidly penetrated into the PPO
cores of the poloxamer micelles, the polymerising silica network
later partitioned to the PEO coronas of the micelles.

The micellar cubic systems

We will now discuss some of the trends observed within the
various liquid crystalline regions on replacing water with PAA or
PrA. Inside the micellar cubic region, both FCC and the BCC
structures were found. The binary P104/H,O mixtures showed
pure FCC structures. We note that the cubic structures for the
P104 concentrations of 30 and 40wt% in the binary mixtures had
the same unit cell size, meaning that the number of P104 mole-
cules in each micelle increased (see Table 1). A pure BCC
structure was found for a P104/H20/PAA »s5 system with 10 wt%
of PAA,s (Fig. 6). Of the other four samples analysed, three
showed SAXS patterns that could not be interpreted as single
distinct structures. A mixture of the FCC and BCC structures
and, sometimes, some other reflections that could not be assigned
were found. Micellar aggregation numbers calculated from eqn
(4) based on our assignments are presented in Table 1, and we
found that in systems with mixed cubic structures, the aggrega-
tion numbers were the same for the coexisting structures. This
implies, as would be expected, that in a mixed system, the
different coexisting structures contain micelles with the same
aggregation numbers, but arranged in different close-packed
arrangements.

We note in this context that previous investigations of other
block copolymer systems have shown that small changes may
affect the symmetry of micellar cubic structures. FCC, BCC and
the hexagonally close-packed (HCP) micellar arrangement can
coexist for a single block copolymer system.** Changes in the
external conditions, such as temperature or shear, can produce
an interchange between these arrangements. In poloxamers, the
presence or absence of diblock impurities have been found to
affect the preference for BCC versus FCC structures.>®

The hexagonal phase

The SAXS results revealed that the rod-rod distance d (Table 1)
varies significantly with the composition of the hexagonal phase.
We shall now to try to understand the molecular background to
this variation. From simple geometrical considerations (see the
Appendix) we obtain, for a two-dimensional hexagonal array of
rodlike poloxamer aggregates, the relation

&= (23 ”2) Vp10atp104 lPp1os @]

Here vpjp, is the partial volume of the poloxamer molecule,
npjo4ll is the number of poloxamer molecules per unit length of
the poloxamer rod, and ¢p;¢4 is the volume fraction of polox-
amer chains in the system. The composite quantity np,o4/! reflects
the packing of polyxamer molecules in the rod, and is affected by
the extent of penetration of water, PAA and/or PrA molecules
into the PEO-rich corona and/or the PPO-rich core of a rod.

Let us first consider a hypothetical situation where both vp;o4
and npjpll are independent of the composition of the system.
This would be the case, for instance, if water molecules, PAA
repeating units or PrA molecules all penetrated the rod in the
same way and to the same extent. Then the rod-rod distance
would only depend on ¢ p;¢,, irrespectively of the proportions of
water and PAA or PrA in the system. We can test this possibility
by plotting d versus wp;o4, Where wp;oq is the weight fraction of
poloxamer, for all our systems. We then make, as in deriving eqn
(4), the approximation ¢p;o, = wpjg4 since the partial specific
volumes of all components are close to 1g cm—>. The result is
shown in Fig. 10 (top panel). The large scatter in this plot clearly
shows that this analysis is too simplistic; there is no universal
dependence on the variable wp;,.
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Fig. 10 Rod-rod distance () in the hexagonal phases as a function of the
P104 weight fraction (top) and the PAA or PrA weight fraction (bottom).
The rod-rod distance was calculated using eqn (2).
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An alternative possibility, suggested by our general conclusion
that PAA and PrA are less selective “solvents” than water, is that
the PAA and PrA molecules penetrate into the poloxamer rods to
a larger extent than the water molecules. Such a penetration
should dilute the rod and thus result in a decrease in the number
of poloxamer molecules per unit length, np,p4/l. To test for the
latter possibility, we again plot, in Fig. 10 (bottom panel), all
values of d, but this time versus the weight fraction of PrA or
PAA in the system. Here, a very clear trend is seen, that is,
a monotonic decrease in d with increasing content of the added
carboxylic acid. Moreover, the data for PAA,s consistently lie
below those for PAAgyy, supporting our previous conclusion
that PAA,s more efficiently penetrates into the rods.

The bicontinuous cubic phase

At higher concentrations of P104 and PAA,s, the bicontinous
cubic la3d structure was found, increasing the richness of the
phase behaviour. The location of the bicontinuous cubic phase,
between the water-continuous hexagonal phase and the lamellar
phase, is where a so-called normal bicontinuous cubic phase is
sometimes found in surfactant systems, notably also for certain
poloxamers in water,*>*” in formamide®” or in water mixed with
cosolvents.? To our knowledge, however, the Pluronic P104 has
not been found to form a normal bicontinuous cubic phase in any
other solvent environment before. It has been noted that bicon-
tinuous structures often appear near the order—disorder transi-
tions, that is, under conditions where the ordered structures are
nearly lost.*> This could apply to the present situation, since the
bicontinuous cubic phase appears at compositions near those
where the poloxamer self-assembly is ultimately lost, judging
from the rapid shrinking of the hexagonal phase on approaching
the P104/PAA,s axis.

Comparisons with previous phase studies

As stated in the introduction, we have found only one previously
published study showing phase diagrams of aqueous mixtures of
PAA with a surfactant, or block copolymer, featuring a hydro-
philic block of EO units. The phase diagram of Triton X-100
with HyO and PAA obtained by Galatanu er al. has many
similarities with the diagrams for the P104/PAA/H,O systems
studied here."* Galatanu ez al. used one sample of PAA, with
a nominal molecular weight of 150 000 g mol™', and studied the
mixtures at different temperatures. A closed miscibility gap was
found inside the disordered liquid region, just as in the P104/
PAA/H,O systems. Moreover, the boundaries of the concen-
trated liquid crystalline regions (hexagonal and lamellar) ran
more or less parallel to the binary PAA/H,0 axis, and both the
latter phases disappeared at high contents of PAA, depending on
temperature. This would suggest that PAA is a less selective
solvent than water also for Triton X-100. In this context it is
interesting to note that in mixtures of the “complex salt”
C16TAPAgp00 with H,O and PAAg, the cubic phase, which
occupies a large region of the phase diagram, eventually disap-
pears when water is replaced by PAAgnpo.** (C16 TAPAgo0 is the
hexadecyltrimethylammonium surfactant neutralised by poly-
acrylate counterions.) This effect could again indicate that PAA

is a less selective environment than water for the surfactant
molecules.

Very recently, studies of binary PAA/poloxamer blends have
been published by Watkins et al.?** Interestingly, these studies
showed that in such solvent-free blends, PAA induces a segrega-
tion between the blocks and a concomitant ordering. Superfi-
cially, the latter results could be taken to contradict our findings;
we will therefore discuss them in some detail, to conclude that
they are indeed consistent with our results. Watkins ez al. studied,
by SAXS, films of a thickness of the order of a millimetre,
produced by solvent evaporation from mixed ethanolic solutions
of various combinations of the Pluronics® L92, P105 and F108
with a number of PAAs of different molecular weights, in the
interval 1000-88 000 g mol . They also studied PAA mixed with
a deuterated poloxamer using small angle neutron scattering
(SANS) on a 0.5um thin film. Most films were annealed and
studied at 80 °C, but the SANS study revealed ordered structures
also at 25 °C. Already PAA fractions as low as 4.5 wt% induced
some order, but scattering patterns with two or more sharp peaks
required ca. 20 wt% PAA. The highest PAA content in the
mixtures was 50 wt%. The most detailed study was performed on
P105,> with PAAs of molecular weights 8500-88 000g mol ',
where a lamellar phase was found in the interval 20-30 wt%
PAA, and additional peaks corresponding to a hexagonal
structure were found in samples containing 40 and 50 wt% PAA.
Significantly, Watkins et al. noted—in agreement with our
findings here—that no ordered poloxamer structures were
induced if PrA, rather than PAA, was added to P105. This also
supports the trend, found in the present study, that the polox-
amer aggregates are less efficiently destroyed by polymeric PAA,
rather than monomeric PrA.

The focus of our studies is on aqueous mixtures and, as
mentioned previously, we believe that our method of sample
preparation (direct mixing and centrifugation) is not suitable for
blending and studying very dry mixtures. Nevertheless, it seems
that our results for aqueous P104/PAA mixtures are in good
qualitative agreement with the results of Watkins e al. on dry
P105/PAA mixtures, if we assume that the hexagonal and
lamellar phases in Fig. 1 extend all the way out to the binary
P104/PAA axis. Quantitative agreement with the phase bound-
aries should not be expected, since Watkins et «l studied
a different poloxamer (P105) at a different temperature (80 °C).
From this comparison, we would predict that a disordered phase
should appear at sufficiently high contents of PAA in the binary
system studied by Watkins ez al.; unfortunately, however, they
gave no results for samples containing more than 50 wt% PAA.

Molecular interactions

All binary interactions in the mixtures studied here are highly
orientation dependent. Water in itself is a structured solvent.
Moreover, the repeating units EO, PO and AA are all amphi-
philic, featuring both hydrophobic and hydrophilic functional-
ities. Thus, we should not expect to reproduce the features of this
system in any model that only considers isotropic binary inter-
actions. Even in the considerably simpler mixtures of the
homopolymer PEO with PAA in H,O, there is a long-standing
debate on the origin of the observed net attraction between PEO
and PAA. Our understanding of the latter issue, summarized
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below, is closely analogous the explanation given by Evans and
Wennerstrom? for the formation of a stable DNA double helix,
with complementary base pairing, in water.

The amphiphilic PEO and PAA polymers both contain
important hydrophobic characteristics, and their individual H,O
solubilities are essentially due to the fact that these polymers can
hydrogen bond to water. A phase separation from water, driven
by hydrophobic interactions, of PEO on its own, or PAA on its
own, would thus lead to a loss in the number of hydrogen bonds
involving the polymer, which is unfavourable. However, since
PAA is a hydrogen bond donor and PEO is a hydrogen bond
acceptor, a hydrophobically driven phase separation of the PAA-
PEO pair can occur without a net loss in the number of hydrogen
bonds in the mixture, since hydrogen bonds with the solvent are
now replaced by hydrogen bonds between AA and EO residues.
The lack of association between PAA and PEO that is observed
in certain non-aqueous solvent such as dioxane* and dime-
thylsulfoxide*! is, from this perspective, not due to a competing
hydrogen bonding between solvent molecules and PAA—as is
sometimes proposed*’—but, rather, to a lack of a strong sol-
vophobic interaction in these other solvents.

Returning to the interactions in aqueous poloxamer/PAA
mixtures, available phase studies, including the present one,
imply that there is a net attraction between PAA and PPO in
water (otherwise, PAA would not penetrate the PPO core of the
poloxamer aggregates, as is observed here at high PAA contents),
but at the same time, this net attraction is less strong than the net
attraction between PAA and PEO (since there seems to be
a preference of PAA for the PEO corona). We have found few
studies of aqueous mixtures of PAA and PPO. However, Satio
concluded, based on cloud-point measurements, that there was
a weak complexation between PAA and PPO in water. He
found a much stronger complexation between PPO and the more
hydrophobic poly(methacrylic acid). A complexation of the
latter pair in water was also found by Shenkov e al.** As regards
the inferred preference of PAA for PEO over PPO, Costa et al.
indeed concluded, in their recent fluorescence studies on dilute
aqueous mixtures of pyrene-labeled PAA with Pluronic® P123,
that there was a preference of the PAA chain to reside in the PEO
corona of the aqueous P123 micelles.*

Conclusions

The influence of the polymer PAA on the phase behaviour of the
poloxamer P104 has been investigated, using two different PAA
chain lengths. Two main trends were found: an associative phase
separation between P104 and PAA, and a destruction of long-
range order and of poloxamer self-assembly. As expected, the
phase separation was stronger for the higher molecular weight of
PAA. Owing to the destruction of the ordered structures, the
concentrated phase that separates out from water-rich PAA—
P104 mixtures has no long-range order. This is different from the
situation when silica is polymerised in water-rich poloxamer
solutions, where ordered concentrated phases typically separate
out.

We are not aware of any previous studies where the replace-
ment of a solvent by a polymer has been found to lead to
a weaker segregation between the blocks of a block copolymer.
We conclude that PAA is a less selective environment than water,

but there is still a preference for PEO, confirmed by the persis-
tence of the structure in the drier mixtures. The destruction of
order was weaker for a higher molecular weight of PAA. Owing
to a larger entropy of mixing, PrA destroys the structure even
more effectively also in the dry region as was confirmed by
previously published studies.

A bicontinuous cubic phase, previously not seen for P104 at
any temperature in any environment, was found with short PAA,
close to the order-disorder boundary.

Appendix
Derivation of eqn (7)

Fig. Al shows a cross-section of a hexagonal array of poloxamer
rods of infinite length. Surrounding the PPO core of a rod is
a corona of PEO chains. Added PAA or H,O molecules may, in
general, reside anywhere in the system: in the core or the corona.
We will now consider a repeating unit of the hexagonal structure,
with a cross-sectional area given by the rhomb in the Fig. A1, and
a height (perpendicular to the plane of the figure) of /. The
repeating unit contains np;o, poloxamer molecules, 7,
repeating units of PAA, and 7y, water molecules. The center-
to-center distance between two neighbouring cylinders is d.
When we add water or PAA, both d and / may, in general, vary.
The total volume of the repeating unit, V,,, may be expressed in
terms of / and d

Ve = G121 (A1)

and, also, in terms of the numbers of molecules or PAA units it
contains and their molecular volumes,

Vi = np104VpP104 + NH20VH20 + NAAVAA (A2)

Here vp;o4, viro and v 44 are the partial molecular volumes of
the poloxamer, the water molecule and the repeating unit of
PAA, respectively. The volume fraction of poloxamer in the

system, ¢p;04, may be written as

p104 = 1p104VP104/(MP104VPI04 + NE20VH20 + NAaaVAA) =
1p104VP104 Vi (A3)

From eqn (A1)-(A3), we obtain

&= (2/3”2) Voll = (2/31/2)”P1()4VP11)4/1¢P104 (A4)

d

Fig. A1 A cross-sectional rhomb-shaped area of a hexagonal structure.
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Associative aqueous mixtures of double- (ds) or single- (ss) stranded DNA with dilute or
semidilute solutions of two cationic derivatives of hydroxyethyl cellulose (cat-HEC and cat-
HMHEC, the latter carrying hydrophobic groups), were studied. The phase behaviour showed an
interesting asymmetry: phase separation occurred immediately when only small substoichiometric
amounts of cationic polyelectrolyte were added to the DNA solution, but with a modest charge
excess of the cationic polyelectrolyte, a redissolution into a single cat-(HM)HEC/DNA phase

occurred at a charge ratio that was approximately independent of the overall polyelectrolyte
concentration. Cat-HEC/dsDNA/H,0 and cat-HEC/ssDNA/H,0 systems presented a considerable
difference in the extension of the phase separation region. The one-phase samples with excess
cationic polyelectrolyte were studied by rheology. The presence of DNA strengthened the
viscoelastic behaviour of the solutions of the cationic polyelectrolytes, reflected in an increase in
storage modulus (G’) and viscosity (n). Differences in phase behaviour and rheology were
observed, particularly between systems containing cat-HEC or cat-HMHEC, but also between
ssDNA and dsDNA. An interesting non-monotonic rheological behaviour on increasing the cat-
HEC concentration was found for single-phase cat-HEC/dsDNA/H,0 mixtures containing excess

cat-HEC.
Introduction
Interactions between DNA and positively charged

macromolecules have been studied both theoretically and
experimentally for several years'” due to the important role
played by these interactions in native cells as well as in
strategies to purify DNA, formulate DNA for gene therapy
and drug delivery, immobilize DNA onto solid supports and
design DNA-templated nano-materials, among others'**.
There is also a strong fundamental interest in understanding
the behaviour of mixtures of oppositely charged
polyelectrolytes, and for such purposes DNA represents an
interesting case where both the charge density and the
stiffness of the polyion can be varied by varying the
strandedness (double stranded, ds, or single stranded, ss) of
DNA.

The strong electrostatic interaction between the oppositely
charged entities leads to a strong association that, typically,
generates  an phase separation where a
concentrated mixed polyion phase separates out from a more
dilute solution. However, the extension of the phase-
separation region can vary considerably, depending on the
studied system. Often in cases involving DNA, a redissolution
of the complexes is seen when a sufficient excess charge from

associative

the positive polyelectrolyte and/or the negative DNA is
present in the mixture®®. In other cases, however, some of
which involve cationic surfactant aggregates (behaving as
cationic “polyelectrolytes™), a redissolution is not seen even
for a very large excess of charge”!®!!. Clearly, strategies to
reversibly bring DNA complexes out of solution, and to

formulate such complexes in redissolved
solutions, are of interest.

In the present study, we have mixed double- or single-
stranded DNA with two common cationic hydroxyethyl
cellulose derivatives, one of which also contains hydrophobic
side chains attached to the cationic substituents. The
behaviours of these cationic polymers (here referred to
individually as cat-HEC or cat-HMHEC, and collectively as
cat-(HM)HEC) in mixtures with other negatively charged
polyelectrolytes'®!3
and serve as useful references for the present study. We
extended the previous research'’ by thoroughly studying the
phase behaviour and the rheology of single-phase mixtures, in
a range of concentrations extending to the semidilute range of

the cat-(HM)HECs.

single-phase

2
2

and surfactants'* have been well studied

2

Experimental
Materials

DNA type XIV from herring testes, in the salt form (Sigma),
used as received. In a previous study'®, gel
electrophoresis showed this type of DNA to be polydisperse,
with a range between 400 and 1000 base pairs (bp) and a
centre of the distribution at ca. 700bp. The molecular weight
corresponding to 700 bp is 462000 g/mol. The two cationic
cellulose derivatives JR400 (cat-HEC) and Quatrisoft LM200
(cat-HMHEC) (Union Carbide Chemicals and Plastics
Company, Inc.) are N,N,N-trimethylammonium and N,N-
dimethyl-N-dodecylammonium derivatives of hydroxyethyl
cellulose, respectively. The characteristics of the
so polyelectrolytes used are collected in Table 1. Note that both

was

3
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Table 1 Structural parameters for the polymers.

cat-HEC
Mw (g/mol) 500 000*
Contour length (nm) 1000*
Mean contour length between charge (nm) 2°
Charge/chain (+)500°

Persistence length (nm)
Charge concentration in a 1wt % solution (mM) 11.25%
Overlap concentration (Wt%)
Water content

Salt content

5.1%

* Reference 12 and 25

® Reference 23

cat-HMHEC dsDNA  ssDNA
100 000° 462 000° 231 000°
200°

10*

(+)20° (-)1400° (-)700°

30-50"  0.75-8.5"
2.88 or 2.52¢
2h

4.8%'

1.5%NaCl' + 1.5%Na acetate' 1.5%NaCl'+ 1.5%Na acetate'

¢ 1 base pair=2 nucleotides; ds: 700 base pairs x 2 x 330g/mol; ss: 700 nucleotides x 330g/mol

4 Charge/chain=Contour length/Mean contour length between charge
¢ One charge per nucleotide

f Reference 1 (page 29-31 and 51-52)

¢ Determined by nitrogen elemental analysis using gas-liquid chromatography and a thermal conductivity detector. Two cat-HMHEC batches were used.

" Reference 26

! From the supplier

charge density and molecular weight were higher for cat-HEC
than for cat-HMHEC, and that cat-HMHEC is
hydrophobically modified through the dodecyl groups
attached to the nitrogen in the charged quaternary ammonium
substituent. Millipore filtered water was used throughout the

study. Sample preparations and all experiments were
performed at room temperature.

Methods

DNA solutions

Stock solutions of DNA were prepared and their

concentrations in mM of nucleotide (which equals the
equivalent concentration of charged units) were determined by
ultraviolet absorption at 260 nm using a molar extinction
coefficient of 6600 M'cm™ for double-stranded and 8700 M"
'em™ for single-stranded DNA'. The ratioA,s/Asgy was
determined to be higher than 1.8, which suggests that DNA
solutions are protein-free'®.

Weight percent concentrations of DNA were calculated from
the equivalent concentrations assuming an average molecular
weight of 330 g/mol for the nucleotides. Single-stranded DNA
stock solutions were prepared by thermal denaturation of a
dsDNA stock solution at 75°C for 20 minutes, which was then
immediately immersed into ice for fast cooling, in order to
prevent renaturation. With this procedure it is possible to
obtain stable ssDNA solutions as reported elsewhere''. The
thermal stability of DNA was investigated by UV absorbance
at 260 nm in thermal denaturation experiments. The inflection
point of the sigmoidal temperature curve is denoted as the
melting temperature.

Phase behaviour

Each of the two cat-(HM)HECs was mixed with either single-
or double- stranded DNA. Several samples were individually
prepared by mixing DNA stock solutions with the desired

4s amount of cat-(HM)HEC added as a powder, unless otherwise
stated. (Alternative preparation methods were used to test for
a possible history-dependence, see below.) The equivalent
charge concentration of cat-(HM)HEC was calculated from
the weight percent values using equivalent molar masses of
889g/eq for cat-HEC and 3472g/eq and 3968g/eq for cat-
HMHEC (two different batches used). After
approximately 5 minutes in the vortex mixer, the samples
were placed in a platform stirrer and after 24 hours they were
centrifuged at 4000 rpm for about 2 hours. This procedure was
repeated a second time in order to ensure complete mixing.
The samples were then stored at room temperature and left to
equilibrate for several weeks. After this period, samples
showing no visible turbidity or macroscopic phase separation
were considered monophasic. The phase behaviour observed
was reproducible and the samples did not change (periodic
visual inspection) for more than a year. Weight measurements
of both top and bottom phases in the phase separation region
were made for samples containing 2.66 mM of DNA and
different amounts of cat-(HM)HEC. Measurements of DNA
concentration in the top phase were done for samples
containing 2.64 mM of DNA and different amounts of cat-
(HM)HEC.

g

were

2
2

Rheology Measurements

Linear (oscillatory) and nonlinear (rotational) experiments on
monophasic samples were conducted at 25°C in a Rheologica
StressTech rheometer with an automatic gap setting. A cone-
and-plate measuring geometry (1°, 50 mm diameter) was used
for all measurements. The frequency dependences of the
storage (G’) and loss (G”’) moduli and the complex viscosity
s(m* = (G’2 + G”’2)1/2/2xnf, where f is the frequency of
oscillation) were recorded in the oscillatory measurements.
All measurements were performed within the viscoelastic
linear regime previously investigated by stress sweep
experiments over a range of shear stresses from 0.2 to 10Pa.

a9
3
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The shear viscosity (n) of the samples was determined in
nonlinear rotational measurements.

Results
Stability of the DNA conformation

s Since one aspect of the present work concerns comparisons
between ssDNA and dsDNA in their mixtures with cat-
(HM)HECs, we investigated whether the addition of cat-HEC
in any way influenced the DNA conformation. Recordings of
the UV absorption at 260 nm with increasing temperature (not
shown) for selected mixtures confirmed that the DNA kept its
original conformation when mixed with the cat-HEC: no
change in absorption on heating up to 90°C was observed for
the mixtures with ssDNA, whereas a sigmoidal increase at
elevated temperatures, indicating DNA melting, was seen for
dsDNA. Notably, the presence of the cationic polyelectrolyte
stabilised the dsDNA helix, as manifested by an increased
melting temperature. The stabilization of the dsDNA by the
interaction with polycations has been reported in the work of
Kabanov et al®.

Phase behaviour

2

General features

Quasi-ternary phase maps are presented in Figure 1 for three
of the studied mixtures. The full three-dimensional phase
diagrams, giving also the full ionic compositions of the
coexisting phases in the regions of phase separation, are
outside the scope of the present study. The system cat-
HMHEC/ssDNA/H,0 system is not shown, since it was
studied in less detail. However, for the compositions studied,
its phase behaviour closely resembled that of the
corresponding  system with dsDNA. Two alternative
representations of each diagram are presented, using either the
weight percent or the equivalent charge concentration of the
polyelectrolytes as concentration units - both being of
fundamental interest. Note that the mass per unit charge is
much smaller for DNA than for cat-HEC or cat-HMHEC. The
highest DNA concentration used was 4.5 mM (0.14 wt%). The
lowest cationic polyelectrolyte and DNA concentrations used
were 0.213 mM (0.0189 wt%) for cat-HEC, 0.274 mM
(0.0951 wt%) for cat-HMHEC and 0.5 mM (0.016 wt%) for
DNA. At concentrations below 0.5 mM, DNA is single-
stranded in the absence of added salt'".

Each polyelectrolyte alone was soluble in water, but all mixed
systems presented wide regions of associative phase
separation in the phase maps. In these regions, denser
concentrated phases, enriched in both DNA and in cat-
(HM)HEC, settled from more dilute solutions. Notably, all
phase maps showed an asymmetry with respect to charge
stoichiometry. Accordingly, we saw that only very minor
additions of cat-(HM)HEC to DNA solutions lead to phase
separation, while mixtures dominated by the cationic
polyelectrolytes did not phase separate on addition of DNA
until some distinct global stoichiometry (charge ratio) of the
mixture was reached. Hence, the boundary separating the
phase-separation region from the single-phase region rich in
ss cat-(HM)HEC generally appeared as an almost straight line

&

&

for all systems, in the range of compositions studied. For
reference, charge equivalence lines, denoting systems
containing equal amounts of DNA and cat-(HM)HEC charges,
are shown in all phase maps.

e To ensure that the observed phase behaviour was not
influenced by the preparation procedure, we performed
various control experiments. For cat-HEC/dsDNA/H,0, we
used samples in the phase separation region, prepared
following the procedure described above, and added an

s amount of salt sufficient to dissolve the complex. This

mixture was then placed in a dialysis bag and left for dialysis

against pure water for some days. After some minutes it was
possible to see the re-formation of the concentrated phase.

Another approach was to add a solution of cat-HEC, rather

than the dry powder (see the Experimental section), to the

solution of DNA. Regardless of the preparation method, the
observed phase behaviour was always in accordance with the
diagrams shown in Figure 1. Lastly, we made control
experiments using different batches of cat-HMHEC and using

s dialysed cationic polyelectrolytes for the phase maps. Indeed,

such changes gave rise to measurable shifts in the positions of

the phase boundary separating the phase separation region
from the one-phase region rich in the cationic polyelectrolyte.

However, these shifts were small when compared to the

quantitative differences observed between the four different

mixtures.

2

Mixtures with cat-HEC

The two systems containing cat-HEC had much in common
apart from the general features presented above. Figure 2
shows a partial characterisation of the compositions of phases
found for two series of samples, all containing 2.656 mM (for
weight measurements) and 2.64 mM (for determination of
DNA concentration) of ds- or ss-DNA but varying
concentrations of cat-(HM)HEC, in the regions of phase
separation. The x-axis shows the charge ratio, r, of the
samples, defined as

°
3

r = equivalent concentration of cat-(HM)HEC/equivalent

concentration of DNA

The DNA concentration in the dilute phase of two-phase
samples was determined by UV absorption measurements at
the wavelength of 260 nm and is shown in the left-hand graph
of Figure 2. The results show that DNA was present in the
dilute phase at charge ratios below unity, i.e., below charge
equivalence, and that the concentration of DNA in the dilute
phase decreased with increasing charge ratio. Around charge
equivalence almost all DNA was removed from the dilute
phase. The right-hand graph of Figure 2 shows the percentage
s of the total mass that was contained in the concentrated phase.
Clearly, the relative mass of the concentrated phase was very
small at low charge ratios, but the concentrated phase started
to swell slightly as the composition approached charge
equivalence for both DNA systems. On increasing the cat-
no HEC content further above charge equivalence, the viscosity
of the dilute phase was seen to increase and the concentrated
phase became clearer. On increasing the cat-HEC content still

2
8

8
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Fig. 1 Experimental phase maps of the cat-(HM)HEC/DNA/H,O systems. On the left phase maps, the axes give the concentration of charges and, on the
right, the ternary phase maps are expressed in weight percent. Triangles — one single phase, filled triangles — bluish samples, filled circles — area of phase
separation. The thick solid lines are phase boundaries, the dashed line is the charge equivalence line and the dotted lines are guide-lines for certain charge

ratios.

further, two coexisting transparent viscoelastic phases were
obtained. These phases were difficult to separate because the
interface separating the phases was not sharp even after
centrifugation and their viscosities were similar, although the
concentrated bottom phase always had a higher viscosity
compared to the more dilute top phase. The weight fraction of
the concentrated phase was always very low, maximally 12%
of the total weight of the sample (see in Figure 2). Further
addition of cat-HEC to the system eventually gave rise to an
abrupt transition into a one-phase, transparent, viscoelastic
solution. At the lowest charge ratios, this one-phase solution
was bluish in appearance, but the phase became clear upon
further addition of cat-HEC. Some highly viscous bluish
solutions were centrifuged for long times (approximately one
week) but no sedimentation was observed.

The most obvious difference in phase behaviour between the
systems with dsDNA and ssDNA was that the phase
separation region was much more extended in the cat-
HEC/ssDNA/H,0 system (see Figure 1). The phase separation
region ended at a charge ratio » = 1.6 (one dsDNA molecule to
4.4 cat-HEC molecules) for dSDNA but persisted until » = 2.7
(one ssDNA molecule to 3.8 cat-HEC molecules) for ssDNA.
The wider phase separation region for ssDNA allowed us to
follow the separated phases over a wider range of charge
ratios. In addition, Figure 2 shows that the DNA concentration
in the dilute phase of the phase-separated ssDNA mixtures
increased at charge ratios above charge equivalence.

The transition from bluish to clear one-phase samples did not
move as much as the phase boundary with a change of the
strandedness of DNA. For dsDNA, the transition occurred at »
= 3.8 (one dsDNA molecule to 10.6 cat-HEC molecules)
compared to » = 4.6 (one ssDNA to 6.4 cat-HEC molecules)
for ssDNA.

Mixtures with cat-HMHEC

The two systems containing cat-HMHEC also presented
similar features within the investigated concentration range.
The extension of the phase separation region was similar for
dsDNA and ssDNA systems. However, the DNA mixtures
with cat-HMHEC showed some notable differences compared
to the mixtures with cat-HEC. Figure 1 shows that on a weight
basis, cat-HMHEC was less effective than cat-HEC to
redissolve DNA, whereas, on a charge basis, the trend was the
opposite. The formation of a single cat-HMHEC-rich phase in
mixtures with ssDNA or dsDNA was seen already a at charge
ratio around 1.5 (one dsDNA to 105 cat-HMHEC molecules
and one ssDNA to 52.5 cat-HMHEC molecules).

The largest difference between the cat-HMHEC and cat-HEC
systems was observed in the features of the phases formed in
the phase separation region (see Figure 2). For cat-HMHEC,
the DNA concentration in the dilute phase decreased to an
almost constant value already at charge ratios far below
charge equivalence, where it remained until the one-phase
region was reached. Interestingly, for cat-HMHEC the

concentrated phase swelled very much as the concentration of

cat-HMHEC was increased, particularly above charge
s neutrality, where a roughly linear increase was seen with
increasing charge ratio until the concentrated phase finally
“absorbed” all of the dilute phase. In parts of the phase-
separation region above r = 1 the concentrated phase(s)
seemed to split into one turbid and one transparent layer. It is
difficult to know whether this layering represented a true
equilibrium behaviour; if so, it could possibly reflect a
considerable polydispersity in the degree of substitution of the
cat-HMHEC molecules. In any case, at high degrees of
swelling, the layering disappeared and the concentrated phase
was uniform and clear. The dilute phase was always very
dilute, judging from its low viscosity.

2

2

Rheology
General features

In Table 2 we present results for rheological measurements for
the cat-(HM)HEC in water. For the compositions studied the
differences between the two polymers arose for large contents
of polymer. For the mixtures with DNA, rheological
measurements were conducted on homogeneous samples from
the one-phase region rich in cat-(HM)HEC. The linear
viscoelastic regime was typically found to extend over the
entire shear stress range between 0.2 and 10 Pa. The results
from oscillatory measurements generally showed the classical
features that have previously been observed for cat-HEC and
cat-HMHEC in mixtures with ionic surfactants'*!” or sodium
polyacrylate'?, that is, monotonic increases of G and G** with
increasing frequency showing a point of intersection at some
critical frequency f* within the accessible frequency range.
Figure 3 shows two mechanical spectra for a constant cat-
HEC concentration (two different DNA concentrations). An
simple but convenient characteristic of the polymer dynamics
is the effective relaxation time t*, defined as the inverse of
the angular frequency (t* = 1/(2nf*)) where G’ and G”’
intersect. At times shorter than t*, a solution has a response
which is mainly elastic, while at longer times viscous
behaviour prevails. While t* is not expected to correspond to
any simple process on the molecular level for a polydisperse
polymer solution'®, it can still be used to indicate differences
between samples of different compositions.

We want to note here that for all the experiments the viscosity
follows the exact same trend as the G’, but for simplicity we
decide to plot only the G’ (1Hz).

Mixtures with cat-HEC

°
2

3
g

As mentioned, Figure 3 shows the results from oscillatory
measurements on two mixtures containing the same
concentration of cat-HEC but different concentrations of
dsDNA. The figure illustrates the general trend that both G’
(at some fixed frequency) and t* increased with increasing
DNA concentration at a constant concentration of cat-HEC.
Figure 4 summarizes the variations of G’ (1Hz) and t* with
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Fig. 2 Weight fraction of the concentrated phase (left) and DNA concentration in the dilute phase (right), within the phase separation region, expressed as
a function of the r. Open squares — cat-HEC/dsDNA/H,0, filled squares — cat-HEC/ssDNA/H,0, open circles — cat-HMHEC/dsDNA/H,O and filled

s circles — cat-HMHEC/ssDNA/H,0. The vertical lines show the charge equivalence (dash) and other lines show roughly where the redissolution occurs for
cat-HEC/dsDNA/H,O (dot), cat-HEC/ssDNA/H,O (dash-dot) and cat-HMHEC/DNA/H,O (dash-dot-dot).

the charge ratio r for different compositions of cat-
HEC/dsDNA/H,0 mixtures. The left-hand graphs represent
systems at three different constant concentrations of dsDNA
but varying concentrations of cat-HEC, whereas the right-
hand graphs are for constant cat-HEC concentrations and
varying dsDNA concentrations. Note that the total
polyelectrolyte concentration thus increases with increasing r»
in the left-hand graphs, but decreases with increasing r in the
right-hand graphs. We recall that the one-phase region for the
cat-HEC/dsDNA/H,0 system appeared above a charge ratio
equal to 1.6, and the transition from bluish to clear samples at
a charge ratio of 3.8; these charge ratios are indicated as
dotted lines in Figure 4.

Starting with the right-hand graphs, one can see that the trend
in Figure 3 was indeed general in the investigated range of
compositions, that is, at a constant cat-HEC concentration,
both G’ and increased with increasing dsDNA
concentration (decreasing r). Interestingly, the left-hand set of
graphs shows a more complex pattern. The storage modulus
showed a pronounced maximum, roughly coinciding with the
transition from bluish to clear samples, for all series of
samples where the cat-HEC concentration was increased at
constant dsDNA concentration. The G’ maximum did not
change significantly with the total polyelectrolyte
concentration. When the charge ratio was increased further in
the latter series of samples, G’ eventually increased again as
can be seen from the results for the highest dsDNA
concentration in Figure 3, top left graph, but we did not
investigate this further. The relaxation time also showed a
maximum with increasing cat-HEC concentration at constant
dsDNA concentration (bottom left graph). However, the
position of the rt* the total
polyelectrolyte concentration as can be clearly observed in
40 Figure 4 (bottom left). At high charge ratios the relaxation

=5

N
g

T*

8

maximum varied with

&

0

a

4

time values were very small, but still far enough from the
detection limit (ca 0.002 s).

In Figure 5 the complex viscosity, n*, as a function of
frequency is presented for the series of samples with a

s constant dsDNA concentration ( 1.87mM) and varying cat-

HEC amounts. All samples showed pronounced shear-thinning
but with a frequency-independent plateau at low frequencies
within the accessible range. As observed for G’, the value of
the viscosity plateau went through a maximum with increasing
cat-HEC concentration. A wide variety of shear-thinning or
shear-thickening fluids can be adequately described by a
power law constitutive equation of the form: n* = kf *. The
three systems corresponding to lower cat-HEC content
showed the same slope (b = -0.65) of logn* versus logf'in the
shear-thinning regime at high frequencies. For the samples at
higher cat-HEC concentrations, above the viscosity maximum,
the high-frequency slope slightly decreased with increasing
cat-HEC concentration. The same features described here for
the complex viscosity were seen for the apparent viscosity as
a function of the shear rate measured in nonlinear rotation
experiments (see Figure 6).

We also performed a limited amount of rheology
measurements on one-phase mixtures of cat-HEC with ssDNA
(not shown), from which the following trends could be
established. As for the mixtures with dsDNA, the relaxation
time decreased with increasing charge ratios, reaching very
low values at high charge ratios. However, for the same global
compositions, the ssDNA-containing systems presented
generally lower values for G’, viscosity and t*, when
compared to the mixtures with dsDNA.

Mixtures with cat-HMHEC

Linear oscillatory measurements were performed on a large
set of samples, all found to be viscoelastic, in the cat-
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Table 2 Measured G’ and viscosity for the aqueous solutions of the cationic polymers alone.

Composition (Wt%-mM) G’y (Pa)

cat-HEC 0.95-10.7 0.03
1.9-21.4 0.15

2.8-31.5 1.2

4.7-53.4 9.19

cat-HMHEC 1.9-5.5 0.09
2.9-8.4 0.7

4.8-13.8 18.6

Viscosityo.u, (n*) Pa.s  Shear Viscosity (n) Pa.s

0.03

0.2 0.2

1 1

5.9 7.8

0.18 0.18

0.79 0.8
11.11 13.16

HMHEC/dsDNA/H,0 system. An overview of our findings is

presented in Figure 7, which has the same layout as Figure 4

above, and thus shows G’ (1 Hz) and t* values plotted against
s r for different series of one-phase samples where either the
cat-HMHEC concentration was varied at constant dsDNA
concentration (left-hand graphs), or the dsDNA concentration
was varied at a constant cat-HMHEC concentration (right-
hand graphs). In the investigated range of compositions the
trends found were simpler for the mixtures with cat-HMHEC
than for the mixtures with cat-HEC. Thus, regardless of
whether the cat-HEC concentration was varied at constant
dsDNA concentration or vice versa, t* increased with
increasing r, that is, as the sample compositions moved
further away from the region of phase separation. The values
of G’, on the other hand, seemed more sensitive to the total
concentration of polyelectrolyte, since G’ increased
monotonically, in each individual series of measurements,
when either more cat-HMHEC or more dsDNA was added at a
constant concentration of the other polyelectrolyte.

100
104
=
=
CHIRE
¢}
0.1+
1E-3 0.01 0.1 1 10
f (Hz)

Fig. 3 G’ (open symbols) and G’ (filled symbols) as a function of
frequency for the samples with constant 10.67mM (0.95 wt%) of cat-HEC
and 1.87mM (0.061 wt%) (squares) and 3.14mM of dsDNA (0.0103
wt%) (circles).

Comparing samples composed of cat-HMHEC with samples
composed of cat-HEC, the most striking difference is that
only the latter mixtures showed a pronounced maximum in G’
with increasing concentration of cat-(HM)HEC at a constant
concentration of dsSDNA. We also observed that at the same
dsDNA concentration and for the same value of r, both the G’
and the t* values were much higher in the cat-HMHEC
systems. However, one must note that the weight per cent
concentration of cationic polyelectrolyte was also much
35 higher in the latter systems, owing to the much lower charge

b3

density of cat-HMHEC (Table 1).

Again, a more limited set of mixtures of ssDNA with cat-
HMHEC were investigated. These showed no significant
differences, compared to the corresponding mixtures with
dsDNA, as regards G’ or viscosity. However, there were some
quantitative differences in the effective relaxation times. In
both systems, t* decreased with increasing r, but at higher
cat-HMHEC concentrations, the values of 1*
significantly smaller for the mixtures with ssDNA.

=
&

were

Discussion

&

Formulating DNA in mixtures with cationic cellulose

derivatives

We have shown in this investigation that it is possible to make
formulations of double- or single-stranded DNA with widely
different properties by mixing the aqueous DNA with
appropriate amounts of the common cationic cellulose
derivatives cat-HEC or cat-HMHEC. While phase separation
was observed at substoichiometric and intermediate charge
ratios of cat-(HM)HEC to DNA, a modest and approximately
s concentration-independent excess of the cat-(HM)HEC (a
charge ratio of 1.5 - 2.7, depending on the system) was
sufficient to produce redissolved, highly viscoelastic one-
phase mixtures. Previous studies by other groups have found a
similar of DNA by cationic
polyelectrolyte, but the latter studies were limited to dilute
solutions®*!°. Thus, we are not aware of any previous studies
reporting highly viscoelastic, almost gel-like mixtures of
DNA with cationic polyelectrolytes of the type that we have
found here. We have, furthermore, shown that the rheological
s properties of redissolved mixtures of DNA and the cationic
cellulose derivatives can be varied within wide ranges by
varying the overall polyelectrolyte concentration and/or the
charge ratio. In particular, a non-trivial maximum in the
storage modulus and the complex viscosity was observed
when increasing the concentration of cat-HEC at a constant
concentration of dsDNA.

Turning to the phase separated mixtures, those containing cat-
HMHEC at charge ratios in the interval 1 < r < 1.5 seem
particularly interesting. In this region, the concentrated phase
seems to contain almost all of both the DNA and the cat-
HMHEC, but the degree of swelling, that is, the equilibrium
water uptake, of this phase can be tuned within wide ranges
simply by changing the charge stoichiometry. The highly
viscolelastic mixtures containing DNA can be very useful in
so applications which demand a sustainable release (due to the

reduction of the convection effects) of DNA.
In the remaining part of the discussion, our main aim is to

3

redissolution excess

2
2

3
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behaviour in aqueous mixtures of DNA and cat-(HM)HEC
must have its origin in some difference between the polyions,
other than the sign of the charge. A mixture of two polyions
differing only in the sign of their charge must necessarily give
»srise to a symmetric phase diagram (neglecting effects of
counterions or the asymmetry of the water molecule).
A well-established cause of asymmetry in phase behaviour is
a pronounced difference in the number of charges per

identify possible molecular mechanisms that can explain the
observed behaviour. For this purpose we will also make more
detailed comparisons with previous studies of related systems.

Phase Behaviour

10 The phase maps established in this work all have the
following features in common: the charge stoichiometry is of
obvious importance, and at charge equivalence, both polyions

separate

out

from

the

dilute

solution more

or

less

quantitatively into a concentrated phase. On the DNA-rich
1s side of charge equivalence, phase separation occurs in the
entire mixing range, even for systems containing very small
substoichiometric amounts of cationic polyelectrolyte. On the
cat-(HM)HEC rich side, however, a redissolution occurs at a
distinct and concentration-independent charge excess of cat-
20 (HM)HEC. It seems clear that the asymmetry in the phase

molecule of the two polyions. Extensive work by Kabanov
30 and co-workers has shown that mixtures of “host” polyions,

containing many charged units,
containing much fewer charges, display an asymmetry of the
phase behaviour such that soluble complexes are formed when
the “host” polymer is in excess, but not when the “guest”
s polymer is in excess relative to charge equivalence®.
However, this simple model does not predict the behaviour

with

“guest”

polyions,
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Fig. 5 Complex viscosity as a function of frequency for seven different samples with 1.87mM (0.061wt%) of dsDNA with on the left: 4.26mM (0.38wt%)
(open circles), 5.33mM (0.47wt%) (filled circles), 6.4mM (0.57wt%) (open squares) of cat-HEC, and on the right: 7.45mM (0.66wt%) (filled squares),
8.53mM (0.76wt%) (open triangles), 9.6mM (0.85wt%) (filled triangles) and 10.67mM (0.95wt%) (crosses) of cat-HEC.

observed here. Since the ds and ssDNA molecules carry more
charges (Table 1), DNA should act as the host polyion, but the
observed asymmetry of the phase map is the opposite of that
predicted by the guest-host model. Two other obvious
molecular asymmetries that could give rise to an asymmetric
phase map in the present system are a mismatch in charge
density (for all mixtures) and the presence of hydrophobic
side groups (for mixtures with cat-HMHEC). Another
candidate could be a difference in intrinsic stiffness, but the
role of this factor seems less obvious here, since quite similar
phase behaviour was observed for ssDNA and dsDNA.

The role of hydrophobic modification of the polyion(s) has
been thoroughly investigated for other associating mixtures of
polycations with cat-HMHEC, and we believe that this is the
key to understanding the mixtures of cat-HMHEC with DNA.
Of particular relevance here is the investigation by Thuresson
et al of mixtures of cat-HMHEC with poly(acrylate) (PA) or
hydrophobically modified poly(acrylate) (HMPA), both with
a molecular weight of 150 000 g/mol'2. The phase map for
the mixtures with PA was very similar to that observed here
for the mixtures with DNA: a phase separation was observed
over most of the PA-rich side of the mixing range. By
contrast, highly viscoelastic one-phase mixtures were obtained
for only a small charge excess of cat-HMHEC (above r = 1.1).
The redissolution behaviour on the cat-HMHEC rich side of
charge equivalence changed only marginally when PA was
replaced by HMPA, but a dramatic difference was observed
for HMPA-rich mixtures: the hydrophobic modification of PA
led to an efficient redissolution also here.

Mixtures of cat-HMHEC with the anionic surfactant sodium
dodecylsulfate (SDS) also shows important analogies with the
corresponding mixtures with PA, HMPA or DNA. A thorough
phase separation study has shown that on the cat-HMHEC-
rich side of charge equivalence, these mixtures redissolve at a
fixed stoichiometry of r 1.4 for a range of global
concentrations, that is, the boundary between the two-phase
region and the cat-HMHEC-rich one-phase region is linear,

&

60

analogously to what was found here for mixtures with DNA
(Figure 1)'. Like the mixtures with HMPA, but unlike the
mixtures with PA or DNA, the mixtures of cat-HMHEC
redissolve at a sufficient excess of SDS (sodium dodecyl
sulfate).
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Fig. 6 Shear viscosity as a function of shear rate for three different
samples with: 1.87mM (0.061wt%) of dsDNA and 4.26mM (0.38wt%)
(open circles), 6.4mM (0.57wt%) (open squares) and 10.67mM
(0.95wt%) (crosses) of cat-HEC.

The consistent physical picture that has emerged from the
previous studies just mentioned is that, owing to the
association between the hydrophobic groups of the cat-
HMHEC molecules, this component has a strong tendency to
reside almost quantitatively in one and the same phase: if it
phase-separates, it does so quantitatively. Thus, when
negatively charged polyions are added to a solution of cat-
HMHEC, they distribute over the entire network of cat-
HMHEC molecules. As charge equivalence is approached by
further addition of polyanions, the network contracts and
eventually phase separates from a dilute supernatant

This journal is © The Royal Society of Chemistry [year]
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5 to the change of dsDNA concentration for 9.58mM (3.33wt%) of cat-HMHEC (open squares) and 13.7mM (4.76wt%) of cat-HMHEC (open circles). The
bluish samples are located in between the vertical dotted lines. The numbers on top of the points are the wt% of the variable component.

containing, as solutes, essentially only a combination of the
original simple counterions of the polyelectrolytes. The
concentrated phase then continues to shrink, by eliminating

10 water, until charge equivalence is reached. Here, the osmotic
pressure of the mixed network is at a minimum, since the net
charge is zero and no excess of small counterions are required
to maintain electroneutrality in the concentrated phase. In our
study, the scenario just described corresponds to moving from

1s high » to » = 1 for the cat-HMHEC systems in Figure 2.
Available experiments show that for this cat-HMHEC-rich
part of the phase map, it is unimportant whether or not the
polyanion contains hydrophobic moieties; electrostatic
interactions alone are sufficient to make the polyanion

20 partition quantitatively to the concentrated phase. Thus, this
part of the phase map is very similar regardless of whether the
anionic component is PA, HMPA, dsDNA, ssDNA or DS
(dodecyl sulfate).

The situation becomes different in the polyanion-rich part of
25 the phase map. Polyanions that contain hydrophobic moieties,
such as DS and HMPA, continue to partition strongly to the
concentrated phase, associating into mixed hydrophobic
aggregates with the cat-HMHEC hydrophobes. The scenario
for » < 1 then becomes the reverse of that for » > 1: both
polyions reside in a single mixed polyion network, with an
equilibrium water uptake that varies with the net charge of the
network. By contrast, if the polyanions do not associate
hydrophobically with the cat-HMHEC molecules, they can
simply distribute between the dilute and the concentrated
phases. Unless this distribution for some reason is very
uneven, the concentration of small counterions becomes
similar in the two phases, and an osmotic balance is
maintained without any transfer of water from the dilute to the
concentrated phase. Hence, a phase separation can be
« maintained even at a very high global excess of polyanions.

g
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This scenario would seem to give a reasonable explanation of
the phase behaviour for cat-HMHEC mixed with an excess of
DNA or PA.

The interpretation of the phase behaviour for mixtures with
cat-HEC is much less clear. While the scenario in the DNA-
rich part of the phase map could be the same as that just
described for the mixtures with cat-HMHEC, resulting in
phase separation over the studied mixing range for » < 1, the
mechanism for redissolution at » > 1 must be different for cat-
HEC. This follows not only from the absence of strongly
associating hydrophobic side-chains in cat-HEC, but also from
the significant differences in the observed redissolution
behaviour for cat-HEC, as compared to cat-HMHEC. The
recorded phase volumes in Figure 2 (right panel), as well as
our observations of a significantly increasing viscosity of the
dilute phase, shows that excess cat-HEC does not partition
quantitatively to the concentrated phase, resulting in a
concomitant gradual swelling of that phase. Instead, soluble
complexes of cat-HEC and DNA start to form in the dilute
phase at r > 1. At least close to the one-phase region, the
stoichiometry of those soluble complexes should be close to
that given by the boundary to the cat-HEC rich one-phase
region (r = 1. 6 or r 2.7 for dsDNA and ssDNA,
respectively, independently of concentration). The bluish
appearance of the one-phase solutions at the lowest excess of
cat-HEC suggests that the redissolved semidilute cat-HEC
solutions were still rather inhomogeneous in this region,
whereas more homogeneous solutions formed at a larger
excess of cat-HEC (above r = 3.8 or » = 4.6 for dsDNA or
ssDNA, respectively).

Why such soluble complexes are formed in the cat-HEC-rich
part of the phase map, and not in the DNA-rich part, is not
clear to us, and relevant previous studies give us little
guidance. Many previous studies of mixtures of DNA with
polycations deal with very dilute mixtures (10 - 10° M
DNA). Often the studied mixtures also contained much larger
concentrations (10> M) of neutral salt, and then the phase
separation may not be immediately comparable to the
behaviour found in the present system. Nevertheless, Raspaud
et al found for mixtures of 150 bp DNA with basic protamines
or histones an associative phase separation in a narrow region
of charge ratios close (but not exactly equal) to charge
equivalence. Similar results were found for the same
polycations added to dilute solutions of poly(styrene
sulphonate)’. Thus, in these systems and under these
conditions, redissolution occurred both at the polycation-rich
side and at the DNA-rich side of charge equivalence. By
contrast, measurable phase separation occurred more or less
over the entire investigated mixing range (0.4 < r < 3.8) for
mixtures of the same polycations with 48 500bp lambda DNA.
Izmrudov et al investigated dilute solutions of "highly
polymerized" DNA from calf thymus in mixtures with highly
charged aliphatic ionene bromides, poly(N,N’-
dimethyldiallyammonium  chloride) or  poly(N-ethyl-4-
vinylpyridinium bromide). Without addition of salt, they
found insoluble complexes in the range 0.7 < r < 2 for the
mixtures with poly(N,N’-dimethyldiallyammonium chloride)
and a broader range of phase separation in the mixtures of

DNA with the other two referred above'. In mixtures of DNA
e with cationic surfactants, the immediate phase separation with
addition of surfactant was also observed and redissolution was
never seen in excess of surfactant'’.

From the previous studies of DNA mixed with polycations we
thus conclude that redissolution of water-insoluble DNA-
polycation complexes sometimes, but not always, occurs with
a sufficient excess of either DNA or polycation. However, we
are unable to find any underlying trends correlating with the
properties of either the DNA or the polycation.

We should also ask how cat-HEC behaves with other
polyanions than DNA. Indeed, cat-HEC has been shown to
redissolve phase-separated mixtures with DS micelles at an
excess of r = 22!, However, in the latter case a hydrophobic
association between DS micelles and cat-HEC has been
established, resulting also in a redissolution in DS-rich
mixture - unlike what is here observed for DNA-rich mixtures.

2

3

Rheology

To the best of our knowledge, no other rheological study has
been performed on semidilute DNA-containing physical
networks of the type studied here. However, analogous
mixtures of cat-(HM)HECs with other polyanions have been
studied'*'®. On increasing the DNA concentration at constant
cat-(HM)HEC concentration, G’ and the viscosity increase
dramatically, as shown for G’ in the right-hand graphs of
Figures 4 and 7. Similar effects have been observed for cat-
s (HM)HECs mixed with SDS,'*'"?>23_ for mixtures of cat-
HMHEC with catanionic vesicles,?* and for mixtures of cat-
HMHEC with PA and HMPA'2. Semi-dilute networks of cat-
(HM)HEC molecules are clearly strengthened by electrostatic
interactions with the anionic components. We note in this
context that at least for mixtures of cat-HMHEC with PA, no
additional increase in viscosity was seen for the
hydrophobically modified HMPA compared to the unmodified
PA"
The non-monotonic effect on increasing the cat-HEC
concentration at constant dsDNA concentration that we
demonstrated here is unusual. This shows that the
stoichiometry is important, not just the overall concentration,
even in the one-phase region. We recall also that the charge
ratio at the maximum was independent on the total
concentration of the polyelectrolytes. We can speculate about
the origin of this effect. We imagine a dynamic mixed
network of cat-HEC and dsDNA molecules, partially swollen
by the excess charge of the cat-HEC chains. The decrease in
effective  relaxation time with increasing cat-HEC
s concentration signifies that individual cat-HEC chains become
less arrested in the network as the excess of cat-HEC (relative
to DNA) increases. On the other hand, the value of G initially
increases. The latter effect may be due to an increased
swelling and entanglement among the increasing excess of
o cat-HEC chains. This is supported by the observation that the
system becomes more homogeneous (changes from bluish to
clear) with increasing cat-HEC concentration. Eventually,
however, the crosslinking of DNA molecules by cat-HEC
chains diminishes as the concentration of cat-HEC increases.
s At some point, each DNA molecule becomes saturated by cat-
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HEC chains, so that no bridging from one DNA molecule to
another by cat-HEC occurs. We are thus making an analogy
with polymer bridging in colloidal dispersions; the bridging is
not effective at a large excess of the adsorbing polymer. In the
limit of high cat-HEC concentrations we can imagine a system
with centipede-like complexes, each containing one central
DNA molecule with attached cat-HEC chains extending in
long tails, dispersed in an entangled solution of excess cat-
HEC chains.

The situation is different in mixtures of cat-HMHEC and
DNA, since there will always be a continuous associated
network of cat-HMHEC molecules through their hydrophobic
association. Presumably, this effect is sufficient to give a
continuously increasing viscosity with increasing cat-HMHEC
concentration also in the presence of a constant concentration
of DNA (Figure 7, top left panel — we recall that viscosity
follows the trend of G”). We note, however, that also in these
mixtures, the effective with
increasing cat-HMHEC concentration.

3

relaxation time decreases

Conclusions

B
8

From the mixtures of DNA with cat-(HM)HEC we learned
that we efficiently redissolve DNA and form strong
viscoelastic solutions when cat-(HM)HEC is added to the
DNA solutions. Another way to see it is to have DNA in a
s matrix of cationic polymer. Differences in between ssDNA
and dsDNA were found both in phase behaviour and rheology,
but the biggest difference between the systems relied on the
molecular difference between the cationic polymers. The
rheology showed us important differences between the
systems which can find applications
rheological properties are required as in DNA release.

b3
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Abstract

The redissolution of water-insoluble polyion-surfactant ion complexes by added excess of
surfactant have systematically been investigated by experimental and theoretical phase
equilibrium studies. A number of stoichiometric polyion-surfactant ion "complex salts" were
synthesized, consisting of akyltrimethylammonium surfactant ions of two different alkyl chain
lengths (C;,TA" and C;¢TA") combined with homopolyions of polyacrylate of two different
lengths (PA"s and PAg0) or copolyions of acrylate and the slightly hydrophobic nonionic
comonomers N-isopropylacrylamide (PA’-co-NIPAM) or N,N-dimethylacrylamide (PA’-co-
DAM). The complex salts were mixed with water and excess alkyltrimethylammonium
surfactant with either bromide or acetate counterions (C,TABr or C,TAAc). Factors promoting
efficent redissolution were (i) very short polyions, (ii) a large fraction of NIPAM or DAM co-
monomers and (iii) acetate, rather than bromide, as the surfactant counterion. Added C,;TAAc
gave an efficient redissolution of C;,TAPA,s but virtually no redissolution of C;;TAPAgp0. A
very efficient redissolution by added C;,TAAc was obtained for PA’-co-NIPAM with 82 mol%
of NIPAM. The C;TAPA-co-NIPAM/C,;TAAc/H,O ternary phase diagram closely resembled
the corresponding diagram for the much-studied pair cationic hydroxyethyl cellulose —
(sodium) dodecyl sulfate. The simple Flory-Huggins theory adopted for polyelectrolyte systems
successfully reproduced the main features of the experimental phase diagrams for the
homopolyion systems, including the effect of the surfactant counterion. The -efficient
redissolution found for certain copolyion systems was explained by the formation of soluble
polyion—surfactant ion complexes carrying an excess of surfactant ions through an additional

hydrophobic attraction.



1. Introduction

Oppositely charged polymer-surfactant systems are used as rheology modifiers,
gelling agents, colloidal stabilizers and surface deposition agents in a wide range of applied
contexts, including pharmaceutics, foods, personal care products and waste water treatment [1-
7]. The fundamental feature of the system that is utilized in all these contexts is the strong
attraction between the charged polyions and the oppositely charged surfactant ion aggregates,
both containing multiple charges leading to extensive association in the system. Obviously, an
essential property to control is the phase behavior of the mixture. Typically, a concentrated
polyion-surfactant ion phase separates out under mixing conditions when a stoichiometric and
neutral polyion-surfactant ion complex is formed. However, the situation for off-stoichiometric
mixtures may vary widely, depending on the system, as will be amply exemplified below.
Certain off-stoichiometric systems produce single-phase solutions, whereas other systems
remain phase separated at practically all mixing ratios. These differences are widely utilized. In
some applications off-stoichiometric single-phase solutions are desired, for instance in the form
of highly viscous physical networks. Under other circumstances one may want a complex that
remains insoluble, for instance as a surface coating at wide variations of the system
composition. Indeed, important applications, such as hair care products or laundry detergents,
use formulations that effectively switch from one-phase mixtures to phase-separated mixtures
by a simple operation such as a dilution of the system [6]. Typically, the initial one-phase
formulation in the latter applications contains a large excess of surfactant.

The above background serves to justify why the present study focuses on the
phenomenon that we will refer to as "surfactant redissolution", i.e., when the addition an excess
of surfactant to an associatively phase-separated stoichiometric polyion-surfactant ion complex
leads to its transformation into a single-phase solution. As we have indicated, the capability for
the surfactant to redissolve the complex varies greatly from system to system and the
underlying physics is poorly understood. The ability to understand and control this variation is
of considerable interest for applications, such as those mentioned above. The phase behavior of
polymer-surfactant mixtures is also a problem of fundamental importance in polymer and
colloid science.

Experimentally, the redissolution phenomenon is also insufficiently characterized.
Many studies of phase separation and redissolution phenomena of oppositely charged polymer-
surfactant mixtures have dealt with dilute systems, where the surfactant concentration has been
varied at some constant low concentration of the polyelectrolyte [8-11]. Turbidity, light
scattering and/or zeta potential measurements in such studies typically show re-entrant

phenomena, where soluble or colloidally stable complexes bearing a net charge are formed for



strongly non-stoichiometric mixtures, whereas turbid dispersions of large aggregates or even
macroscopically phase separated systems result under mixing conditions where net neutral
complexes are formed. In some cases it seems clear that truly redissolved complexes form at
high surfactant concentrations; in particular, it has been demonstrated that an additional
hydrophobic interaction between the polyion and the surfactant ion aggregate can facilitate an
excess binding and a redissolution of the polyion [10-12]. Additional evidence for a true
redissolution has come from gel swelling experiments, where a re-entrant compaction and re-
swelling of gels immersed in surfactant solutions of increasing concentration have
demonstrated an additional surfactant binding step above charge neutralization, leading to a
strong effective repulsion between "overcharged" polyion-surfactant ion complexes [13-15]. In
other cases, however, investigators of dilute mixtures have concluded that apparently
redissolved complexes were, in reality, non-equilibrium dispersions of particles of the
concentrated phase, stabilized by a surface covered with excess surfactant [9]. In addition to the
difficulties to distinguish between equilibrium and non-equilibrium systems, a weakness with
studies on dilute systems is that the composition of the separated phase is typically not
determined. While zeta potential measurements detect excesses of polyions or surfactant ions
that often arise at the surfaces of dispersed particles of the concentrated phase, no information
is obtained about the polyion-surfactant ion stoichiometry in the interior of the particles. The
interior must clearly be electroneutral, but this can be achieved by a large set of combinations
of surfactant ions, polyions and small ions.

One of the best studied cases where a true surfactant redissolution in water has been
firmly established concerns cationically modified hydroxyethyl cellulose (cat-HEC) mixed with
sodium dodecyl sulfate (NaDS). A consistent picture of the redissolution behavior of this
system comes from a number of phase equilibrium studies in solution and from gel swelling
experiments [10,13,16,17]. For cat-HEC and NaDS, a particularly simple phase diagram was
established by an approach, introduced by our group, where the so-called complex salt (a
neutral salt containing the surfactant ion neutralised by the polymeric counterion) is mixed with
the surfactant (the surfactant ion neutralised by a simple counterion) and water [17]. The
resulting ternary phase diagram of the cat-HECDS/NaDS/H,0 system is reproduced here as
Figure la. The virtue of the simplified approach to the study of polyion-surfactant ion phase
behavior is that it involves a minimum number of components, so that the entire phase diagram
becomes a two-dimensional surface. Here one can access the tie-lines that describe the
equilibrium compositions of coexisting phases and thus show the partitioning of the excess

surfactant between the coexisting phases.



We note, for the cat-HECDS/NaDS/H,0O system, that the region of associative phase
separation into two phases of widely different concentrations (here referred to as the miscibility
gap) is limited to a region close to the binary complex salt/water axis. In the dilute part of the
miscibility gap the "redissolution boundary", which separates the miscibility gap from the
disordered micellar solution at higher surfactant contents, is approximately a straight line that
intersects the binary surfactant/water at a low but finite surfactant concentration.

Another oppositely charged combination with a very well-studied phase behavior
involves anionic polyacrylate (PA) mixed with cationic alkyltrimethylammonium surfactants of
the type C,TAX, where n signifies the number of carbons in the surfactant alkyl chain and X is
a simple anion, such as bromide (Br) or acetate (Ac) [18-21]. For this type of system, a number
of ternary mixtures of complex salts C;(TAPA with added C;(TAX surfactant have been
established by our group and are reproduced in Figure 1b-d [22-24]. We immediately note that
the three latter phase diagrams, referring to complex salts with short (30 repeating units) or
long (6000 repeating units) polyacrylate polyions, and two different simple surfactant
counterions, are all very different. Moreover, all three-phase diagrams are quite different from
the phase diagram of the cat-HECDS/NaDS/H,0 system. An efficient surfactant redissolution
of C;sTAPA by added C;sTAAc is observed when the PA™ chain is very short (Figure 1b).
However, if instead a very long PA" chain is used in C;(TAPA (Figure lc), or if C;(TABr is
used instead of C;sTAAc (Figure 1d), a wide two-phase region results, which extends
practically all the way across the phase triangle with an almost constant low water content of
the concentrated phase - even when the latter phase is dominated by the added surfactant.

The physical interpretation of these previously recorded effects of the surfactant
counterion or the polyion length are complicated by the fact that both these changes result in a
change of the structure of the surfactant ion aggregates in the concentrated phase: The
concentrated phases in both Figures 1c and 1d consist of hexagonal phases of very long rod-
like aggregates, rather than small spherical micelles as in Figure 1b. Bromide ions are known to
associate strongly to the cationic surfactant ion aggregates, giving rise to a decreased curvature
and micellar growth [20,21,25]. One may therefore ask if the wide miscibility gaps found in
Figures 1c and d are, in fact, secondary effects caused by a strong growth of the surfactant ion
aggregate. A long rodlike aggregate should be more prone to separate out of solution than a

small spherical micelle.
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Figure 1. Equilibrium phase diagrams for ternary mixtures of surfactant, complex salt and
water. Phase diagrams were reproduced from (a) ref 17, (b) ref 19, (c) ref 20 and (d) ref 18.
Estimated phase boundaries (solid curves) and tie-lines (straight lines) are given. In (a), also the
1:1 molar ratio (arrow) is shown. Single phase regions are disordered micellar (Mic), micellar

cubic (Cub) or hexagonal (Hex).

The purpose of the work presented here is to gain further insight in the
phenomenology and the mechanism of surfactant redissolution. Some specific questions
concern the differences observed in Figure 1: (i) is the poor redissolution in Figures 1c and 1d
caused by aggregate growth and (ii) are the differences between the cat-HECDS/NaDS/H,0
(Figure 1a) and the C4TAPA/C(TAAc/H,O (Figure 1c) systems, which both involve long
polyions, due to the fact that the two systems are chemically very different? To address these
and other questions we have in this study determined additional phase diagrams for mixtures of

complex salt containing linear polyions based on polyacrylate that are either very long or very



short homopolyions, or long copolyions (PA’-co-NIPAM or PA’-co-DAM, containing N-
isopropylacrylamide or N,N-dimethylacrylamide comonomers, respectively), in mixtures with
C,TAX surfactants of different alkyl chain lengths and with either bromide or acetate
counterions. We have also compared the results obtained experimentally with the outcome of
calculations using a simple Flory-Huggins model for polyelectrolytes introduced previously

[26-28].

2. Materials and Methods

2.1. Materials. N-Isopropylacrylamide (NIPAM) (purity >99%) (Phase Separations
Ltd.) was recrystallized from hexane. N,N-dimethylacrylamide (DAM) (Fluka) and acrylic acid
(AA) (Alfa Aeser) stabilized with 200 ppm hydroquinone monomethyl ether were passed
through a column containing aluminium oxide to remove the inhibitor. Azobisisobutyronitrile
initiator (AIBN) (purity 98%+) (Aldrich), ammonium persulfate (APS) (Sigma-Aldrich),
cetyltrimethylammonium  bromide  (C;(TABr)  (purity  98.5%) (Merck)  and
dodecyltrimethylammonium bromide (C,;TABr) (TCI Europe) were used without further
purification. Polyacrylic acids (Aldrich) with nominal molar masses of 1800 g/mol (PAA,s)
and 450 000 g/mol (PAAgyo) were purified by dialysis against Millipore water for 5 and 3
days, respectively, using cellulose membranes (Spectrum Laboratories, Inc.) with molecular
weight cut-offs of 10 000 and 500, respectively, and subsequently freeze-dried. The water
uptake of the PAAs after freeze drying was found to be negligible (< 0.1 wt%). The water used
was of Millipore quality.

2.2. Copolymers. Most of the copolymers used in this work were the same batches as
used and described in the work of Norrman et al. [29].

Two additional copolymers were prepared based on the procedure described in ref [27]
by free radical polymerization in a toluene/ethanol (60:40) mixed solvent at 65°C or 60°C with
AIBN as the initiator. For the synthesis of PAA-co-NIPAM(18:82), 8.69 g (0.077 mol) of
NIPAM and 1.35 mL (0.019 mol) of AA were dissolved in a mixture of 125 mL toluene and 80
mL ethanol. For the synthesis of PAA-co-DAM(39:61), 7.0 mL (0.068 mol) of DAM and 3.10
mL (0.045 mol) of AA were added to a mixture of 138 mL toluene and 92 mL ethanol. The
reaction was performed in a 250 mL round-bottom flask. The solutions were degassed by
bubbling nitrogen gas for 1-2 h. AIBN (0.5 mol%) was dissolved in 20-50 mL of the degassed
toluene/ethanol mixture and added to the reaction flask that was degassed for another 0.4-1
hours. The reaction was initiated by immersing the reaction flask into a 60-65°C water bath
while stirring. After 4 h the reaction was terminated by exposure to air and cooling in an ice

bath for 30-40 minutes. Then the solvent was evaporated off and the copolymer was gradually



dissolved in 70-250 mL of water before it was purified by dialysis for several weeks with daily
changes of water. Finally the copolymer was freeze-dried and then appeared as white, very
light “cotton”. The AA content in the copolymers was determined by titration of a 1 wt%
copolymer solution with 0.01 M sodium hydroxide using phenolphthalein as indicator.

The molecular weight of PAA-co-DAM(39:61) was determined by SEC-MALLS with
a Dawn-DSP Multi-Angle Laser Light Scattering photometer (Wyatt Technology Corporation)
coupled with Size Exclusion Chromatography using an Ultrahydrogel Linear 7.8x300 mm
column (Serial Number: T02351A 13, Part no. WATO011545) designed for separation of water-
soluble polymers. The molecular weight of PAA-co-NIPAM(18:82) was done with an
asymmetrical flow FFF instrument, 3+Separation system (Wyatt technology Europe, Dernbach,
Germany) connect with a Dawn Heleos II Multi-Angle Laser Light Scattering detector (Wyatt
Technology). Both systems were connected to an Optilab DSP differential refractive index (RI
detector). The flow rate was 0.3 mL/min. The polymer was dissolved in a solution of 0.1 M
NaNO; and 0.02 wt% of sodium azide (NaN3). The latter solution was also used as the mobile
phase, which was degassed by a degasser connected to the water pump. The data was analyzed
using the Wyatt’s ASTRA software. The performance of the SEC-MALLS setup was checked
using monodisperse pullulan standards.

The molecular weights determined for PAA-0-DAM(39:61) and PAA-o-
NIPAM(18:82) were 146 500 g/mol and 163 000 g/mol, with polydispersity indices of 1.4 and
1.7, respectively.

2.3. Preparation of Complex Salts and Acetate or Acrylate Surfactants. Complex
salts and surfactants with acetate or acrylate counterions were prepared by titrating the acid
forms of the (poly)carboxylates with the hydroxide forms of the surfactants as described
elsewhere [22,24]. The pH values at the equivalence points were separately determined to be
8.6, 8.7, 8.5, 9, 8.0 and 8.9 for C;;TAAc, CisTAAc, C;oTAPAgp0, C12TAPA,s, C,TAPA-co-
NIPAM(18:82) and C;,TAPA-co-DAM(39:61), respectively. For the preparation of C;TAPA-
co-NIPAM(37:63) and C;,TAPA-co-NIPAM(20:80) we used the equivalence points 9.33 and
8.1, respectively, determined in ref [27]. After titration the components were left in the fridge
overnight and freeze-dried. It was found by thermogravimetric analysis (TGA) and weight
measurements that the freeze-dried surfactants and complex salts had a water content of 0.01 —
3.5 wt%. The water contents were taken into account in the calculations.

2.4. Phase Behavior. Appropriate amounts of complex salt, surfactant and water were
weighed and put in glass tubes. The tubes were centrifuged for a couple of hours to ensure that
all the material was far down in the tube, flame-sealed and further mixing proceeded by

centrifuging the tubes alternating right-side-up and up-side-down at least twice at 4000 rpm



(3416.5 g). The samples were then stored at 25°C. As in refs 20 and 21 samples containing
C1TAPA-co-NIPAM, C,sTABr and water were centrifuged and stored at 40°C, owing to the
high Krafft temperature of C;,TABr.

All samples were investigated by visual inspection in normal light and between
crossed polarizers to detect the number of coexisting phases and the presence of optically
anisotropic phases (in the present case, the hexagonal phase). Many samples were further
analyzed by SAXS, as described below.

Tie-lines in wide miscibility gaps were established for certain systems where the dilute
phase was found to contain essentially pure surfactant in water, i.e., even the slightest addition
of complex salt resulted in phase separation. For such samples, the two phases were separated,
individually weighed and analyzed by TGA to determine the water content. From this
information, together with the known global composition of the samples and the experimental
observation that the dilute phase contained no complex salt, the tie-lines could be determined.

2.5. SAXS. Small angle X-ray scattering (SAXS) measurements were performed at the
1711 line in Max-lab in Lund, Sweden [30]. The experimental setup involved the use of X-rays
at the wavelength of 1.1 A and a sample-to-detector distance around 1250 mm. A cell with
mica windows was used and was maintained at the desired temperature (25 or 40°C). Typical
acquisition times were 300 and 600 seconds. The volume between the sample and the detector
was kept under vacuum during data collection to minimize the background scattering. The
analysis of the 2D SAXS scattering data was conducted by the software Fit2D [31].

The size of a cubic unit cell, &, can be obtained by plotting (¢/27)* versus the Miller
indices (h*+k*+1%) of the structures according to

a=Quq)(h*+ K+ )" (1)
It follows from geometry that the center-to-center distance between adjacent rods, d, of the

hexagonal structure can be obtained from the first diffraction peak (g;) using

dhe = (23)"*)27q)) 2

3. Results

3.1. Homopolyion Complex Salts Mixed with Surfactant and Water. The purpose
of this part of the study was to investigate the effect of the polyion length on the surfactant
redissolution behavior in systems where the surfactant ion aggregates remained as small
micelles with a size independent on the polyion length throughout the composition range of
interest. For this purpose we chose the complex salts C;,TAPA,s and C;,TAPAggp, which both
form micellar cubic phases in equilibrium with excess water [22], and C;;TAAc as the added

surfactant. The resulting phase diagrams at 25°C, shown in Figure 2, contain disordered



micellar, micellar cubic (Pm3n) and hexagonal phases. SAXS results for representative samples
are available as Supporting Information. For brevity, we will henceforth use the terms
"micellar" and "cubic" to denote disordered micellar and (micellar) cubic phases, respectively.

As anticipated, the water-rich top parts of the phase diagrams (above 40 wt% water) in
Figures 2a and 2b feature phases with small spherical or nearly spherical micelles. Cubic one-
phase regions stretch across the phase triangles for both short and long polyions, covering all
complex salt/surfactant mixing ratios from the complex salt/water axis to the surfactant/water
axis. Table 1 summarizes the unit cell size a of the Pm3n structure and the aggregation number
N, of the micelles for cubic samples as obtained from the SAXS results. The micellar
aggregation number was found to decrease with increasing water content but, importantly,
there was no significant dependence on the proportions of polymeric/simple counterions or the
length of the polyion.

At water contents above the cubic one-phase region striking differences in the phase
behavior for short and long polyions were observed. In the C;,TAPA,s/C;,TAAc/H,O system a
micellar phase covers most of the top part of the phase diagram. For this system, addition of
less than 2 wt% of C;TAAc transforms the cubic-micellar coexistence region, found for binary
C,TAPA,s/H,0O mixtures, into a micellar-micellar coexistence region. Above 7 wt% of added
surfactant, the latter two-phase region changes into a single micellar region. By contrast, for the
C1,TAPA00/C12,TAAC/H,0 system the top part of the phase diagram is dominated by a wide
micellar-cubic miscibility gap and the micellar phase is limited to a very narrow region along
the C;,TAAc/H,O axis. The tie-lines of the wide miscibility gap run approximately parallel to
the Ci,TAPA¢/H,O axis, showing that the C;;,TAAc component partitions almost equally
between the cubic and micellar phases.

There are other significant, if less striking, differences between the phase diagrams for
short and long polyions. As found previously [22], the two pure complex salts took up different
amounts of water when equilibrated against excess water; the maximum water uptakes of the
cubic phases were here found to be ca. 56 and 42 wt% for the C;,TAPA,s/H,O and
C1,TAPA0/H,O systems, respectively. This difference persisted also with added C,TAAc,
e.g., Figure 2 shows the cubic phase generally spanned a larger range of water contents for the
system with the short polyion.

At less than ca. 40 wt% water, a hexagonal phase was found for both short and long
polyions at all complex salt/surfactant mixing ratios. As shown in Table 1, the rod-to-rod
distance in the hexagonal phase did not vary very much with the nature or composition of the
counter(poly)ions. Unexpectedly, a wide cubic-hexagonal two-phase region was found in the

interior of the phase diagram for the C;;TAPAgy0/C12,TAAc/H,O system. For some of these



samples, the two phases were macroscopically separated with one phase on top of the other,
indicating a significant concentration difference. In other samples the presence of two phases
was only detected by the SAXS results, which exhibited a mixture of the cubic and hexagonal

patterns.

80

Uninvestigated area

Uninvestigated arca
100 100

0 20 40 60 80 100 0 20 40 60 80 100
a C,,TAAc b C,TAAc

Figure 2. (a) C;;TAPA,5;/C,,TAAc/H,0 and (b) C;,TAPA¢0/C1,TAACc/H,0 phase diagrams at
25°C containing disordered micellar (Mic), micellar cubic (Cub) and hexagonal (Hex) phases.

Estimated phase boundaries (solid curves) and tie-lines (straight lines) are given.

Table 1. Structural Parameters of Liquid Crystalline Phases Obtained from SAXS
Results

CiuTAAc | CaTAPAgo | CiTAPAys | HO | @ | Naggineo | Nage' | D°
(Wt%) (Wt%) (Wt%) (Wt%) | (A) (A)

0 58.1 41.9 | 823 56 81

6.6 53.5 39.9 | 80.8 56 80

24.6 24.5 509 | 81.4 56 71

36.2 3.9 59.9 | 81.6 56 57

59.2 0 40.8 | 79.3 56 75

36.5 0 63.5 - 56 -

0 68.0 32.0 38.6
2.2 67.9 29.9 38.5
7.2°¢ 63.3° 29.5¢ | 80.8 36
34.6° 344°¢ 31.0° | 79.5 37.8
62.0 6.9 31.1 36.9
60.4 0 39.6 37.0
0 56.0 44.0 | 81.2 56 77

5.2 44.4 504 | 81.5 56 68

30.0 30.0 40.0 | 80.2 56 79

44.0 5.0 51.0 | 80.6 56 67

7.3 62.8 29.9 37.8
58.1 6.4 35.5 37.9

“Obtained from the linear fits of eq 1 to the SAXS results for Pm3n structure.
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b Theoretical value for a spherical micelle of a surfactant with an » carbon linear alkyl chain: Ny heo =
Vie/Vhes Where the volume of the micelle hydrocarbon core is Vy, = 47,373, the length of the fully
stretched hydrocarbon chain is /,. = 0.15 + 0.127n and the volume of the hydrocarbon chain is v, =
0.027(n + 1) [33].

¢ Experimental value for the cubic samples, obtained as the number concentration of surfactant ions
(assuming a density of 1g/cm® for the samples) divided by the number concentration of micelles (obtained
from the unit cell dimensions, with eight micelles per unit cell).

 Calculated using eq 2.

¢ Two-phase samples.

A selected set of samples from the CjTAPA,s/C;TAAc/H,O and
C1,TAPA400/C1o,TAAC/H,0 systems were investigated also at 60°C. The resulting less detailed
phase diagrams are available as Supporting Information. The extensions of the wide miscibility
gaps did not change on increasing the temperature to 60°C in either of the two systems, but
there were some changes within the miscibility gaps. For the system with the short polyion, the
narrow cubic-micellar region essentially collapsed onto the binary complex salt/water axis. For
the system containing the long polyion, a new micellar-micellar two-phase region and a
corresponding micellar-micellar-cubic three-phase region appeared at high surfactant contents
in the wide miscibility gap.

3.2. Incorporation of Neutral Comonomers in the Polyion. In this part of the study,
the main aim was to study how the presence of neutral comonomers in the polyion influenced
the surfactant redissolution behavior of the corresponding complex salts. Ternary phase
diagrams were established for four selected systems, chosen to represent (as will become
apparent below) efficient redissolution conditions. Both the fraction and the chemical identity
of the neutral comonomer in the copolyion were varied, and two different surfactants were
studied.

Figure 3 shows phase diagrams for the complex salts C,sTAPA-co-NIPAM(64:36) and
C1sTAPA-co-NIPAM(52:48) mixed with C;sTABr and water at 40°C. Actually, on lowering
the temperature to 25°C no changes were detected for samples with low amounts of C;sTABr.
For the samples closer to the surfactant/water axis, precipitation of C;sTABr was observed. The
same phases were present and that no large changes occurred when changing the fraction of
NIPAM in the complex salt from 36 to 48 mol%. Moreover, the same phases appeared in
roughly the same locations as in the corresponding phase diagram for the short homopolyion
depicted in Figure 1d. In all three systems, (i) the micellar phase is limited to a very narrow
region of the phase diagram close to the binary C;,TABr/H,O axis, (ii) wide miscibility gaps,

comprising a micellar-cubic two-phase area and a micellar-hexagonal two-phase area are
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present and (iii) the hexagonal phase extends continuously across the entire range of complex
salt/surfactant mixing ratios.

The most striking effect of the nonionic comonomers concerns the extension of the
cubic phase, which is very small in the C;sTAPA;(/C,sTABt/H,O system (Figure 1d) but grows
both along the complex salt/water axis and inwards in the phase diagram, when NIPAM
comonomers are incorporated in the polyion. Significant differences are clearly visible also
when comparing the two-phase diagrams in Figure 3. The one-phase cubic region formed in the
ranges 32—49 wt% of water in the C;sTAPA-co-NIPAM(64:36)/H,0 system and 37-53 wt% of
water in the C;sTAPA-co-NIPAM(52:48)/H,0 system. The maximum amount of C,sTABr that
could be incorporated in the cubic phase increased from 14 to 17 wt% on increasing the
NIPAM content from 36 to 48 mol%. Thus, the curvature of the surfactant ion aggregate
increases on increasing the nonionic monomer content in the polyion, in agreement with
previous findings for binary complex salt/water mixtures [29].

Another clear effect of the NIPAM comonomer is that the hexagonal phases in the
copolyion systems (Figure 3) took up more water at high C;(TABr contents compared to the
C14TAPA;(/CsTABr/H,O system (Figure 1d), despite the fact that both copolyions studied
have a much higher degree of polymerization than the short homopolyion PA7;. Since the
extension of the miscibility gap decreases with increasing NIPAM content, we conclude that
the NIPAM comonomers favor surfactant redissolution, as was indeed found in ref [14].
Representative SAXS results for cubic and hexagonal samples of the C;(TAPA-co-
NIPAM(64:36)/C1sTABr/H,O systems are available in the Supporting Information.

Hex+Mic

Hex+Cub+Mic
60

<
4 O © O
o 0 0 &Y =T | e 40
<
CI ~
Uninvestigated area 20 20
100 o 0
0 20 40 60 80 100 0 20 40 60 80 100
a C, TABr b C, TABr

Figure 3. C(TAPA-co-NIPAM/C,,TABr/H,0O phase diagrams at 40°C for the copolymer
composition (a) 64:36 and (b) 52:48 containing disordered micellar (Mic), micellar cubic (Cub)
and hexagonal (Hex) phases. Estimated phase boundaries (solid curves), tie-lines (straight

lines) and the 1:1 molar ratio (arrow) are given.
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To enhance the tendency for efficient surfactant redissolution we investigated two
systems with an increased content of neutral comonomer in the polyion. We also used a
surfactant ion with a shorter alkyl chain length and with acetate as the counterion, C;,TAAc.
Indeed, the resulting phase diagrams shown in Figure 4 for the two ternary systems C;,TAPA-
c0-DAM(39:61)/C,TAAc/H,0 and C;,TAPA-co-NIPAM(18:82)/C,TAAc/H,0 both feature a
quite efficient redissolution. Compared to other available phase diagrams for PA’-based
complex salts and cationic surfactants (Figures 1b-d, 2 and 3), the most striking difference is
that in both diagrams in Figure 4, the miscibility gap is quite small and completely surrounded
by a (disordered) micellar phase. The shape of the miscibility gap is also noteworthy, especially
in the dilute region, where the redissolution boundary separating the miscibility gap from the
one-phase region at excess surfactant appears as a straight line that extrapolates to a finite
surfactant concentration at the C;,TAAc/H,O axis.

Some differences between the C;;TAPA-co-DAM(39:61)/C;,TAAc/H,O and
C,TAPA-co-NIPAM(18:82)/C|;,TAAc/H,O the systems are evident in Figure 4. The
miscibility gap was larger in the first system, and a cubic phase was observed at low water

contents along the binary C;,TAPA-co-DAM(39:61)/H,0 axis.

C,,TAAc

Figure 4. (a) C;TAPA-co-NIPAM(18:82)/C|;TAAc/H,O and (b) C;;TAPA-co-
DAM(39:61)/C|,TAAc/H,O phase diagrams at 25°C containing micellar (Mic), cubic (Cub)
and hexagonal (Hex) phases. Estimated phase boundaries (solid curves), tie-lines (straight

lines) and the 1:1 molar ratio (arrow) are given.

3.3. Additional Redissolution Studies at a Constant Complex Salt Concentration.
To access a more extensive set of systems, we performed limited studies on a number of

additional combinations of copolyion and surfactant, where we used a single global
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concentration of the complex salt but varied the concentration of the added surfactant. Figure 5
summarizes the results as one-dimensional phase maps, where we also include relevant sets of
samples from the phase diagrams in Figures 3 and 4. Comparing the positions of the boundaries
between phase separation and one-phase systems for the various mixtures shown in Figure 5,
we conclude that a more efficient surfactant redissolution is favored by (i) increasing the

comonomer content and (ii) using acetate rather than bromide surfactant.

2wt% C,,TAPA-co-NIPAM (64:36) C,,TAAc . . °
2wt% C , TAPA-co-NIPAM (52:48) C,,TAAC e . . . o
3wt% C,,TAPA-co-NIPAM (18:82) C,, TAAc © o o ° o
2wt% C, TAPA-co-NIPAM (64:36) 16 1ABT ® . . . +
e C TAAc . . . o
2wt% C, TAPA-co-NIPAM (52:48) C, TABr o o o . . e o
C, TABr . . o
2wt% C, TAPA=co-NIPAM (37:63) (o' .
16

2wt% C, TAPA-co-NIPAM (20:80) C, TABr o °

[ T T T T T T T T T T T T T 1

0 5 10 15 20 25 30 35

Surfactant (wt%)

Figure 5. Phase behavior for different complex salts, at a constant overall concentration, mixed
with different surfactants. Selected two-phase (filled dots) and one-phase (open dots) samples

are shown.

4. Discussion

4.1. Which Factors Influence Redissolution? The new result presented in this study
considerably clarifies the factors that influence the efficiency of the redissolution of a water-
insoluble polyion-surfactant ion complex salt by added excess surfactant. Before proceeding
with more detailed discussion of some of these factors, we will summarize and briefly discuss
all of them here.

4.1.1. Polyion length. At least for homopolyions, the length of the polyion of the
complex salts has a strong influence on its propensity to redissolve by added surfactant. As
shown in Figure 2 and Table 1, this conclusion holds even when the surfactant ion aggregates
are small, nearly spherical micelles at all complex salt-surfactant mixing ratios throughout the
miscibility gap. We recall that the tie-lines in Figure 2b clearly show that a very large excess of
surfactant in the concentrated complex phase is not sufficient to cause a redissolution of the
complex.

4.1.2. Nomionic comonomers. The inclusion of nonionic NIPAM or DAM co-
monomers in the polyion greatly increases the propensity of the complex salt to redissolve by
added surfactant, and the efficiency increases (except for one case) with an increasing content
of nonionic monomer (Figure 5). In fact, the phase diagram for the system C;;TAPA-co-

NIPAM(18:82)/C;,TAAc/H,O (Figure 4a) very closely resembles that previously obtained [17]
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for the chemically very different system cat-HECDS/NaDS/H,0O (Figure 1a), including the size
and shape of the miscibility gap, the linear redissolution boundary at high water contents and
the fact that it is surrounded by a continuous micellar phase.

4.1.3. Surfactant counterion. An acetate, rather than a bromide, counterion makes a
cationic surfactant more potent to redissolve a complex salt, in agreement with the previous
results reproduced in Figure 1.

4.2. A Simple Lattice-Model Analysis. 4.2.1. General. As a basis for our further
discussion we have made calculations using the simple Flory-Huggins lattice model [32],
adopted for polyelectrolyte systems [26-28]. The essence of this version of the Flory-Huggins
theory, as applied to the present type of system, is to treat each of the solvent, the polyion, the
surfactant ion aggregate, and the simple counterion of the surfactant as a separate species, but
with the additional constraint that each equilibrium phase in the mixture must be electroneutral.
As in the real system, the latter constraint implies that the mixture of the four species
considered is reduced to a three-component system. To incorporate the electroneutrality
condition we assign to each unit taken to occupy one lattice site (a polyion repeating unit, a
surfactant ion, a simple ion or a water molecule) a charge z, which here may vary from -1 to
+1. A non-integer value will in our model be used to represent the average charge of a co-
polyion containing a mixture of charged and nonionic monomers. The Coulomb attraction
between oppositely charged species is modeled by a strongly negative Flory-Huggins y
parameter. The essential features that the model captures are thus the strong attraction between
oppositely charged species, the electroneutrality condition and the change in the translational
entropy of mixing that accompanies a change of the degree of polymerization of an ionic
species.

We will here consider the following four species: the solvent water (W), the positively
charged surfactant aggregate (S'), the negatively charged polyion (P)) and the simple
counterion to the surfactant ion (A"). Dissociated surfactant unimers are neglected, and both the
surfactant ion aggregate and the polyion are modeled as polymers occupying a large number of
lattice sites. One may have objections to modeling the compact surfactant ion aggregate as a
linear flexible chain, as is assumed for a polymeric component in the derivation of the Flory-
Huggins expressions for the enthalpy and entropy of mixing [32,33]. However, the properties
of a surfactant ion aggregate are taken to be constant in each of our systems; what is varied is
the degree of polymerization of the surfactant counterion. We expect that the effects of the
latter variation are largely insensitive to the detailed modeling of the surfactant ion aggregate

itself.
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Table 2 summarizes the parameter values used in our calculations. A repeating unit of
the surfactant ion aggregate is assigned a positive charge zs = 1, whereas a repeating unit of the
homopolyion or a simple anion are assigned a negative charge according to zp = -1 and z, = -1,
respectively. Since the number of charges per ionic species is a key ingredient in the model, we
have chosen the number of repeating units 7, and 7p of a surfactant ion aggregate or a polyion,
respectively, to represent the number of charges of the corresponding species in the real
system. Both r, and rp are varied in our calculations, but the reference species are a surfactant
ion aggregate with 60 positively charged units (corresponding to a C;, micelle) and a short or
long homopolyion with 15 or 3000 repeating units, respectively. In choosing the latter values
we have assumed that the number average degree of polymerization of a polyion, which is the
relevant parameter for the translational entropy of mixing, is half of the weight average. In our
reference system we have chosen the simplest possible set of pair interaction parameters, i.e.,
all binary exchange parameters are zero except the strongly negative parameters that describe
the interaction between oppositely charged species. We note in passing that a much weaker
attraction is required for associative phase separation of the SP component if it is assumed that
the polyion and/or the surfactant ion aggregate are hydrophobic, which corresponds to

assigning positive values to the ysw and ypyw interaction parameters [34].

Table 2. Parameters Used for the Flory-Huggins Calculations “

Figure line Zp p rs Asp YsA
6a full -1 3000 60 -3.5 -3.5
6b dotted -1 3000 60 -3.5 -3.5
“ full -1 15 60 -3.5 -3.5
6¢ dotted -1 15 60 -3.5 -3.5
“ full -1 15 500 -3.5 -3.5
6d dotted -1 15 60 -3.5 -3.5
“ full -1 15 60 -3.5 -5
7a dotted -1 3000 60 -3.5 -3.5
“ full -0.8 3000 60 -2.8 -3.5
“ full (thick) -0.7 3000 | 60 -2.45 -3.5
7b full -1 3000 60 -3.15 -3.5
“ full (thick) -0.5 6000 60 -3.5 -3.5

aZs: Lza=-1,zw=0 andXSW:XPW:XAW:XAP:O-

4.2.2. Modeling Homopolyion Complex Salts. We will first address the effects of
polyion length and the choice of surfactant counterion that were found for homopolyion
complex salts. Figure 6a shows one calculated phase diagram for a system with p = 3000 and
rs= 60. Here we adjusted the ysp interaction parameter to obtain a water content for the binary

complex salt/water mixture that was in good agreement with the experiments for the binary
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C1,TAPA40/H,O system (Figure 2b). We then chose the same value, -3.5, for the psa
interaction parameter, since the acetate counterion and the PA™ repeating unit are chemically
similar (both contain carboxylate anions). Interestingly, the model phase diagram with these
parameters gives a very good reproduction of the experimental phase diagram for the
C1,TAPA400/C1o,TAAC/H,O system: There is a full miscibility along the SA/W axis, but a wide
miscibility gap for almost all ternary compositions in the top part of the phase diagram. Both
the experiment and the model feature a concentrated phase where the water content increases
only slightly with increasing surfactant content and the tie-lines are approximately parallel with
the complex salt/water axis. Obviously, our simple Flory-Huggins model does not capture the
possible presence of a liquid crystalline order of the surfactant ion aggregates in the
concentrated phase, but such features, which result from packing effects in the concentrated
mixtures, will not concern us here. We note that a theoretical diagram similar to the one just
discussed was published previously in [28], but for a much more complex set of interaction
parameters.

Encouraged by the agreement between model and experiments, we made further
calculations to see if reasonable changes of the parameter values in the model could reproduce
some of the trends that we found experimentally. Indeed, changing to rp = 15 (Figure 6b) gave
rise to a large increase in the maximum water uptake of the concentrated complex salt phase,
and a significant shrinking of the miscibility gap for mixtures with added surfactant.
Interestingly, additional calculations (not shown) for 7 = 100 led to a miscibility gap that was
only very slightly smaller than that for 7p = 3000 shown in Figure 6a, whereas rp = 25 gave a
significant shrinking of the miscibility gap. Thus, the model predicts that the sensitivity to
polyion length should only be significant for short polyions (rp < 100).

The experimental phase diagrams in Figure 1b and d show that complex salts with
short polyions are much less efficiently redissolved by C;sTABr than by C;sTAAc. Bromide
ions are known to be more strongly attracted than acetate ions to C,TA" micelles [20,21,23],
and two consequences of this binding could be relevant for our results: C;(TABr micelles grow
and become non-spherical at higher concentrations, and C,TABr is less water soluble than
CisTAAc. In our model, we can separate these effects. Figure 6¢ shows that an increase of the
number of units in the model surfactant ion aggregate to represent a significant micellar growth
(ra = 500, full lines), only gave a small increase in the calculated miscibility gap for a short
polyion (rp = 15, dotted lines). Thus, according to the model, an efficient redissolution of the
complex salt can be obtained even if the surfactant ion aggregates are large, provided that the

polyion is short.
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In another calculation (Figure 6d), we increased the strength of the attraction between
surfactant ion aggregates and the simple anion significantly, keeping all other parameters
unchanged. Interestingly, the change from ysa = -5 (full lines) to ysa = -3.5 (dotted lines)
reproduced several trends observed experimentally on replacing acetate with bromide, viz. (i)
the miscibility gap became wider and (ii) the concentrated phase became enriched in the added
surfactant, as shown by the direction of the tie-lines at large levels of added surfactant. The
strong attraction between S” and A’ is responsible for the biased partitioning of the simple ions
to the phase concentrated in S’. For the same reason, the SA component also becomes
significantly less water-soluble than for a weaker S'—A" attraction. A less soluble SA
component leads to a decreased tendency of the concentrated phase to take up solvent and,
hence, to a miscibility gap that stays wide even at high contents of SA in the concentrated

phase.

0 20 40 60 80 100 0 20 40 60 80 100
b SA c SA

Figure 6. Phase diagrams produced by Flory-Huggins calculations for the surfactant mixing

plane with parameters given in Table 2.
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4.2.3. A Physical Interpretation of the Homopolyion Phase Diagrams. We believe that
the success of the simple mean-field model above is not coincidental, and we will attempt to
identify the main physical mechanisms explaining our results as follows. We consider a process
where we gradually add surfactant to an initially phase-separated system, containing a water-
swollen complex salt in equilibrium with almost pure water. In such a process, the overall
composition of the system changes along a line across the phase diagram that starts in the
miscibility gap and moves in the direction of the surfactant corner. The essence of our
reasoning is that we in turn consider three effects of increasing the surfactant content. (A) First,
we ask how the added surfactant distributes between the two phases, remembering that it is a
single electroneutral component containing equal amounts of surfactant ions and counterions.
(B) Then we ask how the distribution of surfactant might affect the distribution of the complex
salt between the phases. (C) Lastly, we consider possible changes in the balance of the osmotic
pressures of the phases, which would lead to a redistribution of water between the phases.

(A) We start by discussing the experimental and corresponding model results for the
simplest C1,TAPA,,/C;,TAAc/H,0 systems, Figures 2, 6a and 6b. Here the added surfactant, in
the absence of any specific ion binding, partitions essentially equally to the concentrated and
dilute phases. The main reason for this unbiased partitioning is the translational entropy of
mixing of the simple counterions to the surfactant ion aggregates. The numerous small
counterions have a tendency to distribute uniformly throughout the systems, which outweighs
any enthalpic preference of the surfactant component.

(B) Next we consider the consequences of the added surfactant for the distribution of
the complex salt between the phases. Here we find that the complex salt with the long polyion
(Figure 2b and Figure 6a) remains in the concentrated phase essentially at all mixing ratios.
This is because the translational entropy of the long polyion is small and, hence, it remains
quantitatively in the concentrated phase due to a strong electrostatic preference for the later
phase. For the short polyion, however, (Figure 2a and Figure 6b) the translational entropy
becomes significant thermodynamic force, and a finite concentration of short polyions
therefore partitions to the dilute micellar phase. Moreover, a shorter polyion has a larger water
uptake even in the absence of added surfactant. This leads to a less wide miscibility gap, i.e., a
smaller difference in the concentration of surfactant aggregates between the dilute and
concentrated phases. As the concentration of added surfactant increases, this difference
decreases further, which in turn allows for a more even distribution of short polyions.

(C) Lastly, we consider the partitioning of water between the dilute and the
concentrated phases. In the initial binary complex salt/water system, the osmotic pressure is

zero in both phases, since the dilute phase is essentially pure water and the concentrated phase
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is in equilibrium with the water phase. As we add surfactant, the simple counterions should
dominate the osmotic pressure of the dilute phase, and its osmotic pressure will therefore be of
order RTcaqgi, Where cagy is the concentration of simple counterions in the dilute phase.
Similarly, the osmotic pressure of the concentrated phase will be dominated by the contribution
from the simple surfactant counterions, R7Caconc, Where Cacone 1S the concentration of simple
counterions in the concentrated phase. If caconc = cagil @s was found from the tie-lines of the
phase diagrams, there will be a balance, and no transfer of water should occur between the
phases. Expressed alternatively, the concentrated phase stays concentrated, despite its
increasing content of simple counterions, because the coexisting phase is not pure water, but a
phase that also has a similarly large concentration of small counterions and thus a large osmotic
pressure. The picture is modified in the mixtures with short polyions, where a finite partitioning
of short polyions to the dilute phase occurs, as pointed out above. As the proportions of
polymeric/simple counterions become increasingly similar in the two phases when surfactant is
added, then the distribution of water must also become more similar, and eventually a critical
point is reached.

At this stage we note that none of the arguments above rely on a detailed description
of the polyion or the surfactant ion aggregate. We may therefore expect that the predictions of a
wide miscibility gap for long polyions should have a broad validity for oppositely charged
polymer—polymer or polymer-surfactant mixtures, as long as the mean-field approximation is
valid (we will return to this point below). Indeed, mixtures of DNA with cationic surfactants
give phase separation at practically all mixing ratios, as shown by Dias et al. [35].

We also wish to highlight some implications of the phase diagram for the long polyion
in Figure 6a that may not be generally appreciated. The phase diagram predicts that the dilute
phase in a non-stoichiometric mixture of two long and oppositely charged polyions, both
containing many charges, should contain only the polyion in excess (plus its counterions).
Hence polyelectrolyte titration should indeed work as a method to determine polyelectrolyte
concentrations, but this does not require that the complex that separates out is stoichiometric in
charge at all mixing ratios, as we see from the tie-lines. Still, an investigator might find
experimental "evidence" for the prevalence of a stoichiometric complex, as the following
numerical example will illustrate. Let us consider a complex salt/surfactant/water system
containing 1% complex salt and 5% surfactant. In our model, assuming that each charged unit
occupies one lattice site, this corresponds to a charge ratio of 6 surfactant charges per polyion
charge, i.e., a very large excess of surfactant ions. The phase diagram for the long P™ in Figure
6a shows that this mixture will separate in one dilute solution of 5% surfactant and one

concentrated phase containing ca. 50% complex salt and 5% surfactant. Thus, despite the large

20



overall excess of surfactant ions in the system, the excess of surfactant ions in the concentrated
phase is only 10%, which could even be difficult to detect experimentally. Faced with this
experimental result, the investigator might be tempted to conclude that the polymer-surfactant
complex is reluctant to bind surfactant above charge equivalence, whereas in reality the
partitioning of the surfactant between the phases is taken to be completely unbiased in our
example.

4.2.4. Modeling of Copolyion Complex Salts. A simple and obvious way to model the
presence of uncharged comonomers in the polyion P is to reduce the linear charge density of
the polyion. In a mean-field approach, this may be done by assigning to each repeating unit of
the polyion a reduced average charge zp of a magnitude less than one. One could then argue
that one should, at the same time, reduce the magnitude of the ygp interaction parameter by the
same factor, since the total electrostatic attraction between an S* aggregate and a P~ polyion
must also decrease. In a series of calculations, the results of some of which are shown in Figure
7, we initially studied the effects of such parameter changes. The calculations were restricted to
long polyions (constant rp), since the experimentally studied polyions all contained more than
500 charged units per chain.

When examining the results in Figure 7, it is instructive to first consider the effects of
the parameter changes on the extension of the miscibility gap along the binary SP/W axis. We
found that reducing both the linear charge density and the interaction parameter rapidly
increased the equilibrium swelling of the pure complex salt phase in the presence of excess
solvent. Already a 20 % reduction of the charge content led to a shift in the maximum solvent
uptake from 42 % to 63 % and with 30 % reduction of the charge the miscibility gap was
strongly reduced (Figure 7a). With a 40 % charge reduction, the complex salt modeled in the
described fashion was found to be fully miscible with the solvent.

To better understand the results just described, we studied the effects of the charge
density and the interaction parameter separately (Figure 7b). Obviously, reducing the
magnitude of the interaction parameter should make the concentrated complex salt phase take
up more solvent, and this turned out to be the dominating effect in our co-polyion model. In
fact, very similar results were found for a 10% reduction of the magnitude of the interaction
parameter to ysp = -3.15, regardless of whether the charge density was also reduced to zp =-0.9
(not shown) or allowed to remain at zp = -1 (Figure 7b). Reducing only the charge density with
an unchanged interaction parameter also increased the miscibility, since the electroneutrality
condition then requires that the complex salt contains an excess of P” repeating units over the S
units. However, here a reduction to zp = -0.5 is required for producing an effect as large as for

the former example with zp = -1 and ysp = -3.15 (Figure 7b).
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The above analysis indeed predicts an increased swelling in water for copolyion
complex salts, compared to homopolyion complex salts, and we believe that the reasons that
the model identifies are the correct ones: the excess of neutral units in the complex salt, and the
decreased Coulomb interaction between the polyion and the surfactant aggregate, should give
an increased water uptake.

We will now go on to consider the model effect of added surfactant SA on the
miscibility gap, also illustrated in Figure 7. In calculations for long polyions, we invariably
found that the P” ion effectively remained in the concentrated phase also for very large
additions of surfactant (e.g. see Figure 7). Evidently, for the long polyion and the investigated
interaction parameters, the attraction of a polyion chain to the surfactant ion aggregates
remained sufficiently strong to prevent a finite partitioning to the dilute phase.

One feature of the real system that the model, with the chosen parameters, does not
capture is the additional hydrophobic interaction between the polyion and the surfactant
aggregate. To model this additional attraction we could make the ysp more attractive, rather
than less attractive as in Figure 7. However, all that such a stronger interaction does
(calculations not shown) is to make the miscibility gap wider at all mixing ratios: we simply
obtain the reverse of the effect that the decreased interaction strength was seen to produce in
Figure 7. We thus conclude that our Flory-Huggins model fails to predict the experimentally
observed redissolution of the copolyion complex salt with a miscibility gap extending along the

complex salt/water axis and disappearing at high surfactant contents (Figures 1a and 4).

0 20 40 60 80 100 0 20 40 60 80 100
a SA b SA

Figure 7. Phase diagrams produced by Flory-Huggins calculations for the surfactant mixing

plane with parameters given in Table 2.

4.2.5. What do we Learn from the Lattice-Model Analysis? The model was found to be

most successful to reproduce the experimental results for long homopolyions in the complex
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salt. The model also succeeds to capture the effect of a specific binding of the simple anion to
the surfactant ion aggregate, which results in a similarly wide miscibility gap, but with a biased
partitioning of the surfactant to the concentrated phase. We conclude that the mean-field
approach is most successful in cases when the dilute phase contains virtually no polyions. We
propose that this is because the model assumption of random mixing between all species then
becomes reasonable for both phases: both the homogeneous solution of the pure surfactant and
the concentrated mixture of surfactant aggregates, long polyions and simple ions.

The model does not succeed in reproducing the redissolution of copolyions containing
slightly hydrophobic nonionic comonomers. We believe that the key reason for this failure is
that the dilute phase in the real systems contains soluble non-stoichiometric polyion-surfactant
ion complexes, a situation for which the mean-field assumption of uniform concentrations of
all species is clearly inappropriate. Soluble complexes feature a close contact between
surfactant ion aggregates and polyions, and thus make the enthalpic penalty for partitioning P
molecules into the dilute solution considerably less than what is predicted by the mean-field
model. We will come back to the situation for complexes involving slightly hydrophobic
polyions below. Before that, we note that the existence of soluble complexes in the
experimental system could also account for some quantitative differences between experiment
and Flory-Huggins model predictions for the surfactant redissolution of complex salts with
short hydrophilic homopolyions. A comparison of Figures 2a and 6b shows that the surfactant
redissolution is less efficient in the model that in the experimental system. Simulations of
aqueous mixtures of short flexible polyions with oppositely charged spherical macroions
interacting only via Coulomb attractions indeed predict the presence of soluble clusters,
consisting of macroions connected by polyion bridges, even at a small relative excess of

oppositely charged spheres [36].

4.3. Soluble Complexes Containing Slightly Hydrophobic (Co)polyions. A large
body of experiments indicate that for polyions that are sufficiently hydrophobic, such as the
cat-HEC and the PA’-co-NIPAM(18:82) polyions discussed here, an excess of oppositely
charged surfactant ions can associate with the polyion via an additional hydrophobic attraction
to produce soluble non-stoichiometric complexes [10,11,13,14,16,17]. The non-stoichiometric
complexes form cooperatively at a specific free surfactant concentration, similarly to the
formation of net charged complexes between certain nonionic slightly hydrophobic polymers
and ionic surfactants at the so-called critical association concentration [37,38]. The following
arguments, which are similar to those presented in references 10, 12 and 17, show that the

existence of such a complexation should lead to a miscibility gap of the type shown in Figure
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la and 4b with a linear redissolution phase boundary at low surfactant concentrations and a
finite intercept at the surfactant/water axis.

At the redissolution boundary, we can generally write the total surfactant ion

. rediss . . .
concentration Cg ., in the dilute phase as a sum of concentration of non-complexed "free"

rediss

. . . rediss .
surfactant ions Cy; ~ and of surfactant ions "bound" in the soluble complexes Cg,~ according

to

rediss__ rediss rediss _ rediss ediss , rediss
Cstot = Csp t Csp = Csp THCp ®)

where we also have rewritten the concentration of bound surfactant ions in terms of the

rediss

concentration of polyions in soluble complexes ¢, and the stoichiometric surfactant

ion/polyion ratio F°™* in the complex. In a pseudo-phase separation model, we may treat the

complex as a separate pseudo-phase, which becomes thermodynamically stable when the free

. . di . .
surfactant concentration has reached the critical value C;eflss. This is analogous to the familiar

pseudo-phase separation model for surfactant micellization, where a micellar pseudo-phase
forms when the surfactant concentration has reached the critical micelle concentration. In the
present context, the pseudo-phase approximation implies a pseudo three-phase equilibrium at
the redissolution boundary with a coexistence among (i) the free surfactant solution pseudo-
phase, (ii) the soluble complex pseudo-phase and (iii) the concentrated phase dominated by

complex salt. In a ternary system, the compositions of all phases must stay constant at a three-

rediss

phase coexistence, hence Cg; , f°* and the composition of the concentrated phase must all

stay constant at the redissolution boundary. From eq 3 it then follows that an incremental
increase in the amount of the soluble complex pseudo-phase along the redissolution boundary,

rediss

i.e,, an increase in ¢,  requires a linear increase of the total surfactant concentration, which

results in a linear redissolution boundary. The pseudo-phase separation model should be valid
in water-rich systems when the concentration of surfactant ions bound in complexes is low
compared to the free surfactant ion concentration.

We conclude that the above analysis predicts that for a system where a soluble
complex forms at a low free surfactant concentration, the miscibility gap of the type shown in

Figure 2c, featuring an unbiased partitioning of added surfactant between the phases, should

rediss

become interrupted by a linear redissolution boundary with an intercept at Cg, on the

ediss

surfactant/water axis and a slope " that gives the stoichiometry of the soluble complex.
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V. Summary and Conclusions

The present study contributes a large set of new experimental results on the phase
behavior of oppositely charged polyion-surfactant complexes in aqueous mixtures with excess
surfactant. The strategy has been to use systematic variations of the minimum number of
components required to address the problem — a complex salt, an added surfactant and water —
so that the resulting isothermal phase equilibria can be represented in simple two-dimensional
phase diagrams. This approach makes the results considerably easier to grasp and interpret
compared to typical studies of multi-component systems.

The present phase studies confirm that the outcome of an experiment, where excess
surfactant is added to a phase separated mixture of a complex salt in water, may vary widely:
from a wide miscibility gap, covering practically all mixing ratios of complex salt and
surfactant, to an efficient "surfactant redissolution", where a limited amount of excess
surfactant is capable of closing the miscibility gap into a single-phase micellar solution.
Compared to previously available complex salt/surfactant/water phase studies, the present
study has succeeded to isolate various factors responsible for this transition, and to show that a
range of behaviours previously encountered for chemically different systems can be covered
using minimal chemical variations in a single class of experimental systems.

We have found that surfactant redissolution of polyacrylate by a cationic
trimethylalkylammonium surfactant is much more efficient when the complex salt contains
short, rather than long, homopolyions, even if the surfactant ion aggregates are small spherical
micelles in both cases. Thus, a large excess of small spherical micellar aggregates with simple
counterions is not sufficient to redissolve complexes containing long homopolyions.

We have also found that the introduction of a large fraction of uncharged slightly
hydrophobic NIPAM or DAM comonomers into the polyacrylate chain makes the surfactant
redissolution much more efficient even for long polyion chains. Polyions with a large fraction
of nonionic comonomers could actually reproduce the key features previously found for a
chemically very different system based on a cationic cellulose ether and (sodium) dodecyl
sulfate. These features include a comparatively narrow miscibility gap with a finite intercept at
the surfactant/water axis, enclosed in a single disordered micellar phase. In all these cases
mentioned, we suggest that soluble, non-stoichiometric polyion-surfactant ion are formed at
low concentrations of uncomplexed surfactant owing to an additional hydrophobic interaction
between the polyion andthe surfactant aggregates.

A simple mean-field Flory-Huggins model, making only the essential assumptions that
(i) there is a strong attraction between oppositely charged species and (ii) each equilibrium

phase must be electroneutral, predicts the correct phase behavior found for complexes with

25



long homopolyions. As in the experiments, the key features of the calculated phase equilibria
were a miscibility gap extending over all mixing ratios and an almost unbiased partitioning the
surfactant component between a pure surfactant and a concentrated complex salt/surfactant
phase. The model also predicts an increased tendency for surfactant redissolution when the
complex salt contains very short polyions. Finally, the approach succeeds to capture the effect
of an additional attraction between the simple anion and the surfactant ion aggregate, which
again results in a wide miscibility gap at all surfactant/complex salt mixing ratios, but with a

biased partitioning of the surfactant to the concentrated phase.
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Supporting information

Table S1. Structural Parameters Calculated from SAXS Results for the C,;TAPA-co-
NIPAM(64:36)/C1,TABr/H,O System

CieTABr C1eTAPA-co-NIPAM(64:36) | H,O (Wt%) | o | Nugatheo | Nage | D
(Wt%) (Wt%) A) A)
11.8 42.1 46.1 102] 95 [102
31.2 66.8 1.94 36.4

Mic_+Mic
‘con dil
Cub+tMic_ +Mic,

o\ 60 <
. kPN

0 20 40 60 80 100 0 20 40 60 80 100
a C,TAAC b C,,TAAc

Figure S1. (a) C;;TAPA,s/C;TAAc/H,0 and (b) C;;TAPA4p/C12TAAC/H,O phase diagrams

at 60°C containing micellar (Mic) and cubic (Cub) phases. Estimated phase boundaries (solid

curves) and tie-lines (straight lines) are given.
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Figure S2. (a) SAXS results for the samples with compositions 6.59wt% C,TAAc, 39.91wt%
C1,TAPAg0 and 53.50wt% H,0. (b) Pm3n micellar cubic structure with peaks at the relative
positions: 2"%:4"%:52:6"2:812:10"2:13"%:14"%:16"%:18"%:20"; 7.18wt% C;,TAAc, 63.29wt%
C1,TAPAg0 and 29.53wt% H,0. (c) Mixture of Pm3n and hexagonal structures with peaks at
the relative positions: 2"%:4"%:5"2%:6"2:8"2:10"2:13"%:14"%:16"* and 1"*:3'?, respectively, at the
composition 7.29wt% C,TAAc, 62.78wt% C;,TAPA,s and 29.93wt% H,0. Hexagonal
structure with peaks at the relative positions 1:3". In (a) and (b), the insets show (¢/27)* versus

(W+I+P).
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Figure S3. (a) SAXS results for the samples with the compositions 42.1wt% C;sTAPA-co-
NIPAM(64:36), 11.8wt% of C ;s TABr and 46.1wt% of H,O with the relative peak positions at
21/2.412.512,612.812.1 (12, 1 9121 312, 1412, 1 612, 71211200120 1 12:09112, 9312 a0 (b) 1.94wt%
Ci16TAPA-co-NIPAM(64:36), 31.24wt% of C;sTABr and 66.82wt% of H,O with the relative

peak positions at 1:3"%:4"2,
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Free radical polymerization of acrylate counterions to cationic alkyltrimethylammonium surfactant

ions was performed in aqueous media. The results of the reactions were either formation,
destruction or change of liquid crystalline surfactant structures, depending on the starting

conditions such as the surfactant concentration, the content of inert counterions and the monomer-

to-initiator ratio. The results were consistent with predictions inferred from equilibrium phase

diagrams recently established for aqueous mixtures of the cationic surfactants
alkyltrimethylammonium acetate or bromide (C,TAAc/Br; n=12,16) with the "complex salts"

C,TAPA,, in which the counterions to the surfactant ions were polyacrylate polyions (PA) of
different degrees of polymerization (m = 25, 30 or 6000). Appropriate pathways, at constant water

content, through the latter ternary phase diagrams show what happens, at equilibrium, when
monomeric counterions to the surfactant ions are replaced by polymeric counterions. These

pathways through the equilibrium phase diagrams thus "come alive" in the counterion

polymerization processes performed here.

Introduction

There is a strong and long-standing interest in concentrated
associating polymer-surfactant mixtures. The associative
phase separation that gives rise to concentrated mixtures in
aqueous polymer-surfactant systems of opposite charge is
particularly well documented'™. Owing to the self-association
of the surfactant component, the concentrated phases that
separate out from such mixtures often feature ordered liquid
crystalline  structures™®*'*.  Important applications that
stimulate the research on concentrated associating polymer-
surfactant mixtures include templating for preparation of
mesoporous  ordered materials, surface deposition of
concentrated polymer-surfactant layers, and the creation of
soft structured particles'>™'.

Materials based on associating polymer-surfactant pairs can
differ in structure, water uptake and mechanical properties
depending on factors such as the lengths of the polymer and
surfactant chains and the overall compositions. The materials
can be produced using different routes, e.g. chemical
synthesis, sequential addition of components, dilution and
simple mixing. An important question is to what extent
different routes of preparation give the same results,
indicating that the systems have reached equilibrium. Of
particular concern here are systems produced by
polymerization reactions. Most approaches to polymerization
reactions in surfactant systems so far seems to have been
based on trial and error, and the resulting structures have
often been found to be different from the original surfactant
template'*?°. That is, polymerization changes the equilibrium
structure of system. One reason for such changes is the
development of a repulsive depletion interaction between the
formed polymers and the surfactant aggregates'®. In fact, not

much attention has been given to the fact that, as it happens
for silica and its templates in hard mesoporous materials, the
interaction between the different components in the system
should be attractive in order to create long-ranged ordered
structures containing polymer and surfactant’'. The situation
is further complicated since many systems, and certainly
inorganic mesoporous materials, become kinetically arrested
at some point during the polymerization.
Even for equilibrium systems, many questions regarding the
properties of concentrated associating polymer-surfactant
mixtures remain. Classically, the studies performed have
involved mixing a polyelectrolyte (polyion + simple
counterion) and a simple surfactant (surfactant ion + simple
counterion) in water. Such mixtures are complex four-
component systems, since they involve four ionic species and
water. While the structures of the phases separating out from
such mixtures can be studied, their compositions are rarely
determined, since this is tedious work (in general, each phase
contains all four ions)">’ However, the roles of polymer and
surfactant architectures and overall compositions for the
properties of oppositely charged mixtures have recently been
systematically investigated for systems
complexity (minimum number of components)
studies, a novel simple approach has been utilized where at
least one of the simple ions has been eliminated from the
mixture. Specifically, equilibrium phase diagrams have been
established for associating polymer-surfactant systems
involving  aqueous  cationic  alkyltrimethylammonium
surfactant ions with two different counterions (C;sTAAc,
Ci,TAAc and C;4TABr) (Ac=acetate) mixed with "complex
containing the but with
polyacrylate polyions of either very high or very low degrees
of polymerization as counterions®*?*?>. Interestingly, an
ss appropriate chosen pathway through the latter type of phase
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diagram shows what happens, at equilibrium, when a
monomeric counterion to the surfactant is replaced by a
polymeric counterion - a process that is closely analogous to a
polymerization reaction. Thus, phase diagrams can be used to
predict the results of polymerization reactions in surfactant
systems, and this is a central message of the present study.
Here we build on and extend our previous studies by
investigating polymerization reactions in systems of similar
minimum complexity, by the use of alkyltrimethylammonium
surfactants with polymerizable acrylate counterions. Two
aspects make our approach to polymerization in surfactant
media unique: i) it is based on our a priori knowledge of the
phase behavior of ionic surfactants with monomeric versus
polymeric counterions and ii) the synthesis is done under
conditions where the surfactant aggregates are the sole
counterions to the growing polyion chains. The latter is a
strong constraint for the structure resulting from the
polymerization.
The present investigation indeed confirms that the results of
20 the polymerization reactions were predicted by the relevant
equilibrium phase diagrams. The results also indicate general
trends that should be relevant also for more complex systems,
such as mesoporous silicates.

B

Materials and Methods

Materials

9

The following chemicals were used as received: acetic acid
(Merck), ion exchange resin Dowex SBR dry mesh 20-50
(Sigma-Aldrich), sodium iodide (Nal) (Sigma-Aldrich),
thermal initiator ammonium persulphate (APS) (Sigma-
Aldrich) and azoinitiator  2,2'-Azobis[2-(2-imidazolin-2-
yl)propane]dihydrochloride (VA-044) (Wako Pure Chemicals
Industries, Ltd., Japan), sodium acrylate (Aldrich) and the
surfactants cetyltrimethylammonium bromide (C;sTABr)
(Merck), dodecyltrimethylammonium bromide (C;,TABr)
s (Merck) and cetyltrimethylammonium chloride (C,;sTACI)
(TCI Europe). Acrylic acid (Alfa Aeser), was received
stabilized with 200ppm hydroquinone monomethyl ether,
which was removed by passing through a column containing
aluminum oxide (active base) (Merck).

Preparation of surfactants with different counterions

&
&

C,TAAcr was prepared by titrating the hydroxide form of the

surfactant C,TAOH with acrylic acid. The first step was to

convert C,TABr into C,TAOH by ion exchange as described

elsewhere??. The ion exchange resin was charged with
s hydroxide by stirring in excess amount of 1 M NaOH for 2
hours and then rinsed with Millipore water until the pH of the
rinsing water was below 7. Approximately 15 g of C,TABr
was then dissolved in a plastic beaker containing a large
excess (100 g) of the hydroxide-charged ion exchange resin
and 100 mL of Millipore water. The solution was stirred until
all C,TABr was dissolved (~lhour). The slurry was filtered
and the filtrate was rinsed with Millipore water and then put
into a new batch of 100 g resin and 100mL Millipore water,
which was stirred for 2 hours. The last step was repeated
ss once. The alkaline solution thus obtained contained C,TAOH

&
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at a concentration of approximately 0.07M. A 0.8M solution
of acrylic acid or acetic acid was added dropwise to the
freshly prepared solution of C,TAOH under stirring. The pH
was measured with a standard pH KCI/AgCI electrode. The
equivalence point was taken as the pH inflection point
(pH=8.7 for all the prepared (Ci6TAAcr,
Ci,TAAcr and C;,TAAc) in a pH titration curve determined in
a separate measurement. After equilibration overnight, the
solution was freeze-dried. The compounds were obtained as
white powders, which were stored over silica gel in a
desiccator.

surfactants

Surfactant characterization

For the characterization of the compounds, 'H NMR,
thermogravimetric analysis (TGA) and elemental analysis
were performed. NMR integration of the peak areas confirmed
a 1:1 ratio between the surfactant ions and their monomeric
counterions. Peaks for acrylate were located at 5.96, 6.52, 6.1
and 12.0 ppm. For C;sTAAc the result corresponded to the
results obtained by Svensson et al’’. TGA was used to
determine the amount of water in the samples of freeze-dried
surfactants and also to determine the thermal stability of the
surfactants, since the latter were used at 60°C. Weight losses
were recorded in the TGA at a programmed heating rate of
10°C/min from ambient temperature to 300°C. Elemental
analysis was performed in C;sTAAcr to analyze the contents
of sodium and bromide ions that remained after the counterion
exchange. The obtained values were low (0.0075 and
0.0047wt%, respectively) and negligible.

Sample preparation and polymerization reactions

Samples were prepared using a range of different initial
compositions (see Table 1). The free radical polymerization
was performed under the following conditions. Samples with
the desired monomer-to-initiator ratio were prepared in glass
tubes and degassed by flushing nitrogen into the tubes for 30
minutes. The purge step was crucial as the presence of oxygen
can inhibit the reaction. After the purge the tubes were sealed.
The reactions were performed in a water bath at 60°C for 7
hours. When C4TAAcr was mixed with the APS initiator at
room temperature there was a formation of (C;4TA),S,0s
crystals, which exhibit lamellar structure®®. These crystals
were fully dissolved at 60°C. Stirring was performed for some
of the dilute samples and all the other dilute samples were
agitated inside the water bath to mix the initiator in the
samples after the dissolution of the crystals.
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Molecular weight determination

After polymerization, the polyion and the surfactant ions of
the complex were separated through the addition of 2 mL of a
salt solution (0.5M NacCl). The best recovery of the polyion
alone was obtained by removing the surfactants from the
solution by precipitation by addition of Nal in excess (C;sTAI
is insoluble at room temperature). The solution was then
centrifuged and filtered with filter paper. The solution was
collected and dialyzed during five days with daily change of
water in order to remove the excess salt. The clear solution
was freeze-dried for three days and a white powder was
obtained.

The molecular weight determination was done with a Multi
Angle Laser Light Scattering (Dawn-DSP photometer
(eighteen detectors), Wyatt Technology Corporation) coupled
with Size Exclusion Chromatography (SEC-MALLS). A
differential refractive index detector (DRI) was also used and
was placed after the Dawn-DSP photometer. A wide range
(500 to 8x10° g/mol) Ultrahydrogel Linear 7.8x300 mm
column (Serial Number: T02351A 13, Part no. WATO011545)
designed for separation of water-soluble polymers was used at
a flow rate of 0.3 mL/min. The polymer was dissolved (20
mg/ml) in a 0.1M solution of NaNO; and 0.2 wt% of sodium
azide (NaNj). The latter solution was also used as the mobile
phase, which was degassed by a degasser connected to the
water pump. The samples were inserted into a 100 pL loop
and injected. The performance of the SEC-MALLS was
checked using monodisperse pullulan standards. The data was
analyzed using the Wyatt’s ASTRA software.

Structures of equilibrium phases

The samples were investigated by visual inspection in normal
light and between crossed polarizers to detect optically
anisotropic phases. Small angle X-ray (SAXS) measurements
were performed with two different setups. At the Max II
Laboratory in Lund (beamline 1711) the distance sample-to-
detector used was 1250 mm and the wavelength 1.1 A%, The
analysis of the 2D SAXS scattering patterns was conducted by
the Fit2D software’. Typically the acquisition time was ca.
15min. The other instrument was a Kratky compact small-
angle system with linear collimation. The X-rays were
detected with a position sensitive detector. The wavelength
was 1.54A, and the sample-to-detector distance was 277mm.
In either instrument, a sample cell with mica windows, or a
capillary of Imm width, was maintained at room temperature.
Apart from the resolution difference, no major differences
were observed between spectra from these two sources.

The size of a cubic unit cell, &, can be obtained by plotting
(g/27)* versus the Miller indices (h*+k*+/%) of the cubic
structures, according to Equation 1.

(g/27)* = (Va)*(W+I+1) Q)

It follows from the geometry of the hexagonal structure that
the center-to-center distance between adjacent rods, d, can be
obtained from the first diffraction peak using Equation 2.
d=(2/3")Q2nq;) ()

The value of the scattering vector ¢, is the position of the first
diffraction peak.
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Results
Properties of C,TA surfactants in water

The cmc of C;sTAAcr was determined to 1.6mM from a clear
break point in a plot of the measured solution conductivity
versus the surfactant concentration (not shown). Figure 1
presents the phase sequences of surfactant/water mixtures for
the different surfactants used in this work. The phase
sequence was obtained at 40°C for C;sTABr (owing to its high
Krafft temperature) and at 25°C for all the other surfactants.
The phases formed were disordered micellar (Mic), micellar
cubic (Cub) of Pm3n symmetry or hexagonal (Hex) as
expected from previous studies’”*. The extension of the
cubic phase was larger for the surfactants containing acetate
as counterion when compared to the acrylate. Note the
absence of a cubic phase for C,sTABr"?%.

® Mic
® Cub
0 Hex+Cub
O Hex
. oo o [ e]
"1‘0‘2‘0‘3‘0‘4‘0‘5‘0‘6‘0‘7‘0‘8‘0‘9‘0‘1(‘)0
C,TAAcr (wt%)
e e o0 m m& Do ©
6 1‘0 Zb 3‘0 4‘0 5‘0 é() 7‘0 8‘0 9‘0 1 60
C,TAAc (wt%)
e eeoe e ommEIO o
6 ‘1‘0‘2‘0‘3‘0‘4‘0‘5‘0‘6‘0‘7‘0‘8‘0‘9‘0‘1(‘)0
C, ,TAAcr (wt%)
e o = O ]
6 1‘0 Zb 3b 4‘0 50 6‘0 76 8‘0 9‘0 160
C, ,TAAc (wt%)
e o0 o]
6 lb 2‘0 3‘0 4‘0 Sb éO 7b Sb 9‘0 160

C, TABr (Wt%)

Fig. 1 Phase sequence as a function of surfactant concentration for the
various binary surfactant/water systems at 40°C for C;¢TABr and at 25°C
for all other systems.

Polymerization reactions

We started the reactions from initial compositions at different
points in the binary surfactant/water phase diagrams, covering
the range from more dilute to highly concentrated
surfactant/water mixtures. A few samples with mixed

s polymerizable and inert surfactant counterions were included

in order to yield systems with mixed polymeric and simple
counterions as a result of the polymerization. In Table 1, the
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chosen starting compositions are shown. Table 1 also includes
structural information on the systems before and after
polymerization. Evidently, long-range ordered structures can
be created, destroyed, changed or left unchanged on
polymerization, depending on the initial conditions. This is a
key result of our study.

The matrix of samples includes variations of the monomer-to-
initiator ratio r to study of the effect of polyion length in the
final system. The parameter r represents the target number-
average degree of polymerization of the polymerized
polyacrylate polyions, since one initiator molecule is
consumed per polyion chain if the reaction terminates
exclusively by radical combination. For a few selected
systems, covering a range of r values, the molecular weights
of the polymerized polyions were determined as described in
the experimental section (see Table 1). In all these cases, the
measured number average degree of polymerization, DP,,
differed by less than 20% from the target » value. A couple of
samples with the alternative initiator VA-044 gave
indistinguishable results from those with APS, despite the fact
that VA-044 should give bulkier end groups on the polymer
chains.

In most of the reactions starting from the micellar phase of the
unpolymerized system, a rather high concentration (~20wt%)
of surfactant was used to produce sufficient amounts of
material after polymerization to enable other studies, such as
molecular weight determinations, repeat SAXS measurements
and studies of structure transformations caused by changes in
temperature. The polymerization of these mixtures resulted in
a separation of one or two concentrated, mostly liquid
crystalline, phases from a more or less dilute micellar
solution. For the C;(TA surfactant, the structure of the
concentrated liquid crystalline phase changed from cubic to
hexagonal around » = 100. By contrast, for the surfactant with
the shorter alkyl chain (12 carbons), samples with a high
degree of polymerization retained the cubic structure, in
agreement with recent studies of C;,TAPA complex salts
prepared by mixing, rather than polymerization?. For biphasic
samples with concentrated phases showing cubic or hexagonal
structures, some of the concentrated phase was removed from
the reaction tube and put into another tube with pure water
and the structure remained unchanged.

For reactions performed starting from disordered micellar
solutions at » > 70, a significant concentration of surfactant
with unreacted monomers was left in the dilute phase after
phase separation, as was immediately apparent from the
viscosity of the dilute phase. This was confirmed when more
initiator was added to the dilute phase, since the reaction then
proceeded after placing the sample at 60°C. In Table 1 and
henceforth in this paper, the notation Aq is used to designate a
dilute phase that had a viscosity not noticably different from
water, while the notation Mic refers to a dilute phase with a
viscosity clearly different from water. During polymerization
we observed that it took more time before a concentrated
phase was observed for higher », because some monomers
were left unreacted and the viscosity of the dilute phase
increased, slowing down the macroscopic separation of the
concentrated phase.

When » was higher than ca. 300 no macroscopic phase
« separation of a concentrated phase was seen at 25°C.
However, cryo-TEM investigations performed on one of these
samples (for r 500) revealed that the sample actually
contained particles in the 10-40 nm size range (see below).
Similarly, C;;TAPA,-400 was a clear apparently one-phase
sample after polymerization but it presented a SAXS profile
containing a broad correlation peak and the three
characteristic peaks at relative positions of 4'2:52:6'2, which
are the signature of the Pm3n cubic structure.

To test that polymerization had actually occurred also in the
initially very concentrated one-phase cubic and hexagonal
samples, where no change of structure occurred on
polymerization, water was added to these samples after
polymerization. According the the
polymerizations of the more dilute samples, described above,
the complex salt produced should be insoluble in excess
water. The results obtained confirmed this prediction. Also in
accordance with results for more dilute mixtures, the addition
of water to the polymerized cubic and hexagonal phases
obtained for the polymerizations of C;,TAAcr (49wt%),
Ci,TAAcr (65wt%) and CsTAAcr (56wt%) at » = 30 resulted
in their transformations to cubic phases in equilibrium with
very dilute aqueous phases.

To explore the significance of our salt-free approach to the
synthesis of ordered structures, performed the
polymerization of sodium acrylate (0.0659 g <> 0.0007 mol)
in the presence of C;,TACI (Cl=chloride) (0.2249 g <> 0.0007
mol) in water (the total weight of the sample was 1.06 g). This
means that we included stoichiometric amounts of simple
inorganic counterions to the cationic surfactant and to the
polymerizable anion. In the presence of the additional sodium
and chloride ions, no phase separation was observed. When
mixing the complex salt C;sTAPA,s (0.249 g <> 0.0007 mol
monomer) with NaCl (0.0406 g <> 0.0007 mol), that is, using
the same equivalent concentrations as in the polymerization
s just described, we confirmed that the salt present influenced

the interaction sufficiently to dissolve the complex salt into a

single disordered micellar phase.
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Influence of temperature

The effect of increasing the temperature on the structures of
some biphasic samples after polymerization were investigated
by visual inspection and SAXS measurements, see Table 2.
For C|¢TAPA,;), increasing temperature caused the
surfactant aggregates to grow and the cubic structure changed
into hexagonal. For C;sTAPA,—s the temperature increase
changed a cubic/aqueous two-phase sample into a
micellar/micellar two-phase sample. For the sample with a
mixture of the polymerizable and inert surfactants, no
structural change was observed. For C 4TAPA,.,s0, the
resulting sample from polymerization was a two-phase sample
with a hexagonal phase in equilibrium with a dilute micellar
phase. At 60°C, the amount of precipitated material increased.
For C4TAPA,—40 and C;sTAPA,_s59, the samples resulting
from polymerization were clear solutions which did not
visually appear to be different from the starting mixture
s (micellar), but with SAXS it was possible to see, in addition
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Fig. 2 SAXS profiles representing the different scenarios identified as

cases 1-5 in Table 1, illustrating that long-range ordered structures can be
produced, destroyed or preserved, depending on the choice of initial
15 conditions, as a result of polymerizing the surfactant counterions. A case
number is given in each profile, and the initial surfactant contents before
synthesis were: 1 - C;sTAAcr (20wt%) (=30), 2 - C;sTAAcr (16wt%)
(r=30) and C,sTAAc(19wt%) (r=30), 3 - C;;TAAcr (49wt%) (=30), 4 -
Ci,TAAcr (65Wt%) (r=30) and 5 - C;sTAAcr (20wt%) (+=125). The thin

20 and

the thick line profile show the structure before and after

polymerization, respectively. The relative peak positions are indicated.
Inset: (¢/27) versus (hR+k*+P).
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Table 2 Structure as a function of temperature.

Surfactant Co-Surfactant Initiator r Structure after reaction at T (°C)
| | S e
30 [ 40 [ 60
Structure

CisTAAcr (20wt%) APS 8 Cubt+Aq Mic+Mic
CisTAAcr (20wt%) APS 30 Cub+Aq Cub+Aq Hex+Mic Hex+Aq
CisTAAcr (20wt%) VA-044 30 Cub+Aq Cub+Aq Hex+Mic Hex+Aq
CisTAAcr (20wt%) APS 250 Mic Hex+Mic Hex+Mic
CisTAAcr (20wt%) APS 400 Hex+Mic Hex+Mic Hex+Mic Hex+Mic
CisTAAcr (20wt%) APS 550 Hex+Mic Hex+Mic Hex+Mic Hex+Mic
CiTAAcr (16Wt%) | CiTAAC (19Wt%) APS 30 Mic Mic
CiTAAcr (20wt%) APS 30 Cubt+Aq Mic+Mic
CiTAAcr (20wt%) APS 100 Cub+Mic Mic
CiTAAcr (20wt%) APS 200 Cub+Mic Mic Mic

to the wide correlation peak typical of concentrated micellar
solutions, one sharp peak at a ¢ value consistent with the first
diffraction peak of the hexagonal phase. Increasing the
temperature in the latter two samples to 60°C resulted in
macroscopically phase-separated samples. For the systems
containing C;TA, we recall that the cubic structure was
obtained at 25°C for the entire range of r studied. However,
an increase in temperature to 60°C lead to the destruction of
the cubic structure for all studied » (30, 100 and 200).

Formation of particles

Although the focus of the present study is on the microscopic
of the concentrated phases resulting from
polymerization of surfactant counterions, we also made some
preliminary  observations regarding the and
macroscopic appearance of such concentrated phases.
Increasing the value of » in a matrix of samples
(Ci6TAPA, 50,  CiTAPA,—sp0,  Ci¢TAPA,s5o  and
CiTAPA,-1gp, CiaTAPA, 200, Ci1,TAPA,_400) led to the
formation of particles dispersed in solution. The particle size
decreased with increasing » for both C;(TAPA and C;,TAPA
systems. Particles with very different sizes ranging from ca
60um (C,TAPA,— o) to 10nm (C,TAPA,_49) were observed
by means of light microscopy and Cryo-TEM. The
polydispersity was high. The size of the particles could also
be decreased by dilution after polymerization.

structures

meso-

Discussion
Phase diagrams come alive

The results obtained from our polymerization reactions may
be summarized as five different cases, as indicated in Table 1:
- The polymerization of the counterions in a disordered
micellar solution results in the formation of a concentrated,
ordered cubic phase, containing polyions and the surfactant
aggregates in equilibrium with essentially pure water (case 1).
- A partial polymerization of the counterions in an originally
cubic phase results in a change of the system to a viscous
disordered micellar solution (case 2).

- It is possible to polymerize the counterions of an initially
cubic or hexagonal phase without changing the structure
(cases 3 and 4, respectively).

.

a9

o

- Increasing the molecular weight of the polyion in the C;(TA
system leads to a hexagonal phase instead of a cubic phase
separating out from an originally micellar phase (case 5).
Figure 2 shows SAXS profiles corresponding to the cases 1 to
5 before and after the polymerization reaction. The profile at
the bottom always corresponds to the structure before
polymerization and the arrow, symbolizing the polymerization
process, ends at the top profile, which corresponds to the
structure after the polymerization. For the polymerizations
resulting in the two-phase samples (concentrated + dilute), the
SAXS profile shown refers to the concentrated phase.

We will now show that all the obtained results are actually
predicted by previously established equilibrium phase
diagrams of mixtures of C,TAAc and C,TAPA, (m=number
of repeating units in the polymer) in water, shown in Figure 3.
Of particular relevance in the present context are horizontal
pathways (constant water content), emerging from the binary
surfactant/water axis, which show what happens when an
originally monomeric surfactant counterion is replaced by a
polymeric counterion. The phase transitions occurring as a
result of such a replacement have been interpreted in detail in
the original references’*??°. The special significance of the
horizontal pathways here is that each path predicts the
outcome of a polymerization of an initially monomeric
counterion. Thus, the phase diagrams "come alive" as the
systems evolve through the polymerization reactions.

Each of the arrows drawn in the diagrams in Figure 3
represents a specific case (1 to 5 described above) of our
polymerization reactions: It begins at the composition of the
unpolymerized reaction mixture and ends either at the binary
complex salt-water axis, for complete polymerization of all
counterions, or earlier, for cases where the original reaction
mixtures contained a fraction of inert acetate or bromide
counterions. Although the comparison is approximate in the
sense that the original monomeric counterion in the synthesis
was acrylate, rather than acetate or bromide, and the final
degree of polymerization was not exactly the one in the phase
diagram, we can conclude that the qualitative correspondence
is excellent. In all cases, the arrow beginnings describing the
initial systems, as well as the arrow-heads predicting the
results of the syntheses, are situated in the correct one- or
two-phase regions of the phase diagrams.
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s Fig. 3 Equilibrium phase diagrams for ternary mixtures of
surfactant, complex salt and water. The phase diagrams are
redrawn from those in references 24 (a), 23 (c), 25 (b) and 22 (d).
The thick arrows with numbers in (a-c) represent the different
outcomes from polymerization reactions identified as cases 1-5 in
the text. The arrow in (d) is described separately in the text.
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Figure 4 gives more detail on the transition from case 1 to 5
on increasing r for the C;4TA system. The SAXS profiles
after polymerization show that an increase in the molecular
weight changed the structure of the concentrated phase that
separated out from the C;4TA system from cubic to
hexagonal. This transition was already reported by Svensson
et al to occur between the molecular weights 5000 and 20000
g/mol at 25°C?. Interestingly, in Figure 4 at the intermediate r
equal to 110, a three-phase sample was obtained, containing
according to the SAXS profile both cubic and hexagonal
structures in addition to the dilute phase. This indicates
incomplete polymerization (a mixture of monomeric and
s polymeric counterions), since a three-phase coexistence
requires a ternary mixture, according to the Gibbs phase rule.
Indeed, the phase diagram for the longer polyion in Figure 3¢
features a region of coexistence of these three phases which is
located in the interior of the phase triangle, where the system
contains both monomeric and polymeric counterions. The
exact location of the three-phase triangle should, of course,
differ between the various systems in Figures 3 and 4, owing
to differences in the degree of polymerization of the polyion.
When the monomer-to-initiator ratio was increased through
the sequence of systems of Figure 4, the viscosity of the dilute
phase remaining after polymerization was also found to
increase, indicating that it contained surfactant with unreacted
monomers, as described above. Again, the phase diagram in
Figure 3¢ provides a possible explanation for this incomplete
o conversion: long polyions are predicted to partition essentially
quantitatively to the concentrated phase from a dilute phase
that contains only monomeric counterions. Hence, as the
reacting polyions reach a sufficient length, they quantitatively
separate out from a dilute micellar phase which is left without
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reacting species and, therefore, does not react further. This
interpretation is supported by the observation that the dilute
phase could be polymerized further with the addition of more
initiator. A similar phenomenon, where a polymerization
reaction is terminated before completion owing to a phase
separation of the growing polymer chains, occurs in the well-
known dispersion polymerization process®'.

Table 1 includes a result of the polymerization of C;sTAAcr
in the presence of C;sTABr, performed as a means to study
the effect of ion specificity. In accordance with the prediction
from the phase diagram presented in Figure 3d, the result
(obtained at 40°C as the phase diagram) after
polymerization was a concentrated phase with a hexagonal
structure in equilibrium with a dilute micellar phase.
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Fig. 4 SAXS profiles of the concentrated phases produced for different
monomer-to-initiator ratios » (numbers on the side of respective profile)
when polymerizing C;¢TAAcr (20wt%) in water. The relative peak
positions are indicated (for /=30 and r=125 see Figure 2). Inset: (¢/27)*
versus (h*+k*+) for r=100.

Implications

Our results clearly illustrate that a successful incorporation of
polymer and surfactant in an ordered liquid crystalline
structure is most readily achieved if one uses an associating
polymer-surfactant pair. This is indeed the case in
formulations used in practice, and the scenarios here denoted
as cases 1 and 5 correspond closely to a process that is used
routinely in the synthesis of mesoporous inorganic materials,
that is, polymerizing silicates in micellar solutions of cationic
surfactants'*2. In contrast to our systems, the structures
produced by polymerization of silicates eventually become
kinetically trapped by solidification of the silica.
Nevertheless, evolutions during polymerization of silicates
have been observed that resemble the findings of the present
study. Atluri et al performed the synthesis of silica in the
presence of CsTABr with direct condensation of (3-
aminopropyl)triethoxysilane (APES)'®. The result agrees with
the phase study made by Svensson et al which is here
reproduced as our Figure 3d. The latter equilibrium phase
diagram shows that along a path from the C,sTABr/water axis

to the complex salt/water axis there occurs a change in

structure from hexagonal to cubic. The same transformation

was seen in Atluri et al when APES was polymerized.
s The effect of temperature was also studied by Atluri et al. At
room temperature they obtained a cubic phase while at 50°C
and 70°C, the resulting structure was hexagonal, in agreement
with our results. In the synthesis of the kinetically arrested
crosslinked silica network, the temperature of synthesis
determined the final structure, while in our case the system
was flexible enough to allow for an interchange between
structures with changing temperature after the polymerization
was terminated.

&

g

Conclusions

s We have here demonstrated how established knowledge from
equilibrium  mixtures can make the results from
polymerization reactions in surfactant-polymer systems clear
and understandable. To use pathways through phase diagrams
to predict the results of processes is, of course, nothing new;
predictions of phase changes resulting from a change in
temperature are commonplace. Also changes in composition
are regularly used to predict, for instance, the results from
dilution with excess solvent; the study in reference 5 may
serve as an example. We believe, however, that the phase
s diagram pathways explored here - replacing a small molecule
with its larger polymeric analogue - are unconventional, but
could be exploited more widely to predict and rationalize
results of polymerization processes in complex self-assembled
systems. Based on such knowledge, one can predict strategies
to retain structures during polymerization reactions, but also
to transform disordered phases into ordered phases or vice
versa.

Here we have thus shown that the appropriate choices of
surfactant alkyl chain length, monomer-to-initiator ratio and
overall reactant concentrations become tools with
understandable roles in a rational design of the polymerization
pathways to produce desired structures. The design can also
include the incorporation of non-reactive counterions and
different counterions to the surfactant ion, as well as added
excess salt. Not only the resulting structures can be
understood from the equilibrium phase diagrams, but also
why, under certain conditions, reactions may terminate before
full conversion owing to a phase separation of the growing
polymer chains.

s An important finding in its own right is that, for the C,TAPA,,
systems of our study, the polymerization of acrylate as
performed gave the same structures and phases as previously
obtained for direct mixtures, using a complex salt as one
component. This strongly suggests that both methods give rise
to equilibrium structures of these mixtures.

Although our studies were performed on a single class of
complex salts (alkyltrimethyl polyacrylates) in systems of a
minimum complexity (a minimum number of components),
we found trends that should be quite general and which,
os indeed, agree with trends seen for polymerizing silica
precursors in the same surfactant systems.
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Abstract

The structure of concentrated phases formed when solutions of oppositely charged
polyelectrolyte and surfactant are mixed was changed in situ via the hydrolysis of the
surfactant, decyl betainate (DeB). The ester bond of DeB is highly susceptible to base-
catalyzed hydrolysis, which causes degradation of the surfactant into decanol, and the amino
acid betaine at only slightly alkaline conditions. At the conditions in question betaine is
deprotonated, which gives a gradual decrease in the pH as the reaction proceeds. DeB was
mixed either with a titratable polyelectrolyte, sodium poly(acrylate), NaPA, or with a non-
titratable polyelectrolyte, sodium poly(styrene sulfonate), NaPSS. The first mixture is a “self-
degrading” and “self-quenching” mixture; due to the high pH (~8) of the NaPA-DeB mixture,
DeB degradation starts without addition of base and because pH is decreasing as the reaction
proceeds the reaction stops by itself. As the reaction proceeds, the fraction of alcohol increases
and, consequently, the curvature of the structure concentrated phase decreases. The structural
sequence cubic-hexagonal-lamellar was obtained for macroscopic concentrated phases. For
mixtures where polyion-surfactant ion nano-particles were studied, the cubic phase was not
identified but the formation of multi-lamellar “onion-like” particles was obtained when decanol
concentration increased. Mixtures containing not only NaPA and DeB but also a stable
surfactant (dodecyltrimethylammonium chloride, DoTAC) were prepared in order to control
the amount of alcohol produced. Mixtures of a non-titratable polyelectrolyte, NaPSS, DeB and
DoTAC, produced a polyion-surfactant ion concentrated phase without long-range order. When
exposed to NaOH, the structure of the concentrated phase changed into hexagonal. An
interesting and dramatic swelling of the concentrated phase was observed when it was rinsed
with large amounts of water. The swelling increased with the increasing amount of decanol
produced in the structure. The hexagonal structure was kept in the swollen concentrated phases,

inclusive the center-to-center distance between the cylinders.



1. Introduction

Dilute aqueous mixtures of polyelectrolytes and oppositely charged surfactants typically show
a strong propensity for associative phase separation leading to the formation of concentrated
phases containing polyion-surfactant ion complexes in equilibrium with a solution containing
mainly the simple counterions. The concentrated phases often show different liquid crystalline
structures (e.g. cubic, hexagonal or lamellar) depending on factors such as the polymer length,
the surfactant akyl chain length and the presence of additional compounds, for instance,
alcohols [1-3].

Stoichiometric "complex salts" of poly(acrylate) and alkyltrimethylammonium surfactant ions
in water have been extensively investigated [1,3-5]. In excess water, a complex salt of
dodecyltetramethylammonium ions (DoTA") and poly(acrylate) (PA") forms a micellar cubic
structure [1,6,7]. Addition of increasing fractions of decanol to the DoTAPA complex salt
induces transformations of the cubic structure into first a hexagonal and then a lamellar one due
to a decrease in the spontaneous curvature of the surfactant-water interface on addition of a
long-chain alcohol [2].

Long-chain esters of the amino acid betaine (trimethyl glycine) are cationic surfactants, which
show a physicochemical behavior similar to that of surfactants of the alkyltrimethylammonium
type [8,9]. However, the presence of an ester bond in their molecular structures makes them
susceptible to hydrolysis, which degrades the surfactant into betaine (zwitterionic) and a long-
chain alcohol, see Figure 1. The hydrolysis of betaine esters shows a rather dramatic pH
dependence, and are much more prone to alkaline hydrolysis than esters in general, whereas
they show higher stability in acidic environments; the compounds are hydrolyzed at a
considerable rate at neutral pH (typically on the order of hours) by the base-catalyzed
mechanism [10,11]. It is thus possible to produce an in sifu transformation of cationic
surfactant into a long-chain alcohol under rather mild conditions. This characteristic of betaine
ester surfacatnts has been utilized to design different types of systems with dynamic,
responsive or evolving, properties [12]. For instance, hydrolysis of oleyl betaine induces an in
situ formation of small unilamellar vesicles [13] and appropriately composed aqueous mixtures
of long-chain betaine esters with hydrophobically modified hydroxyethyl cellulose show time-
dependent rheological properties [14].

In this paper we introduce a new type of dynamic system involving a betaine ester surfactant.
Complexes of decyl betainate (DeB) and two different polyanions (poly(acrylate) (PA") or
poly(styrene sulfonate) (PSS’), see Figure 1b and ¢ were investigated. DeB has the molecular
structure shown in Figure la, and its critical micelle concentration (CMC) is similar to that of
DoTAC, i.e. ~15 mM [11]. When such complexes are exposed to an environment where the

betaine ester is hydrolyzed, and thus decanol is produced, they are expected to undergo

2



structural transformations similar to those observed by Bernardes et al. [2]. To control the
maximum fraction of the total cationic surfactant that could be converted into alcohol we
included varying fractions of inert dodecyltrimethylammonium chloride (DoTAC) in many of

the investigated samples.

HyC

C
/LQgc/llJ+ HSC\ <
N
—_— e Ve e FaN - \
H;,C/\/\/\/\/\O'( \CH3 H5C on t o CHy * H

@

0==S==0
C Na O

Figure 1. a — Base-catalyzed hydrolysis of decyl betainate, DeB, into decanol and betaine. b —
Molecular structure of sodium poly(acrylate), NaPA. ¢ — Molecular structure of poly(styrene
sulfonate), NaPSS.

2. Evolving self-degrading and self-quenching systems

In the first series of samples to be discussed, sodium polyacrylate (NaPA) was mixed with DeB
and DoTAC in different proportions, see Table 1. For all studied compositions the solutions
had an initial pH of ~8. At this pH, hydrolysis of DeB is immediately initiated; the solutions
containing NaPA and DeB can thus be characterized as “self-degrading” mixtures.

On mixing of the polyelectrolyte and surfactant solutions, a translucent concentrated phase
containing polyion-surfactant ion complexes formed in all samples. However, for the mixtures
containing DeB, the macroscopic appearance of the mixture immediately started to change.
After equilibration for 2-4 days no further changes were observed and all samples were two-
phase samples, presenting a concentrated phase in coexisting with a dilute aqueous phase.
Small-angle X-ray scattering (SAXS) experiments showed that the concentrated phases of
mixtures containing DoTAC as the only surfactant component formed cubic structures for all
investigated compositions (see Table 1), in agreement with previous findings. The final
concentrated phases in mixtures containing DeB were all birefringent and SAXS revealed that
they indeed presented either hexagonal or lamellar structures; example scattering profiles are

shown in Figure 2 and the respective characteristic distances are presented in Table 1.



Table 1. Initial mixed compositions, pH values and SAXS results of the concentrated phases

from NaPA, DoTAC and DeB mixtures.

NaPA® (mM) | DoTAC (mM) | DeB (mM) | pHpyua | Structure”

100 200 7.9 Cub

100 100 8.1 Cub

100 50 Cub

100 80 20 6.4 Hex, dj=4.4 nm
100 150 50 54 Hex, dj.=4.5 nm
100 100 100 4.0 Lam, d,,=4.2 nm
100 100 4.1 Lam, d,,=4.1 nm
100 50 5.7 Lam, d;,,,=4.1 nm

* Concentration in terms of monomer units; 100 mM < roughly 1 wt%
® Final structure of complexes; dpex is the center-to-center distance between adjacent cylinders;

di.m 18 the distance between equivalent the planes in the lamellar structure.
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Figure 2. SAXS profiles of various concentrated phases from NaPA;y:DoTAC:DeBy
mixtures.  Subscripts denote the concentrations of the respective components. The relative
positions of the reflections are shown; 4"%:5"%:9"%:12"2:14"2:16"%:17"%:18"%:20"* for cubic,

1:3"%:2 for hexagonal and 1:2 for lamellar structures.

A factor with important influence on the system is that acid is formed on hydrolysis of DeB
(compare to Figure 1a), which causes a gradual decrease in pH and a concomitant reduction in
degradation rate as the reaction proceeds. The mixtures are thus also “self-quenching”, which
explains why there was still intact DeB available to form complexes in the final states of
samples containing no other surfactant. The final pH in each sample, measured several weeks
after preparation is shown in Table 1. One can see that the final pH is lower the higher the
initial concentration of DeB. In the samples with the lowest total concentrations of DeB, where
pH remained high, one can reasonably assume that the hydrolysis reaction had proceeded
essentially to completion. Taking this into account, one can suggest that, since the sample with
80 mol% DoTAC formed a hexagonal phase, the final fractions of remaining intact surfactant
in both the 50 and the 100 mM DeB samples was lower than 80 mol%. No attempts were made

to determine the final compositions of the samples.
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3. Particles with evolving structures

Nizri et al have recently shown that ordered polyion-surfactant ion nano-particles can be
produced by simply mixing dilute solutions of NaPA and of single tailed cationic surfactants
[14]. Mixtures that are off stoichiometry with respect to charge can form stable dispersions due
to electrostatic stabilization from an excess charge at the surface of the complex particles. We
prepared the corresponding dispersions with DeB to investigate if the particles would show a
similar change in internal structure as observed for the macroscopic complexes discussed
above. Samples were prepared using the procedure described by Nizri et al [15], by mixing 10
mM NaPA with 5 mM DeB, and then characterized after different times. pH was monitored
every 24 h; the initial and final pH values for samples of different ages are shown in Table 2.
Immediately after mixing, all samples were homogeneous and visually clear. Generally, the
samples became slightly hazy on storage, with the cloudiness increasing with time. The
samples eventually showed a macroscopic separation of an oily liquid, presumably mainly

decanol; it took at least 6 weeks until this was observed.

Table 2. pH values and SAXS results from NaPA and DeB mixtures.

Sample age | pHiigat | pHrina | ¢ (nm’)
just mixed 1.68
1 day 9.1 77 163
5 days 9.2 7.0 1.58
20 days 8.9 6.4 1.53

SAXS profiles for the samples consistently showed a single, broad reflection at the ¢ values
presented in Table 2. The change over time of the ¢ value was consistent with the sequence of
cubic-hexagonal-lamellar structures observed for the concentrated phases of the more
concentrated samples discussed in section 2 (compare to Figure 2). The absence of higher order
reflections are tentatively ascribed to low concentrations and/or small sizes of the ordered
domains [16].

To verify that the internal structure changed with time, particles from selected samples were
visualized using cryo-transmission electron microscopy (cryo-TEM). Figure 3 shows images of

one freshly prepared sample and one that was 17 days old.
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Figure 3: Cryo-TEM images of aliquots taken from samples freshly prepared (a) and 17 days

old (b).

In the freshly prepared sample, the particles were essentially spherical, but with somewhat
rough edges, and had diameter in a range of 30-80 nm. The internal structure of the particles
was not possible to identify from the micrographs. After 8 days no significant change in
particle appearance was apparent (images not shown). However, in the sample 17 days of age, a
major fraction of observed particles showed a clear multi-lamellar (“onion-like”) structure. The
repeat distance between layers was 4-5 nm, consistent with that found for the macroscopic
polyion-surfactant ion concentrated phases discussed in section 2 (compare with Table 1). It is
appropriate to mention that for samples older than 8 days, a background pattern of “leopard-
like" spots was consistently observed in the images (see images of the 17 days old sample in

Figure 3). This is tentatively ascribed to patches of excess decanol.

4. Responsive systems triggered by alkali

Sections 2 and 3 show that mixtures of NaPA and DeB form complexes with “self-induced”
structural changes. However, if polyacrylic acid (PAA) is used instead of the PA™ salt, one can
obtain systems for which complex formation and subsequent surfactant hydrolysis can be
triggered by the addition of alkali. When PAA was mixed with DeB and DoTAC in different
proportions, see Table 3, clear, homogeneous solutions with a pH of ~2.5 were obtained; their
appearance and pH remained unchanged with time. At these pH conditions PAA is practically
uncharged and DeB should be reasonably stable towards hydrolysis [10]. Following
equilibration at rest for 24h the homogeneous, acidic solutions were put in a dialysis bag and

dialyzed against 0.5 M of NaOH (pH ~14) for 2.5 h.



Table 3. Initial mixed compositions and SAXS results of the concentrated phases from PAA,

DoTAC and DeB mixtures.

PAA (mM)* | DoTAC (mM) | DeB (mM) | Structure’

100 100 Cub

100 100 20 Hex, dhex=4.4 nm
100 100 100 Lam, dj,,=4.4 nm

*Concentration in terms of monomer units; 100 mM < roughly 1 wt%
bdhex is the center-to-center distance between adjacent cylinders; dj.y, is the distance between

equivalent planes in the lamellar structure

Exposure of the PAA-surfactant mixtures to alkali has two immediate consequences: the PAA
becomes deprotonated, and thus gains a negative charge, and hydrolysis of DeB begins. At the
conditions in question DeB does, as expected, form a complex with the polyanion.

Data from SAXS experiments performed three weeks after the dialysis are presented in Table
3. These results show that the same sequence of structures with increasing initial DeB content
is indeed shown, for the concentrated phases that separate out from solution, as in the NaPA-
DeB-(DoTAC) mixtures. At the high pH of the dialysis experiment a complete conversion from
DeB to decanol is expected to occurr. The same repeat distances were obtained irrespectively

of whether the complexes were kept in alkaline solution or washed.

5. Responsive mixtures with a non-titrating polyelectrolyte

Finally, we will consider mixtures with sodium poly(styrene sulfonate), NaPSS, a
polyelectrolyte, that has non-titratable anionic groups and thus a permanent negative charge. A
range of samples containing NaPSS, DeB, and DoTAC, as detailed in Table 4, were prepared in
the same way as the samples with PAA discussed in section 4. An important difference
between the PAA and the NaPSS mixtures is that, in the latter, complexes were formed

immediately on mixing.



Table 4. Initial mixed compositions and SAXS results of the concentrated phases from NaPSS,

DoTAC and DeB mixtures.

NaPSS DoTAC DeB Structure® Structure”

100 100 Mic, dy,;i=3.7 nm | Mic, dyic=3.7 nm
100 90 10 Hex, dp=4.0 nm
100 80 20 Mic, dy;=3.7 nm | Hex, dy.,=4.2 nm
100 70 30 Hex, dy.=4.4 nm

* Structure of the the concentrated phases after mixing and before dialysis against NaOH. d;. is
the correlation distance between micelles.
® Structure of the the concentrated phase after dialysis against NaOH. dj. is the center-to-

center distance between adjacent cylinders

Before dialysis, the concentrated phase in all samples had a translucent appearance and, as
exemplified in Figure 4a, a single broad reflection occurred in the SAXS profiles. This finding
can likely be ascribed to a structure of by randomly distributed micelles, as found previously in
mixtures of PSS™ and surfactant cations [17,18 ].

When the translucent concentrated phases collected from all non-dialyzed samples were rinsed
with excess water, they became white and showed a slight shrinking. The observed
compaction can likely be ascribed to removal of simple salt. However, no significant change in
the structure was observed by SAXS.

On exposure to alkali the translucent concentrated phases showed a notable swelling and took
on a whitish appearance. The swelling can be ascribed to a decrease in the surfactant ion
content of a complex as DeB is hydrolyzed: to maintain electroneutrality, simple counterions to
the polyion have to enter the complex and gives rise to an osmotic swelling. Consequently, the
extent of swelling increases with an increasing initial fraction of DeB.

Figure 4a presents SAXS profiles of a concentrated phase before and after dialysis against
NaOH. These profiles show a transition from a disordered micellar structure to a hexagonal
structure as DeB was degraded. This transition was observed for all investigated samples:
Figure 4b shows SAXS profiles of the concentrated phases collected from samples with

varying initial concentration of DeB.
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Figure 4. SAXS nprofiles of the concentrated phases: a — for the sample
NaPSS99:DoTACg:DeB, after mixing (thin line) and after dialysis in 0.5 M of NaOH (thick
line); and b — for the samples with different DeB contents after dialysis. Subscripts denote the
concentrations of the respective components. The relative positions of the reflections 1:3"%:2

for the hexagonal structures are shown.

An important point to note is that the concentrated phases showed swelling without a notable
increase in the characteristic distances of the respective hexagonal structures. From this finding
one can tentatively describe the gels formed on dialysis as “domains” of hexagonal structure
interconnected by stretches of “naked” PSS". (PSS™ becomes naked when it loses its surfactant
counterion, due to a decrease in surfactant concentration as hydrolysis proceeds.) It can also be
noted that the occurrence of hexagonal domains within the swollen gels could explain the
cloudy visual appearance of the complexes.

When the concentrated phases from the dialyzed mixtures were washed with water they
showed further substantial swelling, but remained birefringent, and the SAXS profiles were
practically unchanged. Also at this stage the swelling was more pronounced for concentrated
phases in samples with a larger initial fraction of DeB. The additional swelling on rinsing can
be attributed to the removal of simple salt.

In this communication it has been demonstrated that aqueous mixtures involving anionic
polyelectrolytes and betaine ester surfactant shows good potential for obtaining different types

of responsive and evolving systems.
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8. Supporting Information

Materials. Sodium poly(acrylate), NaPA, (150 000 g/mol) poly(acrylic acid), PAA, (450 000
g/mol) sodium poly(styrene sulfonate), NaPSS, (1 000 000 g/mol), 1-Decanol, trimethylamine,
chloroacetyl chloride, dodecyltrimethylammonium chloride, DoTAC and dialysis membrane
with a cut-off of 500. All chemicals were used without further purification. All solutions were
prepared using water purified with Millipore Milli-Q equipment.

Synthesis of DeB. Decyl betainate (DeB) was prepared via a two-step route based on
previously described procedures, where decanol was first converted into the corresponding
chloroacetate and then further reacted with trimethylamine to yield the final product [11].
Sample preparation.

NaPA:DoTAC:DeB. Each sample was prepared individually. Polymer and surfactant
solutions with concentrations double (or triple) the desired final concentration were mixed and
left for 20 min under stirring. For the mixtures containing both DoTAC and DeB, the surfactant
solutions were mixed first and then the mixed surfactant solution was added to the polymer
solution. The final volume of each sample was 3 mL. The samples were stirred for 30 min, and
then left to equilibrate.

NaPSS:DoTAC:DeB and PAA:DoTAC:DeB. Samples were mixed the same way as for
NaPA:DoTAC:DeB. After 24 hours each sample (one-phase or two-phase) was checked again
and put into dialysis against 0.5 M of NaOH (pH~14). Final volume of each sample was 3 mL.

The samples were dialyzed for 2.5 hours (after this time nothing seemed to change visually).

Structural characterization. Small angle X-ray scattering (SAXS) measurements were
performed at the 1711 line in Max-lab in Lund, Sweden [19]. The experimental setup involved
the use of X-rays at the wavelength of 1.1 A and a sample-to-detector distance around 1250
mm. A cell with mica windows was used and was maintained at the desired temperature (25 or
40°C). Typical acquisition times were 300 and 600 seconds. The volume between the sample
and the detector was kept under vacuum during data collection to minimize the background
scattering. The analysis of the 2D SAXS scattering data was conducted by the software Fit2D
[20]. It follows from geometry that the center-to-center distance between adjacent rods, d, of

the hexagonal structure can be obtained from the first diffraction peak (g,) using

dhex = (2/3"*)270q1) (1)
For the lamellar structures the distance between the equivalent planes, dj.y, is given by
dlam = Zﬂ/ql (2)

The correlation distance between the micelles is given by

Amic = 27q 3)
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Cryo-TEM. Samples for the cryo-TEM experiments were prepared using a controlled
environment vitrification system (CEVS) [21], where the relative humidity was kept close to
saturation at around 30°C. A 5 pL drop was placed on a lacey carbon-coated copper grid and
the excess fluid was gently blotted away leaving a thin film of aqueous sample covering the
grid. The grid was then plunged into liquid ethane at -180°C to allow rapid vitrification of the
specimen (avoiding crystallization of water). All prepared grids were stored in liquid nitrogen
until being transferred to the electron microscope. Images were digitally recorded using a
Philips CM120 Bio TWIN electron microscope, operated at 120 kV, at around -183 °C,
equipped with a Gatan MSC791 cooled-CCD camera system. To minimize beam damage, all

samples were imaged under minimal electron dose conditions.

just‘ mix q:‘0,168
—— 1 day ¢=0.163
—— 5 days ¢=0.158
——45 days ¢=0.153

Intensity (a.u.)

= S i
00 05 1.0 1.5 20 25 30 35 40 45
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Figure S1. SAXS profiles of various dispersions of NaPA ;:DeBs mixtures.

Intensity (a.u.)

Figure S2. SAXS profiles from the swollen concentrated phase of NaPSS:DoTACgy:DeB,y

the system.
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