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Summary 

Thermoresponsive polymers are well studied and applied in both scientific and 

industrial areas. Among them, polymers with lower critical solution temperature 

(LCST)-type thermoresponsivity were extensively investigated. However, in some 

applications polymers with upper critical solution temperature (UCST)-type 

thermoresponsivity are required. To have a better understanding of UCST behavior, 

this dissertation deals with the synthesis of polymers, that show UCST-type 

thermoresponsivity in water or in electrolytes, with different architectures and their 

properties. There are four main topics in this thesis:  

(1) the effect of polymer characters such as composition, chain ends and molar mass on 

the UCST behavior;  

(2) chemistry for grafting polymers with UCST-type thermoresponsivity onto metal 

nanoparticles;  

(3) UCST-type volume changes of chemically cross-linked hydrogels; and  

(4) photo cross-linkable polymer with UCST-type thermoresponsivity. 

In the Introduction, thermoresponsive polymers showing both LCST- and UCST-type 

thermoresponsivity in aqueous solutions were summarized as literature background of 

this thesis. The aims of the thesis were listed based on the challenges in the UCST field. 

Additionally, controlled radical polymerization methods were introduced as effective 

technique for synthesizing polymers with linear structures. Gold nanoparticles 

protected by thermoresponsive polymers were reviewed.  

The Synopsis introduces the main results of five publications and the connection 

between each work. Five publications were attached in the form of a journal article. 

Publication 1 and Publication 2 comprise the synthesis of poly(N-

acryloylglycinamide) (PNAGA) with a linear structure, by using two controlled radical 

polymerization methods, namely: reversible addition fragmentation transfer (RAFT) 

polymerization and atom transfer radical polymerization (ATRP). Both methods 

exhibited a good control of the synthesis of PNAGA, by showing a linear increase of 

the polymer molar mass with conversion, narrow molar mass dispersity and successful 

chain extension experiments. It was found that a non-ionic chain transfer agent (only 

for RAFT) and a non-ionic initiator were important to keep the key property of the 

polymers: the UCST-type thermoresponsivity in aqueous solutions. It was shown in 
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Publication 1 that the hydrophobic dodecyl end groups caused an increasing of cloud 

points of polymers with lower molar mass (Mn below 10000 g/mol). Thus, in 

Publication 2, as consecutive work, a monomer-like initiator was chosen to synthesize 

linear polymer with primary amide end-groups. The prepared polymers with 

hydrophilic end-groups showed cloud points independent from the molar mass. In both 

works, the influence of molar mass, polymer end-groups and salt (NaCl and Na2SO4) 

concentrations on the cloud point was analyzed by means of turbidimetry measurements.  

In Publication 3, the previously synthesized trithiocarbonate end-functionalized 

PNAGA, synthesized via RAFT polymerization (shown in Publication 1), was grafted 

onto gold nanoparticles (AuNPs) by ligand exchange in phosphate buffered saline (PBS) 

solutions. The PNAGA functionalized gold nanoparticles (PNAGA@AuNPs) showed 

positive thermoresponsivity in PBS, additionally the UCST-type phase transition was 

reversible for at least nine cooling/heating cycles. It was found that the grafting process 

had no negative effects onto the cloud points, as the PNAGA@AuNPs showed similar 

phase transition behaviour as that of the free-PNAGA sample used for grafting purpose. 

Publication 4 presents the UCST-type thermosensitivity of chemically cross-linked 

PNAGA hydrogel with N,N’-methylenbis(acrylamide) (MBAAm) as cross-linker 

synthesized via free radical polymerization. The hydrogel showed continuously 

positive volume transitions in water and in electrolyte solutions, meaning the hydrogel 

swells at high temperature and shrinks by decreasing the temperature. The degree of 

hydrogel swelling was controlled by varying the contents of cross-linkers. It was found 

that with less amount of cross-linker, the swelling/deswelling behaviour of the hydrogel 

became more similar like the linear polymer in aqueous solution. The volume-change 

was reversible in pure water as well as in PBS, by showing at least seven 

cooling/heating cycles in a temperatures range between 4 °C and 40 °C. 

In Publication 5, a terpolymer system with UCST-type thermoresponsivity based on 

acrylamide (AAm), acrylonitrile (AN) and UV cross-linkable comonomer was reported. 

Terpolymers with linear structures synthesized via free radical and RAFT 

polymerization showed UCST-type thermoresponsivity in water and in electrolytes. 

The terpolymers showed almost no hysteresis during cooling and heating cycles. 

Furthermore, they are stable against hydrolysis for at least nine cycles. The cloud points 

of the polymer solution can be tuned by varying the AN contents in polymer. 
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Chemically cross-linked films and nanofibers were successfully produced from 

terpolymers by solution casting and electrospinning followed by UV irradiation. The 

hydrogels showed temperature dependent positive volume-change that was utilized for 

design of microactuators. 

In Outlook, the challenges and opportunities for UCST-type polymers were discussed. 

So far nonionic UCST-type polymers are focusing on polymers containing amide or 

ureido groups. Other hydrophilic polymers with suitable content of hydrogen bonding 

units could theoretically display UCST property. This may enlarge the UCST-type 

polymer family greatly. The non-ionic hydrogel with positive thermoresponsivity could 

be applied for drug loading and release system. Nevertheless, it is now possible to 

produce cross-linked polymers from linear polymers by using UV light with different 

forms as demand for example by lithography. 
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Zusammenfassung 

Thermoresponsive Polymere werden sowohl in wissenschaftlichen als auch 

industriellen Bereichen eingesetzt. Polymere mit unterer kritischer Lösungstemperatur 

(engl. lower critical solution temperature, kurz LCST) wurden weitgehend untersucht. 

Jedoch erfordern einige Anwendungen Polymere mit UCST Eigenschaft. Die 

vorliegende Dissertation beschäftigt sich mit der Synthese von Polymeren 

verschiedener Struktur und Eigenschaften, welche eine obere kritische 

Lösungstemperatur (engl. upper critical solution temperature, kurz UCST) in Wasser 

und Elektrolyt-Lösung besitzen. In dieser Dissertation wurden vier Themen gezeigt:  

(1) der Einfluss der Polymereigenschaften z. B. Polymerzusammensetzung, Kettenende 

und Molarmass auf des UCST Verhalten;  

(2) die Chemie der Pfropfung der UCST Polymere auf Goldnanopartikel;  

(3) UCST-Verhalten von chemisch vernetztem Hydrogel und  

(4) Fotovernetzbares Polymer mit UCST Eigenschaft. 

Die Einleitung beginnt mit einer Zusammenfassung von literaturbekannten 

thermoresponsiven Polymeren, welche entweder eine LCST oder eine UCST in 

wässriger Lösung besitzen. Die Ziele der Arbeit wurden auf Grund der 

Herausforderungen im Bereich der Forschung zu UCST ausgewählt. Anschließend 

wird auf kontrollierte radikalische Polymerisationsmethoden eingegangen und deren 

Anwendung als effektive Technik für die Synthese von linearen Polymeren erläutert. 

Die durch thermoresponsive Polymere geschützten Goldnanopartikel (engl. gold 

nanoparticles, kurz AuNPs) wurden als relevantes Konzept diskutiert.  

In der Synopse werden die Schwerpunkte der fünf Publikationen dargelegt und deren 

Zusammengehörigkeit erläutert. Die fünf Publikationen wurden in der veröffentlichten 

Form dieser Dissertation beigefügt. 

In der 1. und 2. Publikation wurden die reversible Additions-Fragmentierungs 

Kettenübertragungs (engl. reversible addition fragmentation transfer, kurz RAFT) -

Polymerisation und die radikalische Atomtransfer Polymerisation (engl. atom transfer 

radical polymerization, kurz ATRP) als kontrollierte radikalische 

Polymerisationsmethoden zur Herstellung von linearem Poly(N-acrylglycinamid) 

(PNAGA) verwendet. In beiden Arbeiten wurde eine gute Kontrolle der Polymerisation 

erhalten, welche durch die lineare Steigerung des Molekulargewichtes mit steigendem 
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Umsatz und einer engen Molekulargewichtsverteilung bestätigt wurde. Außerdem 

konnte in beiden Veröffentlichungen eine erfolgreiche Kettenverlängerung durch 

zusätzliche Reaktionen durchgeführt werden, in denen die Polymere als 

Makroinitiatoren verwendet wurden. Es wurde festgestellt, dass nicht-ionische 

Kettenübertragungsmittel (nur für RAFT) und Initiatoren entscheidende Faktoren 

waren, um Polymere mit UCST-Eigenschaften in wässriger Lösung zu erhalten. In der 

1. Publikation wurde gezeigt, dass die hydrophoben Dodecyl-Endgruppen des 

Kettenübertragungsmittels eine Temperaturerhöhung der Trübungspunkte von 

Polymeren mit niedrigen Molekulargewichten (Mn weniger als 10000 g/mol) 

verursacht. Aus diesem Grund wurde in der 2. Publikation ein dem Monomer in der 

Struktur ähnlicher Initiator gewählt, um lineare Polymere mit primären 

Amidendgruppen zu synthetisieren. In beiden Publikationen wurde der Einfluss der 

Molmasse, der Endgruppen sowie der Salzkonzentration (NaCl und Na2SO4) auf den 

Trübungspunkt durch Trübungsmessungen analysiert.  

In der 3. Publikation wurde über RAFT-Polymerisation (analog Publikation 1) 

trithiocarbonat-endfunktionalisiertes PNAGA synthetisiert und dieses durch einen 

Ligandenaustausch in einer Phosphatpufferlösung auf AuNPs gepfropft. Die 

PNAGA@AuNPs-Hybrid Materialien zeigten die UCST-Eigenschaft in einer 

Phosphatpufferlösung. Die Phasenübergänge sind stabil und reversibel für mindestens 

neun Kühl-/Heizzyklen. Es wurde gezeigt, dass die Funktionalisierung der AuNP keine 

Auswirkung auf die Trübungspunkte von PNAGA hatte. 

Publikation 4 präsentiert das UCST-Verhalten von chemisch vernetztem PNAGA-

Hydrogel, welches durch freie radikalische Polymerisation und N,N'-

Methylenbis(acrylamid) (MBAAm) als Vernetzer synthetisiert wurde. Das Hydrogel 

zeigte kontinuierliche Volumenänderungen in Wasser und in Elektrolytlösungen. Es 

quoll bei erhöhter Temperatur und schrumpfte beim Abkühlen. Der Quellgrad des 

Hydrogels konnte durch den Gehalt des Vernetzer im Polymer beeinflusst werden. Bei 

geringen Mengen an Vernetzer zeigte sich ein ähnliches Quell- und Schrumpfverhalten 

des Hydrogels wie beim linearen Polymer in wässriger Lösung. Es konnte durch viele 

Kühl-/Heizzyklen im Temperaturenbereich von 4 bis 40 °C gezeigt werden, dass die 

Volumenveränderung in reinem Wasser sowie in Phosphatpufferlösungen reversibel ist. 
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In Publikation 5 wird ein Terpolymer mit UCST-Eigenschaften bestehend aus 

Acrylamid (AAm), Acrylnitril (AN) und UV-vernetzbarem Comonomer beschrieben. 

Das Terpolymer mit linearer Struktur wurde durch freie radikalische und RAFT-

Polymerisation synthetisiert und zeigte UCST-Eigenschaften in Wasser und 

Elektrolytlösungen. Die Terpolymere zeigten fast keine Hysterese bei den Kühl- und 

Heizzyklen und besaßen eine hohe Stabilität gegenüber Hydrolyse. Selbst nach neun 

Zyklen war keine Hydrolyse erkennbar. Die Trübungspunkte der Polymerlösungen 

konnten durch den Acrylnitrilgehalt im Polymer variiert werden. Chemisch vernetzte 

Filme und Nanofasern der Terpolymere wurden durch Lösungsgießen bzw. 

Elektrospinnen und anschließende UV-Bestrahlung erfolgreich hergestellt. Die so 

hergestellten Hydrogele zeigten temperaturabhängige Volumenänderungen, die für die 

Gestaltung von Mikro-Aktoren verwendet werden können. 

Im Ausblick wird auf die Herausforderungen und Anwendungen von UCST Polymeren 

eingegangen. Bisher sind nur nicht-ionische UCST-Polymere, welche Amid- oder 

Ureido-Gruppen besitzen, bekannt. Theoretisch könnten auch andere hydrophile 

Polymere, die funktionelle Gruppen enthalten, welche Wasserstoffbrückenbindungen 

ausbilden können, eine UCST-Eigenschaft aufweisen. Dadurch wären deutlich mehr 

UCST Polymere zugänglich. Das nicht-ionische Hydrogel mit einer thermoresponsiven 

Eigenschaft könnte für die Arzneimittelfreisetzung genutzt werden. Es konnte gezeigt 

werden, dass es nun möglich ist, vernetzte Polymere mit unterschiedlichen Formen aus 

linearen Polymeren durch die Bestrahlung mit UV-Licht herzustellen. 
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List of symbols and abbreviations 

AAc acrylic acid 

AAm acrylamide 

AIBN azobisisobutyronitrile 

AN acrylonitrile 

ATRP atom transfer radical polymerization 

AuNPs gold nanoparticles 

BPA 4-acryloyloxybenzophenone 

BPAm N-(4-benzoylphenyl) acrylamide 

CGC critical gel concentration 

CMDT cyanomethyl dodecyl trithiocarbonate 

CRP controlled radical polymerization 

DMSO dimethyl sulfoxide 

DSC differential scanning calorimetry 

eq equivalents 

FRP free radical polymerization 

GPC gel permeation chromatography 

IPNs interpenetrating polymer networks 

LCST lower critical solution temperature 

MBAAm N,N’-methylenebisacrylamide 

m, n degree of polymerization 

Mn number average molar mass 

Mw weight average molar mass 

NAGA N-acryloylglycinamide 
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NIPAM N-isopropylacrylamide 

NMP nitroxide-mediated polymerization 

NMR nuclear magnetic resonance 

PAAc propylacrylic acid (monomer) 

PAAc poly(acrylic acid) 

PAU poly(6-(acryloyloxymethyl)uracil) 

PEG poly(ethyleneglycol) 

PEO poly(ethylene oxide) 

PBS phosphate buffered saline  

PDI polydispersity index 

ppm parts per million 

PDMAEMA poly(N,N-dimethylaminoethyl methacrylate) 

PMAAm polymethacrylamide 

PNAGA poly(N-acryloylglycinamide) 

PNIPAM poly(N-isopropylacrylamide) 

PSPP poly(N,N’-dimethyl(methacrylamido propyl)ammonium 

propanesulfonate) 

PU poly(allylurea) 

PVA poly(vinyl alcohol) 

RAFT reversible addition fragmentation chain transfer 

SEM scanning electron microscopy 

SPR surface plasmon resonance 

St styrene 

TCP cloud point 
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UV ultraviolet light 
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1. Introduction 

Polymers with thermoresponsive property are attracting more and more attention. In 

this thesis polymers with upper critical solution temperature (UCST)-type 

thermoresponsivity were prepared and their properties were studied. In section 1.1 the 

thermoresponsive behaviors of polymers were reviewed, the synthesis and properties 

of polymers with UCST-type as well as their applications were emphasized. Open 

questions in this area lead to the aims of this thesis, which were summarized in section 

1.2. To achieve the aims, controlled radical polymerization (CRP) was employed as 

efficient polymerization method in this work to prepare polymers with well-defined 

structures. Thus, the fundamentals of CRP were highlighted in section 1.3 including 

discussion of mechanisms. Furthermore, section 1.4 introduces fundamentals of 

polymer-stabilized gold nanoparticles (AuNPs) and examples of thermoresponsive 

polymers applied to protect gold nanoparticles.  

1.1 Thermoresponsive polymers 

Every polymer in solution shows more or less sensitivity to temperature: the solubility 

of any polymer in a specific solvent is affected by temperature. A thermoresponsive 

polymer, however, changes its property markedly and reversibly in response to minor 

changes of temperature. Among different types of smart polymers, polymers with 

temperature responsivity draw increasingly more attention, because temperature can be 

easily controlled compared to other environmental factors such as pH, salt 

concentration, magnetic field etc.. In the past decades, thermoresponsive polymers were 

widely studied in the fields of analytic technology such as ion exchange 

chromatography[1,2], biology[3–6] and medicine[7–10]. Focusing on the biological and 

biomedical applications, thermoresponsive behaviors of polymer in aqueous solution 

are of interest and discussed in this thesis. 

Thermoresponsive polymers are divided into polymers with lower critical solution 

temperature (LCST) and upper critical solution temperature (UCST) based on their 

phase transition behavior. The LCST polymers dissolve in the solvent at low 

temperature and precipitate out upon heating. In contrast to LCST, the phase separation 

of UCST-type polymers from solvent occurs upon cooling.  

The phase behaviour of the polymer solution was normally displayed by isobaric phase 

diagrams which shows how the phase separation temperature depends on the 
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concentration of polymer solution (Figure 1-1). As shown in Figure 1-1, LCST is the 

lowest phase separation temperature and UCST the highest one in the binodal curve. 

Thus, above the UCST and below the LCST, only one phase exists for all compositions. 

 

Figure 1-1. Phase diagram for a polymer solution showing lower critical solution temperature (LCST) 

and upper critical solution temperature (UCST). LCST and UCST are defined as the lowest and highest 

temperature in the binodal curve, respectively. 

The phase transition of a single polymer chain (coil to globule) in organic solvents 

could be explained by mean-field theory.[11] The transition of polymers in aqueous 

media, on the other hand, is different from organic solvents, because the hydrogen 

bonding as well as hydrophilic and hydrophobic interactions affect the solubility of 

polymer in water more than short range Van der Waals interactions.[12] 

The change of Gibbs free energy ΔG, which is the difference between the enthalpic and 

the entropic components, represents whether a process will happen spontaneously 

(Equation 1),  

∆G = ∆H − T∆S    (1) 

where ΔH and ΔS represent the change in enthalpy and the change in entropy, 

respectively. 

Polymers with LCST behavior dissolve in water at low temperature, the polymer 

hydrophilic moieties build hydrogen bonding with water and the hydrophobic moieties 

are surrounded with well-organized hydration shell.[13] (Figure 1-2) At high 

temperature, however, part of the hydrophilic moieties build hydrogen bonding with 
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each other and the hydrophobic moieties associate, liberating the water molecules in 

bulk. With increasing temperature, the enthalpic component ΔH is positive due to 

breakage of the hydrogen bonding with water, so is the entropic component ΔS because 

the well-organized hydration shells are released into bulk. This means that at a high 

temperature, ΔG becomes negative and the phase separation happens spontaneously. 

 

 Figure 1-2. Schematic illustration of LCST-type phase separation of poly(N-isopropylacrylamide) 

(PNIPAM) in water.[13] (Reprinted with permission from Ref. [13]; Copyright 2007 Elsevier)  

UCST polymers build strong hydrogen bonding with each other at low temperature. 

The hydrogen bonding turns weak when temperature increases.[14] Thus, at high 

temperature polymer-polymer hydrogen bonding are cleaved and the polymer 

hydrophilic moieties build hydrogen bonding with water, which leads to a positive 

enthalpic component ΔH. The entropic component ΔS is positive, because the polymer 

dissolves in the aqueous solution. This means at a high temperature, ΔG becomes 

negative and the dissolution process happens spontaneously. Similar behavior was 

found for small inorganic compounds like sodium chloride or sugar, where the small 

molecules dissolve in water by destroying their crystal structures.[15] 

The phase separation is normally monitored by a photometer, showing the cloudiness 

of the polymer solution at different temperatures. Cloud point (TCP) refers to the 

temperature where the solution transmittance changes. Thus, the definition of TCP is 

depending on the shape of the turbidity curve. Generally, TCP is defined as the inflection 

point of the turbidity curve or the temperature where the transmittance is 50%. 

Furthermore, polymer solutions show different cloud point on heating and cooling 

processes. The difference between the cloud point upon cooling and heating is defined 

as hysteresis. The cloud point is affected also by the rate of temperature changing as 

well as the polymer concentration. Other common characterization tools for 
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thermoresponsive polymer solution are differential scanning calorimetry (DSC) by 

monitoring the enthalpic effects[16–18] and light scattering by detecting the coil to 

globule transition[19]. 

Polymers with LCST-type thermoresponsivity in water 

Many polymers show LCST-type thermoresponsivity in aqueous media. Among them, 

homo- and copolymer from N-substituted (meth)acrylamides, for example poly(N-

isopropylacrylamide) (PNIPAM) and its copolymers are the most commonly studied 

LCST-type polymers.[4,12,20] PNIPAM displays a sharp phase transition in water with a 

small hysteresis on cooling and heating.[16–18,21] Gomes and coworkers found via light 

scattering that the TCP of PNIPAM aqueous solution stayed at 32 °C in a concentration 

between 1 and 18 wt.%.[19] The sharp phase transition, small hysteresis and stable cloud 

point (32 °C) in broad polymer concentration range explained the wide use of PNIPAM 

for many varying applications. A typical turbidity curve of PNIPAM in aqueous 

solution is shown in Figure 1-3. 

 

Figure 1-3. Typical turbidity curve of a LCST-type polymer solution, PNIPAM as example.[21] Here “TC” 

represented cloud point. (Reprinted with permission from Ref. [21]; Copyright 2015 Elsevier) 

Beside PNIPAM, other N-substituted (meth)acrylamide homopolymers exhibiting 

LCST type phase separation behaviour in water were reviewed by Aseyev and 

coworkers[12] and are listed as follows: poly(N-isopropylmethacrylamide) (PiPMAAm), 

poly(N-ethylacrylamide) (PEAAm), poly(N-ethylmethacrylamide) (PEMAAm), 

poly(N,N’-ethylmethylacrylamide) (PEMAAm), poly(N,N’-diethylacrylamide) 

(PDEAAm), poly(N-n-propylacrylamide) (PnPAAm), poly(N-n-
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propylmethacrylamide) (PnPMAAm), poly(N-cyclopropylacrylamide) (PcPAAm), 

poly(N-(L)-(1-hydroxymethyl)propylmethacrylamide (P(L-HMPMAAm)), poly(N-

acryloylpyrrolidine (PAPR) and poly(N-acryloylpiperidine) (PAOPip). These polymers 

have both hydrophilic acrylamide and hydrophobic alkyl groups in the polymer side 

chain, which are responsible for the LCST properties in water, same as some poly(N-

vinylamide)s, poly(methyl 2-alkylamidoacrylate)s and poly(oxazoline)s. 

Other types of LCST polymers contain poly(ether)s such as poly(ethylene oxide)s (PEG, 

TCP about 100 °C), poly(vinyl ether)s as well as poly(vinyl alcohol)s (PVA). Among 

them, PEO, also widely called poly(ethyleneglycol)s (PEG), is broadly applied in 

biomedical fields due to their excellent biocompatibility.[22,23] 

Polymers with UCST-type thermoresponsivity in water 

In contrast to LCST materials, polymers with UCST property behave more like most 

inorganic solids in terms of dissolution process: the solubility of the polymer increases 

with temperature. Many proteins show UCST-type phase separation (crystallization) in 

aqueous buffer solution.[24] To the best of our knowledge, in 1967 Ranny showed the 

first example of oligomer with UCST behavior by studying the solubility of methyl 

ester of C10 to C18 fatty acids in DMSO.[25] In 1972 Patterson and coworkers showed 

the pressure effects in UCST polymer solution phase behavior.[26] A classic example of 

a synthetic UCST polymer is polystyrene (PS) in cyclohexane.[27,28] However, the 

UCST polymers in aqueous solution are rarely investigated compared to LCST ones.[29] 

Therefore, there are only few application examples of UCST polymers in literature.[30] 

It was in 2012 that polymers with UCST in aqueous solution were reviewed for the first 

time.[29]  

Figure 1-4 displays the number of publications on UCST behavior of polymer aqueous 

solution as well as general UCST behavior, such as UCST behavior of small molecules 

or polymer blends and UCST behavior in organic solvents, in the last decade. It is clear 

that attention given on polymers with UCST behavior in water or electrolytes increased 

rapidly since year 2010. This is understandable because demands on thermoresponsive 

polymers for different applications are increasing and new polymer systems with UCST 

property in aqueous solution were found. 
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Figure 1-4. Number of publications per year in the last decade on general UCST behavior and UCST 

behavior of polymer in aqueous solution, respectively. (Based on a SciFinder search on February 26, 

2015 with keyword: UCST) 

There are polymers with UCST in water below zero or above 100 °C. For example, the 

UCST of poly(vinyl methyl ether) (PVME) in water is below -10 °C.[31,32] PEO with 

different molecular weights showed both UCST (between 250 and 300 °C) and LCST 

behavior (between 100 and 170 °C).[33] Some hydrophobically modified poly(vinyl 

alcohol)s showed UCST-type behavior at high temperatures.[34] Poly(hydroxyethyl 

methacrylate) (PHEMA), a well applied hydrogel material, can be also classified as 

hydrohobically modified PVA. PHEMA with molecular weight less than 5000 g/mol 

displayed a soluble-insoluble-soluble transition with temperature.[35] The cloud point 

for UCST-type transition was found to be above 100 °C.  

Polymers with UCST in water within the 0-100 °C range are reviewed in the following 

sections. 

Ionic polymers with UCST in water 

One family of ionic UCST polymers in aqueous solution are zwitterionic polymers, 

whose UCST-type phase separation is based on the intra- and intermolecular coulomb 

interactions. The ions increased the solubility of zwitterionic polymers. Thus the cloud 

points of zwitterionic polymers decreased significantly in the presence of salt. 
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Examples of zwitterionic homopolymers are polybetaines like poly(3-

dimethyl(methacryloyloxyethyl) ammonium propane sulfonate) (PDMAPS)[36,37] and 

poly(3-[N-(3-methacrylamidopropyl)-N,N-dimethyl]ammoniopropane sulfonate) 

(PSPP)[38] as listed in the previous work.[29] Synthesis and the properties of ionic homo- 

and copolymers with UCST in water are shown in Table 1-1. 

Table 1-1. Zwitterionic polymers with UCST in aqueous solution. 

Polymer Properties 

 

1: PDMAPS 

2: PSPP 

3: Polysoap 

Homopolymers showed UCST behavior in pure 

water and the cloud points decreased in 

presence of salts. (Ref. [36–38]) 

Agarose-graft-PDMAPS block 

copolymer 

Prepared via atom transfer radical 

polymerization (ATRP) in DMSO, 

using CuBr−bpy as a catalyst 

system 

Phase transition between 30 and 60 °C  

(c = 1 mg/mL) 

Aggregation of copolymer by cooling in pure 

water as well as in NaCl and urea solution with 

different concentrations.(Ref. [39]) 

RAFT polymerization of 

PDMAPS using water soluble 

CTA: 4-cyano-4-

(phenylcarbonothioylthio) 

pentanoic acid (CPTA) 

High molar mass polymer up to 500 kDa. 

Polymers with 5 kDa and 20 kDa molar mass 

showed no UCST in water (c = 1 mg/mL). 

Block copolymer of PDMAPS and hydrophilic 

PEGMA led to disappearance of UCST in 

water. (Ref. [40]) 
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Table 1-1. Zwitterionic polymers with UCST in aqueous solution. (continued) 

Polymer Properties 

PSPP@AuNP  

 

(Scheme reprinted with permission 

from Ref. [41]; Copyright 2014 

Elsevier) 

PSPP prepared through RAFT polymerization; 

PSPP@AuNP hybrid via ligand exchange. 

PSPP@AuNP remained dispersed in pure water 

at any temperature even at low ionic strength. 

Free polymer chains in solution lead to an 

aggregation of PSPP@AuNP at low 

temperature. (Ref. [41]) 

 

Halophilic polysulfabetaines PSB 

Monomers were synthesized by ring opening 

reaction and the polymers were prepared via 

FRP using 4,4’-azobis(4-cyanovaleric acid) 

(ACVA) at 90 °C in 0.5 M aqueous NaBr 

solution. 

Polymers formed hydrogel by the polar action 

between zwitterions and water. UCST behavior 

was observed in presence of NaCl. (Ref. [42]) 

PEG-b-PSB  

Prepared by RAFT polymerization 

using PEG methyl ether (4-cyano-

4-pentanoate dodecyl 

trithiocarbonate) as CTA 

Polymers built self-assembled microspheres (~ 

1μm) when the solution temperature was below 

the UCST. 

TCP: 20-60 °C 

Influence of NaCl was shown. (Ref. [43,44]) 

 

PSBMA-co-DPA prepared via 

FRP using AIBN in DMF and 

water mixture. 

Polymers with molar ratio of SBMA and DPA 

in copolymer =95/5 showed UCST behavior in 

pH 3 to pH 7. Cloud points decreased with 

higher pH value. With higher amount of DPA, 

the copolymer became insoluble in aqueous 

solutions between pH 5 and pH 7. (Ref. [45]) 
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Table 1-1. Zwitterionic polymers with UCST in aqueous solution. (continued) 

Polymer Properties 

 

PSBMA-co-DMAEMA via ATRP 

on silica nanoparticles surface with 

CuBr2-bpy as a catalyst system in 

methanol/water mixture. 

Copolymer with molar ratio of SBMA and 

DMAEMA =75/25 showed UCST and LCST in 

one. With higher amount of SBMA in 

copolymer, only UCST property remained. The 

cloud points increased up to 53 °C. (Ref. [46]) 

 

Polymer synthesis via FRP with 

KPS/TEMED redox pair in 

aqueous media. 

Nanocomposite gel was prepared by adding 

inorganic clay platelets in the DMAA 

copolymers. 

The nanocomposite gel showed 

transparent/opaque transition with temperature 

(UCST-type) and good mechanic property. 

(Ref. [47–49]) 

 

N-sulfopropylated b-PEI (PS-PEI) 

Polymers prepared through sulfopropylation of 

biopolymer branched PEI. 

TCP in water was between 19 and 85 °C and 

depended on molar ratio of sulfonate and PEI. 

A higher content of sulfonate increased the TCP.  

UCST behavior was highly pH-dependent. 

(Ref. [50]) 
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Table 1-1. Zwitterionic polymers with UCST in aqueous solution. (continued) 

Polymer Properties 

 

Polymers were prepared via FRP 

using ACVA at 90 °C in 25 wt% 

aqueous NaBr solution. 

Polymers are stable against hydrolysis. 

Polymers behaved like hydrogels in water and 

showed UCST behavior in presence of NaCl 

with TCP in the range 20-40 °C. (Ref. [51]) 

 

Polysulfobetaines and their copolymers via 

post-modification of poly-(pentafluorophenyl 

acrylate) (PPFPA) with 3-((3-

aminopropyl)dimethylammonio) propane-1-

sulfonate (ADPS) and pentylamine, 

benzylamine, or dodecylamine (insoluble), 

respectively (Ref. [52]) 
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Polyelectrolytes in the presence of multivalent counterions  

In analogy to zwitterionic polymers some polyelectrolytes show UCST behavior under 

certain ionic concentration and pH value. For instance, the micelles based on PEO and 

protonated poly(2-vinylpyridine) (PEO-b-P2VPH+) show reversible UCST-type 

micelles-solution transition in a temperature range of 38 to 70 °C, in presence of 

divalent peroxodisulfate ions (S2O8
2-) at pH 1.3.[53] Other examples are listed in Table 

1-2.  

Table 1-2. Polyelectrolytes with UCST in aqueous solution. 

Polymer Properties 

 

Polymeric ionic liquids prepared via living 

cationic polymerization following post-

modification and anion exchange reaction. 

Polymers with Mn ~ 15 kDa and 

PDI ~ 1.1. 

TCP between 5 to 15 °C with 

concentration of 2 wt.% in water. 

For polymer 1, TCP dependence 

on polymer concentration was 

shown. Up to 20 wt.% the TCP 

was about 25 °C. (Ref. [54]) 

 

Polymer prepared via polyaddition and 

subsequent quaternization with (without) PEG2000 

Copolymers showed UCST 

behavior with p = 0, 1, 2, 3 (and 

5 mol% of q).  

TCP: 48-84 °C (Ref. [55]) 

 

α-helical polypeptide, prepared by ring-opening 

polymerization of N-carboxyanhydride with 

subsequent post-polymerization and ion-

exchange reaction. 

Biodegradable polymer 

TCP: 36°C for I- (Mn = 30.4 kDa, 

PDI = 1.5) and 69 °C for BF4
- (Mn 

= 27.9 kDa, PDI = 1.5)  

(Ref. [56]) 
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Table 1-2. Polyelectrolytes with UCST in aqueous solution. (continued) 

Polymer Properties 

Blend of P(NIPAM-co-2-acrylamido-

glycolic acid) and PDMAEMA 

LCST-UCST-type phase transition in acid 

solution; UCST behavior at high 

temperature based on the protonation of 

PDMAEMA (Ref. [57]) 

PEG-b-PDMAEMA LCST-UCST in one at pH value of 10 and 

12; thermoresponsive behavior was pH and 

salt dependent. (Ref. [58]) 

 

Polymers prepared via RAFT 

polymerization 

PMOTAI: Mn = 52 kDa, 

PIL-1: Mn = 25 kDa 

UCST behavior dependence on polymer 

concentration, counterions and NaCl were 

studied. 

TCP: between 20-90 °C (Ref. [59]) 

 

PAA/P4VP complex aqueous material 

UCST in pH between 1.7 and 2.5. The 

phase behaviors were characterized by 

FTIR and UV/Vis spectroscopy. (Ref.[60]) 
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Non-ionic polymers with UCST in water 

The non-ionic UCST polymers form very strong hydrogen bonding between polymer 

moieties and with water. The hydrogen bonding is more stable against ions, meaning 

that the UCST behaviors of non-ionic polymers are less sensitive to the salt 

concentration in water. For the applications in biological and biomedical areas, 

polymers with an inert UCST behavior against ions are of advantage. So far non-ionic 

polymers with UCST-type thermoresponsivity featured primary amide or ureido groups, 

which are responsible for the hydrogen bonding between polymer and water.[29] Some 

examples are discussed as follows and listed in Table 1-3.  

Poly(N-acryloylglycinamdie) (PNAGA) is the most studied UCST polymers so far. It 

was first synthesized by Haas in 1964 to produce a thermally reversible aqueous gels.[61] 

Later, they studied the gelation process and found that the gel remains dissolved in 

presence of small amount of urea or thiocyanate, which interrupts the hydrogen 

bonding.[62] The copolymerization of NAGA with acrylic acid was also investigated. It 

was concluded by calculating the average number of groups involved in a crosslink, 

that the gelation (also known as physical cross-linked gel) is based on the hydrogen 

bonding.[63,64] The aggregation of PNAGA in presence of sodium thiocyanate was 

studied by using dynamic and static light scattering and viscometer.[65] The local 

structural changes during sol-gel transition and in dilute solution was monitored using 

Raman spectroscopy. It was confirmed that the thermoresponsive hydrogen bonding is 

responsible for the transition.[66] The first controlled radical polymerization of NAGA 

was carried out by Glatzel and coworkers via RAFT polymerization by using ionic 

chain transfer agent and initiator.[67] The critical gelation concentration was found to 

decrease with increasing molecular weight. Another very recent work from Boustta and 

coworkers showed nicely the drug delivery experiment based on sol-gel transition of 

PNAGA, inspiring more application of PNAGA as well as UCST polymers.[68]   

The UCST-type phase separation of PNAGA homopolymer made via FRP in DMSO 

using AIBN as initiator was first discovered by Agarwal and coworkers.[69] Later it was 

well discussed how the ionic groups can be introduced in the polymer chain before or 

after polymerization and thus could lead to a significant decrease or disappearance of 

cloud point.[70] In summary, the acrylic acid or acrylate impurities in the monomer, 

ionic initiator or/and chain transfer agent (in RAFT process) and hydrolysis caused by 
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high polymerization temperature or sample preparation should be avoided to get a 

PNAGA with UCST-type thermoresponsivity. These important hints are followed 

during the thesis. 

Besides PNAGA homopolymer, a series of copolymers based on NAGA were 

synthesized and showed UCST behavior in aqueous solution: poly(N-

acryloylglycinamide-co-N-acetylacrylamide) (PNAGA-co-NAcAAm),[69] poly(N-

acryloylglycinamide-co-butyl acrylate) (PNAGA-co-BA), poly(N-acryloylglycin-

amide-co-styrene) (PNAGA-co-St).[71] Furthermore, some derivatives of PNAGA also 

show UCST-type thermoresponsivity, for example poly(N-aryloylasparagineamide) 

(PNAAAm), poly(N-acryloylglutamineamide) (PNAGAAm) and poly(methacruloyl-

asparagineamide) (PNMAAAm).[72]  

Poly(acrylamide) (PAAm) is a well-known water soluble polymer. Copolymers based 

on acrylamide, however, could show UCST-type transition in water and electrolytes. 

Agarwal and coworkers have shown a series of copolymer of acrylamide (AAm) and 

acrylonitrile (AN) via free radical polymerization with cloud point from 5 to 60 °C by 

adjusting the content of AN in polymer.[71] A copolymer based on AAm and St could 

display UCST in water with homogeneous polymer composition.[73] Zhang and 

coworkers. showed the reversible addition fragmentation chain-transfer (RAFT) 

polymerization of AAm and AN with different molar mass and content ratio.[74] The 

copolymer showed as expected UCST in aqueous solution. Thereafter, one sample was 

extended by hydrophobic (styrene), hydrophilic (dimethylacrylamide) and typical 

LCST monomer (N,N’-dimethylaminoethyl methacrylate), respectively. All 

synthesized block copolymers kept their UCST behavior in aqueous solution. 

Polymethacrylamide (PMAAm) featured primary amide groups, same as PAAm, and 

additional methyl group at the polymer backbone that makes PMAAm more 

hydrophobic, which could work as AN or St in the examples mentioned above. This 

assumption was proved by Agarwal and coworkers who chose non-ionic initiator AIBN 

for the polymerization of MAAm and the polymer showed UCST-type transition in 

water, while the former studies failed to notice the property.[71,75] 

Aoki and coworkers showed that the UCST-type phase separation of poly(6-

(acryloyloxymethyl)uracil) (PAU) synthesized by free radical polymerization in DMF 

using AIBN as initiator.[76] They also observed the transition temperature dependence 
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of adenosine concentration, indicating the hydrogen bonding was the key for phase 

separation. 

It was shown by Shimada and coworkers that ureido-derivatized polymers exhibited 

UCST behavior under physiological buffer condition.[30] They modified poly(allylurea) 

(PU) and poly(L-citrulline) derivatives with succinyl anhydride (PU-Su) and acetyl 

anhydride (PU-Ac) to adjust the cloud point and to control interactions between 

polymers and biocomponents. Very recently, Mishra and coworkers synthesized a 

series of ureido derivatized polymers via atom transfer radical polymerization (ATRP) 

and further quarternized with methyl iodide. The cloud point of the polymer in aqueous 

solution was found to be dependent on the degree of quaternization.[77] 

Ritter and coworkers showed the UCST-type transition of poly(N-vinylimidazole-co-

1-vinyl-2-(hydroxymethyl)imidazole) and further modified the copolymer with small 

amounts of adamantyl groups to control the cloud point of the polymers in water.[78,79] 

A low molecular weight poly(trimethylene ether) glycol (P03G, Mn = 300 g/mol) was 

found to exhibit both LCST and UCST phase separation in water at low and high 

concentration, respectively.[80] This can be explained by the hydrophobicity of this 

polymer in comparison to PEO, leading to a shift of the LCST and UCST to 0-100 °C 

range. 

Di and coworkers show the UCST behavior of poly(N-propionyl-aspartic acid/ethylene 

glycol) (PPAE) synthesized via polycondensation of L-aspartic acid and ethylene 

glycol, which could show promising applications in biomedical field. 

Recent review by Roth pointed out a new strategy for the preparation of stimuli-

responsive materials by postpolymerization modifications.[81] As example, copolymers 

with UCST property was synthesized by modifying polyacrylate with appropriate 

amounts of aliphatic primary and secondary amines. 

Table 1-3. Non-ionic polymers with UCST in aqueous solution. 

Polymer Properties 

 

Copolymers prepared via FRP and RAFT 

polymerization. (Ref. [71,74]) 

TCP could be controlled by varying the content of 

AN in polymer.[71] 
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Table 1-3. Non-ionic polymers with UCST in aqueous solution. (continued) 

Polymer Properties 

 

Copolymers prepared via FRP showed no UCST 

behavior, only the sample via RAFT 

polymerization showed UCST behavior.  

(Ref. [73]) 

 

poly(N-propionyl-aspartic 

acid/ethylene glycol) (PPAE) 

Mn: 4~10 kDa, 

PDI: ≈ 3 

TCP: 27-32 °C in water 

UCST behavior also in alcohol/water mixture 

(Ref. [82]) 

 

1: poly(N-vinylimidazole-co-1-

vinyl-2-(hydroxymethyl)-

imidazole) 

2: (1-Vinyl-2-yl)methyl-

adamantan-1-ylcarbamate 

 

polymers show UCST only if molar ratio of 

comonomer 1-Vinyl-2-(hydroxymethyl)-

imidazole (polymer 1) is higher than 0.4 eq. TCP 

between 18-40 °C in water, 4 wt.% in water 

TCP decreased with pH value: at pH 2 the 

copolymers are completely protonated and show 

no UCST 

Terpolymer 2: with 0 mol% comonomer, TCP = 

41 °C. with 1 mol%, comonomer TCP = 78 °C and 

with 2 mol% hydrophobic cyclodextrine side 

group TCP over 100 °C 

(polymer 1 Ref. [79] and polymer 2 Ref. [78]) 

 

Only if n = 1, LCST, TCP = 23 °C 

n= 0, polymer is water soluble 

n= 2, 3 polymer is water insoluble 

Copolymer with hydrophilic N-vinylimidazole 

also show LCST. (Ref. [83]) 
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Table 1-3. Non-ionic polymers with UCST in aqueous solution. (continued) 

Polymer Properties 

ureido-derivatized polymers 

 

Polymer 1: TCP = 76 °C and polymer 2, TCP = 

96 °C higher hydrophobicity results in higher 

TCP. 

Partly quaternization with methyl iodide 

decreased the TCP. (Ref. [77]) 

 

Copolymers with ionic groups were sensitive to 

buffer condition such as pH and salt condition. 

PU-Am7 selectively captured proteins.  

(Ref. [30]) 

 

Schizophrenic diblock copolymer, 

From conventional micelles via unimers to 

reverse micelles and precipitated upon heating in 

presence of NaCl and [Co(CN)6]
3- (Ref. [84]) 

It should be noticed that in another example the 

authors showed a copolymer with methacrylic 

acid, which lead to disappearance of UCST in 

water, showed UCST only in alcohol–water 

solvent mixtures (Ref. [85]) 

 

The influence of different counterions such as 

[Co(CN)6]
3-, [Fe(CN)6]

3-, [Cr(CN)6]
3- on the 

LCST and UCST behavior of PDMAEMA. 

(Ref. [86]) 
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Table 1-3. Non-ionic polymers with UCST in aqueous solution. (continued) 

Polymer Properties 

Supramolecular system from β-

CD trimer and naphthalene-

terminated poly(ethylene glycol) 

(PEG-NP2) 

Cyclodextrin (CD) inclusion complex 

Upside down bell-shaped UCST-LCST phase 

transition (Ref. [87]) 

 

Copolymer of acrylamide (0.87 mol%) and 

benzylacrylamide (0.13 mol%) via post 

modification, showed TCP of 7 °C in water.  

(Ref. [88]) 

 

UCST behavior in water with concentration over 

45 wt.%. (Ref. [80]) 

 

Hydrogels with positive and negative thermoresponsive properties in water  

Hydrogels are three-dimensionally crosslinked polymers, which absorb water and swell 

readily without dissolving. With excellent biocompatibility, hydrogels are perfect 

candidates for biological and biomedical applications, for instance cell 

immobilization[89], sensors[90] and on-off release of molecules[7]. Hydrogels may swell 

or deswell dependent on the external environment and thus can be classified as pH, 

ionic strength, electromagnetic radiation and temperature responsive, based on the 

external stimuli.[91,92] Among them thermoresponsive hydrogels have gained more 

attentions because temperature could be easily controlled.[93,94] 

Two most extensively investigated synthetic thermoresponsive hydrogels are based on 

PEG-polyester block copolymers and PNIPAMs.[95] PEG-polyester block polymers 

show a sol to gel transition with decrease in temperature if the concentration is above 

the critical gel concentration (CGC). These classes of polymers were recently nicely 

reviewed by Buwalda and coworkers.[95] The gelation of these polymers is due to 

micelle packing and hydrophobic interactions.[94] These are physically crosslinked 

hydrogels. 

The most famous and well-studied thermoresponsive hydrogels with chemical 

crosslinking are based on the family of LCST polymers, such as PNIPAM mentioned 
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in the section above. Hydrogels made of polymers with a LCST-type transition shrink 

when the temperature is higher than the so-called volume phase transition temperature 

(VPTT) and swell when the temperature is lower than VPTT. Gels with this negative 

volume phase transition behavior are also called thermophobic hydrogels. 

Thermophobic hydrogels were well investigated in different areas, for instance 

thermoresponsive thin hydrogel-grafted surfaces for biomedical application,[96] drug 

delivery[97] as well as cell culture surfaces.[98] 

The first observation of discontinuous phase transition of PNIPAM hydrogel was 

reported by Hirokawa and coworkers in 1984.[99] The first example of PNIPAM 

hydrogel with macroporous structures was prepared by Wu and coworkers in 1992 

using dihydroxyethylene-bis-acrylamid (DHEBAAm) as crosslinker.[100] PNIPAM 

hydrogels have been found with two drawbacks: the release of loaded drugs was very 

quick within 24 hours and the swollen hydrogels have bad mechanical properties. Thus, 

interpenetrating polymer networks (IPNs) of PNIPAM were formed with N,N’-

methylenebisacrylamide (MBAAm) as crosslinker,[101] or covalent copolymer system 

with hydrophilic or hydrophobic monomers for example AAc, propylacrylic acid 

(PAAc), PEO, and L-glutamic acid (L-Glu) to increase or decrease the volume 

transition temperature.[95]  

Hydrogels based on polymers with UCST, however, show a positive volume phase 

transition and thus were defined as thermophilic hydrogels. Hydrogels with 

thermophilic behavior were reviewed very recently by Mah and coworkers.[102] 

Thermophilic hydrogels were less studied compared to their counterpart thermophobic 

hydrogels, similar like polymers with UCST in aqueous solution are rare.[103,104]  

Thermophilic hydrogels based on ionic polymers, for instance polyelectrolyte polymers 

and polyzwitterions which contain positively and negatively charged side groups, have 

been widely studied.[105] The electrostatic forces between intra- or intermolecular ionic 

pairs are responsible for the volume transition behavior.[106] Examples are: Georgiev 

and coworkers prepared PDMAPS hydrogels with ethyleneglycol dimethacrylate 

(EGDM) as chemical crosslinker, showing reversible positive volume-phase transition 

with temperature.[106] Ning and coworkers. showed very recently a UCST-type 

transition of chemically crosslinked hydrogels based on zwitterionic sulfobetaine 

acrylamide.[49] As mentioned previously, the phase transition behavior of ionic 
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polymers are strongly affected by the low molecular weight electrolytes, for example 

salt as well as their concentrations and pH. The volume transition of the hydrogels based 

on these polymers are also found to be salt and pH sensitive.[107]  

Besides ionic hydrogels, interpenetrating polymer networks (IPNs) show interpolymer 

complexation based on hydrogen bonding and thus provide volume transition behavior. 

A well-studied IPN system showing positive VPTT was based on AAm and acrylic acid 

(AAc). Interpolymer complex formation between PAAc, as a proton donor and PAAm, 

as proton acceptor in aqueous solution are formed due to hydrogen bonding.[108] 

Hydrogen bonding became weak with increasing temperature and thus lead to a 

dissociation of the complex.[109–111]. A model of thermoreversible swelling changes 

induced by polymer complex formation and dissociation was introduced by Sakurai and 

coworkers.[112] (Figure 1-4)  

 

Figure 1-4. Model of thermoreversible swelling changes induced by polymer complex formation and 

dissociation.[112] (Reprinted with permission from Ref. [112]; Copyright 1991 Elsevier) 

A comparison of P(AAc-AAm) IPNs and random copolymer particles was presented 

by Bouillot and coworkers. It was found that the IPNs display discontinuous volume 

change, while the copolymer particles show rather a linear increase of swelling ratio 

with increasing temperature.[110] (Figure 1-5) Katono and coworkers showed the first 

IPNs example using poly(AAm-co-MBA) gels as first component and PAAc as second 

component in 1991.[112] In the same work, it was found that, while the poly(AAm-co-

MBA)/PAAc IPNs undergo an discontinuous volume transition behavior, the random 

copolymerized hydrogels from the same monomers exhibit a continuous volume 
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transition. Li and coworkers showed IPNs from poly(acrylic acid)-graft-β-cyclodextrin 

(PAAc-g-β-CD) and PAAm showing UCST behavior at 35 °C and the application in 

drug loading and release using ibuprofen as example.[113] 

 

Figure 1-5. A direct comparison of swelling behaviour of P(AAc-AAm) copolymer and IPNs particle for 

an AAc/AAm molar ratio of 0.96.[110] (Reprinted with permission from Ref. [110]; Copyright 2000 

Springer) 

Similar to AAm, NAGA contains amide groups and thus is also suitable for IPNs. IPNs 

composed of PNAGA and PAAc were also reported in order to modulate volume phase-

transition temperature.[114] (Figure 1-6) 

 

Figure 1-6. Two types of IPNs: Case I, PAAm/PAAc and case II, PNAGA/PAAc. (Reprinted with 

permission from Ref. [114]; Copyright 2003 John Wiley and Sons) 

 



INTRODUCTION 

32 

 

Challenges  

The previous contributions in the Agarwal group in recent years focused on the UCST 

behavior of homo- and copolymers in water like PNAGA, PAAm-co-AN, etc. For the 

first time UCST behavior of PNAGA and copolymer in water was shown in 2010.[69] 

These polymers were synthesized via FRP. In another contribution from Lutz and 

coworkers, RAFT polymerization of NAGA was shown.[67] They failed to observe 

UCST behavior in water. Later in 2012, the fact that traces of ionic groups in the 

polymer can reduce the TCP or prevent phase transition of PNAGA was published by 

Agarwal and coworkers.[70] (Figure 1-7) 

 

Figure 1-7. Traces of ionic groups in the polymer can reduce or prevent phase transition of PNAGA. 

(Reprinted with permission from Ref. [70]; Copyright 2012 American Chemical Society) 

It has been further shown in this work, that the phase transition of PNAGA was broad 

and the hysteresis of cloud points on cooling and heating was around 10 °C. (Figure 1-

8) Thus, it is important to understand the effect of polymer characters on the UCST 

behavior such as cloud point, hysteresis on cooling and heating, and sharpness of the 

phase transition. To achieve this, controlled radical polymerization methods are 

necessary to prepare polymers with well-defined structure, which was achieved in the 

present thesis.  
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Figure 1-8. Turbidity curve of PNAGA in water with concentration of 1.0 wt.%. The hysteresis of cloud 

points on cooling and heating was around 10 °C. (Reprinted with permission from Ref. [70]; Copyright 

2012 American Chemical Society) 

In another contribution from the Agarwal group, copolymers with tunable UCST in 

water and electrolyte solution were introduced.[71] One copolymer system based on 

AAm and AN showed a very sharp phase transition in water and PBS. Another 

advantage of the PAAm-co-AN copolymer system is that the cloud point can be 

manipulated easily by varying the AN content in copolymer.(Figure 1-9) Based on the 

system, it is possible to produce photo cross-linkable polymers with UCST-type 

thermoresponsivity in my work.  

 

Figure 1-9. Turbidity curves of PAAm-co-AN copolymer in PBS. The cloud point can be manipulated 

easily by varying the AN content in copolymer. (Reprinted with permission from Ref. [71]; Copyright 

2012 American Chemical Society) 
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1.2 Aims of the thesis 

Based on the previous understanding of UCST polymers, the aims of this work were to:  

• study the effect of polymer characters such as chain end groups, molar mass and 

polydispersity on the UCST behavior, i.e. cloud point of the polymer aqueous solution, 

hysteresis on cooling and heating, and sharpness of the phase transition. 

• establish the chemistry/methods of grafting UCST polymers on metal nanoparticles. 

• study if UCST behavior can be retained in cross-linked polymer architectures and the 

influence of cross-linker amount (i.e. cross-linker density) on thermoresponsive 

behavior.   

• provide photo cross-linkable UCST polymer based hydrogels for processing to fibers 

and films for applications like microactuators. 
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1.3 Controlled radical polymerization 

Free radical polymerization (FRP) is the easily carried out and widely studied 

polymerization method. FRP can be applied for almost all vinyl monomers and shows 

excellent tolerance to impurities. Another advantage of FRP is that it is possible to 

access high molar mass polymers within short reaction times. However, based on its 

mechanism, FRP does have some limitations such as uncontrolled structure and broad 

polydispersity caused by transfer and termination reactions. Therefore controlled 

radical polymerization (CRP) was required in demand of well-defined polymers with 

controlled structure, for instance block copolymers or star polymers and polymers with 

compositional homogeneous chains.[73,115]  

Theoretically, in a CRP the polymer chains remain active even if all monomers are 

exhausted until deliberately terminated. According to mechanism, CRP can be 

classified under two broad categories: reversible termination or reversible transfer. 

Nitroxide-mediated polymerization (NMP) and atom transfer radical polymerization 

(ATRP) are the two most studied examples of reversible termination, while reversible 

addition fragmentation chain transfer (RAFT) polymerization belongs to the latter one. 

The main mechanism of NMP was the reversible equilibrium between the alkoxyamine 

as dormant species and the growing propagating radical as well as the nitroxide, acting 

as a control agent. (Scheme 1-1). The rapid equilibrium leads to propagation of all 

chains at approximately the same time and this theoretically results in chains of equal 

molar mass. The most widely used nitroxide was 2,2,6,6-tetramethylpiperidinyloxy 

(TEMPO) as shown in Scheme 1-1. With the new development of suitable nitroxides 

and particular experimental conditions in the last decades, the NMP could now be 

applied for almost all conventional vinyl monomers.[116] 

 

Scheme 1-1. General mechanism for NMP. 

ATRP is one of the most investigated controlled radical polymerization system since it 

was first introduced by Matyjaszewski[117–119] and Sawamoto[120] independently in 1995. 
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Similar to NMP, the mechanism of ATRP was based on a reversible redox process: the 

dormant species alkyl halide (R-X) were catalyzed by a transition metal complex (Mt
n-

Y/Ligand) to the propagating radical (R•) and resulting in a corresponding higher 

oxidation state metal halide complex (X-Mt
n+1/Ligand). (Scheme 1-2) At the end of the 

polymerization the chain ends should (ideally) be a halogen atom and the alkyl part of 

the initiator. In the last two decades, ATRP has been developed extensively. Several 

different initiators, metal complex systems were developed for different purpose. 

Excellent review articles are given by Matyjaszewski and others.[115,121–124] 

 

Scheme 1-2. General mechanism for ATRP. 

Another well applied CRP was the RAFT polymerization. The general mechanism of 

RAFT polymerization is shown in Scheme 1-3. Like conventional radical 

polymerization, the RAFT polymerization started with the initiation and ended with 

radical-radical termination process. The radical (Pn
•) added with thiocarbonylthio 

compounds (normally called as chain transfer agent, CTA) to form an intermediate 

radical, the fragmentation of which results in a new thiocarbonylthio compounds (Pn-

SC(Z)=S)) and radical (R•). The radical (R•) propagated further to form radical (Pm
•). 

In the chain transfer and propagation step, the radical (Pm
•) added with the 

thiocarbonylthio compounds (Pn-SC(Z)=S), similar as in the reversible chain transfer 

and propagation step, to form an intermediate radical (Pn-SC•(Z)S-Pm) and followed 

with the fragmentation. The reversible equilibrium between the polymeric 

thiocarbonylthio compounds as dormant species and the growing propagating radicals 

(Pn
• and Pm

•) results in all chains growing with same rate. After the polymerization, the 

polymers are with thiocarbonylthio as end-group, which could be modified for further 

application. Since it was invented in 1998, RAFT was widely developed for almost all 

acrylic monomers.[125–129] The book “Handbook of RAFT Polymerization” of Barner-

Kowollik was strongly recommended as an overview of RAFT polymerization.[130] 
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Scheme 1-3. General mechanism for RAFT polymerization. 
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1.4 Gold nanoparticles stabilized with polymeric ligands 

Gold nanoparticles (AuNPs) were used as colorant for glass or glittering pots from 

Egypt to India and China in history. In the last decades the interest in AuNPs increased 

significantly as they were found to exhibit different physical and chemical properties 

compared to bulk material. Therefore AuNPs are widely applied in catalytic and 

biological areas.[131] For many applications of AuNPs, it is important to protect the 

particle surface from chemical resistance as well as the modification of particle 

surface.[132] The surface modifications by the grafted materials influence the optical 

properties of the AuNPs.[133] Among many protecting materials for the metal 

nanoparticles, polymers are well established candidates to form a core-shell structure. 

Advantages of a polymer protecting film are: (a) the thickness of the film can be 

controlled by varying the chain length of polymer and the coating density of polymer 

on the nanoparticle surface; (b) the functional groups of polymers enable further 

chemistry for nanoparticles and (c) the functionalization of nanoparticles with a stimuli-

responsive polymer results in “smart” materials. The use of stimuli-responsive polymer 

could enlarge the potential applications of nanoparticles in many areas.[134,135] AuNPs 

are normally prepared and in situ stabilized by inorganic compounds such as citrate. 

Two widely used approaches for functionalization of AuNPs with polymers are: 1st the 

“grafting from” approach, where the polymer chains directly grow from the initiators 

attached to the AuNP surfaces and 2nd “grafting onto”, where the polymer are attached 

onto AuNPs via ligand exchange.[136] 

In detail, CRP methods such as surface-initiated atom transfer radical polymerization 

(SI-ATRP) or RAFT polymerizations are required in the “grafting from” strategy.[137–

139] Therefore initiators are attached to AuNP surfaces at first. After polymerization 

polymer brushes are produced. Whereas, in the “grafting onto” approach polymers with 

anchor-groups such as thiol, thiocarbonate and AuNPs are prepared separately.[134,140] 

Functionalization of AuNPs with synthesized polymers is performed via ligand 

exchange process in one phase or two phases. 

In literature, the combination of thermoresponsive polymers with AuNPs and the 

investigation of phase transition of the polymers on AuNPs are well known.[135,140–144] 

A well-studied system is based on PNIPAM; a polymer with LCST-type 

thermoresponsivity in water. Hybrid materials containing PNIPAM as ligand show 



INTRODUCTION 

39 

 

thermoresponsivity in water. Other known LCST polymers for nanoparticle 

functionalization are poly(N-vinyl caprolactam)[145], ethylene oxide oligomers[141] and 

copolymer based on ethylen oxide[146]. Polymers with UCST behavior, on the other 

hand, are rarely investigated for protection of AuNPs. To the best of my knowledge 

only two zwitterionic polymers are known in literature: quarternized poly(N,N-

dimethylaminoethyl methacrylate) (PDMAEMA)[135] and poly(N,N’-

dimethyl(methacrylamido propyl)ammonium propanesulfonate) (PSPP).[41] Due to the 

fact, that the thermoresponsivity of zwitterionic polymers is based on the intra- and 

intermolecular coulomb interactions, the salt concentration influences the polymer 

coated AuNPs dramatically.[41] For this reason, non-ionic UCST polymers are of 

interest, as the phase transition are based on hydrogen bonds and the polymers show 

similar UCST-type phase transition in pure water and in electrolytes solution.[29] 
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2 Synopsis 

This dissertation focuses on the synthesis of polymers showing upper critical solution 

temperature (UCST)-type thermoresponsivity in water and electrolytes with different 

architectures and their properties. The dissertation consists of five interdependent 

chapters, all related to the key property of these polymers and materials: UCST. 

(Scheme 2-1)  

 

Scheme 2-1. Schematic illustration of the thesis: Five interdependent chapters related to the key word of 

this dissertation: upper critical solution temperature (UCST).  

Reversible addition fragmentation transfer (RAFT) polymerization (Publication 1, 

upper left in Scheme 2-1) and atom transfer radical polymerization (ATRP) 

(Publication 2, upper right in Scheme 2-1) were investigated as controlled radical 

polymerization methods for preparing PNAGA of linear structure. The influence of 

molar mass, polymer end-groups, polydispersity and salt concentration on the cloud 

point was analyzed and discussed by turbidimetry measurements to achieve better 

understanding of UCST behaviour in aqueous solution. 
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Polymers synthesized by controlled radical polymerization are of interest due to the 

possibility of post modification of polymer end-groups for further application. As one 

example, trithiocarbonate end-functionalized PNAGA synthesized via RAFT 

polymerization was grafted onto gold nanoparticles (AuNPs) by ligand exchange in 

phosphate buffered saline (PBS). (Publication 3, center left in Scheme 2-1) It was 

found that the hybrid material showed UCST-type phase transition. 

A common example of cross-linked polymer structure was hydrogel, in which a 

chemical cross-linker was applied. Thus, chemically cross-linked PNAGA was 

synthesized to study its thermosensitivity in water and electrolytes. The hydrogel shows 

reversible positive swelling behaviour in pure water as well as in electrolytes, meaning 

the hydrogel swells at high temperature and shrink at low temperature. (Publication 4, 

center right in Scheme 2-1)  

Further, a terpolymer with UCST-type thermoresponsivity has been investigated based 

on acrylamide (AAm), acrylonitrile (AN) and a photo cross-linkable comonomer. 

These terpolymers show stable and reproducible UCST behaviour in aqueous solution. 

The cloud points of the copolymers could be tuned by varying the content of AN in 

polymer. Another advantage of this system was the cross-linkable comonomer, which 

could be utilized as chemical cross-linker after UV irradiation. Thus, this copolymer 

was applied to perform films and fibrous membranes, which also show positive 

thermosensitivity in aqueous solution. (Publication 5, lower in Scheme 2-1) 
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2.1 Controlled radical polymerization of N-acryloylglycinamide and UCST-type 

phase transition of the polymers 

The results of this part have been published by Fangyao Liu, Jan Seuring and Seema 

Agarwal in Journal of polymer science part A: Polymer chemistry 2012, 50, 4920-4928. 

Reversible addition fragmentation transfer (RAFT) polymerization was investigated for 

preparing poly(N-acryloylglycinamide) (PNAGA) of linear structure. Non-ionic chain 

transfer agents (CTAs) and initiators were found necessary for keeping the upper 

critical solution temperature (UCST) property of the polymer in aqueous solution.  

PNAGAs prepared by RAFT polymerizations using AIBN as initiator and 

dibenzyltrithiocarbonate (DBTC) or cyanomethyl dodecyl trithiocarbonate (CMDT) as 

CTAs at 70 °C showed UCST-type phase transition in water. However, the control of 

polymerization was insufficient: polydispersities were above 1.7. A good molar mass 

control was accomplished by choosing CMDT as CTA and 2,2'-Azobis(4-methoxy-2.4-

dimethyl valeronitrile) (V-70) as initiator.(Scheme 2-2)  

 

Scheme 2-2. Optimum conditions for the RAFT polymerization of NAGA to retain the polymer UCST 

behavior in water. 

The successful control of polymerization was proved by low molar mass dispersity 

(between 1.3 and 1.4), linear dependence of molar masses on the conversion (Figure 2-

1, left) and successful chain-extension experiment, in which a PNAGA prepared by 

RAFT polymerizations was used as macroinitiator and it disappeared in the GPC trace 

after the chain-extension (Figure 2-1, right).  
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Figure 2-1. (Left) Molar masses determined by GPC as a function of conversion for different 

monomer:CTA ratios. Lines = Mn,theo; triangles = Mn,exp. (Right) GPC traces of chain extension of 

poly(NAGA) synthesized by RAFT. Dotted line: polymer before chain extension; solid line: polymer 

after chain extension. 

The influence of molar mass, polymer end-groups and salt concentration on the cloud 

point was analyzed by turbidity measurement. PNAGA showed a sharper turbidity 

curve in PBS than in pure water. Moreover, polymers with higher molar mass show 

sharper phase transition than the one with lower molar mass. The hydrophobic dodecyl 

end groups from the chain transfer agent caused an increase of cloud points of polymers 

at lower molar mass (Mn below 10000 g/mol, Figure 2-2). Furthermore, the influence 

of electrolytes on the cloud point of RAFT synthesized PNAGA was studied. 

 

Figure 2-2. Cloud points of PNAGA synthesized by RAFT using CMDT as CTA as a function of molar 

mass. 
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2.2 Atom transfer radical polymerization as a tool for making poly(N-

acryloylglycinamide) with molar mass independent UCST-type transitions in 

water and electrolytes 

The results of this part have been published by Fangyao Liu, Jan Seuring and Seema 

Agarwal in Polymer Chemistry 2013, 4, 3123-3131. 

Atom transfer radical polymerization (ATRP) of N-acryloylglycinamide (NAGA) has 

been used for preparing PNAGA with upper critical solution temperature (UCST)-type 

thermoresponsivity in water and electrolytes. The ATRP of NAGA can be carried out 

in water and DMSO, using 2-bromopropionamide (BPA) and 2-chloropropionamide 

(CPA) as initiator, CuBr/CuBr2 and CuCl/CuCl2 as catalyst as well as tris[2-

(dimethylamino)ethyl]-amine (Me6TREN) as ligand, respectively. (Scheme 2-3) 

 

Scheme 2-3. Optimum conditions for the ATRP of NAGA in aqueous media and DMSO to retain the 

polymer UCST behavior in water.  

ATRP of NAGA in water at 30 °C was found extremely fast: the reaction conversion 

was already about 62 % after 1 min of reaction time (PDI = 1.29). The polymerization 

in DMSO was slower: after 1 hour of reaction time the conversion was 60 %, but a 

better control was achieved (PDI = 1.17). The molar masses increased linearly 

depending on the conversion and the number average molar masses (Mn) agreed with 

the theoretical molar masses (Mn,theo). The polymers are highly stable against hydrolysis 

both in water and in phosphate buffered saline. (Figure 2-3) 
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Figure 2-3. Nine consecutive turbidity measurements of poly(NAGA) synthesized by ATRP with a molar 

mass of Mn = 9600 g/mol. The concentration was 0.2 wt% in PBS. The heating rate was 1.0 °C/min. 

PNAGAs with different molar mass or polydispersity were prepared. It was found that 

by choosing monomer-like non-ionic initiators with primary amide groups (BPA and 

CPA), these polymers showed similar phase transition behaviour in aqueous solution 

(Mn above 5000 g/mol, Figure 2-4). Moreover, the influence of electrolytes on the cloud 

point of ATRP synthesized PNAGA was studied by measuring the turbidity of polymer 

solution with different amounts of salts like NaCl and Na2SO4. 
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Figure 2-4. Cloud points of PNAGA synthesized by ATRP in DMSO using CPA:CuCl:CuCl2:Me6TREN 

as catalyst system at 45 °C as a function of molar mass. 
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2.3 Thermoresponsive gold nanoparticles with positive UCST-type 

thermoresponsivity 

The results of this part have been published by Fangyao Liu and Seema Agarwal in 

Macromolecular Chemistry and Physics. 2015, 216, 460-465. 

Gold nanoparticles (AuNPs) that show positive thermoresponsivity of UCST-type at 

physiological condition were prepared. Trithiocarbonate end-functionalized poly(N-

acryloylglycinamide) (PNAGA) synthesized via reversible addition fragmentation 

transfer (RAFT) polymerization of different molar masses (shown in Section 2.1) are 

grafted onto the AuNPs in phosphate buffered saline (PBS) by ligand exchange 

procedure. Three trithiocarbonate end-functionalized PNAGA samples with different 

Mns (7100 g/mol, 17700 g/mol and 34000 g/mol) were investigated. 

The grafting process had no negative effect on the cloud points, as the 

PNAGA@AuNPs showed similar phase transition behavior as that of the free-PNAGA 

sample used for grafting purpose.(Figure 2-5) The UCST-type transition of 

PNAGA@AuNPs hybrids was reversible with temperature for at least nine 

cooling/heating cycles. Moreover, no aggregation of PNAGA@AuNPs were observed 

in the transmission electron microscopy (TEM) images below cloud point. 
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Figure 2-5 Phase transition behaviour of 0.2 wt% solution of PNAGA17.7@AuNPs (solid curves) and 

free-PNAGA17.7 (dash curves) in PBS buffer. PNAGA17.7@AuNPs showed repeated reversible phase 

transitions at least for nine consecutive times. 
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The UCST-type thermoresponsivity of nanoparticle hybrid was further confirmed 

through DLS measurements by showing that the hydrodynamic radius increased 

simultaneously with increase in temperature of PNAGA@AuNPs. 

The surface plasmon resonance (SPR) peak of PNAGA@AuNPs are at around 522 nm 

at room temperature. Molar mass of grafted polymers had no effect on the SPR peak. 

The effect of UCST-type thermoresponsivity on the SPR of PNAGA@AuNPs was 

studied by tracing the UV/Vis spectrum of PNAGA17.7@AuNPs in PBS at different 

temperatures. (Figure 2-6 A) By cooling the PNAGA@AuNPs in PBS solution from 

30 to 3 °C, the absorption peak increased from 0.54 to 0.95. The SPR of AuNPs was at 

around 522 nm in the temperature range of 30 and 9 °C. Thereafter, the SPR peak 

increased from 522 nm to 525.5 nm. (Figure 2-6 B)  
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Figure 2-6. (A) UV/Vis spectra of PNAGA17.7@AuNPs in PBS at different temperatures; (B) Change in 

the position and intensity of the surface plasmon resonance peak of AuNPs in PNAGA17.7@AuNPs with 

temperature. 
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2.4 A non-ionic thermophilic hydrogel with positive thermosensitivity in water and 

electrolyte solution 

The results of this part have been published by Fangyao Liu, Jan Seuring and Seema 

Agarwal in Macromolecular Chemistry and Physics 2014, 215, 1466-1472. 

Chemically cross-linked hydrogel was synthesized from N-acryloylglycinamide 

(NAGA) with N,N’-methylenbis(acrylamide) (MBAAm) as cross-linker via free radical 

polymerization in dimethyl sulfoxide. Three PNAGA hydrogel samples were prepared 

with different amount of cross-linker MBAAm, i.e. 0.01 eq (Gel-010), 0.016 eq (Gel-

016) and 0.048 eq (Gel-048). The hydrogels showed positive volume transition with 

temperature in water and electrolyte solution: the degree of swelling increased with 

increasing temperature.(Figure 2-7) The stability of hydrogels with different cross-

linker densities were studied. Gel-048 showed excellent stability in the temperature 

range of 4 to 70 °C. 
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Figure 2-7. Degree of swelling of PNAGA hydrogels at different temperatures. The initial weight 

(day zero) and weight after temperature treatment for 6 days was recorded at RT for all gels. A: 

Gel-048, B: Gel-016, C: Gel-010. 

The hydrogels showed reversible and reproducible UCST-type volume change in pure 

water as well as in phosphate buffered saline (PBS). As example, Figure 2-8 shows the 

swelling/deswelling process of Gel-010 by alternate heating and cooling for one day at 

40 and 4 °C, respectively.  



SYNOPSIS 

60 

 

0

20

40

0 2 4 6 8 19 20
1

2

3

4

21 22 38 39 40

D
e
g
re

e
 o

f 
S

w
e
ll
in

g
T

e
m

p
e

ra
tu

re
/ 

C

 

Day

 

 
 

 

 

Figure 2-8. Reversibility volume-change of Gel-010 in water. The initial weight (day zero) was recorded 

at 4 °C. Temperature profile: 4/40. Between day 9 to 20 and day 22 to 38, the hydrogels were placed in 

water at 5 °C. 

Further, the temperature dependence of the degree of swelling for hydrogels was 

investigated by incubating the hydrogels in water at 4, 20, 25, 30, 35, 40, 45, 50, 55, 

and 60 °C.( Figure 2-9) At 5 °C the degree of swelling was about 1.5 for all hydrogel 

samples and increased up to 13 (Gel-010), 7 (Gel-016) and 5 (Gel-048) at 60 °C, 

respectively. The study of volume phase transition behaviour dependency on 

temperature showed that the degree of hydrogel swelling could be tuned by varying the 

contents of cross-linkers.  
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Figure 2-9. Degree of swelling as function of temperature for hydrogels with different contents 

of chemical cross linkers. (Squares = Gel-010, triangles = Gel-016 and circles = Gel-048)  
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2.5 Thermophilic films and fibers from photo cross-linkable UCST-type polymers 

The results of this part have been published by Fangyao Liu, Shaohua Jiang, Leonid 

Ionov and Seema Agarwal in the journal: Polymer Chemistry, 2015, DOI: 

10.1039/C5PY00109A. 

Polymers with UCST-type thermoresponsivity based on acrylamide (AAm), 

acrylonitrile (AN) and N-(4-benzoylphenyl) acrylamide (BPAm) as photo cross-

linkable comonomer were synthesized via free radical and reversible addition 

fragmentation chain-transfer (RAFT) polymerization. (Scheme 2-4)  

 

Scheme 2-4. Formation of photo cross-linkable UCST-type polymer with N-(4-benzoylphenyl) 

acrylamide (BPAm) as cross-linker by RAFT polymerization. 

The UCST-type phase transition of polymer aqueous solution was monitored by 

turbidity measurement. The cloud points could be manipulated by varying the amount 

of AN in the feed. The cloud point of 0.1 wt.% polymer solutions increased with 

increase in AN amount in the feed: from 30 °C (8% AN) via 40 °C (10% AN) to 52 °C 

(12% AN). The terpolymers were stable against hydrolysis and showed almost no 

hysteresis during cooling and heating cycles for at least nine cycles. (Figure 2-10) 
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Figure 2-10. Nine consecutive measurements of 0.1 wt.% solution of poly(AAm-AN-BPAm) made by 

RAFT. The copolymer showed excellent hydrolytic stability and reproducible cloud point with very 

negligible hysteresis (cloud point on cooling: 32.8 °C; cloud point on heating: 33.5 °C).  
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Further, chemically cross-linked films and nanofibers (average diameter around 500 

nm, Figure 2-11) were successfully made from these terpolymers by solution casting 

and electrospinning followed by UV irradiation as cross-linking process. The films and 

nanofibers showed temperature dependent positive volume transitions that were 

unitized for design of microactuators. (Figure 2-12) 

 

Figure 2-11. SEM images of polymer nanofibers in (A) dried and (B) wet state. Insert: pie chart of the 

fiber diameter distribution. 
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Figure 2-12. Temperature dependency of swelling ratio of hydrogels in water prepared by UV irradiation 

from terpolymer DMSO solution. The measurements were started from 50 °C followed by cooling to 

3°C. The swelling ratio data at 85 °C was obtained by testing an extra sample to avoid the effect of 

possible hydrolysis of the hydrogel. At each temperature the samples were equilibrated for 30 min. 
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2.6 Individual contributions to joint publications 

 

Publication 1: Controlled radical polymerization of N-acryloylglycinamide and 

UCST-type phase transition of the polymers 

Dr. Jan Seuring and I contributed equally to this work. Kinetic experiments, turbidity 

measurements and chain extensions were conducted by me. Preliminary experiments 

and writing of the manuscript was done primary by Dr. Jan Seuring. I helped in 

finalization and correction of the manuscript. Prof. Dr. Seema Agarwal (corresponding 

author) was responsible for supervision, designing the concept and correction of the 

manuscript. 

 

Publication 2: Atom transfer radical polymerization as a tool for making poly(N-

acryloylglycinamide) with molar mass independent UCST-type transitions in 

water and electrolytes 

I designed the concept, performed all synthetic and analytic experiments and wrote the 

manuscript. Dr. Jan Seuring provided helpful discussions during the work and corrected 

the manuscript. Prof. Dr. Seema Agarwal (corresponding author) was responsible for 

supervision, participating in discussion, design of concept and correction of the 

manuscript. 

 

Publication 3: Thermoresponsive gold nanoparticles with positive UCST-type 

thermoresponsivity 

I designed the concept, performed all synthetic and analytic experiments and wrote the 

manuscript. Prof. Dr. Seema Agarwal (corresponding author) was responsible for 

supervision, participating in discussion, designing concept and correction of the 

manuscript. 
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Publication 4: A non-ionic thermophilic hydrogel with positive thermosensitivity 

in water and electrolyte solution 

I performed the synthetic and analytic experiments and wrote the manuscript. Dr. Jan 

Seuring did preliminary experiments and corrected the manuscript. Prof. Dr. Seema 

Agarwal (corresponding author) was responsible for supervision, participating in 

discussion, designing concept and correction of the manuscript. 

 

Publication 5: Thermophilic films and fibers from photo cross-linkable UCST-

type polymers 

I designed the concept, performed all synthetic and analytic experiments and wrote the 

manuscript except that Dr. Shaohua Jiang produced the nanofiber mat and performed 

experiments and measurements related to the electrospinning part together with me. Dr. 

Leonid Ionov did the self-rolled polymer films experiment and wrote the part of 

manuscript related to this experiment and Prof. Dr. Seema Agarwal (corresponding 

author) was responsible for supervision, participating in discussion, designing concept 

and correction of the manuscript. 
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3 Reprints of Publications 

 

The manuscripts are reprinted in the form of journal articles with permission of the 

respective publisher. 

The corresponding author is marked with an asterisk. 
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UCST-Type Phase Transition of the Polymers 

 

Fangyao Liu, Jan Seuring and Seema Agarwal*, Controlled Radical Polymerization of 

N-Acryloylglycinamide and UCST-Type Phase Transition of the Polymers, Journal of 

polymer science part A: Polymer chemistry 2012, 50, 4920-4928.  

Reprinted with permission; Copyright 2012 John Wiley and Sons 
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Publication 2: Atom transfer radical polymerization as a tool for making poly(N-

acryloylglycinamide) with molar mass independent UCST-type transitions in 

water and electrolytes 

 

Fangyao Liu, Jan Seuring and Seema Agarwal*, Atom transfer radical polymerization 
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Publication 3: Thermoresponsive gold nanoparticles with positive UCST-type 

thermoresponsivity 

 

Fangyao Liu and Seema Agarwal*, Thermoresponsive gold nanoparticles with positive 

UCST-type thermoresponsivity, Macromolecular Chemistry and Physics 2015, 216, 

460-465. 

Reprinted with permission; Copyright 2014 John Wiley and Sons 
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Publication 4: A non-ionic thermophilic hydrogel with positive thermosensitivity 

in water and electrolyte solution 

 

Fangyao Liu, Jan Seuring and Seema Agarwal*, A non-ionic thermophilic hydrogel 

with positive thermosensitivity in water and electrolyte solution, Macromolecular 

Chemistry and Physics 2014, 215, 1466-1472. 

Reprinted with permission; Copyright 2014 John Wiley and Sons 
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type polymers 
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required) 

 

 

 

 

 

 

 



REPRINTS OF PUBLICATIONS 

107 

 

 



REPRINTS OF PUBLICATIONS 

108 

 

 



REPRINTS OF PUBLICATIONS 

109 

 

 



REPRINTS OF PUBLICATIONS 

110 

 

 



REPRINTS OF PUBLICATIONS 

111 

 

 



REPRINTS OF PUBLICATIONS 

112 

 

 



REPRINTS OF PUBLICATIONS 

113 

 

 



REPRINTS OF PUBLICATIONS 

114 

 

 



REPRINTS OF PUBLICATIONS 

115 

 

 



REPRINTS OF PUBLICATIONS 

116 

 



OUTLOOK 

117 

 

4 Outlook 

Polymers with UCST-type thermoresponsive behavior have attracted increasingly 

attention due to their unique properties: dissolve at high temperature and separate out 

upon cooling. In this thesis, polymers with linear and cross-linked structure have been 

synthesized and their UCST-type thermoresponsivity was studied by turbidity 

measurement with different polymer end-groups, molar mass and salt concentration etc., 

while hydrogels were measured by the degree of swelling.  

For further understanding of polymer with UCST-type thermoresponsivity based on 

hydrogen bonding, more hydrolytic stable polymers are required. So far nonionic 

UCST-type polymers are focusing on polymers containing amide group, other 

hydrophilic polymers with suitable content of hydrogen bonding units could 

theoretically display UCST property. One promising approach is to introduce strong 

hydrogen bonding in conventional hydrophilic polymers via post-modification. This 

may enlarge the UCST-type polymer family greatly.  

The non-ionic hydrogels with positive thermoresponsivity could be used as drug 

loading/release system and their applications in biomedicine areas are also promising.  

Nevertheless, the terpolymer system with UV cross-linkable comonomer makes it 

possible to produce cross-linked UCST polymers from linear polymers. Materials with 

different forms could be prepared as demanded simply by irradiation of UV light. 

Promising application areas are for example lithography, microactuators and self-

rolling systems etc..  
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