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Abbreviations 

� surfactant molecules per polyion charge in the gel 
� wavelength 
� chemical potential 
��ion pressure exerted by the difference in ion activity between 

the gel core and the bulk solution 
�� reflection angle 
�net pressure induced by the deformation of the gel core 

network 
�skin pressure exerted on the core by the deformed surface phase 
a unit cell length 
C surfactant concentration in the surface phase 
C1 surfactant concentration at the gel surface 
C12E8 octaethylene glycol monododecyl ether 
C12TAB dodecyltrimethylammonium bromide 
C12TAC dodecyltrimethylammonium chloride 
C16TAAc cetyltrimethylammonium acetate 
C16TAB cetyltrimethylammonium bromide 
C16TAC cetyltrimethylammonium chloride 
C2 surfactant concentration in the bulk solution 
cac critical association concentration in the bulk for micelle 

formation in the gel 
cacg critical association concentration in the gel for micelle

formation in the gel 
cmc critical micellar concentration (for micelle formation in the 

bulk solution) 
CnTAB alkyltrimethylammonium bromide with carbon chain

length n 
CnTAX alkyltrimethylammonium salt with carbon chain length n

and counter ion X 
CPC cetylpyridinium chloride 
Csurf surfactant concentration 
d distance between crystal planes 
DI diffusion coefficient of the surfactant in the surface phase 
DII diffusion coefficient of the surfactant in the bulk solution 
DPC dodecylpyridinium chloride 
h, k, l miller indices 



 

HA hyaluronate 
I ionic strength 
MW molecular weight 
NaBr sodium bromide 
PA polyacrylate 
q scattering vector 
R0 radius of the gel in a surfactant-free solution 
r0 radius of the gel core 
r1 radius of the gel 
r2 radius of the gel including stagnant layer 
SAXS small-angle X-ray scattering 
Sh Sherwood number, describing the stagnant layer 
TRIS tris(hydroxymethyl)aminomethane, NH2C(CH2OH)3 
V/V0 relative gel volume 
v0 volume per mole of polyion charges in a surfactant-free 

solution 
vcore volume per mole of polyion charges in the gel core 
vskin volume per mole of polyion charges in the collapsed 

surface phase 
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1. Introduction 

The future of pharmaceutical technology and drug delivery holds many 
exiting challenges, among which the delivery of intact protein drugs to the 
desired site in the human body is far from the least. Since proteins are 
susceptible to denaturation when exposed to unsuitable pH or metabolizing 
enzymes, ways of protecting them until they reach their destination are 
necessary. One possible avenue to explore, for both drug protection and 
targeted delivery, is the use of responsive gels. These gels change their 
volume between a collapsed state, where the release of a loaded drug would 
be very slight, and a highly swollen state, where the loaded drug can easily 
diffuse out from the gel, when triggered by external stimuli such as 
temperature, salt concentration, pH, or even more specific markers.1 The use 
of micrometer or nanometer sized gels would be preferable, depending on 
the specific planned route of administration and effect, with respect to 
factors such as absorption, retention time, drug release rate, and vehicle 
degradation time. Prototypes for such micro- or nanogel vehicles with the 
ability to load and release proteins have been designed.2-5 Of course, not only 
protein drugs, but conventional drugs as well, would benefit from a targeted 
delivery to their site of action, especially so for highly toxic ones, such as 
anticancer drugs.6-9  

Unfortunately, gel/protein interactions are very complicated, which makes 
them hard to model and understand. This thesis therefore uses a simpler 
model system: the interaction between negatively charged crosslinked gels 
and oppositely charged, micelle-forming surfactants, as there are several 
similarities in the behavior of micelles and protein macroions. As an added 
benefit, many commercially available drugs are in fact charged surfactants, 
making the conclusions drawn here applicable to a broader field of gel/drug 
interaction, for the future development of controlled release and targeted 
delivery vehicles. The area of charged gels/oppositely charged surfactants 
has been extensively studied, with notable achievements in recent time being 
made by the groups of Starodubtzev and Khokhlov,10-16 Osada,17-23 Sasaki,24-

28 Zezin and Kabanov,29-33 Piculell,34-37 and Hansson.38-42 This thesis aims to 
continue this work, by investigating the interactions of anionic gels and 
cationic surfactants. The main focus lies on understanding the processes 
governing the kinetics of deswelling of gel/surfactant complexes. Can the gel 
deswelling behavior be correctly described, and what factors are important 
for it under different conditions? What factors control the formation of 
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different deswelling patterns? How does the structure of the gel/surfactant 
complexes change under different conditions? 

When the work in this thesis was initiated, the area of deswelling kinetics 
of phase-separating charged gels/oppositely charged surfactants was largely 
uncharted territory. Pioneering work on modeling charged gel/oppositely 
charged surfactant interactions had been performed by the group of 
Starodubtzev and Khokhlov,10, 11 but did not take into consideration the 
existence of a surface phase. Osada and coworkers had also suggested a 
model, but only for cases of surfactant binding without volume transition, as 
their model did not consider deswelling of the gel.20, 21 One prior publication 
examining the kinetics of the polyacrylate (PA) microgel/dodecyl-
trimethylammonium bromide (C12TAB) system existed, by Göransson and 
Hansson,40 but was based on rather few experiments and contained no 
macrogel data.  

The model by Göransson and Hansson was therefore chosen as the 
starting point of the thesis, and the first step was to evaluate it more 
extensively under controlled conditions. A methodology for handling 
microgels using micromanipulator-assisted light microscopy43 was 
developed to allow the study of gel deswelling under conditions of 
controlled convection. In paper I, the kinetics of deswelling of PA microgels 
interacting with C12TAB were investigated, and compared to calculated 
results using an improved version of the surfactant diffusion controlled 
deswelling model.40 Relevant parameters for the calculations were 
determined using macroscopic gels at equilibrium. The work was continued 
in paper II using cetyltrimethylammonium bromide (C16TAB) and a refined 
version of the deswelling model. Additional information was provided by 
analyzing the lag time prior to start of gel deswelling and the anomalous 
deswelling behavior found in some gels. The microgel data was 
supplemented by experiments on macrogel kinetics in paper IV, using the 
same model as in paper II, illuminating the different aspects of the 
deswelling process. Also, the factors governing irregular, balloon-forming 
deswelling behavior were investigated in paper IV, using both PA and 
hyaluronate (HA) gels and both kinetic and equilibrium experiments. As the 
microstructure of the collapsed or partially collapsed gels was believed to be 
of importance for the deswelling behavior, the structure of PA/C12TAB 
complexes in various surfactant and salt concentrations, a previously poorly 
explored area, was investigated using small-angle X-ray scattering (SAXS) 
in paper III. 

Briefly detailing the outline of the thesis, an introduction will first be 
made of the basic concepts, necessary to understanding the studied field. The 
different methods employed will then be described, after which the main 
results of the four papers will be presented and discussed, and finally the 
conclusions of the thesis will be summarized. 
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2. Gels 

The concept of a gel is not clearly defined, and different interpretations 
are used in different fields. One definition that is useful here is that a gel 
consists of (at least) two components, of which one provides solid-like 
behavior and the other liquidlike.44 In the present case this would be a 
polymer and water, respectively. Another useful way of looking at a gel 
would be as a liquid continuous system displaying mechanical rigidity, 
which captures both the stiffness observed on a macroscopic level, and the 
fluid character experienced by a molecule inside the gel. 

Gels can be classified as either physical or chemical: Physical gels are 
characterized as either 1) strong, where the forces holding the polymer 
network together are effectively permanent in a certain environment, or 2) 
weak, where only associative forces exist, such as hydrogen bonds or 
hydrophobic association. Examples of strong physical gels are agarose, 
gelatin and carrageenan, which are all held together by overlapping helices 
and are stable unless heated. Chemical gels on the other hand have 
covalently bound crosslinks holding the polymer strands together, effectively 
creating molecules of macroscopic molecular weights, often spanning the 
entire system.45 Since the crosslinks are permanent, a chemical gel can be 
dried and redissolved and still regain its original shape. If the gel is charged 
the swelling in contact with water can be very extensive, up to 1000 times in 
volume, depending on electrolyte concentration.44 The PA and HA gels used 
in the present thesis are both chemically crosslinked, charged gels.  
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3. Polyelectrolytes 

Polyelectrolytes are polymers with ionizable groups, that in polar solvents 
can dissociate into either cationic or anionic charges on the polymer, 
depending on the type of group, and oppositely charged counterions.46 The 
charged polymer is often denoted the polyion. Examples of polyions are the 
ones studied here, polyacrylate and hyaluronate, but also more famous ones 
such as DNA. 

As the name suggests, polyions are composed of many smaller units, 
monomers, which contain the charged groups. The monomers can all be 
identical (homopolymers) or of different kinds (heteropolymers).45 The 
polyions discussed here are both homopolymers. In addition, they also share 
a feature that sets them apart from most ordinary polyions, as they are 
crosslinked, enabling the construction of macroscopic sized networks of 
huge molecular weights (gels). References will sometimes also be made to 
linear (non-crosslinked) versions of the polyions, which contain no 
branching or crosslinking. 

3.1. Hyaluronate 
Sodium hyaluronate (also known as hyaluronan), is a linear poly-

electrolyte made up of alternating �-linked units of N-acetylglucosamine and 
glucuronic acid, see Figure 1. It is present in the extracellular matrix of 
mammals, e.g. in vitreous humor, umbilical cord and cartilage, where it 
bestows elasticity and rigidity to the tissue.47-50 In neutral solution the 
glucoronic acid residues are completely dissociated, giving a negative charge 
at every other carbohydrate unit with an intercharge distance of about 1.2 
nm.51, 52 The persistence length has been reported to be in the range 40-100 
Å, the large span probably due to polydispersity and/or variations in the 
methods of calculation,53 making HA a semi-flexible polymer. The 
hyaluronate used in paper IV is crosslinked and was received from Q-Med 
AB.54  
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Figure 1. The basic repeating unit of hyaluronate. 

3.2. Polyacrylate 
Sodium polyacrylate (or poly(acrylic acid) if present in the uncharged 

form), is a polyelectrolyte with high charge density (about 3 times the linear 
charge density of HA) with a flexible polymer backbone.55 Due to 
electrostatic repulsion between the charged segments, the conformation is 
highly extended, even though the backbone in itself is flexible.56 When the 
persistence length is extrapolated to regions where the rigidity arises solely 
from backbone stiffness and steric hindrance, it has been reported to be 14 
Å, but when the effect of charge repulsion is taken into account  PA becomes 
much stiffer, with a persistence length 10 times higher (at I = 0.010 M, the 
most commonly used ionic strength in this thesis).57 It should be noted 
though that in the gel/surfactant complexes the high concentration of micelle 
charges will screen the polyion and allow the polyacrylate to be more 
flexible. 

OO
n

 

 
Figure 2. The basic repeating unit of polyacrylate. 

The polyacrylate used in this thesis is crosslinked with 1% N,N’-
methylenebisacrylamide during polymerization. 
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4. Surfactants 

Surfactants, short for SURFace ACTive AgeNTS,58 contain both parts 
that interact favorably with the surrounding solvent (usually a polar 
headgroup) and parts that do not (often an aliphatic carbon chain). 
Surfactants are known for their ability to decrease surface tension, and also 
for their tendency to form aggregates with the capacity to enhance the 
solubility of poorly soluble substances. The simplest and most well-known 
form of aggregate formed by surfactants is the micelle, an often globular 3-
dimensional structure with the apolar carbon chains turned inwards into the 
structure and the polar headgroups on the surface, facing the solvent (usually 
water). This arrangement minimizes the contact between the polar solvent 
and the apolar hydrocarbon, increasing the entropy of the solvent. This 
increase of entropy is the driving force for the micelle formation, and is 
opposed by the entropy of mixing and the repulsion between the surfactant 
headgroups. The concentration of surfactant at which micelle formation 
starts is denoted the critical micellar concentration (cmc). Above cmc added 
surfactant will be used to create more micelles, leaving the free monomer 
concentration constant (or slightly decrease it in the case of ionic surfactants, 
as the ionic strength is increased, see section 4.3).44 The cmc in 10 mM salt 
(the most often used salt concentration in this thesis) is 21 mM for 
C12TAB,59 0.3 mM for C16TAB,60 and 0.23 mM for cetylpyridinium chloride 
(CPC).61 

4.1. Ionic surfactants 
Surfactants can be either ionic, with a charged polar headgroup, or non-

ionic, with a usually much larger uncharged polar headgroup. The 
surfactants considered in this thesis, see Figure 3, are all ionic. 
Characteristic for these is that the repulsion between the polar headgroups, 
which opposes micelle formation, is much larger than for nonionic 
surfactants,44 much due to the loss in counterion entropy. Because of this 
extra repulsion, the cmc of an ionic surfactant is much higher, often around 
two orders of magnitude, than for the corresponding nonionic surfactant.44, 62 
As for nonionic surfactants, cmc decreases with increasing number of 
carbons in the alkyl chain, but the decrease is less pronounced,44 as lowering 
surfactant concentration is effectively synonymous with lowering electrolyte 
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concentration, which in turn opposes the decrease in cmc (due to increased 
headgroup repulsion, see section 4.3). 

CH3 N
+ CH3

CH3CH3

Br

N
+ CH3

CH3CH3
CH3

Br

N
+CH3

Cl

a)

b)

c)

 
Figure 3. Structural formulas of the surfactants used: a) C12TAB b) C16TAB c) CPC. 

4.2. Krafft point 
The solubility of a surfactant normally increases with increasing 

temperature. The temperature at which the solubility equals cmc is denoted 
the Krafft temperature. Below this temperature, the maximum soluble 
amount of surfactant is determined by the surfactant solubility, and since this 
is lower than cmc micelle formation is not possible. Above the Krafft 
temperature though, the formation of micelles enables the solubilization of 
almost any amount of surfactant, because the monomer concentration stays 
constant (and equal to cmc).44 For C16TAB, the Krafft temperature is 24 	C.63 
Since this is close to room temperature, this is a crucial parameter to 
consider when designing experiments, in order to avoid precipitation.  

4.3. Effect of adding salt 
Adding salt to a solution of ionic surfactant decreases the electrostatic 

repulsion between the surfactant headgroups that normally opposes micelle 
formation, while the contribution from the hydrophobic alkyl chains’ 
interaction with water stays constant. This makes micelle formation more 
favorable, and thereby lowers the cmc. The same effect is seen when adding 
more surfactant, as this also increases the total electrolyte concentration. The 
decreased headgroup repulsion also changes the ratio of effective headgroup 
area/hydrocarbon chain volume, which affects the aggregation number of the 
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micelles, inducing micellar growth. Apart from the size of the micelles 
changing, the preferred structure of the aggregate may also change, leading 
to elongation into short rods or long wormlike micelles, or even 
transformation to hexagonal or lamellar structures. A similar effect is seen 
when the surfactant concentration is increased, due to packing constraints 
and aggregate-aggregate repulsion favoring larger aggregates.44  

4.4. Ordered structures 
Many different ordered structures are known, such as lamellar, hexagonal 

and various cubic ones. Some of these have been found to be continuous, in 
one or several directions, while others are made up by discreet micelles; 
some are turned with the polar part outwards, others with the polar part 
inwards (inverted structures).44 Of special interest in this thesis are the 
discreet cubic micellar structure Pm3n and the hexagonal micellar structure, 
which will be described in detail below. 

4.4.1. Pm3n micellar cubic structure 
The current opinion today is that the Pm3n micellar cubic phase is made 

up by discreet micelles, each unit cell containing one micelle in the middle, 
one in each corner and two on each cube face, for a total of 8 micelles per 
cell. The two on each face are placed beside each other and crossed, see 
Figure 4.64 In the most studied system, dodecyltrimethylammonium chloride 
(C12TAC), the micelles are slightly elongated, with an axial ratio of 1.35,65 
although this is only noticeable for the micelles on the faces of the unit cell, 
since these are restricted to rotate only in the plane perpendicular to the cube 
face, while the ones on the corners and in the middle are free to rotate in all 
directions.64 The Pm3n structure is formed both by PA/C12TAB42 and 
PA/C16TAB,38 as well as by pure C12TAC64, 66, 67 and cetyltrimethyl-
ammonium acetate (C16TAAc),68 among other systems. In scattering 
measurements Pm3n gives characteristic peaks at 
2, 
4, 
5, 
6, 
8, 
10, 

12, 
13, 
14, 
16, 
17, 
18, 
20, 
21…69 
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Figure 4. The unit cell of the Pm3n space group. The micelles in the corners and in 
the middle are free to rotate in all dimensions, and are therefore drawn as spheres, 
while the ones on the sides are restricted to rotate in the plane perpendicular to the 
cube side, wherefore they are drawn as elongated. A cylinder-shape is used for 
enhanced clarity, although an ellipsoid shape would be more correct. 

4.4.2. Hexagonal micellar structure 
A hexagonal packing of (infinitely) long cylindrical micelles consists of a 

two-dimensional hexagonal structure, i.e., each micelle is surrounded by six 
others, with the micelles elongating in the third dimension, see Figure 5. The 
radius of the cross-section of the micelle is close to the length of the 
surfactant molecule, or shorter.58, 70 Hexagonal structures of elongated 
micelles have been reported numerous times for a variety of different 
systems, but more specifically also for PA/C16TAB39, 42 and for pure 
C12TAC66, C12TAB,71 and C16TAB.68, 71 In scattering measurements a 
hexagonal micellar structure gives characteristic peaks at 1, 
3, 
4, 
7, 
9, 

12, 
13, 
16, 
19, 
21… according to Bragg’s law (see section 6.4). 
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Figure 5. A hexagonal packing of elongated micelles, with the shortest micelle 
centre-centre distance a and the shortest of the distances d between reflecting planes 
(d10) indicated. 
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5. Polymer/surfactant mixtures 

5.1. Critical association concentration 
It has been noted that the critical concentration needed for micelle 

formation (cmc) for an ionic surfactant is depressed by the addition of an 
uncharged linear polymer, and even more so by addition of an oppositely 
charged linear polyelectrolyte. This lower concentration has been denoted 
the critical association concentration (cac).62, 72-74 

For the gel/surfactant systems studied here, cac is defined in a 
corresponding manner, as the critical concentration of surfactant in the bulk 
solution at which micelles form in the gel.74 The corresponding free 
surfactant concentration in the gel is denoted cacg.  

Cac in the presently used systems is much lower than cmc, e.g. for 
PA/C12TAB in 10 mM NaBr cac = 0.36 mM (as shown in paper I), and 
cmc = 21 mM;59 for C16TAB in 10 mM NaBr cac = 3.6 �M (as shown in 
paper II), and cmc = 0.3 mM;60 and for HA/CPC in 12 mM TRIS cac = 
0.032 mM (as shown in paper IV), and cmc = 0.23 mM.61  The trend that the 
ratio cmc/cac increases with increasing surfactant chain length for 
PA/CnTAB agrees with data reported earlier for linear HA/CnTAB.75 Just 
like cmc, cac decreases with increasing surfactant chain length,74 but in 
contrast to cmc, cac increases with increasing polymer concentration62, 76, 77 
or salt concentration,25, 62, 77-79 as the entropic gain in releasing the counter-
ions bound to the polyion decreases at higher bulk salt/charged polymer 
concentration. 

5.2. Polyion-dressed micelles 
When micelles form in the presence of oppositely charged polyions, the 

two will associate and the polyion will neutralize the micelle’s charges, 
reducing the headgroup repulsion. This arrangement is more favorable than 
micelle formation in the bulk due to several factors: 1) the counterions 
bound to the polyion can be released, 2) the high potential energy of the 
polyion, due to the repulsions between charges along the chain, is lowered 
when the polyion is close to the charged micelle, and 3) the cost of binding 
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the polyion to the micelle is smaller than the cost of binding an equivalent 
amount of small counterions, as the configurational freedom of the polyion 
is already low in its free form. As a result of this, cac becomes much lower 
than cmc.62, 80  

The polymer/surfactant complex can be viewed as consisting of polyion-
dressed micelles, see Figure 6, with the polyion wrapped around the micelle 
neutralizing its charges.80 This neutralization reduces the repulsion usually 
found between micelles, and instead gives rise to an attractive force due to 
electrostatic correlations and polyion bridging.81, 82 
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Figure 6. Schematic representation of a polyion-dressed micelle, the positive 
charges of the micelle being neutralized by the negative charges of the polymer. 

5.3. Linear polyelectrolytes/surfactants 
Thalberg and Lindman systematically studied the interaction of linear HA 

with alkyltrimethylammonium salts (CnTAX), showing that the charged 
groups of the polyions facilitated micelle formation by decreasing the 
headgroup repulsion.75 The difference between cmc and cac was shown to 
increase with increasing surfactant chain length,75, 83, 84 and cac was found to 
be dependent on surfactant chain length, polyion charge density,75 and 
polyelectrolyte concentration (due mainly to the extra salt at low ionic 
strength and to the polyion stabilizing the surfactant aggregates at high ionic 
strength).83 Redissolution of the complexes could be achieved by adding 
large amounts of surfactant or simple salt (through lowering of the surfactant 
activity and thereby the binding to the polyion), and the limit for 
redissolution increased with increasing surfactant chain length.75, 85 They 
also introduced a pyramid-shaped phase diagram, to which ordinary 
triangular phase diagrams can be seen as 2D-projections, allowing the 
handling of all the ionic species and their combinations.86 For the example 
PA/C16TAB, of special interest in this thesis, this would mean: 1) the 
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surfactant (C16TA+Br�), 2) the polyelectrolyte (Na+PA�), 3) the simple salt 
(Na+Br�), and 4) the complex salt (C16TA+PA�). Thalberg and Lindman also 
investigated the system of PA/CnTAX, and found it to exhibit many 
similarities with HA/CnTAX, though many effects were more pronounced 
due to the higher charge density of PA compared to HA.87 

Hansson and Almgren continued the work on PA with C12TAB/C12TAC 
and C16TAB/cetyltrimethylammonium chloride (C16TAC), showing that the 
aggregation numbers of the micelles were unaffected by the presence of the 
polyelectrolyte, and that less salt was needed in the bromide system than in 
the chloride in order to prevent associative phase separation, showing the 
importance of the surfactant counterion.88 Hansson also later presented a 
micelle-centered model describing the interaction between surfactants and 
oppositely charged (flexible) polyions.80 

Piculell and Cabane and co-workers continued the idea of 3D phase 
diagrams, by focusing on the alternative mixing plane, consisting of the 
complex salt, the simple salt, and water. Important phase behavior 
characteristics, that could not be accounted for using the conventional 
mixing plane, were possible to explain using this 3-component system.82, 89 
The similarities between the surfactant/water (C16TAB/H2O) and the 
complex salt/water (C16TAPA/H2O) systems, and the transition from one to 
the other,  were illustrated in a very clear manner.90 The complex salt was 
shown to be water-insoluble, and adding more pure water causes it to swell 
(absorbing water), and finally change its structure from hexagonal to cubic 
Pm3n.82, 90 The work contained in this thesis considers the complex salt of 
crosslinked PA and C12TA+/C16TA+, sharing many similar qualities. Piculell 
and Cabane also showed that the complex salt is stabilized by polyion 
bridging,68, 90 and that there is a tendency toward lower curvature of the 
aggregates as the Br� concentration is increased.82, 90 They also showed that 
the strength of the polyion/surfactant interaction increases with increasing 
surfactant chain length and polyion length.91 

5.4. Gel/surfactant interaction 
When a crosslinked polyelectrolyte gel is exposed to a solution of 

oppositely charged surfactant, the surfactant monomers will diffuse into the 
gel and there form micelles that will, as for the case with linear polyions 
mentioned above, be neutralized by the polyion, enabling the release of the 
counterions.11, 31, 38 In analogy with the linear polyion case, this will allow 
micelle formation to start at a concentration (cac) far lower than cmc.11, 80 As 
the monomer concentration in the gel will be low (equal to cac), there will 
be a large concentration difference between gel and solution, making the 
surfactant uptake into the gel rapid. As the micelles form, they cause a local 
collapse of the polymer network,41 which due to the crosslinks creates 
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tensions that will propagate through the network. This local collapse will 
start at the surface of the gel, forming a dense, micelle-rich surface phase 
around a swollen, micelle-free core, both still part of the same polymer 
network.30, 31, 38, 39 As the nucleation of a new phase inside the bulk of a gel is 
virtually impossible, due to the huge activation energy needed to deform the 
entire macroscopic gel, the surface is the only possible position of the 
collapsed phase.92-94 It is not know definitely, however, whether the surface 
is also the optimal placement at equilibrium for all degrees of complexation. 
In contrast, in the poly(styrenesulfonate)/C12TAB system, a surface phase is 
found during deswelling, but not in gels at equilibrium.95 In any case, the 
surface phase will, due to its placement, be anisotropically deformed, 
extended more than in its relaxed state in the lateral direction, and 
compressed in the transversal direction, see Figure 7. Due to this the surface 
phase will exert a pressure on the core, slightly compressing it.38 It has been 
shown that the composition of the surface face is similar to that of 
completely collapsed gels,31 which is important in simplifying theoretical 
descriptions. A change in water content of the surface phase has been noted 
at low surfactant/polyion charge ratio (�),38 although since the surface phase 
at this point is very thin it will only have a slight effect on the deswelling. 
The effect of a changing the volume per mole of polyion charges in the 
surface phase (vskin) is considered in paper I, and suggested as an explanation 
of the initial flat part of the swelling isotherm. 

a) b)

c)

 
Figure 7. Schematic representation of a) the deswelling gel with swollen core and 
anisotropic surface phase, which is collapsed in the direction perpendicular to the gel 
surface, but due to the swollen core extended in the lateral direction b) the density of 
the network in a surfactant-free solution (isotropic), and c) the density in a relaxed, 
collapsed network (isotropic), for comparison. Not drawn to scale. 

As more surfactant is absorbed into the gel, the surface phase will grow at 
the expense of the core, further compressing it, until the entire gel is 
collapsed, see Figure 8.30, 38 At this point, the core has either been fully 
converted into collapsed phase, or may possibly remain to a lesser extent, 
but in such a compressed state that it is hard to distinguish it from the surface 
phase.38 
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Figure 8. Regular gel deswelling: As surfactant is absorbed by the swollen gel, a 
collapsed surface phase forms. This surface phase then grows at the expense of the 
core, as more surfactant is absorbed, until the entire gel has been collapsed. 

Figure 8 actually illustrates the essence of this thesis, as the kinetics of 
the process depicted there makes up the major part of paper I, II, and IV. 
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6. Methods 

6.1. Gel preparation 

6.1.1. Microgels 
PA microgels were prepared using an inverse suspension polymerization 

method with a water-based gel solution dispersed in an organic phase. In 
paper I a method with paraffin oil was used,40 but in paper II (and IV) it was 
substituted by a more efficient method using cyclohexane, adapted from 
Wang et al.96 The new method has a higher yield and drastically higher 
success rate. The principle for both methods is the same, using a water phase 
containing acrylic acid, salt, crosslinker, accelerator, and radical initiator, 
which is dispersed in an organic phase under heavy stirring. The 
polymerization and crosslinking then takes place simultaneously creating a 
gel sphere from each solution droplet. The gels are then either washed clean 
from the oil on a filter using acetone (paper I), or precipitated using excess 
amount of methanol (paper II and IV). The gels are then further washed to 
remove unreacted reagents and salt, and equilibrated in the desired pH and 
salt concentration. Microgels were the main vehicle for the experiments in 
paper I and II, and also used to a lesser extent in paper IV. 

6.1.2. Macrogels 
PA macrogels were synthesized using a rather similar recipe as the 

microgels (though mostly without added salt), but in vessels of suitable 
shape and size instead of in a suspension. The gels were of two types, either 
larger gels that were cut to cube-shaped form in the swollen state, or 
capillary gels that were used as they were. Macroscopic gels were used for 
the cac-determination in paper I, all the SAXS measurements in paper III 
and most of the experiments in paper IV. 
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6.2. Micromanipulator-assisted light 
microscopy 

The microscopy experiments (mainly paper I and II, but also some in 
paper IV) were performed using an Olympus BX-51 light microscope 
equipped with a Narishige ONM-1 micromanipulator. The microscope was 
connected to an Olympus DP-50 digital camera, allowing the capture of 
digital images and subsequent analysis regarding gel size using the Olympus 
DP-Soft software. The micromanipulator enables the easy handling of gels in 
the 10�100 �m size range, using an IM-5A Injector to pick up the gels by 
suction. The gels can then be inserted into the opening of a larger pipette 
(denoted the flow pipette), through which a desired solution can be pumped 
using a peristaltic pump (Pharmacia Fine Chemicals model P-1, paper I) or a 
HPLC pump (Beckman 110B Solvent Delivery Module, paper II). A 
schematic of the setup viewed from the side can be found in Figure 9. 

Gel bead

Flow pipette

 
Figure 9. Schematic view of the micromanipulator setup. The gel bead, held by the 
micromanipulator pipette in the bulk solution and inserted into the opening of the 
flow pipette, can be viewed through the microscope. 

6.3. Theoretical deswelling calculations 
The deswelling kinetics of both microscopic gels (paper I and II) and 

macroscopic gels (paper IV) were calculated using a surfactant diffusion 
controlled deswelling model. 

The gel volume at different values of � (surfactant molecules per polyion 
charge in the gel) was first calculated using the relation38 

 0�� skinnetion ���  (1) 

where ��ion is the osmotic pressure exerted by the difference in ion activity 
between the gel core and the bulk solution (calculated by solving the 
Poisson-Boltzmann equation), �net is the pressure induced by the 
deformation of the gel core network (extracted from gel swelling 
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experiments in different electrolyte concentrations), and �skin is the pressure 
exerted on the core by the deformed surface phase (calculated using theory 
of rubber elasticity). As �skin is dependent on �, the vcore (volume per mole of 
polyion charges in the core) balancing the equation at each � could be 
calculated and thereby also the gel volume. 

The steady-state surfactant concentration outside the gel surface, C1, was 
then calculated for each � by solving 
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where C2 is the surfactant concentration in the bulk solution, C is the 
concentration of surfactant in the surface phase, r1 and r0 are the radii of the 
gel and the gel core respectively, DI and DII are the surfactant diffusion 
coefficients in the surface phase and in the bulk solution respectively, and Sh 
is the Sherwood number describing the thickness of the stagnant layer. 

The time (t) needed to reach each � could then be calculated by 
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where R0 is the gel radius in a surfactant free solution and v0 is the volume 
per mole of polyion charges in the gel prior to deswelling. 

Deswelling curves showing gel volume as a function of time could then 
be constructed for each individual gel bead, and compared to experimental 
values. 

For a more detailed description of the model, please consult paper I. 

6.4. Small-Angle X-ray Scattering 
Small-Angle X-ray Scattering (SAXS) is a useful technique for 

determining the microstructure of colloidal systems, and is the primary 
method used in paper III. The principle is that X-ray radiation (�=1-5 Å) 
interacts with electrons, and therefore gives rise to diffraction when sent 
through a sample. The pattern of the diffraction can then be used to draw 
conclusions regarding the electron density of the sample, and from this the 
molecular arrangement can be deduced.70 As the dimensions in colloidal 
samples (in our case micelle-micelle distances) are rather large, the 
interesting information will be found at small angles, as opposed to e.g. 
distances between molecules in crystals, which give rise to interference at 
wide angles. In the polymer/surfactant samples investigated here, the 
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interacting units will be the micelles, and since these are (sometimes) 
arranged in ordered structures, they will give rise to interference in 
distinctive peaks, so called Bragg peaks. The principle for Bragg reflection, 
which is outlined in Figure 10, states that constructive interference (Bragg 
peaks) will only take place when the glancing angle between the incident 
beam and the crystal planes is such that the extra distance traveled by the 
beam hitting a lower plane is equal to an integer number of wavelengths. At 
other angles the interference will be largely destructive and the signal will be 
cancelled out.70 According to Bragg’s law,97, 98 the angles �� at which 
interference occurs (see also Figure 10) can be calculated as  

 
hkld
n

2
'sin �� �  (4) 

where dhkl is the distance between the crystal planes and n = 1, 2, 3… 
 
The specific angles at which peaks show up can then be used to indirectly 

distinguish between different structures, by calculating the diffraction pattern 
of each possible structure. 
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Figure 10 The principle of Bragg reflection. The distance between the crystal planes 
is designated d, the scattering vector q and the reflection angle ��. The beam that hits 
the lower crystal plane travels a further distance of 2dsin��, compared to the one 
hitting the upper plane. This will give rise to constructive interference if the extra 
distance equals an integer number of wavelengths, i.e., 2dsin�� = n�, with n = 1, 2, 
3…  



 29

According to Bragg’s law the angle between the scattered and the incident 
beam, 2��, is related to the scattering vector q and the lattice spacing d as 

 
2

sin2
2

1 �
��

�
��� qdhkl  (5) 

where h, k, l are the Miller indices of the reflecting planes and � the 
wavelength of the radiation. The unit cell length a for a primitive cubic 
structure can then be calculated as  

 222 lkhda hkl �  (6) 

with h, k, l = 0, 1, 2, 3… Other cubic structures can be identified by certain 
characteristic reflections missing.  

Since a hexagonal structure of elongated micelles is ordered only in two 
dimensions (the third being “infinite”), a, the smallest micelle centre-centre 
distance (see Figure 5), can instead be calculated as 

 hkkhda hk � 22

3
2

 (4) 

with h, k = 0, 1, 2, 3… 

6.5. Potentiometry 
In paper I, the cac for PA/C12TAB at 10 mM salt was required for the 

kinetic calculations. Cac has been determined earlier for linear PA/C12TAB 
in different salt concentrations,77, 78 as well as for crosslinked PA/C12TAB 
without added salt,41 but not for the presently used system. A potentiometric 
method76, 99 using a surfactant sensitive electrode was therefore employed. 
The method measures the potential difference between the sample and a 
reference solution across a surfactant ion selective poly(vinyl chloride) 
membrane (without carrier complex). The method has been shown to have 
excellent sensitivity for the surfactant ion, even at high electrolyte 
concentration.76 The response of the electrode to C12TAB  has been  shown 
to be Nernstian at least down to 10-5.5 M,41 which is far lower than the 
concentrations measured here. The free concentration of surfactant in the 
bulk solution was regarded as giving the same response as an equal 
concentration of surfactant in a gel-free solution. This interpretation can be 
problematic in salt free solutions,100 but as all the measurements here were 
performed in 10 mM NaBr that does not pose a problem.  
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6.6. Steady-state Fluorescence Measurements 
In paper II, cac for PA/C16TAB in both 10 mM and 0.5 mM salt was 

required for the kinetic calculations. Since such values have not been 
published earlier, a method using the fluorescence of a hydrophobic probe, 
pyrene, was used to determine them. Since pyrene is very hydrophobic, it 
will distribute preferentially to any hydrophobic environment available, e.g. 
the inside of a micelle. Pyrene also has the interesting ability to emit 
different spectra in polar and apolar environments when illuminated by UV-
light. An example of such a spectrum is shown in Figure 11. By measuring 
the relative height of two peaks in the emission spectrum, denoted peak 1 
and 3, and plotting the ratio of the intensity of these, I3 / I1, as a function of 
surfactant concentration, cac can be detected. At cac micelles will appear in 
the gel, pyrene will distribute to these and thereby change the micropolarity 
around itself, and the ratio I3 / I1 will therefore suddenly increase.101, 102 It has 
earlier been shown by Hansson et al. for PA/C12TAB that the onset of I3 / I1 
increase103 closely corresponds to the cac determined by surfactant-sensitive 
electrode.88 
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Figure 11. Fluorescence emission spectra for 0.1 and 50 �M C16TAB, 0.5 mM linear 
PA, 10 mM NaBr, and 0.1�M pyrene. Note that the height of peak 1 decreases while 
the height of peak 3 increases, as the C16TAB concentration is increased, increasing 
the I3 / I1 ratio. 
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7. Equilibrium data 

7.1. Cac determination 
7.1.1. PA/C12TAB 

One important question to start the investigations of gel/surfactant 
interactions with, was what surfactant concentration is needed to initiate 
volume collapse, and also what the surfactant concentration in equilibrium 
with partially collapsed gels is? In paper I, two different methods were 
therefore employed for PA/C12TAB: 1) potentiometry, where the remaining 
concentration of C12TAB in equilibrium with partially collapsed gels was 
measured (in solutions of limited volume), and 2) gels were placed in bulk 
solutions with varying concentrations of C12TAB and allowed to equilibrate, 
in order to find the concentration needed to initiate volume collapse. The 
solution volume in the latter case was chosen so that fully collapsing the gels 
would change the surfactant concentration by less than 1%. As evident from 
Figure 12, the two concentrations coincided (within the experimental error) 
and both showed that the cac of PA/C12TAB in 10 mM NaBr is 0.36 mM. 
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Figure 12. Cac determination for PA/C12TAB. Crosses represent the volume of gels 
placed in bulk solutions of C12TAB (set concentration), diamonds the volume and 
measured C12TAB concentration for partially collapsed gels (limited solution 
volume). 

The result shows that the concentration of surfactant in equilibrium with 
gels at various stages of collapse is constant and equal to the critical 
concentration for the volume transition under bulk conditions. It was also 
shown in paper I that the critical concentration is very close to the cac in 
solutions of linear PA at 10 mM NaBr, indicating that the phase 
separation/volume collapse in gels nearly coincide with the onset of micelle 
formation. 

7.1.2. PA/C16TAB 
As for C12TAB in paper I, a cac-value was needed for the theoretical 

calculations of PA/C16TAB in paper II. Fluorescence measurements on linear 
PA/C16TAB, with pyrene as fluorescent probe, at two different NaBr 
concentrations, 0.5 and 10 mM, were therefore performed. As shown in 
Figure 13, the I3 / I1 ratio, indicating the polarity of environment around the 
probe, increased at 2.0 and 3.6 �M C16TAB at 0.5 and 10 mM NaBr, 
respectively. The former value was somewhat higher than expected, but cac 
dependence on salt concentration for PA/C16TAB has not been formerly 
investigated in this low salt concentration range. Contrary to expectations, 
data from DNA/C12TAB points towards the relationship not being linear at 
low salt concentration, at least for some polymers.104 
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Figure 13. I3 / I1 ratio of the fluorescence of pyrene in solutions of 0.5 mM linear PA 
MW 170000, 10-8–10-4 M C16TAB, pH > 8, and 10 or 0.5 mM NaBr. Cac is 
determined as the C16TAB concentration at the onset of I3 / I1 increase (2.0 �M and 
3.6 �M at 0.5 mM and 10 mM NaBr respectively). 

Using linear PA to predict the cac of crosslinked PA/C16TAB was of 
course not optimal, but the methods used in paper I were both quite time-
consuming, and more importantly, not very suitable to this concentration 
range. Making bulk solutions with surfactant concentrations in the range 
around cac for C16TAB that would allow the PA gels to collapse completely, 
without changing the concentration more than 1%, would be difficult and 
extremely impractical, due to the huge volumes needed. Measuring the 
C16TAB concentrations using the surfactant-sensitive electrode would also 
not be optimal, as its response is no longer Nernstian in this low range.41  

7.2. Microstructure analysis 
The structure of crosslinked PA/C16TAB under different conditions38, 39 

had been investigated earlier, as well as the structure of  crosslinked 
PA/dodecylpyridinium chloride (DPC).26 Several investigations had also 
been made of linear PA/C12TAB91 and linear PA/C16TAB.82, 90, 91, 105 The 
structure of crosslinked PA/C12TAB however, which is of great interest in 
this thesis, had only been investigated once, at increasing addition of 
nonionic octaethylene glycol monododecyl ether (C12E8).106 Since the 
microstructure can be an important factor influencing the behavior of the 
deswelling gel, the need for a thorough investigation of crosslinked 
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PA/C12TAB at different salt and surfactant concentrations (Csurf) was noted. 
Questions to be answered were what changes (if any) take place in the 
structure as cac is approached (through increase of the salt concentration), 
what is the effect of increasing the surfactant concentration, and what is the 
correspondence between gel swelling and microstructure? 

The structure of fully collapsed PA/C12TAB complexes was determined 
using SAXS in paper III. At 3 mM C12TAB, 7 mM NaBr a primitive cubic 
structure with nine easily discernible peaks, see Figure 14, was found, 
consistent with the Pm3n cubic structure earlier reported for the PA/C12TAB 
system.42 Assuming a Pm3n structure, the unit cell length a was calculated to 
be 85.2 Å, which is similar to earlier found data.42, 106 

 
Figure 14. Scattering data for 3 mM C12TAB, 7 mM NaBr, collected using SAXS 
with a synchrotron X-ray source. Nine peaks are easily discernible, at 21/2, 41/2, 51/2, 
61/2, 81/2, 101/2, 121/2, 131/2, 141/2, consistent with a cubic Pm3n arrangement. The 
inset shows the magnification of a part of the q-range. 

When the NaBr concentration was increased the distinct peaks of the 
cubic phase disappeared, as the structure transformed into a disordered 
micellar phase, with only a broad, indistinct correlation peak, see Figure 15. 
The same shift in q and change from cubic Pm3n to disordered has been 
noted for the PA/DPC system (5 mM DPC) when the salt concentration was 
increased,26 and for PA/C12TAB when the micelle surface charge was 
decreased by addition of nonionic C12E8.106 A change from cubic Pm3n to 
disordered has also been seen for linear PA with CPC,107 and C16TAB,105 
when the PA was neutralized to an increasing amount.  
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Figure 15. Scattering curves for PA gels in 5 mM C12TAB at different electrolyte 
concentrations (10�400 mM), as indicated to the right of each curve.  For clarity, the 
spectra are displaced by an appropriate integer. Note the shift to lower q values as 
the electrolyte concentration is increased, and also the shift from cubic (black), to 
disordered micellar (dark gray), to micelle free (light gray). 

In paper III, the following explanation was proposed: As the salt 
concentration increases, cmc, and thereby the free monomer concentration, 
decreases, slightly lowering � and giving the gel a negative overcharge 
(more negative polyion charges than positive surfactant charges), which 
induces a slight osmotic swelling due to the need for simple counterions. 
(The lowering of � can be more easily understood using the theoretical 
binding isotherm in paper III.) At the same time the increased salt 
concentration decreases the cohesive forces in the complex, as the polyion 
mediated attractive forces between the micelles decrease, also inducing 
swelling. It has been shown recently that such forces, due to electrostatic 
correlation and polyion bridging, stabilize the structure of the complex salt 
of linear PA/C12TA+.82 As both these effects work towards a swelling of the 
gel/surfactant complex, the micelle-micelle distance finally becomes so large 
that the cubic structure melts into a disordered micellar one. When the salt 
concentration is further increased, the increase in cac with salt 
concentration25 finally makes cac > Csurf, dissolving the micelles and 
resulting in a swollen, micelle-free gel. 

Figure 16 shows a more comprehensive picture, where the determined 
distance between the scattering planes, d, is plotted as a function of the NaBr 
concentration. This reveals a correlation between the NaBr concentration 
and the micelle-micelle distance, more or less independent of surfactant 
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concentration. When the swelling, controlled by the NaBr concentration, 
becomes too large (�150 mM NaBr, corresponding to d = 41 Å for the main 
peak) the cubic structure breaks down into a disordered micellar phase. 
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Figure 16. Repetitive distances d for the three main peaks of the cubic phase and the 
characteristic distance of the disordered micellar phase as a function of added NaBr 
concentration. Disordered micellar samples are indicated by filled symbols, cubic 
ones by open. Circles indicate 5mM C12TAB, triangles 3 mM C12TAB, squares 
[C12TAB] + [NaBr] = 200 mM, and diamonds additional samples with varying 
C12TAB and NaBr concentration. Note that all samples coincide on the same line, 
more or less independent of C12TAB concentration, and also that the shift from 
ordered cubic to disordered takes place at 41 Å for the main peak (corresponding to 
a = 92 Å). 

Figure 17 shows a large number of samples at different surfactant and 
NaBr concentrations, roughly mapping the borders between the cubic Pm3n 
(region [1]), disordered micellar (region [3]), and swollen, micelle-free areas 
(region [4]). Also shown are calculated cmc values according to Garcia-
Mateos et al.59 and cac values extrapolated from data by Hansson and 
Almgren.77 The extrapolated cac values roughly corresponded to the NaBr 
limit for dissolving the micelles, as expected.  
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Figure 17. Correspondence between microstructure, C12TAB concentration and 
NaBr concentration. Cubic samples are indicated by open squares, disordered 
micellar ones by filled diamonds and micelle free, swollen ones by open circles. The 
solid line represents calculated cmc values for pure C12TAB and the dotted line 
extrapolated cac values for PA/C12TAB. The straight dotted lines and the numbers 
indicate the four different structural regions. 

Of special interest was region [2] in Figure 17, where at a certain NaBr 
concentration (� 150 mM), increasing the surfactant concentration gave rise 
to a transformation from disordered micellar, to cubic Pm3n, and back to 
disordered again. Two factors are crucial to understanding this behavior: 1) 
that the micelle-micelle distance is very near the critical limit, above which 
the cubic structure can no longer exist, and 2) that � changes when the 
surfactant concentration increases. The change in � is not obvious, 
considering that most of the surfactant in the solution is in the form of 
micelles, since Csurf > cmc. As argued in paper III, and supported by 
theoretical calculations, the high salt concentration at the lower surfactant 
concentrations allows the complex to become negatively overcharged, with 
� < 1. Such non-stoichiometric gel/surfactant complexes have been reported 
earlier,108 and though claims have been made that this effect can not be seen 
for PA,31 those earlier experiments were not performed at excess simple salt. 
The counterions (Na+) attracted by this excess of negative charges in the 
complex induce the extra swelling needed to destroy the cubic structure, 
resulting in a disordered micellar structure. As more surfactant is added, the 
chemical potential of the neutral surfactant species, TABC12

� , which is the 
relevant factor influencing the binding,109 increases due to the increased Br� 
concentration, even though the free C12TA+ concentration stays roughly 
constant. This raises � to around 1, reducing the swelling somewhat and 
allowing the cubic phase to reform. When the surfactant concentration is 
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further increased, � continues to rise, this time above 1, giving a positive 
overcharge and increasing the swelling again, dissolving the cubic phase. 
Such gel/surfactant complexes with a positive overcharge have also been 
reported earlier.108 
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8. Kinetic data 

8.1. Deswelling behavior 
The deswelling of a polyelectrolyte gel usually proceeds in the fashion 

described earlier (see section 5.4), with phase separation into a collapsed 
surface phase and a swollen core, subsequent growth of the surface phase at 
the expense of the core, gradual deswelling and finally transformation into a 
completely collapsed gel/surfactant complex. As this behavior was the most 
common and also the most easily predictable, it was denoted regular 
deswelling. An example of such a deswelling process for a microgel in 
C12TAB can be found in Figure 18 and also for a macrogel in C12TAB in 
Figure 19. 

 
Figure 18. PA microgel (R0 = 97 �m) deswelling in a constant flow of 0.56 mM 
C12TAB, 10 mM NaBr, pH>10 for 480 s. The micromanipulator holding the gel can 
be seen to the left in each picture, while the solution flow comes from the upper 
right corner. Indicated in each picture is the time and the relative gel volume (V/V0). 
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Figure 19.  Cylindrical PA macrogel deswelling in 1.5 mM C12TAB, 10 mM NaBr, 
pH>10 for 4 h. Note the initial elongation of the gel, before deswelling starts, 
discussed in section 8.4. 

As implied by the notation, there also exists an irregular deswelling 
behavior. This irregular deswelling pattern will be discussed further in 
section 8.3. 

8.2. Deswelling kinetics 
The main aim of the kinetic studies was to distinguish which processes 

governed the deswelling behavior under different conditions. To accomplish 
this, a surfactant diffusion controlled deswelling model, briefly described in 
section 6.3, was used and compared to experimental deswelling data. A good 
agreement between theory and experiment would indicate that the 
deswelling process was governed by ion-exchange kinetics for the transport 
of surfactant from bulk solution to gel core, and which part of the process 
that dominated could then be determined. If a good agreement could not be 
accomplished, that would indicate that other processes played an important 
role, and the conditions under which this change in controlling factors took 
place would be determined. Theoretical and experimental data were 
compared while changing different parameters, such as surfactant 
concentration, flow velocity, gel radius and electrolyte concentration. 
Experiments were also performed both on microgels (paper I and II) and 
macrogels (Paper IV), as different processes were expected to be rate 
determining in the two cases. Put together, these experiments reveal three 
different cases of kinetics control, which will be described below in separate 
sections (8.2.1�8.2.3). 
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8.2.1. Stagnant layer controlled kinetics 
The deswelling kinetics for microgels, both in solutions of C12TAB (paper 

I) and C16TAB (paper II), were modeled using ion-exchange kinetics for 
transport of surfactant from the bulk solution to the gel core. It was 
concluded that the rate-controlling step was the transport of surfactant from 
bulk to gel surface, which is reasonable since the thickness of the surface 
phase during most of the deswelling process was very thin compared to the 
stagnant layer. The dimensions of the gel core, the surface phase and the 
stagnant layer at different � for an example gel can be found in Figure 20. A 
more detailed argument considering a more swollen surface phase during 
initial deswelling can be found in paper I. 
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Figure 20. The radius of the gel core (r0), core + surface phase (r1), and core + 
surface phase + stagnant layer (r2) at different � for a deswelling gel with initial 
radius R0 = 70 �m, flow velocity 0.018 m/s. 

Using a surfactant diffusion controlled deswelling model (see section 
6.3), assuming that all other processes, such as network relaxation and 
transport of water and salt out of the gel, equilibrate on faster timescales than 
the transport of surfactant from bulk solution to gel core, the deswelling 
behavior including the correct timescale could be described for PA 
microgels in a controlled flow of either C12TAB or C16TAB. The model, 
which had been published earlier40 but was improved in paper I, correctly 
accounted for variations due to changes in bulk solution surfactant 
concentration, salt concentration, flow velocity, and gel size. The difference 
in diffusion coefficient in the solution as well as in the collapsed surface 
phase between C12TAB and C16TAB was also handled, although the latter 
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had only a minor impact on the deswelling behavior, as mentioned above. 
Experimental deswelling points and calculated deswelling curves for a set of 
gels deswelling in 0.56 mM C12TAB, 10 mM NaBr can be found in Figure 
21. To illustrate the importance of the stagnant layer in the description, the 
deswelling curve for gel [2] was also calculated without stagnant layer, 
shown as the dotted line. 
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Figure 21. PA microgels deswelling in a flow of 0.56 mM C12TAB, 10 mM NaBr, 
flow velocity 0.018 m/s. Deswelling profile [2] corresponds to the gel shown in 
Figure 18. To illustrate the major effect of the stagnant layer, the dotted line shows 
calculated deswelling for [2] without a stagnant layer. 

Another set of gels, deswelling in 0.50 mM C16TAB, 10m mM NaBr, is 
shown in Figure 22. When comparing the deswelling in Figure 21 and 
Figure 22, one should keep in mind that while the bulk surfactant 
concentration is similar, there is a large difference in cac between C12TAB 
(0.36 mM) and C16TAB (3.6 �M), greatly affecting the rate of surfactant 
transport from bulk solution to gel core. As for C12TAB, the deswelling of 
one gel for C16TAB, [2], was also calculated without stagnant layer and 
shown as the dotted line in Figure 22. Also note that the largest and thereby 
slowest deswelling gel, [4], showed a rather poor agreement between 
experimental points and calculated line. This was a clearly identifiable trend 
for C16TAB, especially at high NaBr concentration, which will be discussed 
further in section 8.2.4. 
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Figure 22. PA microgels deswelling in a flow of 0.50 mM C16TAB, 10 mM NaBr, 
flow velocity 0.015 m/s. Deswelling profile [2] corresponds to the gel shown in 
Figure 23. To illustrate the major effect of the stagnant layer, the dotted line shows 
calculated deswelling for [2] without a stagnant layer. 

Selected images of the deswelling of gel [2] in Figure 22 are also shown 
in Figure 23. 

 
Figure 23. A PA microgel (R0 = 89 �m) deswelling in a constant flow of 0.5 mM 
C16TAB, 10 mM NaBr, pH>10 for 165 s. The micromanipulator holding the gel can 
be seen to the left in each picture, while the solution flow comes from the upper 
right corner. Indicated in each picture is the time and V/V0. 
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8.2.2. Stagnant layer influenced kinetics 
In paper IV, it was demonstrated that for macroscopic PA gels in 

solutions of C12TAB, diffusion both through the stagnant layer and through 
the collapsed surface phase was important for the deswelling rate. The 
general shape of the deswelling curve could be correctly described using the 
surfactant diffusion based model, though calculating the stagnant layer 
presented a problem. As it was difficult to determine the flow velocity 
outside a macroscopic gel, a rough estimate of the stagnant layer thickness 
was calculated using equations for the stagnant layer outside a flat surface.110 
Using this value, the correct general time scale of the deswelling was 
achieved. By then using the stagnant layer thickness as a fitting parameter, a 
good fit could be found at each surfactant concentration, see Figure 24. 
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Figure 24. Macroscopic PA gels deswelling in different concentrations of C12TAB. 
Experimental points and calculated deswelling curves, using a stagnant layer 
thickness of 17, 31, 54, and 65 �m respectively for 0.2, 0.4, 0.8, and 2.0 mM 
C12TAB, are shown. 

8.2.3. Surface phase controlled kinetics 
For macroscopic PA gels in solutions of C16TAB (paper IV), the influence 

of the stagnant layer was only minor. Instead, the deswelling rate was 
controlled by the diffusion of surfactant through the collapsed surface phase. 
Figure 25 shows the deswelling kinetics for both C12TAB and C16TAB, 
illustrating that during the first part of deswelling, when the surface phase 
was very thin, the deswelling curves coincided. As the surface phase grew 
though, the lower diffusion coefficient of C16TAB in the surface phase 
became evident in the much slower deswelling. Also, Figure 25 shows 
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calculated deswelling both with and without a 31 �m stagnant layer (the 
stagnant layer thickness fitted to 0.4 mM C12TAB). For C12TAB, the 
stagnant layer had a major effect, drastically changing the deswelling time, 
but for C16TAB the effect was only minor and primarily visible during the 
initial part of the deswelling. 
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Figure 25. Macroscopic PA gels deswelling in 0.4 mM C16TAB (black) and C12TAB 
(gray). Solid lines shows calculated deswelling with a 31�m stagnant layer, dotted 
lines without stagnant layer. 

8.2.4. Anomalous deswelling behavior 
For the majority of PA microgels deswelling in C16TAB, the surfactant-

diffusion based deswelling model could correctly describe the deswelling. 
However, under certain conditions an anomalous deswelling behavior was 
noted, where the gels deswelled markedly slower than predicted (paper II). 
This typically applied to the gels with slowest predicted deswelling, i.e., gels 
with large radius and in low surfactant concentration, and primarily in high 
NaBr concentration (10 mM as opposed to 0.5 mM). An example of such a 
gel is [4] in Figure 22. Arguments concerning a plausible explanation for 
this anomalous deswelling were put forth in paper II: 

Gel size in itself could not explain this behavior, as gels of a size that 
deswelled as expected in high surfactant concentration, e.g. R0 = 80 �m in 
0.5 mM C16TAB, showed anomalous deswelling in lower surfactant 
concentrations, e.g. 0.1 mM C16TAB. The same argument discarded 
surfactant concentration alone as a factor, as both expected and anomalous 
deswelling was found at both high and low surfactant concentration. 
Variations in crosslinking density could have been a factor, but 
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characterizing the gels in different salt concentrations showed that gels with 
similar relative crosslinking density showed both expected and anomalous 
deswelling.  

So, the anomalous deswelling behavior seemed to correlate with slow 
expected deswelling (whether due to low surfactant concentration, low flow 
velocity or large gel size), and high NaBr concentration. Svensson et al. have 
shown that increasing the Br� concentration promotes a transformation to a 
denser, more ordered structure for linear PA/C16TAB, by increasing the 
polyion-mediated attractive forces  in the complex.90 Fluorescence and 
SAXS measurements by Hansson et al have shown that this is valid also for 
crosslinked gels.38 Equilibrium studies have also shown that gels with high 
�, which was synonymous with high surfactant and thereby Br� 
concentration, usually showed a hexagonal structure while gels with low � 
showed cubic Pm3n structure.38, 39 While a deswelling gel has an excess of 
polyion (due to the presence of the swollen core), which should promote a 
lower � in the surface phase and a cubic structure,109 a high Br� 
concentration would increase the probability of a denser, more ordered 
surface phase. The formation of such a structure though, would likely be a 
rather slow process, as has been reported earlier by Mironov et al.13 Coupled 
with large gel size, low flow velocity or low surfactant concentration though, 
the deswelling might have been slow enough to allow the formation of such 
a more ordered structure. This would in turn have made the surface phase 
more resistant to the deformation and reorganization necessary for gel 
deswelling, influencing the deswelling and making it even slower, 
explaining the slow anomalous deswelling behavior. This was further 
supported by the fact that during the initial part of the deswelling, when the 
surface phase was very thin and should not have imposed much a resistance, 
ordered structure or not, the deswelling usually followed the predicted time-
scale. 

8.3. Balloon formation 
While the microgels studied in paper I and II followed the regular 

deswelling pattern described above (see section 5.4), an irregular deswelling 
path where the gels stopped their deswelling and formed balloon-like 
structures, had earlier been noted for PA/C16TAB macrogels.38, 39, 42 In 
parallel to the kinetic experiments on macrogels following regular 
deswelling, described in section 8.2.2 and 8.2.3, the conditions governing 
this irregular behavior required closer studying, so as to elucidate the nature 
of the process. 

A large portion of the gels studied in paper IV, both PA and HA, 
exhibited this irregular deswelling. It was characterized by that while the 
surface phase still formed, no gradual deswelling was noted. Instead the 
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polymer material collapsed outwards from the core, adding to the surface 
phase, which retained its outer dimensions, and creating a liquid-filled void 
in the middle of the gel. A schematic representation of the two possible 
paths, regular and irregular, is shown in Figure 26. The initial part was 
identical, at least as far as the outer appearance of the gel was concerned, but 
at some point, usually quite early in the process, the deswelling stopped and 
no further change in gel size could be detected. 

 
Figure 26. Schematic description of the two possible paths for gel deswelling. Either 
the gel follows regular deswelling (upper), with progressively thicker surface phase 
and smaller gel radius, or a balloon structure forms (lower), with a collapsed surface 
phase surrounding a liquid-filled core, devoid of polymer network. 

Images showing a balloon-forming gel can be found in Figure 27, where 
a PA macrogel in 1.5 mM C12TAB, 9 mM NaBr is monitored for 3 h.  

 
Figure 27. Balloon-forming cylindrical PA macrogel in 1.5 mM C12TAB, 9 mM 
NaBr, pH 10, monitored for 3 h. Since the gel forms a balloon, no deswelling takes 
place. For comparison, note the regularly deswelling gel in Figure 19. Also note the 
slight elongation and thinning of the gel, which will be discussed further in section 
8.4.  
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The following factors were in paper IV found to increase the probability 
of balloon formation: 

 
� Rapid surfactant binding (through stirring of the bulk solution) 
� High NaBr concentration 
� High surfactant concentration 
� Large gel size (macroscopic  gels vs. microscopic) 
� Longer surfactant chain length (C16TAB vs. C12TAB) 
 

In paper IV, it was argued that when the surface phase starts to form, the 
micelles collapse the polymer network around them. As the surface phase 
grows the gel radius decreases, forcing the micelles in it to reorganize to 
adjust to the new configuration, as illustrated in Figure 28. If the binding of 
surfactant and formation of new surface phase is faster than this 
reorganization, the reshaping of the surface phase cannot keep up and strain 
is put on the core network. If the network is not strong enough the strain will 
tear it, allowing the core material to be pulled outwards to the surface phase 
and leaving a liquid-filled core in the middle of the gel, forming a balloon-
like structure. 

� �

 
Figure 28. Schematic showing a segment of a deswelling gel (not drawn to scale). 
Note that in addition to the surface phase growing, a rearrangement of the already 
formed surface must take place to enable gel deswelling. During this process any 
given segment of the surface phase, as defined by the network structure, will become 
thicker in the direction perpendicular to the gel surface and shorter laterally, as the 
gel radius decreases. 

Keeping this explanation in mind, the factors promoting balloon 
formation could be revisited and understood, as argued in paper IV. High 
surfactant concentration and stirring of the solution both resulted in faster 
transport of surfactant into, and thereby faster binding to, the gel, which 
increased the strain on the network. The larger gel size followed from the 
same argument, as the strain would be proportional to the amount of 
surfactant binding per unit of time, which in turn would scale with the gel 
surface area. Also, the risk for defects in the core network increased when 
the network was larger, increasing the probability of a tear. The effect of 
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increased NaBr concentration, which in most cases seemed rather slight, was 
not as evident, but as mentioned earlier, increased Br� concentration have 
been shown to increase the cohesive forces in the complex salt through 
increased polyion bridging.82, 90 Hansson et al. have shown that the same 
effect exist for crosslinked PA/C16TAB at equilibrium.38 This would make 
the surface phase more ordered and more resistant to deformation, making 
the rearrangement more difficult and increasing the risk of a tear in the 
network. Increasing the surfactant concentration also increased the Br� 
concentration, making the two individual effects hard to distinguish, though 
at 10 mM NaBr (where an effect of surfactant concentration could be seen) 
the additional effect of more Br� should have been rather negligible. The 
same effect on structure could be seen when changing the surfactant from 
C12TAB to C16TAB, where the latter showed a much higher incidence of 
balloon formation and also formed more ordered structures. Additionally, 
C16TAB also has a markedly lower cac, which is equivalent to a lower 
monomer concentration in the surface phase and thus a lower rate of micelle 
dissolution and reformation, making the surface phase more resistant to 
deformation. 

8.3.1. Surfactant uptake 
A crucial piece of information in elucidating the process behind balloon 

formation was finding out whether the uptake of surfactant was affected by 
balloon formation. The deswelling of macroscopic HA gels in solutions of 
CPC, both at equilibrium (limited amount of surfactant) and during 
deswelling, was therefore studied. Figure 29 shows relative gel volume 
(V/V0) as a function of � for two gels deswelling in identical solutions of 
initial CPC concentration 0.22 mM (circles), as well as equilibrium data for 
HA gels deswelled in limited amounts of surfactant. Both deswelling gels 
formed balloons, but one (filled circles) burst at � � 0.7 and quickly 
deswelled. The other (open circles) stayed intact for the entire experiment, 
but still slowly deswelled to the same volume as the first one. The 
equilibrium gels (diamonds) can be regarded as the expected deswelling 
behavior of a regularly deswelling gel. 
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Figure 29. Relative gel deswelling as a function of � for two HA gels in identical 
environment, 12 mM TRIS, pH 7.4, 0.22 mM CPC (initial concentration) (circles) in 
a kinetic experiment, as well as HA gels with different � equilibrated for 3 weeks 
with limited amount of surfactant available (diamonds). Initially the deswelling 
curves of the two gels coincide, but when the balloon structure of one gel (filled 
circles) bursts they start to deviate from one another. Eventually the other gel (open 
circles) deswells as well (without bursting), and the two finally reach the same V/V0. 
The equilibrium data are regarded to be the equivalent of a regularly deswelling gel. 

The results became even more interesting when compared to Figure 30, 
where � is shown over time for the same two deswelling gels as in Figure 
29. As evident from the graph, the surfactant uptake was identical for the 
two gels, regardless of one of them retaining its balloon structure during the 
entire deswelling. This showed that the transport of surfactant into the gel 
was unaffected both by balloon formation and balloon rupture, the latter 
indicating that the hole in the surface phase of the first gel (filled circles), 
which allowed the liquid inside the gel to escape, closed up or remained 
small, as the subsequent surfactant uptake otherwise should have been 
greatly affected. 
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Figure 30. Absorbed amount of surfactant, plotted as � as a function of time for the 
same two gels as in Figure 29. Note that the two curves coincide completely, even 
after the major difference in volume at � > 0.7 (see Figure 29). Also note the break 
in the x-axis, and the different scale of the x-axis after the break. The last two 
measurement points are included to show that � reaches slightly above 1. 

8.4. Lag time 
A lag time, from exposure to surfactant to start of gel deswelling, had 

earlier been noted for PA/C12TAB microgels.40 As part of the kinetic 
experiments, this was further investigated for microgels in paper II and for 
macrogels in paper IV (in paper I, the lag times were generally too short 
compared to the experimental error for conclusions to be drawn). 

As expected, the lag time was in paper II found to decrease with 
increasing surfactant bulk concentration and increasing stirring of the 
solution, which both speed up the transport of surfactant into the gel. It was 
originally assumed that the lag time was made up by 1) the time needed to 
establish a steady-state diffusion profile in the stagnant layer surrounding the 
gel, and 2) the time needed for enough surfactant to diffuse into the gel to 
reach cacg, the critical association concentration in the gel.40 When 
determining the lag time from the deswelling curves, the time needed for the 
surfactant to travel through the tubing after switching the solution must also 
be taken into consideration, as this is not part of the actual lag time. 

The lag time can be noted in Figure 18 and Figure 21, while in Figure 22 
and Figure 23 it is too short to be easily discernible (due to the high 
surfactant concentration). In most cases with microgels the lag time was so 
short, both according to experiments and theoretical calculations, that it was 
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difficult to draw conclusions about the validity of the theoretical predictions 
(the experimental error being in the same order of magnitude as the lag 
time). However, for low concentrations of C16TAB (paper II), the lag time 
was found to be surprisingly long, at the most 37 s for 0.1 mM C16TAB, 10 
mM NaBr. This was much longer than the above mentioned method of 
calculation would predict, as the expected lag time would rather be in the 
area of a few seconds. This lead to the conclusion, that just reaching cacg in 
the gel was not enough to initiate surface phase formation. Two possibilities 
then existed, either the surface phase required a certain time to form (refuted 
by the results from higher flow velocity, where the lag time was 
proportionally shorter) or a concentration higher than cacg was needed to 
start the formation.  

In paper IV, the following argument was made explaining the long lag 
times: During the lag time, surfactant diffuses into the gel and forms 
micelles in much the same way as during deswelling, except of course that 
the gel does not change volume. As the micelles are much larger than the 
monomers, and as they are highly positively charged while present in a 
negatively charged environment, they diffuse into the gel only slowly, and 
likely attain a higher concentration close to the gel surface. Using stagnant 
layer diffusion, with cac as boundary condition (once cac has been reached 
in the gel core), the amount of surfactant absorbed prior to deswelling could 
be calculated. This showed that small gels absorb a relatively speaking larger 
amount, i.e., they attain a higher �, before start of deswelling. This could be 
explained by a certain concentration of micelles in the outermost segment of 
the gel being needed in order to initiate surface phase formation and 
collapsing the outermost part of the gel. For a small gel, this segment would 
make up a larger portion of the entire gel volume, resulting in a higher � 
being needed to initiate surface phase formation. This explains both the need 
for a lag time as such, and the correspondence between absorbed amount of 
surfactant and gel size. 

A lag time was also noted for macroscopic PA gels (paper IV), see Figure 
19, Figure 24, and Figure 25, although difficulties in calculating the 
stagnant layer thickness with enough precision precluded comparison with 
theoretical calculations. However, an interesting detail was noted for 
regularly deswelling cylindrical PA gels in C12TAB, illustrated in Figure 31 
and also possible to deduce from Figure 19. 
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Figure 31. Relative gel length (l/l0, circles), gel radius (r/r0, triangles) and gel 
volume (V/V0, squares) over time for two cylindrical PA macrogels (filled and open 
symbols) in 1.5 mM C12TAB, 10 mM NaBr, pH>10. The dotted lines are just guides 
for the eye. Note the initial increase in gel length, compensated by a decrease in gel 
radius so that the volume stays approximately constant. 

During the lag time, the gel volume (squares) was constant, but the length 
(circles) increased while the radius (triangles) decreased. This indicated that 
some process other than simple diffusion of the surfactant into the gel took 
place, and pointed towards the surface phase formation and start of 
deswelling not coinciding, which had otherwise been assumed. The increase 
in length allowed a collapse in the radial direction, at constant volume, 
which may be favorable in a cylindrical geometry. The fact that the 
surfactant entered almost solely from the radial direction probably factored 
in as well. This initial unwillingness of the gel to decrease its volume might 
indicate that salt or/and water gets trapped inside the gel, which would be 
plausible if the surface phase had a negative or positive overcharge. Of 
course, these effects seen for a cylindrical gel may have been connected 
solely to the gel geometry, and not be valid for the otherwise used spherical 
gels, although that does not make them any less intriguing.  
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9. Conclusions 

The deswelling kinetics of PA gels in surfactant solutions have been 
found to fall into three different categories: 1) Microgels interacting with 
either C12TAB or C16TAB showed stagnant layer controlled deswelling 
kinetics, where the diffusion of surfactant from the bulk solution to the gel 
surface was rate controlling. 2) Macrogels interacting with C12TAB showed 
stagnant layer influenced kinetics, where both the transport from bulk to gel 
surface and transport through the collapsed surface phase influenced the 
deswelling. 3) Macrogels interacting with C16TAB showed surface phase 
controlled kinetics, where the effect of the stagnant layer was minor and the 
rate limiting step was the transport though the surface phase.  

For PA microgels/C16TAB, an anomalous deswelling pattern causing 
slow deswelling has been noted, probably connected to a resistance to 
deformation in the surface phase, and promoted by factors allowing the 
formation of more ordered structures.  

For both PA and HA macrogels, as well as PA/C16TAB microgels, an 
irregular deswelling pattern has been investigated, where the gel forms a 
balloon-like, liquid-filled structure instead of collapsing. This behavior, 
which was explained as being caused by a tear in the core polymer network, 
was found to be promoted by rapid surfactant binding and more ordered 
structures in the surface phase. 

For cylindrical PA gels deswelling in solutions of C12TAB, an unexpected 
initial deswelling behavior has been noted. The gels showed an elongation 
coupled to a decrease in radius, so that the total volume stayed constant up 
until the start of actual deswelling, after which both length and radius 
decreased. This points towards the initial lag time, which is normally seen 
before start of gel deswelling, being more complicated than has earlier been 
assumed. 

Fully collapsed macroscopic PA/C12TAB complexes have been shown to 
exhibit either a cubic Pm3n or a disordered micellar structure, depending 
mainly on the salt concentration, through its effect on the gel swelling. If the 
micelle-micelle distance became too large, the ordered cubic structure 
melted into a disordered structure. In the salt concentration range close to the 
change in structure, the surfactant concentration also had an effect, as it was 
argued to change the surfactant/polymer charge ratio from � < 1, to � = 1, to 
� > 1. A � deviating too much from 1 would give a positive or negative 
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overcharge, inducing a slight extra swelling and thereby destroying the 
ordered structure, just as an addition of salt would. 

The concentration of C12TAB needed to initiate volume collapse of 
macroscopic PA gels in bulk solutions was shown to be equal (within the 
experimental error) to the concentration in equilibrium with partially 
collapsed PA gels in solutions of limited volume. This concentration was 
also shown to correspond to the cac determined for solutions of linear PA, 
indicating that the concentration needed for volume collapse is close to the 
concentration at onset of micelle formation. 

The processes studied in this thesis, such as diffusion controlled volume 
transitions, surfactant-induced phase separation in crosslinked systems, and 
polyion-induced ordered structures, show a wider application than only the 
quest for more knowledge. These processes are important to understand in 
order to allow the rational design of the next generation of controlled release 
vehicles, using surfactant or protein interaction with the matrix to target the 
drug release. Even so, there is obviously much work still to be done, perhaps 
most importantly in bridging the gap to understanding protein/polymer 
interactions, a field of immense possibilities, but also of equal complexity.  
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10. Svensk populärvetenskaplig 
sammanfattning 

Många av de nya läkemedel som utvecklas idag är känsliga och bryts lätt 
ned i kroppen. Andra är så pass farliga att de orsakar skadliga bieffekter om 
de hamnar på fel ställe i kroppen (t.ex. anticancer läkemedel). I denna 
avhandling studeras en viss typ av geler, som förhoppningsvis kan användas 
både för att skydda läkemedlen från kroppen, och för att skydda kroppen 
från läkemedlen. 

De aktuella gelerna är negativt laddade, och när de kommer i kontakt med 
positivt laddade ytaktiva ämnen (sådana som gör att olja kan lösas i vatten, 
t.ex. i diskmedel), så krymper de drastiskt. I sin krympta, kollapsade form 
skulle gelerna endast släppa ifrån sig mycket små mängder av ett inlagrat 
läkemedel, medan om de sväller upp (t.ex. för att omgivningens surhet eller 
salthalt ändras) så släpps det som finns inlagrat snabbt loss. Som en bonus är 
en stor del av dagens läkemedel dessutom ytaktiva ämnen i sig själva, och är 
därför extra lämpade att användas med den här sortens geler. 

Under krympningen kommer de yttre delarna av gelen att kollapsa först, 
och bilda ett tätt skal runt den fortfarande svällda kärnan (se Figur 1). De två 
delarna kommer därmed att påverka varandra, då skalet, som är ytterst, vill 
krympa, medan kärnan inte vill det. Detta komplicerar beskrivningen av 
krympningen, men ger också mer möjligheter att förstå samspelet mellan gel 
och ytaktivt ämne. 

 
Figur 1. Principskiss som visar krympningsförloppet för dels en krympande gel 
(överst), med kärna (ljust grå) och skal (mörkt grå), dels en ballong-gel (underst). 

Krympningen har i avhandlingen beskrivits genom en teoretisk modell, 
som med hjälp av kända värden på gelstorlek, koncentrationer, omrörning 
etc. kan förutsäga krympningsförloppet. Utifrån denna modell kunde även 
slutsatser dras om vad som styr krympningen under olika förhållanden.  
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Till skillnad från det ovan beskrivna förloppet, så slutar vissa geler att 
krympa, och bildar istället vätskefyllda ballonger (se Figur 1). Vilka faktorer 
som styr detta beteende har också undersökts i avhandlingen. 

Studier har utförts på såväl centimeterstora som mikroskopiska geler, med 
fokus främst på hur fort gelerna krymper när de kommer i kontakt med 
ytaktiva ämnen under olika förhållanden. Detta för att kunna dra slutsatser 
om de krafter och processer som styr samspelet mellan gelen och det 
ytaktiva ämnet. Som ett komplement har även röntgen använts för att 
undersöka de strukturer som det ytaktiva ämnet bildar inne i gelen. 
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