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Abstract 

The research on stimuli-responsive polymers has increased rapidly during the last
two decades. Poly(N-isopropylacrylamide) (PNIPAM) is one of the most studied ther-
mally responsive polymer because its lower critical solution temperature (LCST)
32 ◦C is close to the ambient conditions. Below 32 ◦C, PNIPAM is water soluble, but
at temperatures above 32 ◦C the polymer phase separates from water. In this the-
sis, amphiphilic triblock copolymer polystyrene-block-poly(N-isopropylacrylamide)-
block-polystyrene (PS-b-PNIPAM-b-PS) was used to prepare thermally-responsive
hydrogels.

We studied self-assembly and phase behavior of PNIPAM rich compositions of PS-
b-PNIPAM-b-PS in bulk as well as selected blends with low molecular weight PNI-
PAM homopolymers. In aqueous solutions, the glassy PS domains act as physical
cross-links, and therefore hydrogels are formed. We observed, that the bulk block
copolymer morphology has a strong effect on the degree of swelling in aqueous solu-
tions below the LCST. Bulk compositions swelled in water up to 58 times by weight,
whereas all the samples shrunk close to their dry state, after heating above 32 ◦C as
a result of their thermally sensitive character.

Hydrogel swelling and shrinking are diffusion based processes. The response time
is directly proportional to the square of the size of the hydrogel, which makes bulk
hydrogels unattractive for applications, which require fast response. To address
this problem, we prepared thin films, submicron sized fibres, and spherical parti-
cles, whose morphology and behavior was characterized in water. It was found out
that in thin films, the PS domains undergo extensive plastic deformation upon the
gel swelling process, although temperature is always maintained well below the bulk
PS glass transition temperature. In electrospun fibres and aerosol particles we also
noticed, that the molecular architecture and molecular weight can cause stability
issues, and the limits of the concept of physical cross-linking were reached.

Finally, the applicability of these thermally sensitive gels was demonstrated by
preparing thermally switchable molecular filters, by studying thermo-sensitive wet-
ting transition and by evaluating thermally controlled release of an organic dye.
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Tiivistelmä 

Ulkoisilla ärsykkeillä ohjattavien materiaalien tutkimus on kasvanut nopeasti kah-
tena viime vuosikymmenenä. Poly(N-isopropyyliakryyliamidi) (PNIPAM) on yksi e-
niten tutkituista lämpöherkistä polymeereistä, koska sen alempi kriittinen liukoi-
suuslämpötila (AKL) on lähellä elinympäristömme lämpötilaa. Alle 32 ◦C lämpöti-
lassa PNIPAM on vesiliukoinen, mutta lämpötilaa nostettaessa 32 ◦C yläpuolelle,
polymeeri erottuu omaksi faasikseen vedessä. Tässä väitöstyössä käytettiin amfifi-
ilistä lohkopolymeriä polystyreeni - lohko - poly(N-isopropyyliakryyliamidi) - lohko -
polystyreeni (PS-l-PNIPAM-l-PS) lämpöherkkien hydrogeelien valmistamiseen.

Polymeerin itsejärjestymistä tutkittiin näytteissä, joissa PNIPAM muodosti suu-
rimman osuuden. Lisäksi osaa näytteistä seostettiin PNIPAM homopolymeerillä,
mikä johti faasimuutoksiin. Lasimaiset PS-alueet muodostivat materiaalissa fyy-
sisiä ristisilloituspisteitä, mikä johti hydrogeelien muodostumiseen upotettaessa ma-
teriaali veteen. Havaitsimme, että hydrogeelin sisärakenteella on vahva merkitys
materiaalin turpoamiseen vedessä. Suurimmillaan materiaali laajeni 58 kertaiseksi
kuivan materiaaliin massaan verrattuna lämpötilan ollessa AKL:n alapuolella. Läm-
mitettäessä 32 ◦C yläpuolelle näytteet kutistuivat lähelle alkuperäistä kuivatilaa.

Hydrogeelien laajeneminen ja kutistuminen ovat diffusiivisia prosesseja, mistä joh-
tuen vasteaika on verrannollinen materiaalin dimension neliöön. Tästä johtuen iso-
kokoisia hydrogeelikappaleita ei voi käyttää sovelluksissa, missä vaaditaan nopeaa
vasteaikaa. Ongelman ratkaisemiseksi valmistimme ohutkalvoja, alle mikrometrin
kokoisia kuituja ja palloja, joiden rakennetta ja käyttäytymistä tutkittiin vedessä.
Havaitsimme, että ohutkalvoissa PS alueet muuttivat muotoaan, vaikka lämpötila
pidettiin koko ajan PS:n lasisiirtymälämpötilan alapuolella. Havaitsimme myös, että
molekyylipainolla ja arkkitehtuurilla oli suuri merkitys sähkökehrätyiden kuitujen
ja aerosolipartikkeleiden stabiilisuuteen. Työssä liikuttiinkin paikoin fysikaalisen
ristisilloituksen sovellettavuuden rajamailla.

Lopuksi materiaalien sovellettavuutta havainnollistettiin valmistamalla lämpöti-
lalla ohjattavia molekyylisuodattimia, pintoja. Lisäksi materiaalien vapautusomi-
naisuuksia mitattiin orgaanisella väriaineella eri lämpötiloissa.

1

Avainsanat lämpöherkkä hydrogeeli, lohkopolymeeri, itsejärjestyminen 

ISBN (painettu) 978-952-60-5208-3 ISBN (pdf) 978-952-60-5209-0 

ISSN-L 1799-4934 ISSN (painettu) 1799-4934 ISSN (pdf) 1799-4942 

Julkaisupaikka Espoo Painopaikka Helsinki Vuosi 2013 

Sivumäärä 149 urn http://urn.fi/URN:ISBN:978-952-60-5209-0 





Preface

The research that is presented in this thesis was initiated at the Helsinki

University of Technology already in late 2004 when we received the first

triblock copolymers of the polymer series studied in this thesis. I never

thought that it would actually take as long as it did to complete the work,

but on the other hand I have to say that I have learnt a lot, much more

than is written in this book.

I am grateful for my supervisor and thesis adviser Prof. Janne Ruoko-

lainen for his guidance throughout my graduate studies. I would espe-

cially acknowledge him for teaching me the methodology of electron mi-

croscopy of soft materials, which plays a key role in this thesis. The in-

fluence of Academy Prof. Olli Ikkala, Prof. Raffaele Mezzenga and Prof.

Heikki Tenhu has also been crucial for this work and I would like thank

them all for their intriguing ideas and advices.

The polymers were synthesised at University of Helsinki in the labo-

ratory of Polymer chemistry and the collaboration has been continuing

fruitfully. I would like to thank Dr. Markus Nuopponen and M.Sc. Sami-

Pekka Hirvonen for the chemistry and discussions. Special thanks goes to

Dr. Vladimir Aseyev for his expertise in light scattering and calorimetry

experiments.

I would also like to acknowledge Dr. Janne Raula and M.Sc. Antti

Rahikkala for the aerosol particle preparation and discussions. M.Sc.

Panu Hiekkataipale, M.Sc. Antti Soininen, Dr. Teemu Ruotsalainen and

Dr. Arri Priimägi are all acknowledged for discussions and assistance in

the experiments.

I have enjoyed working in the group of Molecular Materials and I thank

all the members for creating such a great working environment. I would

like to acknowledge National Graduate School in Material Physics, Finnish

Funding Agency for Technology and Innovation, and the Academy of Fin-

i



Preface

land for funding this research done in this thesis and Emil Aaltonen

Foundation, Finnish Academy of Science and Letters, Magnus Ehrnrooth

Foundation, and Jenny and Antti Wihuri Foundation for personal grants.

I express gratitude for my parents and sisters for their magnanimous

help and support. But the greatest bless goes to my wife Virgínia for the

love and support and also of all the constructive discussions regarding

the research issues. From you I have learnt the most. Finally, I thank

my lovely daughters Alice and Beatrice for bringing the sunshine on the

rainy days.

Espoo, May 8, 2013,

Antti Nykänen

ii



Contents

Preface i

Contents iii

List of Publications v

Author’s Contribution vii

Abbreviations ix

1. Introduction 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Introduction to the topic of the thesis . . . . . . . . . . . . . . 1

1.2.1 Stimuli-sensitive polymers . . . . . . . . . . . . . . . . 2

1.2.2 Poly(N-isopropylacrylamide) . . . . . . . . . . . . . . . 2

1.2.3 Hydrogels based on amphiphilic block copolymers . . 5

1.3 Outline of this thesis . . . . . . . . . . . . . . . . . . . . . . . 6

2. Polystyrene-block-Poly(N-isopropylacrylamide)-block- Poly-

styrene in bulk and as macroscopic hydrogels 9

2.1 Phase behaviour of PS-b-PNIPAM-b-PS . . . . . . . . . . . . 9

2.1.1 Morphological transitions via blending . . . . . . . . . 11

2.2 Thermally controlled swelling behaviour of macroscopic hy-

drogels of PS-b-PNIPAM-b-PS . . . . . . . . . . . . . . . . . . 12

3. Decreased dimensions 15

3.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.2 Hydrogel thin films . . . . . . . . . . . . . . . . . . . . . . . . 15

3.3 Hydrogel particles prepared via aerosol flow reactor method 20

3.4 Electrospun nanofibres . . . . . . . . . . . . . . . . . . . . . . 28

iii



Contents

4. Demonstrated applications 33

4.1 Filtration of poly(ethylene glycol) solutions and tempera-

ture switchable permeability . . . . . . . . . . . . . . . . . . . 33

4.1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . 33

4.1.2 Implementation . . . . . . . . . . . . . . . . . . . . . . 33

4.2 Temperature controlled surface wetting . . . . . . . . . . . . 35

4.2.1 Background . . . . . . . . . . . . . . . . . . . . . . . . 35

4.2.2 Implementation . . . . . . . . . . . . . . . . . . . . . . 36

4.3 Controlled release . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.3.1 Background . . . . . . . . . . . . . . . . . . . . . . . . 37

4.3.2 Implementation . . . . . . . . . . . . . . . . . . . . . . 38

5. Conclusions 43

Bibliography 47

Publications 59

iv



List of Publications

This thesis consists of an overview and of the following publications which

are referred to in the text by their Roman numerals.

I A. Nykänen, M. Nuopponen, A. Laukkanen, S.-P. Hirvonen, M. Rytelä,

O. Turunen, H. Tenhu, R. Mezzenga, O. Ikkala and J. Ruokolainen.

Phase Behavior and Temperature-Responsive Molecular Filters Based

on Self-Assembly of Polystyrene-block-poly(N -isopropylacrylamide)-block-

polystyrene. Macromolecules, 40, 5827-5834, July 2007.

II A. Nykänen, M. Nuopponen, P. Hiekkataipale, S.-P. Hirvonen, A. Soini-

nen, H. Tenhu, O. Ikkala, R. Mezzenga and J. Ruokolainen. Direct

Imaging of Nanoscopic Plastic Deformation below Bulk Tg and Chain

Stretching in Temperature-Responsive Block Copolymer Hydrogels by

Cryo-TEM. Macromolecules, 41, 3243-3249, April 2008.

III A. Nykänen, A. Rahikkala, S.-P. Hirvonen, V. Aseyev, H. Tenhu, R.

Mezzenga J. Raula, E. Kauppinen and J. Ruokolainen. Thermally Sensi-

tive Block Copolymer Particles Prepared via Aerosol Flow Reactor Method:

Morphological Characterization and Behavior in Water. Macromolecules,

45, 8401-8411, October 2012.

IV A. Nykänen, S.-P. Hirvonen, H. Tenhu, R. Mezzenga and J. Ruoko-

lainen. Wetting Behavior and Direct Observation of Thermally Respon-

sive Polystyrene-block-Poly(N -isopropylacrylamide)-block-Polystyrene Elec-

trospun Fibers in Aqueous Environment. Polymer International, Sub-

mitted .

v



List of Publications

vi



Author’s Contribution

Publication I: “Phase Behavior and Temperature-Responsive
Molecular Filters Based on Self-Assembly of
Polystyrene-block-poly(N -isopropylacrylamide)-block-polystyrene”

The author did the sample preparation and characterisation for the given

block copolymers excluding size exclusion chromatography of PEG solu-

tions and scanning electron microscopy of the ultrafiltration membranes.

The author wrote the first version of the manuscript and prepared the

final version based on the co-authors’ feedback.

Publication II: “Direct Imaging of Nanoscopic Plastic Deformation
below Bulk Tg and Chain Stretching in Temperature-Responsive
Block Copolymer Hydrogels by Cryo-TEM”

The author did the sample preparation, TEM and partly the SAXS char-

acterisation. The author wrote the first version of the manuscript and

prepared the final version based on the co-authors’ feedback.

Publication III: “Thermally Sensitive Block Copolymer Particles
Prepared via Aerosol Flow Reactor Method: Morphological
Characterization and Behavior in Water”

The author prepared the sample solutions and performed the microscop-

ical characterisation and analysis. The author wrote the first version of

the manuscript and prepared the final version based on the co-authors’

feedback.

vii



Author’s Contribution

Publication IV: “Wetting Behavior and Direct Observation of
Thermally Responsive
Polystyrene-block-Poly(N -isopropylacrylamide)-block-Polystyrene
Electrospun Fibers in Aqueous Environment”

The author did all the experiments, wrote the first version of the manuscript

and edited the manuscript based on the co-authors’ feedback.

viii



Abbreviations

c concentration

χ Flory-Huggins parameter

φ Volume fraction

a.u. arbitrary units

k material dependent coefficient

Mn Number average molar mass

Mt Released mass after time t

Minf Total loaded mass

Mw Weight average molar mass

n Exponential constant

N Degree of polymerization

q Scattering vector

rho Electron density

θCA Contact angle

t Time

τ Time coefficient

T Temperature

Tg Glass transition temperature

w Volume fraction

ix



Abbreviations

DMF Dimethylformamide

FTIR Fourier transform infrared spectroscopy

LCST Lower Critical Solution Temperature

bPNIPAM specifically PNIPAM within block copolymer

hPNIPAM specifically homopolymer of Poly(N-isopropylacrylamide)

P2VP Poly(2-vinylpyridine)

P4VP Poly(4-vinylpyridine)

PEG Poly(ethylene glycol)

PI Poly(isoprene)

PB Poly(butadiene)

PNIPAM Poly(N-isopropylacrylamide)

PS Poly(styrene)

SAXS Small Angle X-Ray Scattering

SEM Scanning Electron Microscopy

SBS PS-b-Polybutadiene-b-PS

SEBS PS-b-Poly(ethylene/butylene)-b-PS

SEPS PS-b-Poly(ethylene/propylene)-b-PS

SIS PS-b-Poly(isoprene)-b-PS

TEM Transmission Electron Microscopy

THF Tetrahydrofuran

x



1. Introduction

1.1 Motivation

Both the technological progress and development of life quality in general

has led research in material science facing new challenges. Some of the

natural resources such as fossil fuels and some rare earth elements will at

some point run to the end of a reasonable availability. Task of the research

community is to produce replacing materials and solutions, which have

comparable properties with the materials currently used, or preferably

much superior, and naturally with an acceptable price tag. Even though

the price matters, an academic scientist has an ethical responsibility to

produce environmentally sustainable solutions.

In the progress of materials science, it is increasingly important, that

the experts of different scientific fields such as chemistry, biology, and

physics collaborate together, even closer than before. Knowledge from all

of these fields can contribute to design of materials with advanced prop-

erties, which can be applied to many fields such as pharmacy, electronics,

packaging, construction materials, food or textile industries. And not only

to design environmentally sustainable materials but also to add function-

ality and create "smart materials”, which can for example sense the envi-

ronment and adapt to the changes accordingly.

1.2 Introduction to the topic of the thesis

This thesis consists of studies on hydrogels. Hydrogels are used in eve-

ryday life, for example in contact lenses, drugs, cosmetics, diapers, and

humidity absorbers. Hydrogels are polymer networks, which are able to

absorb large amount of water, but still physically resemble solid mate-
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Introduction

rial. Hydrogels can be prepared by many different ways for example by

polymerising a polymer network directly into the required form by form-

ing physically cross-linked gels, or by preparing composite gels, where the

polymeric and inorganic counterparts can be either chemically or physi-

cally connected.1,2 Network topology can also be tailored more complex

to enhance its properties. For example hydrogels’ ability to absorb water

can be increased by incorporating side chains to the polymer main chain3

or they can be made hard but still ductile by preparing interpenetrating

networks.4,5

1.2.1 Stimuli-sensitive polymers

There are some polymers, whose solubility to specific solvents depends on

the surrounding environment, such as temperature, pH, or salt concen-

tration. One of these kinds of naturally existing biopolymers is tropoe-

lastin.6 Its phase separation occurs in water as a result of the change in

the strength of intra- and intermolecular bonding between the polymer

and solvent as the temperature is changed, which results in the change

of polymer conformation. During the conformation transition the polymer

changes from coil to a globule and the polymer phase separates from the

solvent or vice versa. In general, it is possible to design and synthesise

stimuli-responsive polymers, whose conformation change can be triggered

via a large variety of stimuli such as pH, temperature, magnetic or electric

field, redox state, or ionic strength.7–13

1.2.2 Poly(N-isopropylacrylamide)

Poly(N-isopropylacrylamide) (PNIPAM) is one of the most studied stimuli-

responsive polymers, whose lower critical solution temperaturea (LCST)

in water is close to the physiological conditions. It behaves similarly as

tropoelastin, phase separating from water due to changes in the intra-

and intermolecular interactions between the polymer and the surround-

ing water, as the solution temperature is increased beyond 32 ◦C.15 When

PNIPAM water solution is heated above the LCST, the conformation of

the PNIPAM transforms from coil to globule and the polymer phase sepa-

rates from water forming meso-globules, which grow in size, and whose

maximum size and shape depends on the total concentration.16,17 The
aLower critical solution temperature is, by definition, the lowest temperature
where the demixing phase transition occurs.
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Introduction

coil-globule transition takes place very rapidly for a single polymer chain

in a dilute solution, however the transition temperature is dependent

on the concentration and the molecular weight of the polymer (see Fig-

ure 1.1).14,18–20 Many different models have been proposed on how the

PNIPAM coil-globule transition proceeds in water solution. Calorimetric

studies show only one endothermic peak for linear PNIPAM with heat

of around 50 J g−1, however modulated differential scanning calorimetry

studies by Cho et al.21 show that the overall endothermic process actu-

ally consists of dynamic endothermic and exothermic processes. Cho et

al. suggested models of coil-globule transition, which would have two or

three simultaneous phenomena with different energies involved, regard-

ing for example concepts of bound and bulk water, to explain the observed

results. The models would allow for example higher heat linked to the

hydrogen bonding between the bound water and PNIPAM chains, which

was already earlier suggested. Also, the fact that the PNIPAM coil-globule

transition enthalpy is concentration dependent,14 supports the model of

bound and bulk water.

Recently, FTIR and 2D-IR correlation spectroscopies have shed more

insight to the complex coil-globule transition during the heating.22 Ac-

� �

Figure 1.1. Temperature - polymer mass fraction T–w2 phase diagram (DSC and op-
tical measurements) for the system of PNIPAM/water with three different
molar masses taken from the publication by Afroze et al. 14 In Figure (A),
demixing temperatures, which are here defined as the onset temperatures
of the endothermic peak on DSC, of polymers (�) Mn = 83.3kg mol−1, (�)
Mn = 36kg mol−1, and (�) Mn = 2.2kg mol−1. (•) cloud point temperatures
of polymer with Mn = 2.2kg mol−1. In Figure (B), (�) cloud point tempera-
tures of monomer N-(isopropyl)propionamide, and demixing temperatures of
(�) polymer with Mn = 36kg mol−1 and (�) PNIPAM network, are plotted.14

Reprinted by the permission from Elsevier c© 2000.
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cording to the results, coil-globule transition starts from the dehydration

of the "water cage" around the isopropyl group, which happens in two

steps, and is followed by diffusion and aggregation of the main polymer

chain. Next, the hydrogen bonds between the water and N-H, and finally

the hydrogen bonds between the water and C=O in the amide group of

PNIPAM break. These all are endothermic reactions. The last step of

the process is the intra- and intermolecular hydrogen bond formation be-

tween the amide groups, which is exothermic in nature. The coil-globule

transition hysteresis during the temperature decrease comes from the dy-

namics of the breaking of the strong intra- and intermolecular hydrogen

bonds within the PNIPAM.22

Although PNIPAM phase separates from water, it is still very important

to realise, that PNIPAM has both the hydrophilic and hydrophobic char-

acter both below and above the LCST, and the nature of this dualism has

been nicely summarised by Robert Pelton: "PNIPAM surface rearranges

depending upon the energy of the opposing phase both below and above

the LCST – the isopropyl groups concentrate near air and other hydropho-

bic phases, whereas PNIPAM presents hydrophilic domains to water."23

Consequently, above the LCST, the PNIPAM is still wet, containing as

much as 20-60 wt % of water.16,24–26

Regardless its complex behaviour, there are numerous ways of utilising

coil-globule transition of PNIPAM. The polymer can be chemically cross-

linked to form a network, which in water forms a hydrogel undergoing a

thermally responsive volume transition.7 The polymer can be used as a

surface coating to thermally switch the surface between hydrophilic and

hydrophobic states27, or it can be used to adjust the water flow through

mesoporous channels28–33. More generally, it can be employed for in-

stance, in sensors, actuators, filters, micro-devices, or in drug release as

a thermally functional component.34–41 The transition temperature can

be tuned up or down by copolymerising hydrophilic or hydrophobic moi-

eties together with NIPAM monomers, respectively.42 Smart materials

can be obtained if this polymer is used as a component for example in

block copolymers.17,43–49

In this thesis, stimuli-responsive block copolymers are used to prepare

thermally responsive hydrogels. Block copolymers consist of two or more

chemically different polymer blocks, which are covalently connected to

each other. They are mostly known of being good compatibilizersb for poly-

bOne of the most known block copolymer compatibilizers is formed by polypropy-
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mer blends or emulsions, of synthetic rubbersc or acting as templates for

mesoporous materials.50,51 In the case of block copolymer hydrogels, the

insoluble blocks can provide the required physical cross-links, yet main-

taining the material processability.

1.2.3 Hydrogels based on amphiphilic block copolymers

Most of the polymers are immiscible and phase separate after blending

with each other. However, if the immiscible polymers are connected from

one ends to form a block copolymer, the connected polymer blocks can only

segregate to domains, whose sizes are relative to the sizes of the polymer

blocks. This segregation, also called as microphase separation, results in

morphologies, which are dictated by balance between interfacial energy

of different polymer domains and the entropic penalty, which is caused by

stretching of the polymer chains during the segregation.52 The amount

of segregation is dependent on the degree of polymerisation N and Flory-

Huggins –parameter χ, which is relative to the interaction strength be-

tween the different polymer blocks and inversely dependent on tempera-

ture.53 Block copolymer self-assembly can lead into various different mor-

phologies and the amount of possible structures increases exponentially

with the number of blocks.54,55 Furthermore if needed, one can tune the

complex phase diagram, create hierarchical structures, or add functional-

ity by combining supramolecular chemistry with block copolymers.56–59

In molten state, i.e. above Tg of all the blocks, ABA-type symmetric tri-

block copolymers self-assemble similarly as AB-diblock copolymers and

the phase diagrams of these two types of polymers are almost identical

having spherical, cylindrical, gyroid and lamellar morphologies.60 One of

the conceptual differences between the AB- and ABA-type of block copoly-

mers is that ABA-type polymers can be used to form gels without chemical

cross-linking in a selective solvent. Specifically, hydrogels can be formed

if A-blocks are selected hydrophobic and B-blocks hydrophilic, and if the

B-domain is continuous throughout the material. In ABA-type hydrogels

the hydrophobic end blocks form physical cross-link domains connecting

the hydrophilic middle block chains. However, the degree of cross-linking

lene oxide and polyethylene oxide, for example PluronicsTM, which is typically
used as an emulsifier due to its amphiphilic behaviour.
cThe most used synthetic rubbers are triblock copolymers of polystyrene
(PS) and polybutadiene (SBS), PS and polyisoprene (SIS), PS and polyethy-
lene/polybutylene (SEBS), and PS with polyethylene/polypropylene (SEPS) for
example KratonTM, which are thermoplastic elastomers.
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depends on the amount of the polymer chains bridging between the hy-

drophobic domains compared to the amount of polymer chains, where the

middle block forms a loop and the end blocks of the same chain locate in

the same domain like demonstrated in Figure 1.2. Calculations based on

strong segregation theory result to bridge-to-loop -ratio value of 0.4 for

lamellar morphology.61 The bridge-to-loop ratio has experimentally been

determined also to be 0.4 at rubbery and plastic regimes for SIS polymer

forming spherical styrene domains and having isoprene as the majority

domain.62,63

If the B-block is stimuli-responsive, the gel swelling and shrinking can

be controlled by an external stimulus, in which the B-block is able to re-

spond as depicted in Figure 1.2.
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Figure 1.2. Swelling behaviour of stimuli-responsive ABA-type block copolymer hydro-
gel. On the left the middle B-block is hydrated coil and the gel is at swollen
state, whereas on the right side the B-block is collapsed globule and the gel
has shrunk. Definition of looping and bridging is also highlighted.

1.3 Outline of this thesis

This thesis is based on four publications, whose common factor is am-

phiphilic ABA-type triblock copolymer of polystyrene-block-poly(N-isopro-

pylacrylamide)-block-polystyrened, whose chemical structure is drawn in

Figure 1.3. Altogether eight different polymers with varying block lengths

and molar masses were used.

In Chapter 2, the self-assembly of these polymers in bulk for different

polymer block lengths and molar masses is presented. Two of the poly-

dThe polymers were synthesised using reversible addition-fragmentation chain
transfer (RAFT) polymerisation method by Dr. Markus Nuopponen, Dr. Antti
Laukkanen and M.Sc. Sami-Pekka Hirvonen under supervision of professor
Heikki Tenhu in University of Helsinki.
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Figure 1.3. Chemical structure of PS-b-PNIPAM-b-PS.

mers were further blended with homopolymer of poly(N-isopropylacryl-

amide) (hPNIPAM) in order to induce morphological transitions. The

swelling behaviour of the macroscopic hydrogels with different polymer

morphologies as a function of temperature is shown.

In Chapter 3, the self-assembly and swelling behaviour of thin films,

electrospun fibres, and aerosol particles is introduced. Moreover, obser-

vations regarding the small sizes of the microphase separated structures

and limits of the concept of physical cross-linking are discussed.

Finally in Chapter 4, three applications for PS-b-PNIPAM-b-PS are pre-

sented, namely, I filter membranes for PEG solutions and their ther-

mally controllable on/off switching, II electrospun fibre mats for thermo-

sensitive wetting, and III thermally controlled release of methyl orange

from macroscopic hydrogels and from electrospun fibres to water.
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2. Polystyrene-block -Poly(N-
isopropylacrylamide)-block -
Polystyrene in bulk and as
macroscopic hydrogels

2.1 Phase behaviour of PS-b-PNIPAM-b-PS

In Publication I, self-assembly of PS-b-PNIPAM-b-PS with eight differ-

ent block ratios and degrees of polymerisation was studied. The polymers

were designed to have PNIPAM as a majority volume fraction, which is

a prerequisite for hydrogel formation. Two of the polymers having the

smallest weight fraction of PNIPAM, namely PN43.65Ka and PN55.91K,

with 43 and 55 wt % of PNIPAM respectively, self-assembled into lamellar

morphology during thermal annealing at 180 ◦C as can be seen from the

TEMb micrographs in Figure 2.1, which illustrates the phase behaviour of

the studied block copolymers in a molecular weight/block ratio diagram.

As the PNIPAM volume fraction is increased, the morphology changes

first from symmetric lamellar phase to gyroid-like bicontinuous, which

was observed for sample having 61 wt % of PNIPAM. Then follows cylin-

drical morphology for sample with 72 % of PNIPAM. The rest of the block

copolymers having 72 % or more of PNIPAM were observed to have spher-

ical morphologies. The polymer data are listed in Table 2.1.

aSample coding PNx.yK is as follows: x is the weight fraction of the PNIPAM
in the sample, and y is the total molecular weight of the sample [kg mol−1]. Op-
tional b in the middle indicates that the sample is a blend of hPNIPAM and block
copolymer.
bTEM sample preparation was performed by microtoming sections having thick-
ness of 70 nm from the bulk annealed samples at -100 ◦C. The samples were
stained with iodine vapour.

9



Polystyrene-block-Poly(N-isopropylacrylamide)-block- Polystyrene in bulk and as macroscopic hydrogels

Table 2.1. Samples of the phase diagram study.

block copolymer Mn
a (g mol−1) Mw/Mn

b MPS
n (g mol−1) wt % PNIPAMc morphology

PN82.40K 40500 1.44 7200 82 spherical

PN79.35K 34900 1.26 7200 79 spherical

PN77.118K 118300 1.51 27600 77 spherical

PN72.25K 25400 1.23 7200 72 spherical

PN72.63K 63200 1.41 17700 72 cylindrical

PN61.106K 106000 1.52 41200 61 gyroid

PN55.91K 90500 1.26 41000 55 lamellar

PN43.65K 64600 1.27 37000 43 lamellar

aMn of the A-B block copolymer determined with 1H NMR spectroscopy.
bDetermined by SEC using calibration with PS standards.
cDetermined with 1H NMR spectroscopy.
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Figure 2.1. PS-b-PNIPAM-b-PS phase behaviour for the studied polymers and blends in
a molecular weight/block ratio diagram. TEM micrographs were taken of sec-
tions, which were stained in iodine vapour. The iodine selectively stains the
PNIPAM domains, which appear darker in the micrographs. The scale bar in
the TEM micrographs is 100 nm. Publication I. Reprinted by the permission
from American Chemical Society c© 2007.
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2.1.1 Morphological transitions via blending

The phase transition boundaries in the phase diagram can be studied by

blending the block copolymer with homopolymer of one of the other poly-

mer blocks. Blending is easier for fast mapping of the phase diagram than

synthesising a corresponding series of block copolymers.

We selected two block copolymers having the smallest PNIPAM volume

fraction, namely PN55.91K and PN43.65K, to be blended with low molec-

ular weight homopolymer of PNIPAM in order to induce morphological

transitions. The samples and their contents are listed in Table 2.2.

Table 2.2. Blend samples of the phase diagram study.

Sample Mn (g mol−1) wt % bPNIPAM wt % hPNIPAM morphology wt % PS

PN86b.91K 90500 17,3 68,3 spherical 14,4

PN76b.91K 90500 29,1 46,8 spherical 24,1

PN71b.65K 64600 21,5 49,7 cylindrical 28,8

PN70b.91K 90500 36,1 33,9 cylindrical 30,0

PN66b.91K 90500 41,5 24,1 cylindrical 34,4

PN66b.65K 64600 25,0 41,5 gyroid 33,5

Blending of the block copolymers has been extensively studied earlier

both theoretically and experimentally.64,65 The resulting behaviour de-

pends on the relative sizes of the homopolymer and the corresponding

block copolymer block and on the volume fractions of the block copolymer

blocks.66,67 To induce morphological transitions, the homopolymer should

be smaller than the corresponding block copolymer block, so that the suf-

ficient difference in chemical potential with respect to block of the block

copolymer allows sufficient penetration of homopolymer into the block

copolymer, leading to conditions of “wet brush”.68,69 This results in the in-

crease of the interfacial curvature between the different block copolymer

domains and eventually morphological transition. If the size of the ho-

mopolymer is approximately the same as the corresponding block copoly-

mer block, the homopolymer tends to locate between the block copolymers

or macrophase separate.

In our experiments the hPNIPAM molecular weight Mn = 6100 g mol−1

was considerably smaller than the PNIPAM block of the block copoly-

mer. The blending amounts, however, were varied between 24,1 wt % and

68,9 wt %, which led to the expected transitions. The initially lamellar

morphology of PN55.91K changed first to cylindrical morphology after

blending 24 and 34 wt % of hPNIPAM, and having total PNIPAM weight

11
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fractions of 66 and 70 wt %, respectively. Further blending by 47 and

68 wt % resulted to spherical morphologies having 76 and 86 wt % of

total amount of PNIPAM in the material, respectively. Similarly, poly-

mer PN43.65K first changed from lamellar to bicontinuous after blend-

ing 42 wt % with hPNIPAM and then to cylindrical morphology after in-

creasing the amount of hPNIPAM. This blending series, however, ended

to macrophase separation with homopolymer contents of 58 and 69 wt %

due to the shorter PNIPAM block in PN43.65K.c

2.2 Thermally controlled swelling behaviour of macroscopic
hydrogels of PS-b-PNIPAM-b-PS

The swelling behaviour and the capacity of water absorbance was studied

for each observed morphology.d When the temperature is below 32 ◦C, the

PNIPAM blocks become solvated by water and the swelling depends on

the block copolymer morphology of the hydrogel. When the temperature

of the water is risen above the PNIPAM demixing temperature, PNIPAM

conformation changes from coil to globule, which can be observed as the

gel shrinking. Figures 2.2 (A-C) demonstrate the thermo-responsive be-

haviour of the hydrogels of PN77.118K as dried, as swollen at 5 ◦C, and

as collapsed at 55 ◦C, respectively. The largest swelling was measured

for PN79.35K, having spherical morphology and also the largest amount

of PNIPAM. This sample was able to absorb water 58 times of its own

weight. In the other samples, where the amount of PS is higher, e.g. in

the cylindrical, gyroid, and lamellar morphologies, the glassy PS domains

are also larger and physically restrict the swelling. The strongest effect

was observed in the lamellar morphology, where the PS domains hinder

the swelling both physically and by decreasing diffusion of water in the

direction orthogonal to the lamellae. In the time frame of the experiment

(> 1 h at each temperature) only little of water absorbency was measured

for PN43.65K having a lamellar morphology.

Small-angle X-ray scattering was employed to obtain more precise in-

formation concerning the characteristic length scales of the bulk hydrogel

samples during the gel swelling. SAXS diffractograms were acquired first
cPNIPAM block molecular weights for PN55.91K and PN43.65K are 49,5 and
27,6 kg mol−1, respectively.
dThe measurements were done by equilibrating macroscopic pieces of material
in water at different temperatures starting at 5 ◦C and measuring the mass of
the hydrogel after taking it out and drying its surface gently with a filter paper.
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Figure 2.2. Swelling of PS-b-PNIPAM-b-PS hydrogels. (A) A photograph of dry piece of
PN77.118K. (B) The same sample after being in water solution at 5 ◦C and
(C) the same sample after being in water solution at 55 ◦C. (D) Relative gel
mass mwet/mdry plotted as a function of temperature. The morphologies as
labelled as lamellar (L), gyroid (G), cylindrical (C), and spherical (S). Publica-
tion I. Reprinted by the permission from American Chemical Society c© 2007.

on dry bulk and then a measurement series as a function of temperature

were carried out for PN77.118K hydrogel swollen with water at 20 ◦C.

The diffractograms were acquired every 5 ◦C during the heating phase as

shown in Figure 2.3.
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Figure 2.3. Small-angle X-ray scattering diffractograms of PN77.118K. Dry bulk sample
at room temperature and the hydrogel-water mixture collected after swelling
upon heating from 20 to 45 ◦C measuring every 5 ◦C. Data show a very sharp
structural transition between 30 and 35 ◦C. Publication II. Reprinted by the
permission from American Chemical Society c© 2008.
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For the dry PN77.118K, a single-peak diffractogram with first-order

peak at q = 0.0155Å−1, corresponding to 41 nm in characteristic length

scale, was obtained, which is consistent with a poorly ordered spherical

block copolymer morphology (see Figure 2.1). Swelling the sample in wa-

ter at 20 ◦C results to shifting of the scattering peak to very small angles,

with the first-order peak position measured at q = 0.0063Å−1, correspond-

ing approximately to a 100 nm length scale in real space. During the

heating from 20 ◦C, the first-order peak position shifts gradually to higher

angles, indicating onset of PNIPAM coil-globule transition, and at 30 ◦C,

which is just below the PNIPAM transition temperature, the peak posi-

tion is at 0.0073 Å−1, corresponding to a real space length scale of 86 nm.

At 35 ◦C, heated above the PNIPAM demixing temperature, the peak has

already shifted to high q values close to the peak, which was measured

for the dry bulk. Thus, based on the SAXS, the spacing of the PS spheres

increases up to 150 % during the swelling below the PNIPAM demixing

temperature. Heating above the transition temperature shrinks the gel

and packs the PS spheres closer to each other, which resembles the dry

state.
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3. Decreased dimensions

3.1 Background

Hydrogel swelling and shrinking are diffusion based processes. The re-

sponse time is directly proportional to the square of the size of the hy-

drogel.70 For example, swelling of a hydrogel on the size scale of millime-

tres can take hours.3 To prepare rapidly responding systems the dimen-

sions must be decreased or alternatively the gel can be made porous to

enable fast solvent penetration throughout the gel.71,72 The dimension of

the gel can be decreased for example by preparing thin films, fibres11,73–85

or spherical particles having small enough radii.86–90

Decreased dimensions can cause changes to some other material prop-

erties as well. Surface/volume -ratio increases when the particle size de-

creases causing pronounced surface effects. For example, the block copoly-

mer self-assembly can be strongly affected by the surface and particle con-

finement, when the particle size gets closer to the order of block copolymer

periodicity.91–96

3.2 Hydrogel thin films

In Publication I, the self-assembly of PS-b-PNIPAM-b-PS in bulk and the

swelling behaviour of their macroscopic hydrogels were studied. Publica-

tion II was a direct continuation of the first study, and the purpose of this

study was to observe microscopically the swelling - structure relationship

of the block copolymer hydrogels. Thin films were selected, because they

can be used as such without further sample preparation for transmission

electron microscopy.

Preparation of polymer thin films is straightforward by various meth-
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ods such as filtration97, dip-coating, or spin-coating.98 In Publication II,

thin films were prepared by the latter method on sodium chloride crystal

substrate. The advantage of using sodium chloride crystal substrates is

that, besides the fact that their surface is smooth, annealed films can be

easily detached onto a water surface by sliding the substrate gradually

in water. This is not the case for other smooth surfaces such as silicon.

Thin films were dried and annealed at high vacuum oven at 180 ◦C. The

annealed films were detached from the salt substrates by dissolving the

substrates at 55 ◦C water, which is a non-solvent for PNIPAM, and the

floating polymer films were picked up on 600 mesh size copper grids for

TEM analysis.

200 nm

A B

200 nm

Figure 3.1. Representative TEM micrographs of dry PS-b-PNIPAM-b-PS triblock copoly-
mer thin films with spherical and bicontinuous morphology: (A) sample
PN77.118K and (B) sample PN61.106K. No staining was used. Publication
II. Reprinted by the permission from American Chemical Society c© 2008.

In Figure 3.1 one can see film structure of thermally annealed PN77.118K

and PN61.106K imaged by TEM through the films. The samples were not

stained, which means that the PS domains can be seen darker in the mi-

crographs. The morphologies of the films correspond with the morpholo-

gies observed in the bulk samples.

Thin film behaviour in water was studied by cryo-TEM. All the samples

were first swelled in water at 5 ◦C for at least 15 minutes to ensure total

swelling. After this, the samples were transferred into an environmental

chamber with controlled temperature and humidity and kept there un-

til vitrification. Thin film of polymer PN77.118K swells considerably in

water below the demixing temperature of PNIPAM, as can be seen in Fig-

ure 3.2 (A), by the increased distance between the PS spheres compared

to the dry state. In contrast, above the PNIPAM demixing temperature,

the water is expelled out of the block copolymer film, leading to a marked
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shrinkage of the structure. This is directly shown by the TEM micrograph

presented in Figure 3.2 (B), taken from sample vitrified after being at

35 ◦C, just few degrees above the demixing temperature. This behaviour

corresponds well with the transition observed by SAXS in Figure 2.3.

A) Vitrified from 30 � B) Vitrified from 35 �

200 nm200 nm

Figure 3.2. Cryo-TEM micrographs of PS-b-PNIPAM-b-PS triblock copolymer hydrogel
sample PN77.118K at wet state: (A) vitrified after being at 30 ◦C and 100 %
humidity; (B) vitrified after being at 35 ◦C and 100 % humidity. A sharp
transition in the distance between the polystyrene spheres occurs between
30 and 35 ◦C. Publication II. Reprinted by the permission from American
Chemical Society c© 2008.

In order to see the physically cross-linked network in PS-b-PNIPAM-b-

PS hydrogels as well as to investigate the topology and continuity of this

network in thin film, ice was allowed to sublimate from the vitrified sam-

ples via controlled freeze-drying by increasing temperature of the cryo-

holder from -185 to -80 ◦C. The sublimation takes place at -80 ◦C, due to

the high vacuum inside the TEM column, and after the process only the

dry polymer network is left for observation as can be seen from Figure 3.3

(A) and (B), where the samples have been vitrified after being at 45 and

5 ◦C, respectively, followed by a controlled freeze-drying. One can observe

a drastic difference in the micrographs. In Figure (A), the polymer film

resembles the film at dry state, meaning that there was not much water

in the film during the vitrification, as expected. In Figure (B), taken from

the sample vitrified below the PNIPAM demixing temperature, one can

see the PNIPAM network connecting the PS domains. A sparse network

structure is indeed expected, since the sample swelled approximately 35-

40 times by the weight in the bulk below the PNIPAM coil-globule transi-

tion temperature, therefore containing up to 95 wt % of water.

From the freeze-dried micrographs one can also measure the PNIPAM

strand lengths between the PS domains, because the network is visible.

It should, however, be borne in mind, that TEM micrographs represent
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200 nm

A)Freeze dried, prepared at 45 � B)Freeze dried, prepared at 5 �

200 nm

Figure 3.3. In-situ freeze-dried cryo-TEM micrograph of PS-b-PNIPAM-b-PS triblock
copolymer hydrogel sample PN77.118K: (A) sample vitrified after being at
45 ◦C; (B) sample vitrified after being at 5 ◦C. Publication II. Reprinted by
the permission from American Chemical Society c© 2008.

a 2D-projection of a 3D-object and as a consequence the distance distri-

bution seen in 2D-projection is skewed. Thus it is likely, that the longest

distances, in the range of 100 - 150 nm, measured from the TEM micro-

graphs, correspond the best with real distances between the PS spheres.

The fully extended chain length (contour length) of the PNIPAM mid-

block can be estimated from its molecular weight, which for the sample

considered in Figure 3.3 (B) is 90 kg mol−1 and equals about 800 NIPAM

monomers. By taking the typical C-C bond length of 1.5 Å and bond an-

gle of 110 ◦C, the PNIPAM mid-block contour length is estimated to be

∼ 200nm. Therefore, in a swollen hydrogel network, PNIPAM end-to-

end distances are close to the PNIPAM contour length, indicating that

the chains are highly stretched. However, one has to remember that the

entropy loss of highly stretched chains sets the limit and balances the

stretching before the theoretical full extension. It can consequently be

argued, that it is the limit in the stretching of PNIPAM chains, which set-

tles the maximum amount of water pickup by the triblock hydrogels. This

rough argument can be used as a rational to understand the differences

in water pickup by different hydrogel structures in the bulk swelling ex-

periments.

Higher magnification micrograph of PN77.118K in Figure 3.4 revealed

that the PS domains are deformed during the swelling process. One can

see triangular- or pentagon-like shapes instead of the expected spherical

PS domains. Comparable deformation was observed also for the other

studied polymer PN61.106K, which in bulk was observed to self-assemble

into a gyroid-like morphology. Before swelling the polystyrene domain
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50 nm

Figure 3.4. High-magnification freeze-dried cryo-TEM micrograph of the PN77.118K
sample with spherical morphology. Sample is vitrified from the swollen hy-
drogel state (T = 5 ◦C). Arrows highlight the polystyrene spheres, which have
transformed into polyhedrons (with pentagonal or triangular projections in
the TEM image) by extensive plastic deformation. Publication II. Reprinted
by the permission from American Chemical Society c© 2008.

average diameters were ∼ 20nm as seen in Figure 3.1 (B), while after

swelling the polystyrene domains had undergone a severe deformation,

with strongly stretched strands and much smaller diameter, typically be-

low 10 nm (see Figure 3.5).

100 nm

A)Freeze dried, prepared at 5 � B)Freeze dried, prepared at 5 �

100 nm

Figure 3.5. (A) Cryo-TEM images of sample PN61.106K having bicontinuous morphol-
ogy. Sample is vitrified from the swollen hydrogel state (T = 5 ◦C) followed by
in situ freeze-drying at -80 ◦C. (B) Higher magnification clearly reveals the
continuous plastically deformed polystyrene network with 3-fold and 4-fold
symmetry in the junction points. Publication II. Reprinted by the permission
from American Chemical Society c© 2008.

Plastic deformation of glassy polymers can be induced by a mechanical

stress.99,100 In our study, the observed plastic deformation is schemati-

cally illustrated in Figure 3.6. Presumably, the PNIPAM chains forming
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the swollen hydrogel apply a pulling pressure on the PS domains which

can either deform the PS spheres into polyhedrons or the PS gyroidal

strands into thinner and longer strands. The Tg decreases with domain

size, when domain size is smaller than 100 nm, which has been reported

by both experimental and theoretical studies for PS.101–104 We believe,

that it is the combination of the decreased Tg and the pulling pressure of

the PNIPAM chains, which leads to the observed plastic deformation of

the PS domains.

Figure 3.6. A schematic illustration of temperature-induced conformation transition of
aqueous hydrogel films having self-assembled morphologies with spherical
or “gyroid” PS domains. In both cases, PS domains undergo a severe plastic
deformation when the the hydrogel is at the swollen state. Publication II.
Reprinted by the permission from American Chemical Society c© 2008.

3.3 Hydrogel particles prepared via aerosol flow reactor method

The gas-phase aerosol flow reactor method is a versatile nanoparticle

preparation method because it works generally for all polymer solutions,

it is easily scalable, and the resulting dry particles can be collected from

the gas phase directly on a substrate.105–107 The system complexity can

be increased by dissolving additional moieties in the polymer solution,

and supramolecular structures can be achieved within the particles al-

ready during the particle preparation.108 Moreover, in the aerosol prepa-

ration process the particles can be thermally annealed at controlled tem-

perature in the process gas. Thomas et al.109 were the first scientists
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to experimentally study block copolymer aerosol particles. They showed

that the morphology of PS-b-PI diblock copolymer, with equal molecular

weights for the blocks, varied with the degree of polymerisation. Poly-

mer with molecular weight of 40 kg mol−1 formed particles with onion-like

concentric shells, whereas polymer with molecular weight of 160 kg mol−1

showed chaotic bicontinuous morphology.109 Since the first report of Tho-

mas et al. there has been many aerosol particle studies made for dif-

ferent block copolymer systems. Yang et al.110–112 used diblock and tri-

block copolymers with gelable poly(3- triethoxysilyl)propyl block to create

aerosol particles with cylindrical and onion-like structures. They showed

that it was possible to prepare curved hybrid silica or polystyrene nano-

platelets by subsequent dispersion of the particles into acidic water or

to THF.111,112 Moreover, when using poly(2-vinylpyridine) as the other

block, they were able to reduce gold nanoparticles within the concen-

tric P2VP layers inside the onion-like particles afterwards.111 Soininen

et al. showed that the 3D-confinement of the spherical shape affects the

self-assembly of the supramolecular complex of PS-P4VP and cholesteryl

group.108 Rahikkala et al. showed that the solvent and temperature are

critical parameters during the preparation process for the resulting mor-

phology.113 Theoretical and computational studies regarding the block

copolymer self-assembly in 3D-confinement suggest that the confinement

effect plays an important role for morphology, when the particle dimen-

sion is in the order of the block copolymer periodicity, and the existence of

the frustrated phases is predicted.93–96,114,115

In Publication III, aerosol particles were prepared from three differ-

ent PS-b-PNIPAM-b-PS polymers, namely PN77.119K, PN61.106K, and

PN43.65K. Polymers in DMF solution were sprayed into small droplets in

nitrogen gas and then led to a reactor oven which was heated to 180 ◦C,

which is above the Tg of both polymer blocks and also above the boiling

point of the DMF solvent.

TEM was used to study the internal structure of the aerosol particles.

Micrographs, taken from particles of polymers PN77.118K, PN61.106K,

and PN43.65K, are shown in Figures 3.7 (A), (B), and (C) respectively.

The samples were stained with iodine, which selectively stains PNIPAM

domains appearing darker in the micrographs. The sample morphology

within the particle in Figure 3.7 (C) appears to be onion-like lamellar, but

it is more difficult to make accurate definition of the other two morpholo-

gies. However, the structures are relatively well assembled, taken that
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the particle formation process time in the oven at temperatures above the

Tg, is only about 10 s.

A

50 nm50 nm50 nm

PN77.118K PN61.106K PN43.65KB C

Figure 3.7. TEM micrographs of aerosol polymer particles with spherical, gyroid-like,
and onion-like morphologies from samples PN77.118K (A), PN61.106K (B),
and PN43.65K (C), respectively. Samples were stained with iodine, which se-
lectively stains the PNIPAM domains appearing darker in the micrographs.
Publication III. Reprinted by the permission from American Chemical Soci-
ety c© 2012.

In order to find out the aerosol particle behaviour in aqueous environ-

ment below the PNIPAM demixing temperature, the particles were im-

mersed in water at 20 ◦C. The results can be observed in cryo-TEM micro-

graphs in Figures 3.8 (A-C), which were taken from samples vitrified after

being 5-10 min in water. The electron density of the water swollen PNI-

PAM domains is lower than the PS domains. Thus, no traditional staining

methods are needed to reveal the block copolymer morphology in cryo-

TEM. One can observe PS spheres, worm-like PS domains, and curved PS

layers in micrographs Figures 3.8 (A), (B), and (C), respectively. More-

over, it is easier to observe the differences between the morphologies of

samples PN77.118K and PN61.108K in cryo-TEM micrographs, Figures

3.8 (A) and (B), than in the iodine stained particles without any water

treatment, in Figures 3.7 (A) and (B), respectively. This is first because in

cryo-TEM the contrast is formed without staining, which makes domain

boundaries sharper, second, because the PS domains are more separated

due to the PNIPAM domain swelling, and finally, because the particles are

surrounded by a thin film of water which flattens laterally the originally

spherical particles. In the onion-like particle of Figure 3.8 (C), it is pos-

sible to observe the PNIPAM corona at the surface of the particle, which

has been highlighted by a red dashed line. Moreover, observing electron

density contrast between the different layers in the onion-like particle in

Figure 3.8 (C) proves that water molecules are able to penetrate inside the

particle, since the as-prepared particles did not show any electron density

contrast without staining. However, only the outmost PNIPAM layer of
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the onion-like particles was observed to swell considerably. Thus, the con-

tinuous PS layers prevent the swelling of the inner PNIPAM layers in this

morphology.
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Figure 3.8. Cryo-TEM micrographs of polymer particles with spherical, gyroid-like, and
onion-like morphologies vitrified after being at T = 20 ◦C below the PNI-
PAM demixing temperature. Micrographs are from samples PN77.118K
(A), PN61.106K (B), and PN43.65K (C). The darker domain consists of
polystyrene. In Figure (C) the PNIPAM corona has been highlighted by a
red dashed line. The samples were equilibrated in water for 5-10 min be-
fore vitrification. No staining was used. Publication III. Reprinted by the
permission from American Chemical Society c© 2012.

Statistics of the particle swelling was acquired from SEM micrographs.

It was found out that after four hours in water at 20 ◦C the particle di-

ameter change for polymers PN77.118K, PN61.106K, and PN43.65K is

18±5 %, 72±5 %, and -21±2 %. At 40 ◦C the corresponding values are

6±4 %, -16±2 %, and 2±3 %. It seems that the particle swelling is much

more restricted than the bulk, because for example the values at 20 ◦C cor-

respond to volume increase of only 64 % and 410 % for polymers PN77.118K,

PN61.106K, respectively. Moreover, the diameter decrease of 21 % for

polymer PN43.65K corresponds to a volume decrease of 50 %, which was

unexpected, but this will be discussed more detailed later on.

The particle morphology could not be resolved any longer by TEM for

particles prepared at 40 ◦C of polymers PN61.106K and PN43.65K, as can

be seen in Figures 3.9 (B) and (C), respectively. At this temperature the

PNIPAM blocks are insoluble to water, and therefore, the water does not

enter inside the particles and the electron contrast between the PNIPAM

and the PS blocks remains low. However, the surface of the spheres is

slightly deformed when compared with the particles without any water

treatment in Figure 3.7. Another observation is that at 40 ◦C the par-

ticles tend to aggregate in order to minimise their surface area against

the surrounding water. This behaviour was observed especially for par-

ticles of polymers PN61.106K and PN43.65K, as can be seen in Figures

3.9 (B) and (C), respectively. Similar, suddenly occurring aggregation be-
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haviour has been observed for core-shell particles, with PNIPAM as the

outer shell, while heating the dispersion above the PNIPAM demixing

temperature.116

Surprisingly, we did not see any notable difference in the particle ap-

pearance in cryo-TEM at different temperatures for particles of the poly-

mer PN77.118K as can be observed by comparing Figures 3.8 (A) and 3.9

(A).
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Figure 3.9. Cryo-TEM micrographs of polymer particles with spherical, gyroid-like, and
onion-like morphologies vitrified after being 5-10 min in water at T = 40 ◦C,
above the PNIPAM demixing temperature. Micrographs are from samples
PN77.118K (A), PN61.106K (B), and PN43.65K (C) Publication III. Reprinted
by the permission from American Chemical Society c© 2012.

The behaviour of the onion-like morphology PN43.65K in water was

analysed further because the outmost PS layer was unexpectedly thin on

the TEM micrographs (see Figure 3.8 (C)). A model of the electron den-

sity profile ρ(x) of a sphere with concentric layers of alternating electron

density

ρ(x) =
n∑

i=0

ρi

⎡
⎢⎣
√
r2i+1 − x2 −

√
r2i − x2

rn+1

⎤
⎥⎦ , (3.1)

where ρi is the electron density and ri is the radius of the ith layer and x

is the coordinate of the axis perpendicular to the axis of projection, was fit-

ted to the observed electron intensity profile of the particles. There exists

a comprehensive modelling study for cryo-TEM micrographs by Crassous

et al., where they could quantitatively determine the volume fraction of a

PNIPAM shell from micrographs taken from PS-PNIPAM core-shell par-

ticles.117 We used the model in equation 3.1 only to give more accurate

information of the layer thicknesses within the onion-type particles with

concentric alternating shells of different electron density. For this pur-

pose, the model was sufficient. The relative layer thicknesses of the water

swollen particles and the iodine stained particles are plotted in Figure

3.10.
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Figure 3.10. Relative layer thicknesses as a result of TEM micrograph analysis obtained
for the onion-like PN43.65K. Particles without any water treatment (solid
line) and water equilibrated particles prepared from 20 ◦C (dashed line)
have been used. Averages of the layer thicknesses measured from parti-
cles without any water treatment have been used for normalisation. The
bulk periodicity measured in SAXS was 14 % larger than the average peri-
odicity measured from the particles in TEM. Publication III. Reprinted by
the permission from American Chemical Society c© 2012.

In all the analysed particles, PNIPAM formed the outmost layer. One

can observe from the solid line in Figure 3.10, which is for the iodine

stained particles, that the relative layer width decreases from core to the

surface. This is surprising, since according to the theory and simulations,

a slight increase in the layer width would be expected instead.93 The un-

expected decrease can be due to the shrinking caused by iodine for the

stained particles. As expected, the outmost layer of PNIPAM has swollen

considerably, and its width has increased on average of 3.5 times com-

pared to the dry state. On the other hand, the width of the second layer,

which is PS, has decreased to half compared to the PS layers measured

from particles without any water treatment. The middle PNIPAM blocks

situated in the outmost layers are all at the loop conformation, and the

increase of the width of this layer is expected as the polymer chains can

freely wet in water. The average width of the swollen PNIPAM corona

was 29.2 nm. Calculating similarly the fully extended chain length (con-

tour length) of the PNIPAM mid-block, as was done in the thin film study,

(now the number of NIPAM repeating units is ∼240 in looped conforma-

tion) results to layer width estimation of 30 nm, which supports the idea

of highly extended chain conformation.

The width of the outmost PS layer, which is the second layer from the
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surface, was decreased approximately to a half from the original in wa-

ter at 20 ◦C. A part of this decrease is caused by the error in the actual

layer thicknesses measured from the stained particles. The iodine stain-

ing distorts the measurements by shrinking the PNIPAM layer and sec-

ond by not totally staining the PNIPAM layer, which causes the PS layers

to be measured too large. This can also be seen from Figure 3.10, where

all the PS layers measured from the wet particles are thinner than the

layers measured from the iodine-stained particles. However, we suppose

that the thinning can be explained by particle “degradation”, in which the

polymer chains depart from the surface causing the PS layer to become

thinner and a formation of separate micelles and vesicles in the solution,

as depicted in Schematic 3.11. Vesicles were indeed observed together

with onion-like particles for PN43.65K in cryo-TEM. However, separate

micelles were found in all the samples by cryo-TEM, which suggests that

the particle degradation is a common feature for all the polymers.

��������������� ��

Figure 3.11. Schematic representation describing the suggested reason for the observed
thinning of the outmost PS layer of the onion-like particle in water. Chains
detach from the particle surface and form micelles or vesicles. The amount
of polymers is decreased on the outer layer, which leads to the thinning of
the outmost PS layer. Publication III. Reprinted by the permission from
American Chemical Society c© 2012.

The aqueous particle dispersions were further investigated by microca-

lorimetry in order to qualitatively estimate the fraction of NIPAM units,

which take part in the phase separation process in respect to particle ar-

chitecture.

For all the studied dispersions, two well-separated peaks in the mi-

crocalorimetric endotherms were observed as can be seen in Figure 3.12.
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Such bimodal phase transition has not been observed for linear PNIPAM

in water. However, similar two-step phase transition has been observed

for ABA-type stereoblock copolymer with isotactic PNIPAM end blocks

and atactic PNIPAM middle block118 as well as for PNIPAM-protected

gold nanoparticles119,120 and for a PNIPAM shell grafted from a hydropho-

bic dendritic core121,122. The explanation for the bimodal phase transition

in the case of stereoblock copolymer was that the first peak comes from

random coil to an ordered coil transition of the isotactic blocks followed

by a broader transition related to the intermolecular aggregation and col-

lapse of the PNIPAM. In the cases of the PNIPAM grafted particles, the

explanation was that the different peaks come from different PNIPAM hy-

dration levels in the complex systems.119 This fits also to our particle sys-

tem, because inside the particle the PNIPAM concentration is higher than

on the particle surface. It can also be seen that the transition temper-

ature decreases consistently with the increasing amount of hydrophobic

polystyrene on the particles. This makes sense knowing that the PNIPAM

demixing temperature can be decreased by adding hydrophobic moieties

to PNIPAM.42 This observation supports the assumption that the first

peak comes from the part of the PNIPAM chain which is inside the parti-

cle and close to the PS-PNIPAM domain interface. The microcalorimetry

experiments also reveal that the number of NIPAM units, which actually

takes part in the phase separation process, is determined by the internal

architecture of the studied particles. The relative ratio of the first peaks

and the area under the Cp vs T curves clearly indicate the difference be-

tween the samples, the area being smallest for PN43.65K having lamellar

morphology and largest, surprisingly, for PN61.106K. This is surprising,

because PN77.118K has the highest amount of PNIPAM. On the other

hand, it supports the microscopically observed swelling behaviour, where

PN61.106K had the largest effect.
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Figure 3.12. Microcalorimetric endotherms (heating) of stock solutions of PN77.118K,
PN61.106K, and PN43.65K measured with a heating rate of 90 ◦C h−1.
Temperatures of the maximum heat capacities for each peak are
shown. Publication III. Reprinted by the permission from American Chem-
ical Society c© 2012.

3.4 Electrospun nanofibres

Electrospinning is a facile method for producing submicrometer scale fi-

bres.123 The principle of the method has been known for a long time124

but the interest on preparing nanoscale fibres has grown during the last

decade.125 In electrospinning a polymer solution is injected to high elec-

tric field, where the solution forms a continuous jet between the elec-

trodes after the potential of the electric field exceeds the surface tension

of the liquid. The solvent is rapidly evaporated from the jet on the way

to collector electrode and submicron scaled polymer fibres remain on the

electrode. The operation parameters such as solution conductivity, vis-

cosity and electric field strength affect the fibre shape, diameter, and

beading, but the process parameters are already well studied and it is

relatively straightforward to produce electrospun fibres from a variety of

polymers.126

Electrospun fibres are very interesting for many applications due to

their high aspect ratio and large surface area. The controllability of the

process has developed hugely during the last years, which makes electro-

spun fibres appealing for applications such as controlled nanofabrication

or tissue engineering.127,128

Easy way to decrease hydrogel dimensions is to prepare hydrogels from

electrospun fibres.11,73–82,129 To achieve chemically cross-linked fibres, the

cross-linker molecules can for example be blended with polymer solu-
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tion before the fibre spinning, and the cross-linking reaction can be ac-

tivated to the readily made fibres by heat treatment or by UV-light ex-

posure.11,73,82 Chemically cross-linked fibres can also be obtained in-situ

by mixing monomer solution and polymerisation initiator just before the

spinning and activating the polymerisation reaction during the electro-

spinning by UV-light exposure.84,128 A drawback in the chemical cross-

linking is that the covalent bonds are impossible to break afterwards and

therefore the fibres cannot be processed later on. On the other hand,

fibre stability and swelling can be controlled by varying the degree of

chemical cross-linking. Readily cross-linked electrospun hydrogel fibres

can be obtained by the method already earlier applied in this thesis, i.e.

forming the polymer network with ABA triblock copolymers. This method

was first utilised by Ryan et al.129 They used a polymer with polymethyl-

methacrylate end blocks and poly[2-(diethylamino)ethyl methacrylate] as

a pH-responsive middle block, to prepare mesoporous pH-responsive fibre

membranes. They also demonstrated that it was possible to increase the

degree of swelling of the material by solvent annealing and fibre align-

ment, which increased the structural order both inside the fibres and in

the membrane.129 Although numerous studies on electrospun hydrogel fi-

bres have been reported, there are not many reports of their microscopical

observation at hydrated state. One of these works is by Okuzaki et al.76,

who followed poly(N-isopropylacrylamide-co-stearyl acrylate) single fibre

swelling and shrinking with AFM as a function of temperature.

In Publication IV, we prepared electrospun fibres using polymers

PN77.118K and PN55.91K, which are the highest molecular weight poly-

mers of spherical and lamellar morphologies, respectively. Higher molecu-

lar weight helps the fibre formation, because a necessary amount of chain

entanglements can be achieved with a lower polymer concentration.

The fibre morphology and behaviour in water was studied with cryo-

electron microscopy. Figure 3.13 (A) shows TEM micrograph of fibres of

polymer PN77.118K after preparation. No self-assembled block copoly-

mer structure can be resolved, which indicates that the solvent evapora-

tion is too fast for self-assembly. A confirmation for the disordered poly-

mer structure was received after the cryo-TEM imaging of a sample vit-

rified from 20 ◦C and subsequently freeze-dried, which shows a swollen

porous fibre skeleton, without well defined PS domain structures, which

were observed in thin films and aerosol particles (see Figure 3.13 (B)).

Figures 3.13 (C) and (D) show cryo-TEM micrographs of PN55.91K fibres
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C DPN55.91K prepared at T = 20 � PN55.91K prepared at T = 45 � 

BPN77.118K prepared at T = 20 �, freeze-dried PN77.118K as prepared 

Figure 3.13. Cryo-TEM micrographs of electrospun nanofibres. Fibres of polymer
PN77.118K in Figure (A) as prepared, and in Figure (B) freeze-dried from
swollen state (cryo-preparation made at 20 ◦C). In Figures (C) and (D) fibres
of polymer PN55.91K were vitrified after being five minutes in water at 20
and 45 ◦C, respectively. No staining was used. Publication I. Reprinted by
the permission from Society of Chemical Industry c© 2013. First published
by John Wiley & Sons Ltd.

vitrified after being five minutes in water at 20 ◦C or at 45 ◦C, respectively.

The water inside the fibres decreases the electron density, which can be

seen as decreased contrast between the fibres and the surroundings, when

compared to a fibre without any water treatment in Figure 3.13 (A). More-

over, the polymer network becomes visible due to the fibre swelling as can

be seen from Figures 3.13 (A) and (C). In contrast, the polymer network

cannot be resolved in Figure 3.13 (D), where the sample was vitrified after

being five minutes in water at 45 ◦C. That is because the water diffusion

into the fibres is decreased above the PNIPAM coil-globule transition tem-

perature.

Fibre diameter statistics were determined from cryo-TEM micrographs

and the average fibre diameters of as-prepared fibres were 134±7 and

142±5 nm for the polymers PN77.118K and PN55.91K, respectively. Fi-

bres swelled in water at 20 ◦C, which was observed as an increase in the

average fibre diameter, namely 150±28 and 42±11 % for samples

PN77.118K and PN55.91K, respectively. At 45 ◦C, the corresponding fig-

ures were 72±19 and 15±8 %, for PN77.118K and PN55.91K, which cor-
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responds to the expectation of less swollen fibres above the demixing tem-

perature of PNIPAM.
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Figure 3.14. Cryo-TEM image of an electrospun fibre on a grid, which has been kept
floating on water at 20 ◦C. The right side of the fibre has been in water and
is swollen whereas the left side has been above the water level and is less
swollen.130 Reprinted by the permission from Elsevier c© 2010.

Direct observation of fibre swelling was acquired from a sample, which

was prepared by peeling a bunch of fibres from an electrospun fibre mat

and entrapping them in an oyster grid. The grid was then left floating

on a water bath at 20 ◦C for 5-10 minutes, which resulted to a wetting of

the lower parts of the fibres. This can be seen in Figure 3.14, where the

right part of the annotated fibre has been swollen in water, whereas the

left side has been in the air and the increase of the fibre diameter due to

swelling can be evaluated to be 91 %.130

The cryo-TEM study was carried out to resolve the inner structure and

temperature dependent behaviour of individual fibres. With SEM it is

possible to study the surface of a larger amount of fibres and this tech-

nique suits better for observing the relation of the fibre morphology to

the surface wetting. Sample preparation for SEM was done by applying 5

μL of water on the electrospun fibre mat at temperatures 20 ◦C or 40 ◦C,

i.e. below and above the PNIPAM coil-globule transition temperature, re-

spectively. After 5 seconds the sample was quenched with liquid propane,

which was cooled down to -170 ◦C, followed by a subsequent freeze-drying

in vacuum. SEM micrographs of the freeze-dried samples reveal the sur-

face of the electrospun fibres at the time of the quenching, and one can

directly compare the dry area, which has not been in water contact, to the

area, where the fibres have been surrounded by water.

Figure 3.15 has been taken from a fibre mat of polymer PN77.118K. It

was expected that the fibres swell in water at 20 ◦C, and some swollen fi-

bres can indeed be noticed as larger porous skeletons of the solid fibres in

Figure 3.15 (B), which was taken from the wet area. This is because the

ice sublimated away from the swollen fibres during the freeze-drying and

only the polymer network is left for observation. But surprisingly, most of

the fibres seen by SEM on the wet area are not cylindrical fibre skeletons
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Figure 3.15. SEM micrographs of electrospun nanofibres of sample PN77.118K (A) from
the dry area. Figures (B) and (C) are taken from the areas, on which a water
droplet was applied at 20 ◦C or at 40 ◦C, respectively, and the sample was
quenched after five seconds. Reprinted by the permission from Society of
Chemical Industry c© 2013. First published by John Wiley & Sons Ltd.

but thin sheets instead. Moreover, if the fibres are kept much longer time

(four hours) in water, the fibre skeletons can no longer be found and only

the thin sheets are observed. The explanation is that the block copolymer

within the disordered polymer fibres of PN77.118K reassembles in water

at 20 ◦C. The molecular weight of the PS end blocks, Mn = 13.8 kg mol−1,

is just slightly larger than the entanglement molecular weight of the PS,

which is 13.3 kg mol−1.131 This means that in the random polymer assem-

bly the PS blocks are not mechanically strong enough to keep the fibres

in a cylindrical shape and the sheet-like structure, where supposedly the

PNIPAM middle block makes a loop in water and the PS chains form the

core of the sheet, is preferred because of the amphiphilic nature of the

polymer.

Figure 3.15 (C) has been taken from the wet area of the sample, which

was vitrified at 40 ◦C, above the PNIPAM demixing temperature. The fi-

bres do not look swollen, but rather like thin sheets similar to what was

observed for the sample prepared at 20 ◦C. Even though the polymer is at

disordered state inside the electrospun fibres, it was not expected that the

fibres would change from cylindrical shape to thin sheets above the PNI-

PAM demixing temperature. However, similar experiments on PNIPAM

fibres and films show that PNIPAM can absorb water and deform also at

40 ◦C.23,132 The water did not have any effect on the fibres of PN55.91K

either at 20 ◦C or at 40 ◦C as observed by SEM, which means that the

higher PS content makes these fibres more stable, but in contrast, it also

restricts the swelling.

32



4. Demonstrated applications

4.1 Filtration of poly(ethylene glycol) solutions and temperature
switchable permeability

4.1.1 Background

Development in the filtration and separation techniques can lead to sig-

nificant energy savings in the future. For example some of the energy

costly distillation processes, used in chemical industry, might be replaced

by advanced filtration techniques. Similarly, stimuli-responsive polymers

can bring additional functionality, such as controlled switching to the ex-

isting separation membranes. So far, the most typical way of implement-

ing stimuli-responsive membranes is by coating an existing porous mem-

brane with responsive polymer layer.28–33 In an ideal situation, upon ex-

ternal stimuli, the chains of the responsive polymer coating stretch or

collapse, leading to a controllable opening and closing of the membrane

pores. Other ways of preparing stimuli-responsive membranes are for

example by encapsulating responsive polymer within the membrane dur-

ing the preparation process133, or by preparing chemically cross-linked

membrane of a stimuli-responsive polymer. These membranes can be

used to filter PEG solutions with molar mass higher than 5 kg mol−1,

Dextran molecules of size 100 kg mol−1, or to separate water from water-

isopropanol mixtures.27,29,134,135

4.1.2 Implementation

In Publication I, a thermo-sensitive membrane was prepared by coating

an ultra filtration membrane by a thin film of polymers PN77.118K and
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PN61.106K, both having continuous PNIPAM phase. Spin-coating tech-

nique was applied on top of a support membrane and the resulting film

thickness was 500-1000 nm as can be observed from the cross-sectional

TEM micrograph of the membrane in Figure 4.1 (B).
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Figure 4.1. (A) Relative concentration of the PEG components after the filtration by com-
posite membranes consisting of PS-b-PNIPAM-b-PS thin film on top of the
porous polyacrylonitrile support membranes. Two polymers with different
bulk morphologies were used: spherical PN77.118K and gyroid PN61.106K.
Solid circles refer to filtration data acquired at 4 ◦C and open circles to data
acquired at 60 ◦C for PN77.118K. Diamonds refer to the filtration at temper-
ature 4 ◦C for PN61.106K. Cutoff molecular weight for polyacrylonitrile sup-
port membrane was measured to be high, i.e., above 30 kg mol−1. (B) Cross-
sectional TEM micrograph of a spin-coated thin film of PN61.106K on top of
the porous polyacrylonitrile support membranes. Publication I. Reprinted by
the permission from American Chemical Society c© 2007.

Filtration experiments were carried out at two temperatures: at 4 ◦C,

which is below the PNIPAM demixing temperature, and at 60 ◦C, which is

well above. The solution to be filtered consisted of an aqueous mixture of

six different molecular weights of poly(ethylene glycol) (PEG), molecular

weight ranging from 108 g mol−1 to 187 kg mol−1. The molecular cutoff

behaviour of the composite membrane in filtration is shown in Figure 4.1

(A), where the relative concentrations c/c0 of the PEGs passed through

the filter are plotted as a function of PEG molecular weight.

Table 4.1. Permeabilities of the PEG solutions through the membranes at T = 4 ◦C and
at T = 60 ◦C.

Permeabilities [Lm−2 h−1 bar−1]

Sample T = 4 ◦C T = 60 ◦C

support membrane (SM) 18,13 53,78

PN77.118K + SM 1,04 0,05

PN61.106K + SM 0,32 ≈ 0

For both membranes, PN77.118K and PN61.106K, PEG dimers of molec-

ular weight 108 g mol−1 permeate the membrane with less than 20 % re-
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jection as shown in Figure 4.1 (A). By contrast, PEG 660 g mol−1 is re-

jected as much as 80-90 %, and practically total rejection is observed for

larger PEG molecular weights. Therefore, the molecular cutoff for the

spherical morphologies below and above the PNIPAM demixing tempera-

ture and for gyroid morphology below the transition temperature was sur-

prisingly similar. The permeability for the gyroid morphology above the

transition temperature was practically zero, and therefore the molecular

cutoff was not measurable. The cutoff molecular weight is comparable

to the earlier reports of silica-elastin-like polypeptide and silica-PNIPAM

composite membranes, respectively, where the cutoff molecular weights

were in the range 1000 and 5000 g mol−1.27

The permeabilities at temperatures below and above the PNIPAM demix-

ing temperature are shown in Table 4.1. The permeability of the pure

polyacrylonitrile (PAN) meso/macroporous support membrane increases

considerably at higher temperatures. A reason for this is the increased

thermal motion of PEG polymers as well as reduced surface tension and

viscosity of the solution. For the composite membranes temperature in-

crease leads to a considerably reduced permeability at 60 ◦C when com-

pared to the permeability at 4 ◦C, indicating temperature-responsive func-

tionality. Therefore, these membranes using PNIPAM based block copoly-

mer films exhibit inversed thermal behaviour as compared to most of the

previously reported stimuli-responsive membranes, for which the perme-

ability is reduced after cooling below the demixing temperature.27,29,30,32,136

Moreover, the results are consistent with the previously reported decreased

water permeability on a continuous PNIPAM film above the coil-globule

transition temperature.28

4.2 Temperature controlled surface wetting

4.2.1 Background

Ability to tailor surface wetting can be utilised in many different applica-

tions such as superhydrophobic coatings, self-cleanable surfaces, and mi-

crofluidistics.137–139 Hydrophobicity can be increased by increasing sur-

face roughness.140,141 A controlled thermally responsive surface wetting

has been reported as a combination of thermally responsive material and

nanofibre/microparticle surface.81 Water contact angle values between 0 ◦
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and 150 ◦ were measured as temperature was cycled between 20 ◦C and

50 ◦C. This type of functional surface coating could possibly be used as

sensors or as a thermal switch.

4.2.2 Implementation

In Publication IV, the surface wetting was studied for electrospun fibres of

PS-b-PNIPAM-b-PS by measuring water contact angle with sessile drop

technique at 20 ◦C and at 40 ◦C, below and above the PNIPAM demix-

ing temperature respectively. For comparison, the experiments were per-

formed also for PS and PNIPAM homopolymers. The contact angle results

are plotted as a function of time in Figure 4.2, and the initial contact an-

gles and contact angle decrease rates during the first 60 seconds are listed

in Table 4.2.

Table 4.2. Initial apparent contact angle θCA(t = 0) and average contact angle decrease
rate ΔθCA/Δt[1/s] of a water droplet during the first 60 seconds on electrospun
fibre mat surfaces at 20 ◦C and at 40 ◦C.

T = 20 ◦C T = 40 ◦C

Sample code θCA(t = 0) ΔθCA/Δt[1/s] θCA(t = 0) ΔθCA/Δt[1/s]

PN77.118K 105 0,92 135 0,70

PN55.91K 130 1,80 135 0,40

PS 126 0,03 145 0,15

PNIPAM 89 1,22 145 1,20

The initial contact angle for all the samples is at hydrophobic region

(above 90 ◦), which is due to the surface roughness of the electrospun fi-

bre mat, but the dynamic behaviour of the contact angle depends on the

polymer and the temperature. For PS fibre mat, the contact angle stays

almost constant, while for all the samples having PNIPAM, the contact

angle drops from the initial value. Moreover, it can be observed that the

contact angle decrease rate is much higher at 20 ◦C, which is below the

lower critical solution temperature of PNIPAM. It is noticeable, that the

polymer PN55.91K, which has the smallest amount of PNIPAM, shows

at the equilibrium, the largest difference in the contact angle decrease,

whereas the highest decrease rate at the early stage of the wetting is still

found for PN77.118K. These trends are found at both 20 ◦C and at 40 ◦C.

We believe, that in the beginning (t < 5s), the PN77.118K fibres show

the most hydrophilic behaviour, due to the higher content of PNIPAM.

However, the observed transition from cylindrical fibre to fibre skeletons
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and sheets (see Figure 3.15) increases the surface roughness, which leads

to the levelling off of the contact angle when t > 5s. In contrast, fibres

made of PN55.91K are less hydrophilic in nature, due to the lower con-

tent in PNIPAM. This results in an initially lower contact angle decrease

rate at short time scales. Nonetheless, the higher molecular weight of the

PS chain ends, which in this case approaches twice the PS entanglement

molecular weight, is sufficient to preserve the overall shape of PN55.91K

fibres.
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Figure 4.2. (A) Images show water droplet on an electrospun fibre mat of PN55.91K at
T = 20 ◦C and (B) at 40 ◦C. (C) The apparent contact angle between a droplet
of water and the electrospun fibre mats as a function of time for the first
60 seconds in a sessile drop measurement. The blue points are measured
at 40 ◦C and the yellow points at 20 ◦C. Publication IV. Reprinted by the
permission from Society of Chemical Industry c© 2013. First published by
John Wiley & Sons Ltd.

4.3 Controlled release

4.3.1 Background

Various polymer based drug delivery systems have been investigated in-

tensively during the recent decades.142,143 Today’s drug delivery systems

require new approaches, where the lower content of drug give the same

or better therapeutic effect by specific targeting and the cost of precious

drug molecules as well as toxic side effects can be minimised.144 Ideal

system would carry multiple doses of drugs or different drugs and release

them by targeting to the defected site, thus minimising side effects for

the rest of the organs. Reducing drug carrier size to nanoscale level can
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be very important, since small particles have been shown to minimise

side effects caused by the drug in cancerous tumors.145 Size reduction

also enhances the solubility of drugs that are poorly soluble in target

organism and prolong drug residence time in blood circulation.146 Drug

carrier material and architecture can be chosen to provide preferred re-

lease profiles such as immediate, sustained and stimulus-controlled ones

for desired dosing characteristics.147 Moreover, the drug carriers should

be capable of intracellular transport and be biocompatible. The most of

the controlled delivery has been concentrating on pH-responsive materi-

als88, since pH-levels vary significantly in different organs in the human

body. Stimuli-responsive materials make it possible to prepare pulsative

release mechanisms.148 Light-responsive materials are very interesting

especially for eye-diseases149–151 and there are also many new promising

stimuli-responsive systems13, like glucose-responsive systems for insulin

release152, entsymatically triggered release153 or using ultrasound as a

release stimulus.154

4.3.2 Implementation

The aim of this work was to use PS-b-PNIPAM-b-PS as a carrier system

and study the kinetics of the release of a model substance from hydrogels

of different sizes. An organic dye, methyl orange, was used as a model

substance, whose release was monitored from the block copolymer hydro-

gels.130 The methyl orange was dissolved together with the polymer to a

common solvent and the sample was prepared using the same procedures

that were used in the bulk sample preparation in Publication I.

The release studies were performed by keeping the hydrogel sample

in water and taking an aliquot of the releasing medium and measur-

ing its light absorbance with UV-Vis spectrometer. Released amount of

methyl orange out of macroscopic hydrogel PN77.118K, having spherical

morphology, is plotted on Figure 4.3 (A) as a function of time. At room

temperature release of 80 % of methyl orange takes approximately three

hours, whereas at 40 ◦C the time required for the same release is 60 hours.

This is because the water diffusion rate inside PNIPAM based hydrogels

is decreased above the PNIPAM coil-globule transition temperature. For

the PS reference sample the result is inversed because the diffusion is

faster at higher temperature for non-responsive glassy polymer. The re-

sults show, that the release rate can be switched between fast and slow

rates for a macroscopic hydrogel by temperature.
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bulk PN77.118K T = 20 �
fibre PN55.91K T = 20 �
fibre PN55.91K T = 40 �
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Figure 4.3. (A) Methyl orange release profiles from macroscopic hydrogel PN77.118K and
polystyrene reference at 20 ◦C and at 40 ◦C. The dashed lines are fitted mod-
els. 130 Reprinted by the permission from Elsevier c© 2010. (B) Methyl orange
release profile from electrospun fibres of the polymer PN55.91K at 20 ◦C and
at 40 ◦C plotted together with release profile of macroscopic PN77.118K 20 ◦C
hydrogel on a logarithmic time scale.

As already earlier discussed, the diffusion based processes in hydrogels

are usually very slow, and because the release from hydrogel is diffusion

based process, the size of the hydrogel plays an important role in the re-

lease kinetics. The release from a macroscopic hydrogel can be described

by a power law155

Mt

M∞
= ktn, (4.1)

where Mt
M∞ is a fractional drug released after time t, k and n are system de-

pendent parameters that determine the release mechanism. This model

can be fitted to the measured release data from the macroscopic gels with

the parameters shown in Table 4.3. Only for PN77.118K, n is close to

0.5, which means that the diffusion is Fickian type, i.e. the water diffu-

sion rate in the gel is less than the polymer chain relaxation rate.156 In

the other cases, when the water diffusion rate is much below the poly-

mer chain relaxation rate, the n values are below 0.5. This situation,

which is still regarded as Fickian diffusion, is named as "Less Fickian"

behaviour.157 This model, however, is not valid for the whole time period,

since the assumption made during the derivation of this model, which is

based on the Higuchi model158, was that the amount of drug inside the

material is much higher than the solubility limit. Therefore, the model

can not be applied for the whole data range, which covers the release be-

haviour until the total release.

For macroscopic hydrogels the release of the model substance took sev-

eral hours. To study the size dependence of the hydrogel on the release
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Table 4.3. Parameters of the drug release model 4.1. t is the maximum time, where fitting
was valid.

Sample T [◦C] k n t[h]

PN77.118K 20 0.46 0.45 5

PN77.118K 40 0.18 0.36 120

PS 20 0.076 0.34 180

PS 40 0.19 0.26 175

kinetics, release experiments were performed also for electrospun nanofi-

bres, whose diameter is submicron sized. Release from electrospun fibres

of copolymer of PMMA/PNIPAM has been studied earlier, and tempera-

ture modulated control for pulsative release behaviour was achieved.19

In our study, the electrospinning was done as described in Chapter 3.4,

the only difference being that the solution contained ∼1 wt % of methyl

orange compared to the polymer mass. Polymer PN55.91K was chosen for

this study, since its electrospun fibres were found to be stable in water. In

Figure 4.3 (B), the release profiles at 20 ◦C and at 40 ◦C from electrospun

fibres of polymer PN55.91K are plotted together with the release profile of

macroscopic hydrogel PN77.118K at 20 ◦C on a logarithmic scale. In the

case of electrospun fibres, 80 % release takes 90 seconds at 40 ◦C and 3

minutes at 20 ◦C, which is on the order of two decades faster than the re-

lease for macroscopic hydrogels. Moreover, the surface/volume ratio of the

fibres is so large, that the surface effect dominates the release behaviour

and the temperature control is lost.

Both release data can be best fitted to a model, which resembles the

late time approximation of Fickian diffusion equation for one-dimensional

water transport.155

Mt

M∞
= 1− a1 ∗ exp−

t
τ1 −a2 ∗ exp−

t
τ2 . (4.2)

In the case of release from PN55.91K fibres at 20 ◦C, the parameters for

best fit are a1 = 0.73, τ1 = 0.97,a2 = 0.34, and τ2 = 3.96. At 40 ◦C the best

fitting parameters are a1 = 1.08, τ1 = 0.80, a2 = 0.06, and τ2 = 30.60.

For both cases the surface release component τ1 dominates the total re-

lease, having value of approximately one minute. The second component,

which is associated with the diffusive release from the fibre core, how-

ever, shows different values depending on the temperature: ∼4 minutes

at 20 ◦C and ∼31 minutes at 40 ◦C, which is consistent with the observed

slower release above the coil-globule transition temperature in bulk.
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It would have been interesting to see the release curves from the aerosol

particles. However, the problem while studying release from submicron

sized particle, is that the particles have to be separated by a membrane

from the medium, where the release is observed. And the diffusion rate

through the membrane might be less than the diffusion rate from the

particles. Because of this, the methyl orange release from aerosol particles

was not studied.
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5. Conclusions

The research on stimuli-responsive polymers has increased rapidly during

the last two decades. It is easy to prepare physically cross-linked hydro-

gels using amphiphilic ABA-type block copolymers, and functionality with

controllability can be added by using stimuli-responsive polymer as the B-

block. By using PNIPAM as B-block, one can create thermally responsive

hydrogels, which absorb water at temperatures below 32 ◦C and shrink as

the temperature is risen above this.

Self-assembly of eight different amphiphilic block copolymers PS-b-PNI-

PAM-b-PS with varying molecular weights and block ratios was studied

and the phase diagram covered all the classical diblock copolymer mor-

phologies, namely lamellar, gyroid, cylindrical and spherical morpholo-

gies. The swelling behaviour of the corresponding macroscopic hydrogels

was studied below and above the PNIPAM demixing temperature and the

block copolymer morphology was observed to have significant effect on the

gel swelling due to the physical hindrance by PS domains. The hydrogel

with spherical morphology was observed to swell the most absorbing wa-

ter up to 58 times of its own weight below the PNIPAM demixing temper-

ature. When the temperature was increased above the PNIPAM demixing

temperature the gel shrank and the water content dropped almost to zero.

By contrast, the lamellar morphology did not swell at all independent of

the temperature due to the strong physical restricting effect by the PS

lamellae.

Hydrogels with decreased dimensions were prepared in order to study

the hydrogel structure microscopically at hydrated state. Thin films, elec-

trospun fibres, and aerosol particles, which all had at least one submicron

sized dimension, were prepared.

Cryo-TEM was used to observe the morphology of the self-supporting

thin films. The distance variation between the PS spheres in the spher-
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ical morphology below and above the PNIPAM demixing temperature in

thin films was observed to correspond well with the results of SAXS mea-

surements for the macroscopic hydrogel. It was also observed by cryo-

TEM that the PS domains within the hydrogel thin film undergo a plastic

deformation during the gel swelling in water at 5 ◦C. This was explained

by the decrease of the glass transition temperature Tg of PS due to small

size of the PS domains and the pulling pressure by the hydrated PNIPAM

middle blocks.

Morphology and temperature dependent swelling was observed micro-

scopically also for aerosol particles, which had spherical, gyroid-like and

onion-like morphologies. Additionally, aerosol particle water dispersions

were measured by high-sensitive microcalorimetry in order to study the

PNIPAM coil-globule transition within the particles. Two separate transi-

tions were observed, which was explained by the different hydration levels

inside and outside of the particles. The first transition was assigned to the

PNIPAM chains inside the particle and the second to the PNIPAM chains

on the particle surface.

Electrospun fibres did not have self-assembled polymer structures due

to the fast solvent evaporation. Due to the lack of well defined PS do-

mains, the stability of the fibres of polymer PN77.118K in water was poor.

The PS end blocks of 13.8 kg mol−1 are not long enough to keep the fi-

bres in their cylindrical shape. Instead, the polymers reassemble to form

thin sheets both below and above the coil-globule transition temperature

of PNIPAM. The electrospun fibres of the polymer PN55.91K, which had

45 wt % of PS and size of 20.5 kg mol−1, remained their shape indepen-

dent of the temperature. However, a fibre diameter increase of 42±11 %

was observed for this polymer, which confirmed the swelling below the

PNIPAM coil-globule transition temperature.

The stability issue was raised also when analysing the aerosol particle

characterisation data. It was found out, that the outmost layer of the

particles with the onion-like morphology was always PNIPAM. However

the next, and outmost PS layer, was found to be considerably thinner,

when measured from the particles in water at 20 ◦C, than in the particles

without any water treatment. It was suggested that the particles start to

degrade from the surface, which would explain the layer thinning. The ob-

servation of separate micelles and vesicles in the cryo-TEM micrographs

supported this degradation scheme.

Finally it was demonstrated that the polymer can be used for thermally

44



Conclusions

switchable molecular filtration, for thermally controllable surface wetting

and for thermally controllable release. It was shown that the release rate

of a water soluble organic dye was much higher from electrospun fibres

than from the macroscopic hydrogel.

One can conclude, based on this research, that it is possible to success-

fully use PS-b-PNIPAM-b-PS as thermally responsive materials, but the

interplay of molecular weight, solubility, and block copolymer molecular

architecture all affect the properties and stability of both the macroscopic

hydrogels as well as the gels with decreased dimensions.
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