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Abstract. The addition of a polyelectrolyte to lamellar media formed by an oppositely charged surfactant often leads to the 

coexistence of several phases without macroscopic phase separation, which makes their characterization difficult. Here, the 

effect of the polydiallyldimethylammonium chloride (PD) on the lamellar liquid crystal formed by the anionic surfactant 

Aerosol OT (AOT) and water is investigated. SAXS results are discussed regarding the changes in the lamellar spacing as a 

function on the PD or AOT concentrations. In most of the samples two lamellar phases, without macroscopic phase 

separation, are detected. One of them is a typical swollen phase, while the other is a collapsed phase, which corresponds to 

the polymer-surfactant complex. At concentrations of polymer up to 3 %wt the two lamellar phases coexist, however, at a 

critical concentration higher than 3 %wt, the swollen phase becomes isotropic, and a macroscopic phase separation takes 

place. A simple model is proposed to calculate the composition of the phases when macroscopic phase separation does not 

occur. The results thus calculated show that generally the polymer-surfactant complexes are non-stoichiometric containing a 

lesser amount of polymer than ideally expected. 
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1. INTRODUCTION 

Polymer-surfactant systems have been intensively investigated because they are used in a wide range 

of applications [1]. In particular, great attention has been paid to the study of charged polymers 

(polyelectrolytes) and surfactants of opposite charge, because these systems lead to complexes with 

potential technological applications [2,3] (e.g. medicine [4], cosmetic [5], coatings [6] etc). The 

polymer surfactant complexes (PSC) are mainly stabilized by electrostatic interactions between the 

charged surfactant heads and the charged units along the polymer chains, and also by hydrophobic 

interactions between the polymer backbone and the alkyl tails of the surfactants. As consequence of 

these two directing forces, PSCs usually present long range order showing different types of organized 

structures, namely: lamellar [7,8], cubic [9] or hexagonal [10]. The type of structures formed depends 

on factors such as the global composition [11], the length of the surfactant alkyl chain [12], the length 

of the polymer chain [13], the charge density of the polyelectrolyte [14] or the presence of co-

surfactants [15]. The composition of these complexes is usually assumed to be stoichiometric with 

equal amounts of the two species of opposite charge [3,6,16,17,18] but in most of the systems studied 

their detailed stoichiometry has not been characterized and, in a few cases, non-stoichiometric 

complexes have also been formed [19,20]. 

Substantial efforts have been made to clarify the formation, properties and structures of PSCs 

[21,22,23] with theoretical studies [24,25,26] and many experimental studies concerning the 

incorporation of polyelectrolytes in diluted solutions [10,27] microemulsions [28], solid state [8,29,30] 

or liquid crystalline systems [31]. More specifically, the incorporation of an oppositely charged 

polyelectrolyte in a lamellar lyotropic system has been widely studied. These systems are interesting 

from the fundamental point of view, and for improving the knowledge about biological self-

assembling. As an example, it is well known that the interaction between phospholipid bilayers and 

proteins plays an important role in bio-membranes [32]. 

As a simpler model, the inclusion of synthetic polyelectrolytes in lamellar lyotropic organizations 

obtained from synthetic or natural surfactants is usually preferred. In this line Kötz et al. have 

demonstrated that a collapsed lamellar phase is formed when the cationic polymer poly 

diallildimethylammonium chloride (PD) is incorporated to the lamellar system formed by lecithin and 

sodium dodecyl sulfate (SDS) in a critical concentration higher than 3 %wt [33]. The collapsed 

lamellar phase is a non-swollen structure with a constant lamellar spacing independent on the global 

water content, in which the polymer is adsorbed flat onto the bilayers forming the complex [34,35]. 
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In other works [36,37], it has been proven that PD modifies the lamellar system formed by 

SDS/decanol/water in a characteristic way: a) at low polymer concentration (up to 1 %wt) the typical 

swelling behavior of a lamellar phase, increasing the lamellar spacing with the water content, is 

observed; b) At polymer concentrations higher than 4 %wt only a collapsed lamellar phase is observed; 

c) At intermediate polymer concentrations, 2−3 %wt, the swollen and the collapsed lamellar phases do 

coexist. Two lamellar phases have also been detected in other systems [38,39]: According to molecular 

dynamic simulations, when two lamellar phases are formed, the most part of the polymer is in the 

phase of the complex but in the swollen phase there are also some polymer molecules in a more folded 

structure [26]. Nevertheless, the coexistence of two lamellar phases is not well understood and with this 

purpose more studies have to be done.  

The lyotropic system AOT/water forms lamellar mesophases in a wide range of compositions and the 

incorporation of non-interacting polymers in this system has been intensively studied in our group 

[40,41]. Here, the effect of the incorporation of PD in the lamellar lyotropic system Aerosol OT/water 

is studied. As in the systems described above, two phases in equilibrium that do not separate 

macroscopically coexist. We have investigated their structures by small angle X-ray scattering (SAXS) 

and optical microscopy. Since these coexisting phases do not separate macroscopically, their 

compositions remain unknown. One of our goals here is to develop a model which allows us to 

calculate such composition of the phases and, with it to obtain the stoichiometry of the complexes 

formed. 

2. EXPERIMENTAL PART 

2.1. Materials 

The surfactant 1,4-bis(2-ethylhexyl)sodium sulfosuccinate (AOT) with 99% purity was purchased 

from Sigma. Poly(diallyldimethylammonium chloride) (PD) of molecular weights Mw <100,000 (PD1) 

and Mw 100,000-200,000 (PD2) from Aldrich have been employed: These polymers were provided in 

water solution and purified by precipitation with ethanol three times. The purified polymers and the 

AOT were dissolved in water and freeze-dried before used. Deionized water (Milli-Q) was employed 

for the samples preparation.  

2.2.- Sample preparation 

Two set of samples were prepared with the two polymers (PD1 or PD2), named sets PD1S, PD2S, 
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SPD1 and SPD2. The sets PDS-# are formed by six samples having the same PD composition (1.25 wt%) 

and a surfactant fraction (#) that varies (# = 20, 25, 30, 35, 40 and 45 wt% ). The sets SPD-# are formed 

by seven samples having the same surfactant composition (25 wt%) and a variable weight fraction of 

PD (# = 0.5, 0.75, 1.25, 2, 3, 4 and 5 wt%). Therefore, there is one sample belonging to both sets (PDS-

25 ≡ SPD-1.25). The final composition of each sample was reached by weighing the proper amounts of 

AOT, PD and water. Samples were	
  homogenized	
  mixing	
  back	
  and	
  forth	
  for	
  several	
  days.	
  After	
  this	
  

process	
   they were allowed to equilibrate at 25 ºC. Additionally, six samples of the binary system 

AOT/water were prepared with the same surfactant concentration as the set PDS-#. 

2.3. Techniques  

Microscopy. A microscope (Nikon Labophot-2) provided with a Nikon camera (model DS-5M) and 

crossed polarizers was employed to determine the anisotropy of the samples. During these 

measurements, the samples were placed between a glass slide and a cover slip. 

Small Angle X-ray Scattering (SAXS). The experiments were performed at the European Synchrotron 

Radiation Facility (ESRF) in Grenoble on the beam line BM16. The samples were irradiated with a 

wavelength λ = 0.979 Å, and two-dimensional images were recorded using a CCD detector (MARCCD 

165) with a resolution of 1024 × 1024 pixels, and a pixel size of 159 µm. The sample-detector distance 

was 1381 mm. Images were integrated to obtain the scattered intensity (I) as a function of the modulus 

of the scattering vector, q = (4π/λ) sin θ, where 2θ is the scattering angle, and were normalized to 
compensate for the intensity fluctuations of the synchrotron source. Samples were introduced in 
capillaries and measured in three different locations.  

2.4. Polymer characterization  

The intrinsic viscosity of the polymers was determined in 1M NaCl water solution at 30 ºC. The 
solutions of the purified polymers in 1 M NaCl were dialyzed against a salt solution with the same 
concentration. With this purpose, the polymer solutions were enclosed in dialysis membranes 
(Spectra/pore) having 10,000 D as molecular mass cut-off and contacted with an excess volume salt 
solution. In all cases the outer dialysis solutions were also used as solvent in subsequent dilution 
procedures. Table 1 summarizes the data corresponding to the characterization of the polymers. The 

intrinsic viscosity was calculated by Huggins and Kraemer extrapolations, and the viscous molecular 

weight average was calculated by using the Mark-Houwink equation [42] with the exponent a=0.83, 

and the constant K=4.7×10-3 dL/g.  The viscosity average molecular weight is usually lower than the 
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weight average molecular weight, therefore the values obtained agree with the data provided by the 

producers.  The radius of gyration can be estimated using 6/22 NlCR Ng = . Here the characteristic ratio 

CN =17 was obtained from the literature [43], the number of bonds in the main chain, N, was calculated 
from the polymer molecular weight and l is the bond length (0.154 nm).  

 

Table 1 Intrinsic viscosity, viscosity average molecular weight, density and radius of gyration of PD1 and PD2 

 [η] (dL/g) vM  (g/mol) ρ (g/mL) Rg	
  (nm)	
  

PD1 0.218 2.6×104 1.225 6.6 

PD2 0.556 8.1×104 1.230 11.6 

 

3. RESULTS AND DISCUSSION 

3.1. Sample characterization 

Mixtures corresponding to set PDS-# are gel-like, monophasic, white, and present optical anistropy. 

In the set SPD-#, the samples show the same behaviour when the polymer concentration is lower than 3 

wt%, but for higher polymer concentration there is a macroscopic phase separation. The upper phase is 

an isotropic transparent liquid while the bottom phase is a white solid. There are not significant 

differences in the macroscopic appearance of the samples with polymer of different molecular weight 

(PD1 and PD2). As an example samples with PD1 are shown in Fig. 1. 

 

	
  

Fig. 1 Pictures of the samples corresponding to the set	
  PD1S-­‐#	
  and	
  SPD1-­‐#	
  

 

For the samples with polymer, the micrographs without crossed polarizers show a phase separated 
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pattern which becomes clearer as the polymer concentration increases. With crossed polarizers, optical 

anisotropy is detected but it is not possible to characterize the texture due to the disturbance produced 

by the phase separation (Fig. 2). 

 

 

Fig. 2 Micrographs without (left) and with (right) crossed polarizers of sample SPD2-1.25. (Bar = 100µm). 

 

The structural order of the samples studied in this work has been determined from SAXS 

measurements. Fig. 3 depicts only the pattern of the two sets of samples with the polymer PD1 since 

there are not significant differences with the PD2.  

In the set PD1S-#, the first peak that appears in the diffractogram (q1 < 1.5 nm-1) moves to higher 

values of the wave vector with the surfactant content. In some of the samples there is other peak in a 

relative position 1:2. This is characteristic of a swollen lamellar phase (named L). In fact, the pattern is 

similar to that of the AOT/water lamellar system [44]: (i) there is a broad hump for wave vectors 

between 1 and 5 nm-1 and (ii) for some compositions the second order Bragg peak has higher intensity 

than the first order diffraction peak and, at a given concentration, the first peak even disappears (here 

this occurs for the sample PD1S-40). Additionally, there are two other peaks with a relative position of 

the wave vector 1:2, indicating the coexistence of another lamellar phase. In polymers that do not 

interact with the surfactant two lamellar phases can also be formed after salt addition, in these cases 

there is a depletion interaction and the polymer goes to the swollen phase increasing the entropy of the 

system [45]. In this work, the position of the first diffraction peak slightly diminishes with the 

surfactant content (2.15-2.19 nm-1) indicating that it is a collapsed phase (named C). It can be 

associated with the formation of collapsed structures between ionic surfactants and oppositely charged 

polyelectrolytes. The coulombic interaction gives rise to the formation of complexes where the polymer 

is adsorbed flat onto the surfactant head groups of the individual bilayers [29], the polyelectrolyte has 

the effect of bringing oppositely charged surfactant aggregates together, in other words: adsorption 

cancels depletion. As was explained in the introduction, Kötz et al. [36,37] have also reported the 

coexistence of two lamellar phases, one collapsed and another swollen, when PD is incorporated at a 
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concentration 2-3 %wt in the lamellar system SDS/decanol/water. Nevertheless, in the AOT/water 

system this scenario occurs at lower polymer concentration (0.5 %wt) and when the concentration of 

polymer is higher than 3%, the macroscopic phase separation occurs. 

 

 

Fig. 3 SAXS diffractograms corresponding to the sets PD1S-# (left) and SPD1-# (right). The diffractograms have been shifted 

for better visualization. Diffractograms of samples SPD1-4.00 and SPD1-5.00 belong to the bottom macroscopic phases (the 

upper phases present isotropic diffraction patterns). Intensity in arbitrary units represented in a logarithmic scale. * 

Diffractograms corresponding to the same sample  

 

In a similar way, in the set SPD1-#, the SAXS pattern corresponding to the samples with polymer 

concentration lower than 4 %wt shows also the coexistence of a swollen and a collapsed lamellar 

phase. Nevertheless, for higher polymer concentrations only the collapsed phase is observed. The first 
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diffraction peak corresponding to the swollen lamellar phase moves to lower values of the wave vector 

with the polymer content. The position of the peaks characteristic of the collapsed phase slightly 

decreases with the polymer content (2,20-2,16 nm-1) although their intensity increases significantly 

with the polymer content (Fig. 3), which indicates that the amount of the phase of the complex 

becomes higher.  

The long period of the lamellar phase can be calculated from the first order diffraction peak as 

d=2π/q. In the diffractograms of the sets of samples in which the surfactant is varied, the peak positions 

corresponding to the swollen lamellar phase move to higher q values upon increasing the surfactant 

content. Therefore, the lamellar spacing in this phase, dL, decreases with the AOT content following a 

dilution law [46]. In the binary AOT/water system this law can be expressed as AOTAOTdd φ/= , where 

dAOT is the bilayer thickness and AOTφ  is the AOT volume fraction. Fig. 4 (left) shows that the 

presence of polymer induces a small increase in the lamellar spacing of the swollen phase compared 

with the binary system. This small increase is independent of the polymer molecular weight. In the case 

of the collapsed lamellar phase of the system PD and sodium dodecyl sulphate, [31] it was not possible 

to detect any variation of its lamellar spacing, dC, with the water content. In this work, the accuracy of 

the measurements, performed with a synchrotron source, allows observing a slight increase of the 

lamellar spacing of the complexes with the surfactant content. Additionally, a small effect of the 

molecular weight is observed. The presence of the polymer with the highest molecular weight (PD2S-#) 

induces a slight decrease of dC, which suggests a small variation in the complex stoichiometry with the 

molecular weight.  

Fig. 4 (right) depicts also the variation of the long period with the polymer content corresponding to 

sets SPD-#. In the swollen phase, the addition of polymer produces a strong increase of dL, that is, the 

polymer promotes swelling. In the collapsed phase, the lamellar spacing, dC, slightly increases with the 

content of PD. In fact, the addition of a small amount of polymer produces a variation of dC similar 

than the observer for the PDS-# series, where the concentration of surfactant strongly varies. In both 

phases the results suggest also a small effect of the polymer molecular weight. 

The results presented above evidence that the presence of polymer induces a phase separation 

rendering a swollen and a collapsed phase corresponding to the complex. It is expected that the phase 

of the complex will contain the most part of the polymer [47,48] and a fraction of the AOT and the 

water, while the swollen phase will be mainly composed by AOT and water. After comparing the 

lamellar spacing of the phase of the complex (2.8-2.9 nm) with the radius of gyration corresponding to 
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the polymers PD1 and PD2 (Table 1), it seems evident that the polymer adopts a flat conformation in 

the complex, in agreement with results on other similar systems [26]. 

The stoichiometry of the polyelectrolyte-surfactant complex is expected to be 1 to 1, between the 

negative charge of the head group in AOT and the positive charge per monomer unit in PD. However, 

this is impossible to prove by direct measurement, when the collapsed phase that holds the complex are 

not be isolated, because the two coexisting phases do not separate macroscopically. In order to solve 

this problem, we propose a model that allows an indirect way of determining such a stoichiometry. The 

model is as follows. 
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Fig. 4 Lamellar spacing of the two phases determined from SAXS diffractograms. Left side: as a function of ФAOT for the 

sets PDS-#. Right side: as a function of ФPD for the sets SPD-#. Samples corresponding to the binary AOT/water system are 

also included. Dotted line points the data corresponding to the common sample in both sets   

3.2. The model 

We start assuming a given stoichiometry or molar ratio between the monomeric units in the chain 

and the number of surfactant heads, nPD/nAOT. From this, we calculate the thickness of the complex 

layer. With this and the experimental spacing between lamellae in the collapsed phase, we can obtain 

the composition of that phase. Then, from the experimental data of total water and the lamellar spacing 

in the swollen phase, we can calculate the composition of this phase and the relative volumes of both 

phases. Once all this is known, we compute the AOT global composition of the sample and compare it 

with the experimental value. The best value for the stoichiometry of the sample (starting point in the 

process) is that which gives the minimum difference between the experimental and the calculated 

global composition. The process is done for each one of the samples. Let us see now the detailed 

equations used. 

Taking into account the lamellar structure of the phase containing the complex, it can be proposed a 

dilution law for the complex similar to that of the binary AOT/water system. Therefore: 

C
W

C ddd += *
 ( 1) 

where dC is the complex lamellar spacing (determined experimentally), *d  represents the thickness of 

the PD/AOT complex without water and C
Wd  represents the water layer thickness. In the same way, it is 

assumed that the PD charged units flat-adsorbed onto the AOT bilayers have a characteristic thickness, 

dPD, then:  

PDAOT ddd +=*  ( 2) 

where dAOT=1.95 nm, obtained from the binary AOT/water system [46]. 

In the lamellar complex the ratio between dPD and dAOT is equivalent to the ratio between the volumes 

of the oppositely charged units in the collapsed phase ( C
PDV  and C

AOTV ): 

C
AOT

C
PD

AOT

PD

V
V

d
d

=  ( 3) 

Additionally, this ratio can be expressed as a function of the molar ratios of the charged units 
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(nPD/nAOT) and their molecular weights (MPD/MAOT) as:
 
 

AOT

PD

AOTPD

PDAOT
C
AOT

C
PD

n
n

M
M

V
V

ρ
ρ

=
 

( 4) 

where the density of AOT ( AOTρ  = 1.14 g/mL) is obtained from bibliography [49] and the densities of 

PD have been experimentally determined (Table 1) 

The volume of the phase of the complex (VC) is given by: 

C
w

C
AOT

C
PD

C VVVV ++=  ( 5) 

where C
wV  is the water volume in the phase of the complex. After dividing by CV , equation ( 4) 

renders:
 
 

C
AOT

C
PD

C
AOT

C
PD

V
V

ϕ

ϕ
=

 
( 6) 

where C
PDϕ  and C

AOTϕ  are the volume fractions corresponding to the PD and AOT units in the phase of 

the complex. From equations ( 2), ( 3) and ( 6), it can be obtained:  

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+= C

AOT

C
PD

AOTdd
ϕ

ϕ1*  ( 7) 

Once the value of d* is known, it is possible to estimate C
wd  with the equation ( 1). Therefore, the 

water volume fraction in this phase, C
wϕ  can be obtained as:  

C

C
wC

w
d
d

=ϕ
 

(8) 

On the other hand, the expression: 

1=++ C
w

C
AOT

C
PD ϕϕϕ  ( 9) 

can be transformed to give:  
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C
AOT

C
PD

C
wC

AOT

ϕ

ϕ

ϕ
ϕ

+

−
=

1

1
 

( 10) 

Which allows determining C
AOTϕ , since C

wϕ  and C
PDϕ / C

AOTϕ were previously calculated. Finally, 

C
PDϕ  can be obtained as:  

C
w

C
AOT

C
PD ϕϕϕ −−= 1  ( 11) 

Therefore, the composition of the phase of the complex has been estimated as a function of the ratio 

nPD/nAOT in this phase.  

It is also possible to obtain the volume ratio between a given phase (VL or VC) and the total volume. 

With this purpose the next expression, which relates the global water volume fraction ( wφ ) to the water 

volume fraction in both phases ( C
wϕ  and L

wϕ ), is employed:  

T

L
L
w

T

C
C
ww V

V
V
V

ϕϕφ +=
 

( 12) 

Given that the total volume is CL
T VVV += , equation ( 12) can be expressed as:  

C
w

L
w

C
ww

T

L

V
V

ϕϕ

ϕφ

−

−
=

 
( 13) 

The volume fraction of AOT in the swollen phase is obtained as: 

d
dAOTL

AOT =ϕ
 

( 14) 

Therefore, for calculation in equation ( 13),  it can be considered that ddAOT
L
w −≈1ϕ , since the 

polymer concentration is small compared to the water content. 

Once it is known the ratio VL/VT and the composition of the phase of the complex, it can be 

determined the polymer and water concentration in the swollen phase as follows:  

The volume fraction of PD, L
PDϕ , is calculated from: 
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PD
T

L
L
PD

T

C
C
PD V

V
V
V

φϕϕ =+
 

( 15) 

and the volume fraction of water in the swollen phase, L
wϕ  is calculated as: 

L
PD

L
AOT

L
w ϕϕϕ −−= 1  ( 16) 

Finally, as a method for controlling the validity of the model and the stoichiometry proposed, the 

global AOT volume fraction is calculated. This calculated value, T
AOTφ , is obtained as: 

T

L
L
AOT

T

C
C
AOT

T
AOT V

V
V
V

ϕϕφ +=
 

( 17) 

This calculated T
AOTφ  is then compared with the experimental one ( AOTφ ). For each sample, the 

stoichoimetry of the complex is changed until the difference between T
AOTφ  and the experimental 

value, AOTφ , is minimized.  

3.2.1 Composition of the phases 

With the method explained above, it has been obtained the stoichiometry for the complex formed 

between PD and the AOT. The results are presented in Fig. 5, where it is depicted the stoichiometry vs. 

the polymer/AOT molar ratio employed in the preparation of the samples (NPD/NAOT). It can be 

observed that these complexes are non-stoichiometric and the stoichiometry varies with the sample 

compositions. The similarity of the values obtained for PD1 and PD2 series suggests that the molecular 

weight does not influence significantly the stoichiometry, at least in the range of molecular weights 

studied here. 

In the SPD series (filled symbols) the total concentration of surfactant is constant and, therefore, when 

the polymer concentration increases, NPD/NAOT also increases. The figure shows that, in these series, the 

addition of polymer increases the amount of surfactant in the complex. To understand this odd result, it 

should be taken into account that the adsorption of the polymer onto the surfactant bilayer is 

accompanied by a loss of entropy, which is compensated by the release of Na+ and Cl− ions to the 

medium (Na+ from AOT, Cl− from PD); consequently a significant increase of the ionic strength occurs. 

The effect of the ionic strength in the stoichiometry of PSCs was previously studied, and it was 
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observed that the salt addition induces the formation of complexes with higher surfactant content [19]. 

Our present results for series S follow this same trend.  

On the other hand, in the series PDS-# the polymer concentration is constant and the surfactant 

concentration varies, therefore when surfactant content increases along the series, the ratio NPD/NAOT 

diminishes. Fig. 5 shows that, as expected, in these series the addition of surfactant drives to complexes 

with higher AOT content. In these samples, the effect of the ionic strength is negligible because the 

polymer concentration is almost constant, and consequently the salt amount released to the medium (Cl− 

and Na+) when the complexes are formed, should be approximately the same. Therefore, in this case, 

the stoichiometry is governed by the excess of surfactant.  

Non-stoichiometric complexes have also been reported for other systems. It has been shown that in 

the mixtures of cetyltrimethylammonium bromide with cetyltrimethylammonium polyacrylate, a 

concentrated hexagonal phase separates out from aqueous mixtures, showing a strong variation of the 

surfactant/polyacrylate ratio [50]. Another work by the same group also depicts variations in the 

stoichiometry of the complexes [51]. It has been also found that PD forms with sodium 

dodecylsulphate complexes with a 20-30 % of surfactant excess [20]. 

 

 

Fig. 5 Stoichiometry of the complexes formed between the polymers (PD1, PD2) and the AOT as a function of the 

polymer/AOT molar ratio obtained from the global composition of each sample (NPD/NAOT). Half filled symbols correspond 

to the sample belonging to both sets. Dotted lines are drawn only as eye guides 

 

Fig. 6 depicts the composition of the swollen and complex phases obtained with the model proposed 

above. The swollen phase, L, is mainly composed by AOT and water, being the concentration of 

polymer practically negligible. Additionally, the following features can be observed: 

(i) The samples PD1S-# and PD2S-# show the typical swelling behavior: the water content decreases 

with the global AOT volume fraction.  

(ii) In the series SPD1-# and SPD2-#, the AOT concentration diminishes with the global polymer 
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concentration, as expected, because the polymer goes to the phase of the complex taking with it an 

important part of the AOT. In fact, the swollen lamellar phase can only be observed for the samples 

with a global polymer volume fraction lower than 0.025. At higher polymer concentrations this phase 

becomes isotropic and the macroscopic phase separation occurs. 

 

 

Fig. 6 Composition of the swollen phases, L (up), and the phases of the complex, C (down). On the left, effect of the 

variation of the global AOT volume fraction: PD1S-­‐#	
  and	
  PD2S-­‐#	
  series.	
  On	
  the	
  right,	
  effect	
  of	
  the	
  variation	
  of	
  the	
  global	
  

polymer	
  volume	
  fraction:	
  SPD1-­‐#,	
  and	
  SPD2-­‐#	
  series.	
  Dotted line points the data corresponding to the common sample in 

both sets 

 

The main component of the phase of the complex is the AOT, and its concentration does not vary 

significantly, either in the series PDS-# or SPD-#.  

The water concentration in phase C increases with the global content of surfactant, for PDS-# series, 

and with the global content of polymer for the SPD-# series, while the polymer concentration of phase C 
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exhibits the opposite trend. This apparently unexpected result for the serie SPD-# can be explained 

taking into account the variation of the ionic strength in these samples, which produces a change in the 

stoichiometry enriching the surfactant content in the complex, as was indicated above. The screening 

produced by the salt diminishes the effective charge density, which can lead to a conformational 

change of the polymer molecule [25] that would explain the change in the stoichiometry of the 

complex.  

As was previously explained, there is not macroscopic phase separation in most of the samples. 

Nevertheless, the model allows obtaining the volume	
  fraction	
  of	
  the	
  swollen	
  lamellar	
  phase	
  (VL/VT) 

Fig.	
   7	
   shows	
   that	
   VL/VT	
   diminishes	
   upon	
   increasing	
   the	
   polymer	
   global	
   volume	
   fraction.	
  

According	
  to	
  the	
  model,	
  when	
  the	
  polymer	
  concentration	
  is	
  high	
  enough,	
  most	
  of	
  the	
  AOT	
  goes	
  to	
  

the	
   phase	
   of	
   complex	
   and,	
   therefore,	
   its	
   concentration	
   in	
   the	
   swollen	
   phase	
   is	
   very	
   low.	
  

Therefore,	
   the	
   swollen	
   lamellar	
   phase	
   disappears	
   becoming	
   isotropic.	
   It	
   can	
   be	
   observed	
   from	
  

Fig.	
  7	
   that	
   the	
   trend	
  of	
   the	
   theoretical	
  model	
   fits	
  well	
   the	
  experimental	
  values	
  obtained	
   for	
   the	
  

samples	
   with	
   an	
   isotropic	
   phase,	
   in	
   which	
   a	
   macroscopic	
   phase	
   separation	
   occurs	
   and,	
  

consequently,	
   the	
   volume	
   fraction	
  of	
   swollen	
  phase	
   can	
  be	
  measured.	
  According	
   to	
   this,	
   in	
   the	
  

sets	
   of	
   samples	
   where	
   the	
   surfactant	
   concentration	
   varies	
   and	
   the	
   concentration	
   of	
   polymer	
  

keeps	
  constant,	
  the	
  proportion	
  of	
  the	
  lamellar	
  swollen	
  phase	
  can	
  be	
  considered	
  constant.	
  	
  

 

Fig. 7 Volume fraction of the swollen lamellar phase (L). Up: effect of the variation of the global polymer volume fraction: 

SPD1-#, and SPD2-# series. Down: effect of the variation of the global AOT volume fraction: PD1S-# and PD2S-# series. Open 
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symbols: values calculated with the model. Closed symbols: experimental values from samples with macroscopic phase 

separation 

4. CONCLUSIONS 

The addition of polydiallyldimethylammonium chloride to the lamellar medium formed by AOT and 

water induces the segregation in two phases, mostly without macroscopic phase separation. One of the 

segregated phases corresponds to the complexes formed between the surfactant and the polymer, while 

the other, in most of the samples, is a typical swollen lamellar phase. The absence of macroscopic 

phase separation precludes direct determination of the composition of these phases. The model 

proposed here proves useful in obtaining not only the composition but the volume ratio of these phases 

and the stoichiometry of the complexes.  

The results indicate that these complexes present a variable stoichiometry depending on the 

composition: 1) when the surfactant content increases the complexes become enriched in this 

component, as expected; 2) the increase of the polymer concentration enhances the surfactant content 

in the complexes, due to the rise of the ionic strength,  which is produced by the release of Na+ and Cl- 

ions when the complexation takes place; 3) the molecular weight of the polymer does not seem to have 

influence. 
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FIGURE CAPTIONS 

Fig 1 Pictures of the samples corresponding to the set PD1S-# and SPD1-# 

Fig 2 Micrographs without (left) and with (right) crossed polarizers of sample SPD2-1.25. (Bar = 

100µm). 

Fig 3 SAXS diffractograms corresponding to the sets PD1S-# (left) and SPD1-# (right). The 

diffractograms have been shifted for better visualization. Diffractograms of samples SPD1-4.00 and 
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SPD1-5.00 belong to the bottom macroscopic phases (the upper phases present isotropic diffraction 

patterns). Intensity in arbitrary units represented in a logarithmic scale. * Diffractograms corresponding 

to the same sample 

Fig 4 Lamellar spacing of the two phases determined from SAXS diffractograms. Left side: as a 

function of ФAOT for the sets PDS-#. Right side: as a function of ФPD for the sets SPD-#. Samples 

corresponding to the binary AOT/water system are also included. Dotted line points the data 

corresponding to the common sample in both sets 

Fig 5 Stoichiometry of the complexes formed between the polymers (PD1, PD2) and the AOT as a 

function of the polymer/AOT molar ratio obtained from the global composition of each sample 

(NPD/NAOT). Half filled symbols correspond to the sample belonging to both sets. Dotted lines are 

drawn only as eye guides 

Fig 6 Composition of the swollen phases, L (up), and the phases of the complex, C (down). On the left, 

effect of the variation of the global AOT volume fraction: PD1S-­‐#	
  and	
  PD2S-­‐#	
  series.	
  On	
  the	
  right,	
  

effect	
  of	
  the	
  variation	
  of	
  the	
  global	
  polymer	
  volume	
  fraction:	
  SPD1-­‐#,	
  and	
  SPD2-­‐#	
  series.	
  Dotted line 

points the data corresponding to the common sample in both sets 

Fig 7 Volume fraction of the swollen lamellar phase (L). Up: effect of the variation of the global 

polymer volume fraction: SPD1-#, and SPD2-# series. Down: effect of the variation of the global AOT 

volume fraction: PD1S-# and PD2S-# series. Open symbols: values calculated with the model. Closed 

symbols: experimental values from samples with macroscopic phase separation 

 

TABLES 

Table 1 Intrinsic viscosity, viscosity average molecular weight, density and radius of gyration of PD1 

and PD2 

 [η] (dL/g) vM  (g/mol) ρ (g/mL) Rg	
  (nm)	
  

PD1 0.218 2.6×104 1.225 6.6 

PD2 0.556 8.1×104 1.230 11.6 

 




