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SUMMARY / ZUSAMMENFASSUNG

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 Na>SOs)

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 (AuNPSs) 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@ AuUNPs 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) (MBAAmM) 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 L&ungstemperatur
(engl. lower critical solution temperature, kurz LCST) wurden weitgehend untersucht.
Jedoch erfordern einige Anwendungen Polymere mit UCST Eigenschaft. Die
vorliegende Dissertation besch&tigt sich mit der Synthese von Polymeren
verschiedener Struktur und Eigenschaften, welche eine obere kritische
L&sungstemperatur (engl. upper critical solution temperature, kurz UCST) in Wasser

und Elektrolyt-L&ung 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
wasriger L&sung besitzen. Die Ziele der Arbeit wurden auf Grund der
Herausforderungen im Bereich der Forschung zu UCST ausgewéhlt. Anschlief®nd
wird auf kontrollierte radikalische Polymerisationsmethoden eingegangen und deren
Anwendung als effektive Technik fUr die Synthese von linearen Polymeren erl&utert.
Die durch thermoresponsive Polymere geschiizten Goldnanopartikel (engl. gold

nanoparticles, kurz AuNPs) wurden als relevantes Konzept diskutiert.

In der Synopse werden die Schwerpunkte der fUnf Publikationen dargelegt und deren
Zusammengehdrigkeit erléutert. Die fUnf Publikationen wurden in der vercfentlichten

Form dieser Dissertation beigefiut.

In der 1. und 2. Publikation wurden die reversible Additions-Fragmentierungs
Kettenibertragungs (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 best&igt wurde. Auf®rdem
konnte in beiden Verdfentlichungen eine erfolgreiche Kettenverlangerung durch
zus&zliche Reaktionen durchgefthrt werden, in denen die Polymere als
Makroinitiatoren verwendet wurden. Es wurde festgestellt, dass nicht-ionische
Kettentbertragungsmittel (nur fUr RAFT) und Initiatoren entscheidende Faktoren
waren, um Polymere mit UCST-Eigenschaften in wé&sriger L&ung zu erhalten. In der
1. Publikation wurde gezeigt, dass die hydrophoben Dodecyl-Endgruppen des
Kettentbertragungsmittels eine Temperaturerhchung der Tribungspunkte von
Polymeren mit niedrigen Molekulargewichten (M, weniger als 10000 g/mol)
verursacht. Aus diesem Grund wurde in der 2. Publikation ein dem Monomer in der
Struktur  &nlicher Initiator gewéhlt, um lineare Polymere mit primé&en
Amidendgruppen zu synthetisieren. In beiden Publikationen wurde der Einfluss der
Molmasse, der Endgruppen sowie der Salzkonzentration (NaCl und Na2SOs) auf den

Tribungspunkt durch Trlbungsmessungen analysiert.

In der 3. Publikation wurde tber RAFT-Polymerisation (analog Publikation 1)
trithiocarbonat-endfunktionalisiertes PNAGA synthetisiert und dieses durch einen
Ligandenaustausch in einer Phosphatpufferlung auf AuNPs gepfropft. Die
PNAGA@AUNPs-Hybrid Materialien zeigten die UCST-Eigenschaft in einer
Phosphatpufferl&Gung. Die Phaseniberg&nge sind stabil und reversibel fUr mindestens
neun Kithl-/Heizzyklen. Es wurde gezeigt, dass die Funktionalisierung der AuNP keine
Auswirkung auf die Tribungspunkte von PNAGA hatte.

Publikation 4 pr&entiert das UCST-Verhalten von chemisch vernetztem PNAGA-
Hydrogel, welches durch freie radikalische Polymerisation und N,N'-
Methylenbis(acrylamid) (MBAAmM) als Vernetzer synthetisiert wurde. Das Hydrogel
zeigte kontinuierliche VVolumen&nderungen in Wasser und in Elektrolytl&ungen. Es
quoll bei erhdater Temperatur und schrumpfte beim Abkthlen. Der Quellgrad des
Hydrogels konnte durch den Gehalt des Vernetzer im Polymer beeinflusst werden. Bei
geringen Mengen an Vernetzer zeigte sich ein &nliches Quell- und Schrumpfverhalten
des Hydrogels wie beim linearen Polymer in wésriger L&ung. Es konnte durch viele
Kihl-/Heizzyklen im Temperaturenbereich von 4 bis 40 <C gezeigt werden, dass die

Volumenveranderung in reinem Wasser sowie in Phosphatpufferl&ungen 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
ElektrolytlGsungen. Die Terpolymere zeigten fast keine Hysterese bei den Kthl- und
Heizzyklen und besal%n eine hohe Stabilit& gegeniber Hydrolyse. Selbst nach neun
Zyklen war keine Hydrolyse erkennbar. Die Tribungspunkte der Polymerl&Gungen
konnten durch den Acrylnitrilgehalt im Polymer variiert werden. Chemisch vernetzte
Filme und Nanofasern der Terpolymere wurden durch L&ungsgief®n bzw.
Elektrospinnen und anschlief&nde UV-Bestrahlung erfolgreich hergestellt. Die so
hergestellten Hydrogele zeigten temperaturabh&ngige VVolumen&nderungen, die fir die
Gestaltung von Mikro-Aktoren verwendet werden kénnen.

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 k&winten auch andere hydrophile
Polymere, die funktionelle Gruppen enthalten, welche Wasserstoffbrickenbindungen
ausbilden k&nnen, eine UCST-Eigenschaft aufweisen. Dadurch wé&en deutlich mehr
UCST Polymere zugénglich. Das nicht-ionische Hydrogel mit einer thermoresponsiven
Eigenschaft kéinte fUr die Arzneimittelfreisetzung genutzt werden. Es konnte gezeigt
werden, dass es hun mcylich ist, vernetzte Polymere mit unterschiedlichen Formen aus

linearen Polymeren durch die Bestrahlung mit UV-Licht herzustellen.
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INTRODUCTION

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™?, biology®® and medicinel"'%. 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.

Two phase
region

LCST

Single phase
region

UCST

Temperature

Two phase
region

Polymer concentration

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.*Y! 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.[*?]

The change of Gibbs free energy AG, which is the difference between the enthalpic and
the entropic components, represents whether a process will happen spontaneously

(Equation 1),
AG = AH — TAS (1)

where AH and AS 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.'®! (Figure 1-2) At high
temperature, however, part of the hydrophilic moieties build hydrogen bonding with

12
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each other and the hydrophobic moieties associate, liberating the water molecules in
bulk. With increasing temperature, the enthalpic component AH is positive due to
breakage of the hydrogen bonding with water, so is the entropic component AS because
the well-organized hydration shells are released into bulk. This means that at a high

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

A
8 o () T>LCST
%@ T<LCST
a

HYDROPHILIC HYDROPHOBIC

Figure 1-2. Schematic illustration of LCST-type phase separation of poly(N-isopropylacrylamide)
(PNIPAM) in water.[*®] (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. 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 AH. The entropic component AS is positive, because the polymer
dissolves in the aqueous solution. This means at a high temperature, AG 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.!*®!

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

13
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thermoresponsive polymer solution are differential scanning calorimetry (DSC) by
monitoring the enthalpic effects™™® 8 and light scattering by detecting the coil to

globule transition[],
Polymers with LCST-type thermoresponsivity in water

Many polymers show LCST-type thermoresponsivity in agueous 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
L CST-type polymers.[412201 PNIPAM displays a sharp phase transition in water with a
small hysteresis on cooling and heating.[*®8211 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.%.¥ 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.

100+

80

Transmittance (%)
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o
I
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Figure 1-3. Typical turbidity curve of a LCST-type polymer solution, PNIPAM as example.? Here “T¢”
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!*? and are listed as follows: poly(N-isopropylmethacrylamide) (PiPMAAmM),
poly(N-ethylacrylamide) (PEAAm), poly(N-ethylmethacrylamide) (PEMAAmM),
poly(N,N -ethylmethylacrylamide) (PEMAAM), poly(N,N -diethylacrylamide)
(PDEAAM), poly(N-n-propylacrylamide) (PnPAAM), poly(N-n-

14
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propylmethacrylamide) (PnPMAAm), poly(N-cyclopropylacrylamide) (PcPAAmM),
poly(N-(L)-(1-hydroxymethyl)propylmethacrylamide (P(L-HMPMAAmM)), 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.[?223

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.?*! 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 Cio to Cis fatty acids in DMSO.?! In 1972 Patterson and coworkers showed
the pressure effects in UCST polymer solution phase behavior.[?®! A classic example of
a synthetic UCST polymer is polystyrene (PS) in cyclohexane.[?”281 However, the
UCST polymers in aqueous solution are rarely investigated compared to LCST ones.[?°]
Therefore, there are only few application examples of UCST polymers in literature.l"
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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Il Publications on UCST behavior of polymer aqueous solution
Il Publications on general UCST behavior

60

40

20

Number of publications

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
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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.I¥13%2 PEO with
different molecular weights showed both UCST (between 250 and 300 <C) and LCST
behavior (between 100 and 170 <C).%¥l Some hydrophobically modified poly(vinyl
alcohol)s showed UCST-type behavior at high temperatures.®* 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.® 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.
lonic 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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are polybetaines like poly(3-

dimethyl(methacryloyloxyethyl) ammonium propane sulfonate) (PDMAPS)E6271 and

Examples of zwitterionic homopolymers

poly(3-[N-(3-methacrylamidopropyl)-N,N-dimethylJammoniopropane sulfonate)

(PSPP)81 as listed in the previous work.[?l 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.

Prepared via atom transfer radical
polymerization (ATRP) in DMSO,
using CuBr—bpy as a catalyst

system

Polymer Properties
J/f Homopolymers showed UCST behavior in pure
n
R0 water and the cloud points decreased in
+,L_ presence of salts. (Ref. [36—38])
H/ ! Polybetaine
ostoo 1 R=0(CH,),
o 2 R=NH(CH,);
3 R=0(CH,);,
1: PDMAPS
2: PSPP
3: Polysoap
Agarose-graft-PDMAPS  block | Phase transition between 30 and 60 <C
copolymer (c=1mg/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:
(phenylcarbonothioylthio)
pentanoic acid (CPTA)

4-cyano-4-

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 PSPP@AUNP  at
temperature. (Ref. [41])

of low

\+

_O\\ O N
N
0y

1 R=(CH,),
R = (CH,),

Halophilic polysulfabetaines PSB

Monomers were synthesized by ring opening
reaction and the polymers were prepared via
FRP wusing 4,4’-azobis(4-cyanovaleric acid)
(ACVA) at 90 T 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
trithiocarbonate) as CTA

dodecyl

Polymers built self-assembled microspheres (~
1um) when the solution temperature was below
the UCST.

Tcp: 20-60 €

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

co
m
O

o

N

N—

Egs:
- / O >

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
With higher amount of SBMA in
copolymer, only UCST property remained. The

one.

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

R4
N
HN O
\j Polybetaine

RN\ 1 R,=H,R,=(CH,)
O:é:o 2 R]_ = H, RZ = (CH2)4

|

o 3 R, = CH, R, = (CH,),

Polymer synthesis via FRP with

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])

SO,
N-sulfopropylated b-PEI (PS-PEI)

KPS/TEMED redox pair in
aqueous media.
NH SO, Polymers prepared through sulfopropylation of
_OSSQ biopolymer branched PEI.
fN/\/N\/\Ni\/N% Tcp in water was between 19 and 85 <C and
f Hoss 4 depended on molar ratio of sulfonate and PEI.
HNJ 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)

Polymers were prepared via FRP
using ACVA at 90 <C in 25 wt%

aqueous NaBr solution.

Polymer Properties
d Polymers are stable against hydrolysis.
R= \NC/%/\/\S%S Polymers behaved like hydrogels in water and
- @ o showed UCST behavior in presence of NaCl
NTSNT"s0, _ _
R with Tcp in the range 20-40 <C. (Ref. [51])

SO,

Polysulfobetaines and their copolymers via
post-modification of poly-(pentafluorophenyl
(PPFPA) 3-((3-
aminopropyl)dimethylammonio)  propane-1-
(ADPS)

or dodecylamine (insoluble),

acrylate) with

sulfonate and  pentylamine,
benzylamine,

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 (S20s%) at pH 1.3.581 Other examples are listed in Table

1-2.

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

Polymer

Properties

o

h

“8r, '\l\g_)/,\rR2

1 poly([MeIm][BF,])
R,=H R, =CH,

2 poly([Etim][BF,])
R;=H R, =C,H;

3 poly([Me,Im][BF,])
R, =CH; R, =CHg

Polymeric ionic liquids prepared via living

Polymers with M, ~ 15 kDa and
PDI ~1.1.

Tcp between 5 to 15 T 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])

subsequent quaternization with (without) PEG2000

cationic ~ polymerization  following  post-
modification and anion exchange reaction.
% % % o 2 I«J( Copolymers  showed UCST
~
TD OW;@ LA behavior with p = 0, 1, 2, 3 (and
Polymer prepared via polyaddition and | © MOI% of Q).

Tcp: 48-84 T (Ref. [55])

")

© or BF4O

N/®\N/\/
a-helical polypeptide, prepared by ring-opening
polymerization of N-carboxyanhydride with
and ion-

subsequent  post-polymerization

exchange reaction.

Biodegradable polymer

Tep: 36T for I (Mn = 30.4 kDa,
PDI=1.5)and 69 <T 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- | LCST-UCST-type phase transition in acid
glycolic acid) and PDMAEMA 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])

HN(B@I
ah ) N@I\?

Polymers prepared via RAFT
polymerization
PMOTAI: My =52 kDa,

PIL-1: Mn= 25 kDa

PAA/P4VP complex aqueous material

PMOTAI Pl \ UCST behavior dependence on polymer
£ o - E o concentration, counterions and NaCl were
I — 1
F%ﬁ‘”‘ﬁ F F%ﬁ—o studied.
F o) F F fo)
NTf, oTf Tcp: between 20-90 T (Ref. [59])
N @ UCST in pH between 1.7 and 2.5. The
n n
_ | 07 OH phase behaviors were characterized by
SN 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.[?’! 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.[6
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.[®? 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.[®3®4 The aggregation of PNAGA in presence of sodium thiocyanate was
studied by using dynamic and static light scattering and viscometer.[®l 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.® 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.®”] 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. 58]

The UCST-type phase separation of PNAGA homopolymer made via FRP in DMSO
using AIBN as initiator was first discovered by Agarwal and coworkers.[®°] 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."™ 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),®°  poly(N-
acryloylglycinamide-co-butyl acrylate) (PNAGA-co-BA), poly(N-acryloylglycin-
amide-co-styrene) (PNAGA-co-St).["Yl Furthermore, some derivatives of PNAGA also
show UCST-type thermoresponsivity, for example poly(N-aryloylasparagineamide)
(PNAAAmM), poly(N-acryloylglutamineamide) (PNAGAAmM) and poly(methacruloyl-
asparagineamide) (PNMAAAmM).['4

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.["*1 A copolymer based on AAm and St could
display UCST in water with homogeneous polymer composition.[”®! Zhang and
coworkers. showed the reversible addition fragmentation chain-transfer (RAFT)
polymerization of AAm and AN with different molar mass and content ratio.l”*! 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 (PMAAmM) 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 MAAmM and the polymer showed UCST-type transition in

water, while the former studies failed to notice the property.[’*"

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.[’®! 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.* 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.[’”]

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.[787°

A low molecular weight poly(trimethylene ether) glycol (P03G, M, = 300 g/mol) was
found to exhibit both LCST and UCST phase separation in water at low and high
concentration, respectively.®? 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.l®¥ 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
M Copolymers prepared via FRP and RAFT
N on CN m polymerization. (Ref. [71,74])
2 Tcp could be controlled by varying the content of
AN in polymer.l"!
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Table 1-3. Non-ionic polymers with UCST in aqueous solution. (continued)

poly(N-propionyl-aspartic
acid/ethylene glycol) (PPAE)

Polymer Properties
Copolymers prepared via FRP showed no UCST
J/ﬁn m behavior, only the sample via RAFT
N0 % polymerization showed UCST behavior.
(Ref. [73])
o Mn: 4~10 kDa,
ot PDI: = 3
o NHO Tcp: 27-32 T in water

UCST behavior also in alcohol/water mixture
(Ref. [82])

e 1
N N
rRoT {q
AW
1 R=H
2 R=H, CONH-cyclodextrine

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 €

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

Onlyifn=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

ot

O

Polymer 1: Tcp = 76 <C and polymer 2, Tcp =
96 <T higher hydrophobicity results in higher
Tce.

\\\ Partly quaternization with methyl iodide
o O
decreased the Tcp. (Ref. [77])
7N 1 R=CH,CH,
/N’N 2 R= CH,CH,CH,
R
HN__O
NH,
M M Copolymers with ionic groups were sensitive to
N " N " buffer condition such as pH and salt condition.
R O)\NH PU-Am?7 selectively captured proteins.
2
2 R =COC,H,COOH
3 R=COCH,
9 . o Schizophrenic diblock copolymer,
N
O%@n \/\(f From conventional micelles via unimers to
N /§ 0 § reverse micelles and precipitated upon heating in
g _Ng Q,Qv presence of NaCl and [Co(CN)s]* (Ref. [84])
=N 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])
0 The influence of different counterions such as
~ S S._~
© ol B lf [Co(CN)e]*, [Fe(CN)s]*, [Cr(CN)s]* on the
4
N { é) LCST and UCST behavior of PDMAEMA.
d _x (Ref. [86])
SSHY \
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Table 1-3. Non-ionic polymers with UCST in aqueous solution. (continued)

Polymer Properties

Supramolecular system from B- | Cyclodextrin (CD) inclusion complex

CD trimer and naphthalene- | Upside down bell-shaped UCST-LCST phase
terminated poly(ethylene glycol) | transition (Ref. [87])

(PEG-NP>)

Copolymer of acrylamide (0.87 mol%) and

benzylacrylamide  (0.13 %) vi t
07 “NH, 07 “NH enzylacrylamide mol%) via pos

modification, showed Tcp of 7 <TC in water.

(Ref. [88])
\[\/VOJ\ UCST behavior in water with concentration over
: 45 wt.%. (Ref. [80])

(M,=300 g/mol)

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[®, sensorsl® and on-off release of moleculest”. 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.’*3 Among them thermoresponsive hydrogels have gained more

attentions because temperature could be easily controlled.[3%4

Two most extensively investigated synthetic thermoresponsive hydrogels are based on
PEG-polyester block copolymers and PNIPAMs.[*®! 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.®® The gelation of these polymers is due to
micelle packing and hydrophobic interactions.®l 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,®® drug

delivery®® as well as cell culture surfaces.[8

The first observation of discontinuous phase transition of PNIPAM hydrogel was
reported by Hirokawa and coworkers in 1984.[°°1 The first example of PNIPAM
hydrogel with macroporous structures was prepared by Wu and coworkers in 1992
using dihydroxyethylene-bis-acrylamid (DHEBAAm) as crosslinker.[!%! 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 (MBAAmM) as crosslinker,™% 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. [

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.[*%]
Thermophilic hydrogels were less studied compared to their counterpart thermophobic

hydrogels, similar like polymers with UCST in aqueous solution are rare.[103104]

Thermophilic hydrogels based on ionic polymers, for instance polyelectrolyte polymers
and polyzwitterions which contain positively and negatively charged side groups, have
been widely studied.[%! The electrostatic forces between intra- or intermolecular ionic
pairs are responsible for the volume transition behavior.['®®! Examples are: Georgiev
and coworkers prepared PDMAPS hydrogels with ethyleneglycol dimethacrylate
(EGDM) as chemical crosslinker, showing reversible positive volume-phase transition
with temperature.l'® Ning and coworkers. showed very recently a UCST-type
transition of chemically crosslinked hydrogels based on zwitterionic sulfobetaine
acrylamide.*®] 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.%"]

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 PAACc, as a proton donor and PAAM,
as proton acceptor in aqueous solution are formed due to hydrogen bonding.[*%!
Hydrogen bonding became weak with increasing temperature and thus lead to a
dissociation of the complex.[!%11 A model of thermoreversible swelling changes
induced by polymer complex formation and dissociation was introduced by Sakurai and

coworkers.[**? (Figure 1-4)

Complex formation Complex dissociation

Low temperature range High temperature range

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

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

A comparison of P(AAc-AAmM) 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.l*'% (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.['*21 |n 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-s-cyclodextrin
(PAACc-g-p-CD) and PAAm showing UCST behavior at 35 <C and the application in

drug loading and release using ibuprofen as example.['*3]

4 O
A PAAC/PAAM IPN particles A I
28 = random PAAc-co-AAm particles &
A
|
o 3 i
2 {
£ i
= |
£ 25 .
@
3
n
2 ]
A
1.5 - "
A
| |
1 T S . . .
10 20 30 40 50 60
Temperature (°C)

Figure 1-5. A direct comparison of swelling behaviour of P(AAc-AAm) copolymer and IPNs particle for
an AAc/AAmM molar ratio of 0.96.1% (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.[**4! (Figure 1-6)

Case I: Case II:
{—CHz—(‘?H—)n— -{-CHI—(|3H—)T
PN AR
o” “NH, o’ "nfi 07 “nm,
PAAm PAG
*  HO. ,0 + HO_ O
PAAc }:// PAAc b/’
| I
+CH,—CHJ— +CH,—CH)—

Figure 1-6. Two types of IPNs: Case I, PAAM/PAAc and case Il, PNAGA/PAAc. (Reprinted with
permission from Ref. [114]; Copyright 2003 John Wiley and Sons)
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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.[6°]
These polymers were synthesized via FRP. In another contribution from Lutz and
coworkers, RAFT polymerization of NAGA was shown.[® 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.["%l (Figure 1-7)

ionic chain
[ionic inﬂiﬂtﬂfl transfer agent [surface of the vessel used)

|lemEatura|
L L

hydrolysis while bringing
the polymer into solution

sonication
ionic groups reduce or prevent UCST Imncanr.ralinnl

| surface to volume ratinl

hydrolysis during
polymerization in water

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.[’Y! 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.
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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.["3115]

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. 1€l

kact . .
R—O—N e R+ 0—N
deact

Monomer .
Termination

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™*"-11% and Sawamoto!*?°! 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 (M;"-
Y/Ligand) to the propagating radical (R") and resulting in a corresponding higher
oxidation state metal halide complex (X-M™*/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,[115121-124]

kact .
R-X + M{"-Y/Ligand ~—=— R + X-M{"'-Y/Ligand

kdeact

Monomer ~ Termination

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(2)=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 Pr") 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.!?-12 The book “Handbook of RAFT Polymerization” of Barner-

Kowollik was strongly recommended as an overview of RAFT polymerization.[*3%
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Initiation
. Monomer .
Initiator | P,

Reversible chain transfer / propagation

. kadd kg .
P, + S S—R =—— P,—S._._S—R P,—S S + R
\‘/ Koaad Y kg \{/
b (1)
z z Z P
Monomer Monomer
Reinitiation
. Monomer . Monomer
R-M Pm

Chain equilibration / propagation

. kadap k_agap .

Pn *+ S s—P, =— P,—S.. _S$S—P, =— P,—S S + P,
Gy YT e YT e T

b z z z L/
Monomer Monomer

Termination

. . k
P, + P, —— dead polymer

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 AUNPSs 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.**Y For many applications of AuNPs, it is important to protect the
particle surface from chemical resistance as well as the modification of particle
surface.® The surface modifications by the grafted materials influence the optical
properties of the AuNPs.'*31 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.[***13 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: 1% the
“grafting from” approach, where the polymer chains directly grow from the initiators
attached to the AuNP surfaces and 2" “grafting onto”, where the polymer are attached

onto AuNPs via ligand exchange.[*%!

In detail, CRP methods such as surface-initiated atom transfer radical polymerization
(SI-ATRP) or RAFT polymerizations are required in the “grafting from” strategy.[*3"-
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.[34140]
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, [13:140-144]
A well-studied system is based on PNIPAM; a polymer with LCST-type

thermoresponsivity in water. Hybrid materials containing PNIPAM as ligand show
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thermoresponsivity in water. Other known LCST polymers for nanoparticle
functionalization are poly(N-vinyl caprolactam)™*?l, ethylene oxide oligomersi**!l and
copolymer based on ethylen oxide™¢l. 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)®!  and  poly(N,N -
dimethyl(methacrylamido propyl)ammonium propanesulfonate) (PSPP).[** 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.[l 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.[?®]
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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)
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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 agueous 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 (CTASs) 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 T 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)

S S
NAGA CMDT
By
CN M HN" ™0
l 11 o)
NC
NH,
DMSO, 0.1 MKSCN, 45 °C CTA derived initiator derived
NH; alpha chainend alpha chainend
NC

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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Monomer:CTA
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Figure 2-1. (Left) Molar masses determined by GPC as a function of conversion for different
monomer:CTA ratios. Lines = Mp,eo; triangles = Myexp. (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
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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/CuBr> and CuCl/CuCl, as catalyst as well as tris[2-
(dimethylamino)ethyl]-amine (MesTREN) as ligand, respectively. (Scheme 2-3)
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O
N i B Br
H,N ", MegTREN, CuBr, CuBr, HoN n
HN O
o HN O
water, 30 °C O%‘)
NH
2 NH,
NAGA CPA
o O
= cl cl
HoN , MegTREN, CuCl, CuCl, HoN .
HN O
HN O

Oﬁ) DMSO, 45 °C OY
NH,

NH

N

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 M, = 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
(M, 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 NaSOa.

& &
1.6+ RS
[a) ® Q}& N2 o @
N
1.2 o
A heating
30 m cooling
Q A
~ Aman A A
“E 207 A A A
S
o
s
3 10 . .
&) Hpmm [] u [ [ ]
0 ; ; ; ‘
0 10k 20k 30k 40k
Mn/g-mol'1

Figure 2-4. Cloud points of PNAGA synthesized by ATRP in DMSO using CPA:CuCl:CuCl,:MesTREN
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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- free-PNAGANl7 in PBS
100 -
X
< 80
(0]
g
& 60+
g
c 404
g
|_
204
0-

0 10 20 30 40 50 60
Temperature /°C

Figure 2-5 Phase transition behaviour of 0.2 wt% solution of PNAGA177@AuNPs (solid curves) and

free-PNAGA;77 (dash curves) in PBS buffer. PNAGA77@AuUNPs 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@AUNPSs.

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 PNAGA177@AUNPs in PBS at different
temperatures. (Figure 2-6 A) By cooling the PNAGA@AUNPs in PBS solution from
30 to 3 T, 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 PNAGA177@AUNPs in PBS at different temperatures; (B) Change in
the position and intensity of the surface plasmon resonance peak of AUNPs in PNAGA 17.7@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) (MBAAmM) as cross-linker via free radical
polymerization in dimethyl sulfoxide. Three PNAGA hydrogel samples were prepared
with different amount of cross-linker MBAAmM, 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 4to 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.
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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

lonov 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)

j\ +n \ +p 1\ V-70, DMSO, CMDT  NC %{ m '@p STS%
m T 45°C.ssh H,NT So 07 "NH s 1

IIl
N

e e
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-BPAmM) 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 | 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. | 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

| 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

| 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

| 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

| 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 lonov 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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ABSTRACT: N-Acryloylglycinamide was polymerized via the re-
versible addition fragmentation transfer process without sacrific-
ing its key property, the upper critical solution temperature in
water. This could be achieved by choosing an appropriate non-
ionic initiator [2,2'-azobis(4-methoxy-2.4-dimethyl valeronitrile)
{V-70)] and nonionic chain-transfer agent (cyanomethyl dodecyl
trithiocarbonate). A good molar mass control was accomplished
as proved by the linear increase of molar mass with conversion,
a chain extension expariment, and low dispersity. Tha influance

INTRODUCTION Although the general term water-soluble
"thermoresponsive polymer” is frequently applied, it actually
represents a synonym for polymers with lower critical solu-
tion temperature (LCST), as only very few examples of poly-
mers with an upper critical solution temperature (UCST]) in
water under practically relevant conditions were reported,
that is, with phase transitions between 0 and 100 °C, atmos-
pheric pressure, and relevant ionic strength (from pure
water to physiological milieu). This is supported by a 2010
review and survey on nonionic water-soluble thermorespon-
sive polymers." The UCST of all known examples is based ei-
ther on Coulomb interactions or on thermally reversible
hydrogen bonding. The first applies for some zwitterionic
polymers like poly{betaine)s*™® However, Coulomb interac-
tions are disturbed in the presence of electrolytes. The very
strong sensitivity of the phase transition temperature to elec-
trolyte concentration and polymer concentration makes them
unsuitable for most applications. If the polymers are non-
ionic and the UCST is due to hydrogen bonding, the phase
transition temperature is less sensitive to both electrolytes
(except for specifically hydrogen bond-breaking agents like
thiocyanates) and polymer concentration, and therefore, they
represent promising candidates for many fields of applica-
tions. Yet, very few examples of nonionic, hydrogen-bonding
UCST polymers were repq:rﬁ:ed.?"’ Poly([N-acrylolyglycina-
mide] [poly{NAGA]] is one of these polymers. For the first
time, it was synthesized by Haas and Schuler in 1964190

of molar mass, polymer end groups, or salt concentration on the
cloud point was analyzed by turbidimetry. Polymer end groups
exerted a distinct effect on the cloud points, whereas the influence
increased with decreasing molar masses. © 2012 Wiley Periodicals,
Inc. J Polym Sci Part A: Polym Chem 50: 43204928, 2012

KEYWORDS: N-acryloylglycinamide; RAFT; smart polymers;
thermoresponsive polymers; wupper critical solution
temperature

They found that poly(NAGA] can form thermoreversible gels
in concentrated aqueous solutions.»®*0 Haas and Schuler
furthermore reported that hydrogen bond-interrupting
agents like thiocyanate or urea can prevent the gel forma-
tion."™® Poly[NAGA) also does not exhibit thermoreversible
gelation behavior in dilute solutions; however, it contains
polymer aggregates despite of its transparent and homogene-
ous appearance. This was initially evidenced by a nonlinear
dependency among reduced viscosity and polymer concen-
tration in pure water, along with the fact that the viscosity
dropped significantly on addition of sodium mlaqranate.“"-"]
Later, the conclusions of Haas and Schuler were confirmed
by light scattering and Raman spectroscopy.'™* We would
like to emphasize in this context that although both thermor-
eversible gelation and aggregate formation in dilute solution
are due to hydrogen bonding, these phenomena differ con-
siderably from a UCST-type phase separation. For UCST
behavior, the occurrence of phase separation is a stringent
re«:[uirnrmenr_':i In contrast, in the thermoreversible gelation
of concentrated poly(NAGA) solutions, no phase separation
takes place as the gel is only in one phase with homogenous
properties. The formation of aggregates in dilute solution
can be regarded as a form of microphase separation. How-
ever, a preliminary temperature-dependent light scattering
study of poly[NAGA) suggested that these aggregates are
thermodynamically stable above the phase transition temper-
ature and no macrophase separation sets in'* It is yet

Fangyao Liu and Jan Seuring have contributed equally to the experimental part.

© 2012 Wiley Periodicals, Inc.
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SCHEME 1 Schematic representation of the optimum conditions developed in this work for the RAFT palymerization of N-acryloyl-
glycinamide while retaining the UCST of the resulting polymers in water.

unclear whether there is a distinct temperature where aggre-
gates form/break; however, most likely these aggregates are
just thermosensitive rather than thermoresponsive. Based on
this, a behavior comparable with micelles that comprise a
gradual decrease of the aggregation number with tempera-
ture would be most likely. Thus, despite numerous contribu-
tions focused on the thermoreversible gelation of poly-
[(NAGA), a UCST-type phase separation has not been reported
in the publications mentioned above. We recently revealed
the reason for this:'* it has been failed to notice the UCST in
the past because ionic groups were introduced unintention-
ally either by acrylate impurities in the monomer, hydrolysis
of the polymer side chains, and/or usage of ionic initiators
or chain-transfer agents [CTAs). lonic groups in polymers
contribute strongly exothermic to the enthalpy of mixing." >
The effect on the UCST of poly(NAGA) is extreme because
the enthalpy change of the phase transition is already two
magnitudes smaller than for most LCST polymers such as
PNiPAAM.'™ The proof for these conclusions along with a
procedure to obtain stable aqueous solutions of nonionic
poly(NAGA) that allows expleitation of UCST in pure water
as well as physiological milien was published.® Most
recently, the synthesis of thermoresponsive poly(acrylamide-
co-actylonitrile)s and poly(methacrylamide) indicated that
the knowledge gained for poly(NAGA) is valid for the whole
polymer class of nonionic hydrogen-bonding UCST

polymers.®®

Recent work of Lutz and coworkers®! regarding the con-
trolled radical polymerization of NAGA by reversible addition
fragmentation transfer (RAFT) polymerization gave addi-
tional support to our findings. The fact that poly({NAGA] pre-
pared wvia RAFT polymerization did not comprise a cloud
point in water can most likely be deduced to the usage of
an ionic radical initiator (VA-044]) and an ionic CTA [sodium
3+ ([benzylthio)-carbonothioyl)thio)propane-1-sulfonate]. The
cloud point suppressing effect of the ionic end groups could
be compensated by the addition of electrolytes; however, it
is preferable to obtain polymers that exhibit the desired
functionality in pure water as well and are not strongly
influenced by the electrolyte concentration.

This work was carried out with the aim to provide con-
trolled radical polymerization of NAGA by the RAFT process

Ml}‘jfiu}_s WY MATERIALSVIENWS.COM

without sacrificing the most interesting property of the poly-
mers, the UCST in water The underlying concept of this
work was to use nonionic radical initiators and nonionic
CTAs to achieve molar mass control and well-defined chain
ends without sacrificing the thermoresponsivity in water
(Scheme 1). Although this concept has been developed in
our previous work, we could not achieve good molar mass
control (D > 2], and therefore, an appropriate correlation of
properties with the molar mass distribution was not possi-
ble. There were two motivations for this study: on one hand,
the determination of molar mass dependence of the phase
transition required control over the molar mass—this can be
achieved by RAFT; and on the other hand, RAFT represents
an excellent method for a precise functionalization of poly-
mer end groups. Besides allowing both grafting from and
grafting onto various substrates, it enables straightforward
preparation of complex macromolecular architectures such
as [mult)block copolymers, dendrimers, star polymers,
comb polymers, and so forth® This will be important for
the development of smart materials with UCST-type thermor-
esponsivity of poly(NAGA) in the future.

EXPERIMENTAL

Materials

Azobisisobutyronitrile (Fluka) was recrystallized from etha-
nol. Acrylate-free N-acryloylglycinamide [NAGA; m,(DSC) =
143 °C, residual potassium < 5 ppm] was synthesized
according to a recently published procedure.'® 3-[[[Benzylth-
io]carbonothioyl)thio)propane=-1-sulfonate (BCPS) and diben-
zyltrithiocarbonate [DBETC) were synthesized according to
the literature ¥ 2, 2'.Azobis{4-methoxy-2 4-dimethyl valero-
mitrile) (V-70; Wako), cvanomethyl dodecyl trithiocarbonate
(CMDT, 98%; Aldrich), and potassium thiocyanate (99%, pa.;
Grilssing) were used as received. Solvents were distilled
before use. Ultrapure water was obtained from a TKA Micro
UV system model 08.1005 [conductivity = 0.06 pSfcem, fil-
tered through 200 nm filter, UV treated). Phosphate buffered
saline (PBS) was prepared wusing precalibrated tablets
(Aldrich).

Analytical Techniques
'H spectra were recorded on a Bruker Avance DRX-500 (500

MHz) either in D0 at 80 "C or DMS0=d, at 100 °C.
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TABLE 1 RAFT Polymerization of NAGA with AIEN as Initiator and Dibenzyltrithiocarbonate (DBTC) as CTA

Entry Time (min} Yield (%) M, thee lgimol)
1 200 19 15,100
2 230 32 25,200
3 300 51 39,300
4 635 48 37,500

The Mono:XCTA:n ratio was 600:1:0.2 with & monomer concentration of
058 M.
" £ = 0.2 wt % heating rate = 1.0 "C/min.

Turbidity measurements were performed on a custom-
modified Tepper turbidity photometer TP1-D at a wave-
length of 670 nm, a cell path length of 10 mm, and mag-
netic stirrer: The polymer solutions (above phase transition
temperature) were filtered through a warm 1.2-pm PET
syringe filter before measurement. The heating program
started at 60 °C and proceeded via cooling to 3.5 °C at a
constant rate of 1.0 *C/min followed by reheating to the
starting temperature with the same rate. The inflection
point of the transmittance curve was considered as cloud
point. It was graphically determined by the maximum of
the first derivative of the heating or cooling curve, respec-
tively. For sample preparation, the polymers were weighed
into 2-mL polypropylene tubes. The dissolution parameters
for poly(NAGA) in PBS (pH 7.4) and salt solutions were as
follows: ¢ = 1.0 wt %, T = 70 °C inside the tubes, and t
= 90 min without sonication. The parameters in pure
water were as follows: ¢ = 1.0 wt %, T = 70 °"C inside
the tubes, and t = 60 min with sonication. For sonication,
a heated Bandelin Sonorex RK 102 H ultrasound device
(HF power = 120 Welf, HF peak performance = 4B0 W
HF frequency = 35 kHz) was used. The samples were
diluted to 0.2 wt %, and the hot samples were quickly
filtered through a preheated 1.2-pm PET-filter into the
cuvette.

Molar masses and molar mass distributions of the polymers
were determined by gel permeation chromatography (GPC)
with dimethyl sulfoxide as eluent. Two PL-Gel Mixed-D col-
umns (particle size 5 pm, dimension 7.5 mm x 300 mm)
calibrated with narrow Pullulan standards and a differential
refractive index detector were used. The flow rate was 1.0
mL/min. The molar mass distributions were calculated using
the software Cirrus 3.3. The theoretically number-average
molar mass M, e, Was calculated using the following
equation:

My, theo = [co(monomer) fey (CTA)] % xp % Myaga + Mot (1)
where cy[monomer) and cy[CTA) refer to the initial concen-
trations of monomer and RAFT CTA, respectively; x, denotes

monomer conversion; and My,zs and My are the molar
masses of the monomer and CTA.
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Cloud point
in PES® (°C)
M, (g/miol) D Cooling Heating
7.260 3.0 18.8 30.1
9,450 29 173 28.1
12,600 27 17.3 291
12,600 3.0 169 23.8
Syntheses

General Procedure for the Purification and Isolation

of Polymers

The reactions were stopped by air contact. Thereafter, the
polymers were precipitated from the 10-fold excess volume
of methanol Subsequent to centrifugation (10 min, 8000
rpm) and decantation, the sediment was thoroughly slurried
with methanol using a glass rod. The centrifugation-wash
cycles were repeated three times. Subsequently, the polymer
was dried in the vacuum oven at 70 °C for 24 h. The brittle
pellet was grinded to a powder using a glass rod and further
dried for another 24 h to obtain a powdery white polymer

Example of RAFT Polymerization of NAGA with

DBETC as CTA

In a 25-mL nitrogen flask, 1 g NAGA (200 equiv) and 11.3 mg
DETC (1 equiv) were dissolved in 11.2 mL distilled DMS0.
The solution was degassed by three freeze-pump-thaw cycles.
One hundred microliters of a separately degassed DMSO solu-
tion containing 1.3 mg of AIBN (0.2 equiv) was added, and
the flask was placed into an oil bath that was preheated to 70
?C. Further details are given in Table 1.

'H NMR (500 MHz, D,0, T = B0 °C; the HDO peak was cali-
brated to & = 420 ppm): 1.3-1.8 ([polymer backbone,
—CHy—), 2.0-23 ([polymer backbone, —CH—], 25
(5—CHy—Ph), 3.6=4.05 [NH—CH,—CONHj), 7.05=-7.3 [Ar-H).

Example of RAFT Polymerization of NAGA with

CMDT as CTA

In a 50-mL nitrogen flask, 2 g NAGA (200 equiv) was dis-
solved in 24.7 mL distilled DM50 containing 0.1 M KSCN.
One milliliter of a CTA-stock solution in the same solvent
containing 24.8 mg CMDT (1 equiv) was added. This solution
was degassed by three freeze-pump-thaw cycles. A V-70
stock solution was prepared by dissolving V=70 in separately
degassed DMS0 with 0.1 M KSCN. From this stock solution,
B00 uL solution containing 1.93 mg of V=70 [0.08 equiv) was
quickly added to the reaction mixture. The mixture was
placed into a preheated oil bath and stirred for 4 h at 45 "C.
Further details are given in Table 3.

'H NMR (500 MHz, DMSO-ds, T = 100 °C; the DMSO peak
was calibrated to & = 250 ppm): 0.87 [alkyl-CHj3), 1.27
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TABLE 2 RAFT Polymerization of NAGA with AIBN as Initiator
and CMDT as CTA

Time Yield M,, theo M,

Entry {min) (%) {g/mol) {afmol) D

1 75 5 4,110 4,450 1.69
2 65 12 8,670 8,610 1.69
3 140 28 21,300 12,600 1.95

The Mono:CTAdn ratie was 600:1:0.2 with & monomer concentration of
0.59 M.

(alkyl), 1.3=-1.8 (polymer backbone, —CH.—]), 1.9=-23 [poly-
mer backbone, —CH=), 23-24 (5—CHj-alkyl), 335
(5—CH;—CN), 3.4=4.05 [NH—CH;—CONH.), 6.5=-7.3 (CONH.),
7.3-7.4 [CONH=).

Chain Extension of the RAFT Polymer

Poly[NAGA) (79 mg; synthesized by RAFT polymerization, 1
equiv based on M, e, = 6524 g/mol) was dissolved at 75
*C in 2 mL distilled DMS0 solution containing 0.1 M KSCN in
a 10-mL nitrogen flask. After cooling to room temperature,
151 mg NAGA (100 equiv) was added. The solution was
degassed by three freeze-pump-thaw cycles. A V-70 stock so-
lution was prepared by dissolving V=70 in separately
degassed 0.1 M KSCN containing DMS0. From this stock so-
lution, 200 pl solution containing 0.29 mg of V-70 [0.08
equiv) was quickly added to the reaction mixture. The mix-
ture was placed into a preheated oil bath and stirred for 4 h
at 45 °C. The chain extension was followed by H NMR and
GPC (Figs. 5 and 6].

RESULTS AND DISCUSSION

RAFT Polymerization of NAGA

It has been previously shown that even trace amounts of
ionic groups in the polymer repeating units or at the chain
ends of poly{NAGA) cause an extreme depression of the
cloud point until the phase separation is completely sup-
pressed.* At least up to a P, of 200, polymers with s=chain
ends—derived from the initiator 2,2'-azobis[2-(2-imidazolin-
Zwyl)propane]dihydrochloride [VA-044}=—or polymers with a
sulfonate group at the eechain ends, based on the CTA so-
dium BCPS, did not exhibit a cloud point in dilute agueous
solution. In this work, nonionic initiators and CTAs were
used to obtain poly(NAGA) with thermoresponsivity. Most of
these nonionic reagents are insoluble in water, and therefore,
dimethyl sulfoxide was chosen as polymerization medium.
First attempts were carried out using nonionic DETC as CTA
and AIBN as nonionic radical initiator, and indeed, the result-
ing polymer showed a cloud point [Table 1). However, at a
reaction temperature of 70 °C, an inhibition period of about
150 min was observed besides an insufficient molar mass
control with broad dispersities (Table 1). The occurrence of
an inhibition period during the RAFT process indicates a
slow re-initiation by the R-group.®® In the case of DBTC, the
benzyl radical is too stable for a fast re-initiation.

These results suggested a change of the R-group of the CTA.
Cyanomethyl dodecyl trithiocarbonate [CMDT) was chosen as

%-5 WA MATERIALSVIEW S COM
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new CTA, and polymerization of NAGA was carried out using
the same conditions [Table 2). In this case, no inhibition was
observed but the dispersities were relatively high, ie. about
1.7. In general, free radical polymerization of water-soluble
acrylamides in organic solvents such as DMS0 does not yield
very high molar masses. For instance, the kp.kn“-" ratio of ac-
rylamide in DMSO is 12 times lower than in water®® When
NAGA is polymerized with AIBM as initiator at 70 °C for 2 h
and a monomer concentration of 0.59 M, the molar mass is
M, = 64,300 g/mol. It is not possible to conduct a well-con-
trolled radical polymerization beyond the molar mass that is
achieved by free radical polymerization under the same con-
ditions. Therefore, the focus was changed to optimize the con-
ditions for free radical polymerization. For acrylamide, it has
been observed that the molar mass increases with decreasing
reaction temperature.®*** The same was found for the free
radical polymerization of NAGA. By using the nonionic radical
initiator V-70 with a half life decomposition temperature of
30 ®C, the reaction temperature could be decreased from 70
to 45 °C. The obtained molar mass was significantly higher
with a number-averaged molecular weight of 88,200 g/maol
Therefore, further RAFT polymerizations were carried out
using V=70 as radical initiator. At 45 *C with V=70 as initiator
and CMDT as CTA, RAFT polymerization of NAGA led to
improved polydispersities of about 1.4 for the main peak of
the elugram. However, the GPC elugrams comprised shoulders
in the region of 64,300 g/mol where free radically polymer-
ized polymer is expected (Fig. 1).

It is known that poly[NAGA) can form physical aggregates in
DMS0,*" and therefore, aggregation might have interfered
during the RAFT polymerization. Shoulders from high molar
mass impurities were previously observed for the RAFT po-
lymerization of NiPAAm;*® however, the reasons are unclear
Although no physical aggregates were observed in the GPC

[c = 2 mg/mL), one could assume that an insufficient
= = purg DM30 as solvernt
——DMS0 + 0.1 M KSCN

7] f
_ JM" = 21200 g/moll M= 26300 gimol
g Jo=160 '] D=138
= i
w
74
o
s
©
E
o
£

1000

10000
Molar mass / g-mol”
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FIGURE 1 Influence of potassium thiocyanate additive in the
polymerization medium on the molar mass distribution of pol-
yiNAGA) synthasized by RAFT.
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TABLE 3 RAFT Palymerization of NAGA with V-70 as Initiator and CMDT as CTA
Cloud points in
FBS® (°C)

Entry Mono:CTA:In tih) Yiald (%) M, inen (gimol) M, (g/mol) D Cooling Heating

1 50:110. 20 68 4,674 3,670 1.18 22 n.d®

2 100:1:0.04 0.67 a7 5,015 3,340 1.41 n.d® n.d®

3 0.83 3g 5,330 4,470 1.32 n.d.® n.d.

4 1 49 6,527 5,060 1.39 23 n.d.”

5 1.5 58 7,690 6,440 1.35 14.1 43

<] 2 63 8,332 7.020 1.32 12.8 38

7 3 68 B,965 7,100 1.36 13.0 37

8 6 78 10,246 7,290 137 11.9 36

8 200:1:0.08 0.33 27 7,224 4,960 1.53 26 n.d®
10 0.5 a8 10,055 B.270 131 12.9 38
1 0.7% 51 13,452 11,000 1.3 10.5 32
12 1 61 15,978 12,200 1.32 9.3 309
13 1.5 72 18,BDE 13,700 1.27 8.7 3.0
14 3 79 20,600 15,700 1.41 85 283
15 5.33 88 22,762 15,700 133 8.7 26.2
18 500:1:0.2 1 62 34,915 29,400 1.38 8.4 24.7
17 1.5 Fi: 49,202 29,700 1.43 9.1 239
18 s 80 51,699 30,900 1.47 8.8 24.5
19 3 87 56,307 33,500 1.43 8.0 24.8
20 5 92 59,584 32,700 1.85 9.1 252
21 ] a5 61,000 34,300 1.50 9.4 25.5

The monomer concentration was 0.68 M. The V-70 concentration was
0.24 mb except for the first entry where it was 1.2 mb.

solubilization in the concentrated reaction mixture (75 mg/
mL] leads to hindered accessibility of the growing chain
ends, and therefore, hindered chain equilibration and inevita-
bly resulted in less control. Based on this hypothesis, 0.1 M
potassium thiocyanate was added to the polymerization me-
dium to break intramolecular and intermolecular hydrogen
bonds. Using this additive, the shoulder in the GPC elugrams
disappeared, and a controlled RAFT polymerization of NAGA
could be achieved (Fig. 1). Kinetic studies were conducted
with monomer:CTA ratios of 100:1, 200:1, and 500:1 [Table
3). The absolute monomer and initiator concentrations were
held constant at 0.59 M and 0.24 mM, respectively. Constant
concentration of the growing polymer chains was supported
by the first-order kinetic plots (Fig. 2). A slight retardation
was observed at higher CTA concentrations, which resulted
in lower conversions. In a single experiment with a mono-
mer:CTA ratio of 50, the initiator concentration was
increased to 1.2 mM.

Molar masses increased linearly depending on the conver-
sion (Figs. 3 and 4); the dispersity was 1.3-1.4. Number-
averaged molar masses M, were always lower when com-
pared with the theoretical molar masses M, e Pullulan
was used as standard for GPC calibration, and the molar
masses determined were not absolute. Therefore, a deviation
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* Polymer concentration was 0.2 wi %.
¥ Cloud point not determined due to very broad transition.

Mono:CMUOD T Y-F0=500:1:0.2
Mono:CMDT V-70=200:1:0.08
Mono:CMDT:WV-70=100:1:0.04

| J

3.0 5

2.0 4

1.5 5 “

In(M_/M)

1.0 5 .

0.5 4

0.0 T

Time ! h

FIGURE 2 First-order kinetic plots of the RAFT polymerization
of NAGA with different monomer:CTA ratios. The monomer
concentration was 0.59 M, and the initiator concentration was
0.24 mM.

FWILEY g OMLINE LIBRARY



REPRINTS OF PUBLICATIONS

JOURMAL OF Polymer
poLYMER sCENCE Chemistry

Mono:CMD T :V-T0=200:1:0.08
conversion

Maormalized Rl signal

12

13 14 15
Retention time / min
FIGURE 3 GPC elugrams of polyiNAGA) synthasized by RAFT

using Mono:CMDT:V-70 in the ratic 200:1:0.08. Conversion
from right to the left: 27, 38, 51, 61, 72, 79, and 88%.

16 17

of M, from M, e, is not unusual. At higher Mono:CTA:In
ratios (500:1:0.08), the deviation from M, e, increased, de-
spite of the proceeding increase of molar mass with conver-
sion. Nearly quantitative functionalization of the polymer
chain ends by the RAFT agent could be demonstrated by a
chain extension experiment [Fig. 5). Here, a polymer with M,
= 5060 g/mol (Table 3, entry 4) was prepared by RAFT.
This polymer was subsequently used as macroinitiator for
the polymerization of new NAGA monomer to obtain a
chain-extended polymer of M, = 13400 g/mol. Disappear-
ance of the macroinitiator was evident from the correspond-
ing GPC elugram, thereby almost quantitative end-group
functionalization via the RAFT process was proven. More-

MaonomernCTA
500:1

{ kgmal”

rtrrTrrrrerrtrvrerrrt
0 10 20 20 40 50 60 7O 20 20100
Conversion / %
FIGURE 4 Molar masses determined by GPC as a function of
conversion for different monomer:CTA ratios. Lines = My, meo:
triangles = M.
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FIGURE 5 GPC traces illustrating the successful chain exten-
sion of poly[NAGA) synthesized by RAFT. Dotted line: polymer
line: polymer after chain

before chain extension; solid

extension.

over, this is in agreement with the decreasing end-group sig-
nals in the *H NMR spectra (Fig. 6).

Molar Mass and End-Group Dependence of the Cloud
Points of Poly[NAGA)

Polymers synthesized by controlled radical polymerization
were used to prepare 0.2 wt % solutions in either pure
water or PBS. The advantage of the RAFT system developed
in this work is that the polymers show a UCST in pure water,
media with low lonic strength, and media with higher ionic
strength like PBS. For instance, the sample with My =
29,400 g/mol [Table 3, entry 16) displayed cloud peints in
pure water of 11.8 °C on cooling and 28.8 *C on heating,
respectively. In PES, the cloud points were 8.4 °C on cooling
and 24.7 °C on heating. A more detailed discussion concern-
ing salt effects is given in "Influence of Electrolytes on the
Cloud Point of Poly(NAGA) Synthesized by RAFT" section.
Figure 7 depicts nine consecutive turbidity measurements of
a representative sample with M, = 29400 g/mol (Table 3,
entry 16); reversibility of the phase transitions was excellent.
To analyze the dependence of cloud points on the molar
mass, PES was adopted as solvent. This choice was based on
the fact that sonication was required to dissolve nonionic
poly(MAGA) in pure water; however, as this procedure bears
the risk of molar mass degradation, it should be avoided.
This appears to be a particular drawback of the long dodecyl
chain of CMDT and could be overcome in the future by using
derivatives with shorter alkyl chains instead. All samples
could be dissolved in PBS by heating to 70 °C for 90 min.
Subsequently, the cloud points of these solutions were deter-
mined by turbidimetry and plotted as a function of the
molar mass [Fig. 8). At molar masses from M, = 15=-35 kg/
mol, cloud points were independent of the molar mass. How-
ever, below M, = 15 kg/mol, the influence of the polymer
end group was significant. In the case of RAFT polymeriza-
tion with CMDT as CTA, the dodecyl end groups are hydro-
phobic, which gives a reason for the observed increasing
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FIGURE 6 '"H NMR spactra of polylNAGA) synthesized by RAFT before and after chain extension. The spectra were measured in

DMSO-dg at 100 *C.

cloud points toward lower molar masses. The cloud points
on cooling increased steadily from T, = 9 °C at M,, = 15,700
g/mol to T, = 22 °C at M;, = 3670 g/maol.

From the molar mass dependence, it can be deduced that the
broadness of the molar mass distribution (represented by dis-
persity D) does not exert any influence on the cloud points as
long as the low molar mass region is not reached. However, if
molar masses cover this range, a mixture of polymers with differ-
ent cloud points is present and consequently results in a broad-
ening of the phase transition zone. Furthermore, this conclusion

120 - A 9 consecutive runs

100 —

80 -

60

40 <

20 <

r heating

Transmitlance J %

T 1T -1 "1
1] 10 200 30 40 &0 B0
Temperature ( “C

is supported by the fact that the phase transitions become
broader at lower molar masses when compared with polymers
exhibiting similar D-values (samples with M, = 8270, 13,700,
and 29,400 g/mol in Fig. 9). The temperature intervals in which
the transmission dropped from 90% to 10% during cooling and
increased from 10% to 90% during heating were taken as a mea-
sure of the sharpness of transition. For poly{MAGA] synthesized
by RAFT with M, = 29400 g/mol and a D value of 1.38, the
intervals were 2.1 *C on cooling and 6.6 *C on heating. Toward
decreasing molar masses of M, = 13,700 and 8270 g/mol with
D-values of 1.27 and 1.31, the corresponding intervals increased
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FIGURE 7 Mine consecutive turbidity measurements of polylNAGA) synthesized by RAFT with a molar mass of M, = 29,400 g/
mol. The concentration was 0.2 wt % in (A) PBS and (B) pure water.
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FIGURE 8 Cloud points of polylNAGA) synthesized by RAFT
using CMDT as CTA as a function of molar mass.

to 4.5 and 8.8 °C on cooling and 119 and 18.1 °C on heating,
respectively. Below M, = 5000 g/mol, the transitions became
very broad and were not fully reversible in the time frame of one
measurement cycle. To fully redissolve, they required further
heating to 70 °C for a couple of minutes. Apparent deviations
from the cloud point trend in the lower molar mass region, for
instance, entries 1 and 9 of Table 3, can also be explained by dis-
persity effects. All effects discussed above should be less pro-
nounced when CTAs with shorter alkyl groups are used, for
example, cyanomethyl ethyltrithiocarbonate.

In analogy with our observations, the inverse influence of
the end-gmu? polarity was reported for polymers with LCST.
Huber et al*” showed for poly[2-isopropyl-2-oxazoline) with
a molar mass of about 3000 g/mol that a change of the ter-
minal groups from a methyl to a nonyl moiety decreased the
cloud point by 19 °C from 47 °C for PiPr0x.s to 28 *C for
Non-PiPrOxzs. Xia et al™ performed ATRP of NiPAAmM using
the hydrophilic initiator chloropropionamide (CP). The cloud
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FIGURE 9 Influence of the molar mass distribution on the tur-
bidity curve of polyiNAGA) with hydrophobic end groups.
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FIGURE 10 Cloud points of poly[NAGA) with ionic or nonianic
end groups as a function of ionic strength. Here, cloud paoint of
zero means that the polymer was water soluble at 0 °C.

point [50%T) of PNiPAAm=CP polymers thereby dropped
from 45.3 to 34.4 °C as the M, 4., increased from 3000 to
16,300 gfmol. As expected, the end-group effect was most
significant for the low molar mass samples and considerably
less remarkable for longer chains.

Influence of Electrolytes on the Cloud Point of
Poly(NAGA) Synthesized by RAFT

In a recent contribution, we showed that RAFT polymeriza-
tion with an ionic CTA led to a polymer that does not exhibit
a UCST in pure water but in PBS."* However, RAFT polymer-
ization with a nonionic CTA resulted in a polymer that exhib-
ited a UCST in both media. In this work, the influence of salt
additives on both types of polymers is analyzed in detail
Two samples were synthesized using different CTA/initiator
systems: poly[NAGA) with a sulfonate omega end group was
synthesized according to Lutz and coworkers®' using BCPS
as CTA and V-044 as initiator, and on the contrary, nonionic
poly[NAGA) was prepared with CMDT as CTA and V-70 as
initiator. In both cases, a monomer:CTA ratio of 200:1 was
used. Figure 10 displays the cloud points on cooling as a
function of salt concentration. In pure water, the nonionic
polymer with dodecyl omega end group showed a coud
point on cooling of 17.4 *C and a cloud point on heating of
34.6 °C. For the poly(NAGA) with a sulfonate (ionic) omega
end group, no coud point could be detected in pure water.
Howewver, cloud points were observed at sodium chloride
concentrations above 1 mM and increased considerably with
MaCl concentration as the end group got shielded by sodium
cations. A further increase in NaCl concentration caused a
steady decrease of the cloud points until they disappeared at
around 1000 mM NaCl At high concentrations of NaCl, the
same trend was observed for nonionic poly(NAGA). This is
an effect specific to sodium chloride; the influence of sodium
sulfate was more complex. In case of nonionic poly(MAGA),
there was a local minimum of the cloud points at around 100
mM sodium sulfate, which is even lower than the doud point in
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pure water. Beyond this concentration, the cloud points steadily
increased for both polymers. This increase is in agreement with
the Hofmeister series of ions, which was established to describe
the effect of ions on the solubility of proteins*? Such correla-
tions according to the Hofmeister series were also reported for
LCST polymers like PNiPAAmM. Here, the effect of salts was thor-
oughly investigated and even contributed to revision of the
underlying mechanism of the Hofmeister series®**! Now it is
unambiguous that ions act via polarization effects, surface ten-
sion, as well as direct ion binding and therefore could affect
thermoresponsivity in a different manner. Real biological fluids
are complex and contain both chaotropic and kosmotropic
agents, and hence, the UCST behavior is very difficult to predict.
However, it was previously shown that poly[NAGA) retains its
UCST in human blood serum.™*

CONCLUSIONS

NAGA was polymerized by a controlled radical polymerization
with good molar mass control, as demonstrated by the linear
increase of molar mass with conversion and a chain-extension
experiment. This was achieved without sacrificing its key
property, the UCST in water: Because of the molar mass con-
trol, it was possible to analyze the molar mass dependence of
the cloud points. In analogy to LCST-polymers, it was detected
that polymer end groups exerted a strong effect on the cloud
points with increasing influence toward lower molar masses.
The hydrophobic dodecyl end groups derived from the CTA
caused an increase in the cloud points. Furthermore, with
RAFT a well-established method of controlled polymerization
enables precise end-group functionalization, grafting reactions,
and synthesis of block copolymers. This allows the design of
smart materials with UCST-type thermoresponsivity, a class of
materials that is largely underrepresented because of the lim-
ited number of available materials with such behavior
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Atom transfer radical polymerization as a tool for
making poly(N-acryloylglycinamide) with molar mass
independent UCST-type transitions in water and
electrolytes
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Atom transfer radical polymerization (ATRF) of N-acryloylglycinamide has been used as a tool to make
polylNAGA) showing UCST-type phase transitions in water and electrolytes independent of molar mass
and end-groups. We hypothesized that similarity in the structure of polymer chain ends with the repeat
unit of poly(NAGA) could help in eliminating the effect of molar mass dependence of the doud point
especially in the low molar mass region. The monomer-like end-groups were introduced by choosing an
appropriate initiator for ATRP like chloropropionamide (CPA). The catalyst system CuCl/Cud; and tris-
[2-{dimethylamino)ethyl]-amine (MegTREM) as a ligand provided controlled polymerization of NAGA in
DMED at 45 =C with UCST-type transitions retained in water and electrolytes without being influenced
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Introduction

Poly(N-acryloylglycinamide) [poly{NAGA]) is a nondonic polymer
showing UCST (upper critical solution temperature}type tran-
sitions in water based on reversible hydrogen bonding.* This is
one of the few examples of a polymer showing UCST-type phase
transitions in water and electrolyies in contrase with many
examples known for polymers having LCST (lower critical
solution temperature}-type phase transitions. Although the
topic of polymers having UCST-type phase transitions especially
in water and electrolytes is highly relevant for many applica-
tions, unfortunately there are not many examples and the basic
studies for such behaviour are missing. A recent review article
published in Macromolecular Rapid Communications is a good
reference to details of existing polymers showing UCST in
water.* Although poly[NAGA) was first synthesized by Haas and
Schuler in 1964 in a water-aleohol mixture with potassinm
prroxodisulfate as an initiator and showed thermoreversible gel
in concentrated agqueous solutions, a UCST-type phase separa-
tion remained unnoticed for more than three decades.?
Recently we carried out detailed studies and showed that the
presence of trace amounts of ionic groups introduced unin-
tentionally by either acrylate impurities in the monomer,
hydrolysis of the polymer side chains andfor usage of ionic
initiators or chain transfer agents could lead to loss of UCST

=Uiniversity of Bayrenth, Macromolecular Chemistry [, Bayreuth Cemter for Colloids
and  imterfoces, Universit@istrosse 30, [F95440 Bayrewth, Germomy.  E-mail:
aparwal@uni-baoyrewth de; Fox: +49-921-553393; Tel! +49-921-553397

*Fb. Chemvie, Philipps-Universitlt Morburg, [-35032, Germany

This jourmnal is @ The Royal Sodety of Chemistry 2013

by chain ends/molar mass and high concentration of salts like NaCl and Na;50..

behavior.* The effect of ionic groups on the UCST of pol{NAGA)
was extreme because of their strongly exothermic contribution
to the enthalpy of mixing, and the enthalpy change of the phase
transition is about two orders of magnitude smaller than for
most LCST-polymers like, eg, polvN-isopropylacrylamide)
(poliNiFAAM)).=" Proof of these conclusions along with a
procedures to obtain stable aqueous solutions of nonionic poly-
[MAGA) to exploit UCST in pure water as well as in a physio-
logical miliew was recently published.*

Controlled radical polymerization of NAGA by reversible
addition fragmentation transfer (RAFT) polymerization repor-
ted in ref. 8 was an additional support to our findings.® The
poly{NAGA) made by RAFT polymernzation did not show a UCST
in water most probably because an ionic radical initiator (VA-
(4] and an ionic chain transfer agent (sodium 3«{{[benzvlthio)-
carbonothioyl)thio)propane-1-sulfonate) were used. To confirm
this fact, we used nontonic radical initiators and nonionie chain
transfer agents (CTAs) for RAFT polymerization of NAGA and
provided the corresponding polymer with controlled molecular
masses without sacrificing the most interesting property, the
UCST in water as well as in phosphate buffered saline (PBS)
solution.® Although poly{NAGA) of different molar masses
showed cloud points (measures of UCST-type transitions) in
water, end groups had a strong effect on the cloud points with
increasing influence towards lower molar masses. The cloud
point of poly{NAGA) with molar mass more than 20 000 (M, =
number average molar mass) was almost the same but
increased with a decrease in the molar mass below 20 000, The
hydrophobic end groups derived from the CTA caused an
upshift of the cloud points with a decrease in molar mass.

Polym. Chem., 2013, 4, 3123-3131 | 3123
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We present here controlled radical polymerization of NAGA by
atom transfer radical polymerization (ATRP) with an aim to have
a system with a cloud point independent of molar mass and ready
for end group functionalization, grafting reactions and synthesis
of block copolymers for future studies. Thiswill allow the design
of smart materials with UCST-type thermoresponsivity, a class of
materials that is largely underrepresented due to the limited
number of available materials with such behaviour.

We hypothesize that similarity in the structure of polymer
chain ends with the repeat unit of poly{NAGA) could help in
eliminating the effect of molar mass dependence of the cloud
point. This is relatively easy to accomplish in ATRP as compared
to RAFT by choosing an appropriate initiator.

In the last decade a lot of progress has been made
concerning  the ATRP of Nesubstituted acrylamides like
poly(diacetoneacrylamide)  (polviDAAm)) or  poliM-isopro-
pylacrylamide) [polyNiFAAm]). Good results could be obtained
by employing PMDETA or Me TREN as ligands for the catalyst.'*
However, monomers with a primary amide group remained a
problem. Inactivation of the catalyst and displacement of the
terminal halogen atom by the nucleophilic nitrogen containing
group are some of the side reactions shown for (meth)acryl-
amides." Acrylamide might be the closest relative to NAGA in
the sense that both bear a primary amide as a potential coor-
dination site. Therefore, it is worthwhile to briefly review the
important literature related to the ATRP of acrylamide. ATRP of
acrylamide in glycerol-water mixtures was studied in 2003 by
Jewrajka and Mandal using water soluble halopropionamides
as an initiator and CuBr/CuBr, with bipyridine ligand as a
catalyst.”* However, even under optimized conditions the PDI
[polydispersity index) was high (1.6=1.7). Later improved FDI of
about 1.5 was shown by changing to PMDETA as a ligand.* In
2008 Lu ef al. showed PDIs between 1.03 and 1.58 but with low
conversions of § to 66% after 48 h using N NN N -tetramethy-
lethylenediamine (TMEDA) as a ligand.* Further, higher
conversions (about 50%) with PDIs of 1.2-1.3 could be achieved
by AGET ATRF using chloropropionamide as an initiator,
ascorbic acid as a reducing agent and Me ,TREN as a ligand only
at 25 *C.** In contrast, higher temperature like 80 “C led to
completely uncontrolled polymerizations. In 2011 An and Song
claimed a conventional ATRP of acrylamide with both high
conversion and very narrow PDIs of around 1.1, They used
chloropropionamide/CoClCuCl,Me , TREN a5 a  catalyst
system.* Recently Broekhuis and co-workers reported ATRP of
acrylamide in water with methyl 2-chloropropionate as an
initiator and MecTREN/copper halogenide as a catalyst system
at room temperature but obtained good correlation of theoret-
ical and obtained molar mass only for low to mediom mono-
mer-initiator ratios but with relatively high polydispersities
[1.4-1.8)." The continuous efforts to provide controlled poly-
merization of acrylamide clearly showed it to be a non-trivial
system. Finding suitable reaction conditions for ATRP of NAGA,
the targeted monomer for the present studies, was still more
challenging because there were a number of other restrictions.
To date only DMS0 and water above the phase transition
temperature (cloud point] have been known solvents for poby-
[NAGA). In water the temperature must not exceed 60 *C for
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Scheme 1 Reaction scheme and optimurn conditions abserned in this work for
the ATRP of N-acryleylglycinamide (MAGA]} in agueous rmedia and D8AS0.

longer time intervals because even a little hydrolysis of the
amide bonds of NAGA drastically changes the thermores-
punsive behavior of the resulting polymer. Additionally, the
temperature muost not drop below the phase transition
temperature of the polymer, e.g ~30 *C for a 5 wt% solution to
ensure homogeneous dispersion of the polymer chains. At
higher concentrations poly(NAGA) can form physically cross-
linked thermoreversible gels in water as well as DMS0O which is
unfavourable for a controlled polymerzation. The gel melting
temperature increases with polymer concentration, thus
forbidding high monomer concentrations that are usually
employed in controlled polymerizations in order to minimize
side reactions like transfer reactions to the solvent.

In this work we provide controlled polymerization of NAGA
in water and DMS0 using chloropropionamide (CPA) as an
initiator, CuCl/CuCl, and Me,TREN as a ligand, respectively as
evidenced by molar mass control, low polydispersities and
chain extension experiments. The resulting polymer showed
UCST-type transitions in water and electrolytes independent of
maolar mass (Scheme 1)

Experimental section

Materials

Acrylate free N-acrylovlglyeinamide [T,,(DSC) = 143 *C, residual
potassium = 5 ppm) was synthesized aceording to the procedure
published by us previously.' Tris24dimethylaminojethyl
amine [Me,TREN) was synthesized according to the literature. '
Copper(t) bromide (Aldrich, 98%), coppern) bromide (Merck,
>08%), copper(l) chloride (Aldrich, 97%), copper(u) chloride
(Aldrich, 99%), 2-bromopropionamide (BPA, Aldrich, 99%), and
Zchloropropionamide [CPA, Aldrich, 98%) were used as
received. Solvents were distilled prior to use. Ultra-pure water
was obtained from a TEA Micro UV system model 08.1005
[conductivity = 0.06 pS em™?, filtered through a 200 nm filter,
UV treated). Phosphate buffered saline was prepared using
precalibrated tablets (Aldrich).

Analytical technigques
‘H spectra were recorded on a Bruker Avance DRM-500
(500 MHz) in de-DMSO at 100 °C.

Turbidity measurements were performed on a custome-modi=
fied Tepper turbidity photometer TP1-D at a wavelength of

This journal is & The Royal Society of Chemistry 2013
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670 nm with a cell path length of 10 mm while stirring the solu-
tion. The polymer solutions {above phase transition temperature)
were filtered through a warnm 1.2 pm PET syringe filter before
measurement. The heating program started at 60 *C and pro-
ceeded via cooling to 3.5 °C at a constant rate of 1.0 *C min™
followed by reheating to the starting temperature with the same
rate. The inflection point of the transmittance curve was
considered as the cloud point. It was graphically determined by
the maximum of the first derivative of the heating or cooling
curve, respectively. For sample preparation the polymers were
weighed into 2 mL polypropylene tubes. The dissolution param-
eters for polyiNAGA) in phosphate buffered solution (pH 7.4) and
salt solutions were: ¢ = 1.0 wit%, T="70°C inside the tubes, ¢t =90
min, no sonication. The parameters in pure water were: ¢ = 1.0
with, T= 70 °C inside the tubes, ¢ = 60 min with sonication. For
sonication a heated Bandelin Sonorex RE 102 H ultrasound
device (HF power = 120 Weff, HF peak performance = 480 W, HF
frequency = 35 kHz) was used. The samples were diluted to
0.2 wt% and the hot samples were quickly filtered through a
preheated 1.2 pm FET-filter into the cuvette,

Muolar masses and molar mass distributions of the polymers
were determined by gel permeation chromatography (GPC) with
dimethyl sulfoxide as eluent. Two PL-Gel Mixed-D columns
[particle size 5 pm, dimension 7.5 mm = 300 mm) calibrated
with narrow Pullulan standards and a differential refractive
index detector were employed. The flow rate was 1.0 mL min~".
The molar mass distributions were caleulated using the soft-
ware Cirrus 3.3, The theoretical number-average molar mass
M, ahe was caloulated using egn (1)

My jhen, = [colmonomer feglinitiator)] = x,

(1

% Myaca + Misor

where colmonomer) and cofinitiator) refer to the initial
concentrations of the monomer and ATRP initiator, respec-
tively; x, denotes monomer conversion, Miguga and My g a0e
the molar masses of the monomer and ATRP initiabor.

Example of ATRF of N-acryloylglycinamide in water with CuBr
as catalyst and BPA as initiator

MAGA (200 mg, 1.57 mmol, 50 eq.) CuBr, (7.01 mg, 0,031 mmol,
1 eq.) and Me ;TREN (16.8 puL, 0.062 mmol, 2eq.) were dissolved in
3 mL of H:O in a nitrogen flask. In another nitrogen flask
2-bromopropionamide (47.7 mg, 0.31 mmaol) was dissobved in 10
mL of HyO. These solutions were degassed by three freeze=thaw-
eyeles. CuBr(4.50 mg, 0.031 mmuol, 1 eq.)was then added into the
muonomer solution under an argon atmosphere and itwas placed
into a preheated oil bath and stirred at 30 *C. Thereafter 2-bro-
mopropionamide solution (0.031 mmol, 1 eq.) was added to the
reaction system. It was polymerized at 30 °C for 1 h.

Example of ATRP of N-acryloviglycinamide in DMS0O with
CuClCuCly as catalyst and CPA as initiator

500 mg of NAGA (50 eq.), 10.5 mg of copper(u) chloride (1 eq.)
and 42 pL of MesTREN (2 eq.) were added into a nitrogen-flask
and dissolved in 2.10 mL of DME0. A CPA stock solution with

This joumnal is @ The Royal Sodety of Chemistry 2013

¢ = 16.78 mg mL™" was prepared separately. Both solutions
were degassed by three freeze—pump=thaw cycles. In an argon
atmosphere 7.7 mg of CuCl (1 eg.) was added to the monomer
solution. The mixture was placed in a preheated oil bath and
stirred at 45 *C. Thereafter, 0.5 mL of the stock solution con-
taining 8.39 mg of CPA (1 eq.) was added to the monomer
solution.

General procedure for the purification and isolation of
polymers

The reactions were stopped by air contact. Thereafter, the
polymers were precipitated from the 10-fold excess volume of
methanol. Subsequent to centrifugation (10 min, 3000 rpm) and
decantation, the sediment was thoroughly slurried with meth-
anol using a glass rod. The centrifugation=wash cycles were
repeated three times. Subsequently the polymers were dried ina
vacuum oven at 70 *C for 24 h.

Chain extension of the ATRP polymer in DMSO

In a two-step method of chain extension, first NAGA was poly-
merized using the ATRP method as described above. The poly-
mer was isolated after 1 h by precipitation in methanol and
characterized. In the second step, 150 mg of NAGA (50 eq.),
3.15 mg of CuCly (1 eq.) and 12.5 pL of Me,;TREN (2 eq.) were
dissolved in 0.97 mL of DMS0O in a 10 mL nitrogen flask (solu-
tion 1). In a second 10 mL nitrogen flask 100 mg polyiNAGA)
was dissolved in 1 mL of DMS0 (solution 2). Both solutions were
degassed by three freeze=pump=thaw cycles. In an argon
atmosphere 2.33 mg of CuCl {1 eg.) was added to the monomer
solution. The mixture was placed in a preheated oil bath and
stirred at 45 *C. Thereafter, 0.9 mL of the stock solution con-
taining 90 mg of CPA (1 eq.) was added to the monomer solution
and polymerized for a definite interval of time.

For the in sity method, 300 mg of NAGA (50 eq.), 6.3 mg of
Cucl; (1 eq.) and 25.05 pL of Me,;TREN (2 eq.) were dissolved in
1.06 mL of DMSO in a 10 mL nitrogen flask [solution 1). In a
second 10 mL nitrogen flask 20016 myg of CPA was dissolved in
2 mL of DMSO (solution 2). In a third 10 mL nitrogen flask
200 mg of MAGA was dissolved in 1.04 mL of DMSO0 (solution 3).
All solutions were degassed by three freeze-pump=thaw=cyeles.
Thereafter, 64 mg of CuCl (1 eq.) was added to solution 1 under
an argon atmosphere and the mixture was placed in a preheated
oil bath and stirred at 45 *C. Then 500 pL of solution 2 was
added to solution 1 to start the reaction. After 1 h, 0.78 mL was
removed from the reaction mixture and the polymer was
precipitated in an excess of methanol to obtain 77 mg (57%) of
polymer. 0.78 mL of solution 3 containing 25 eq. of NAGA was
added to the reaction mixture and it was further stirred for 1 h
until the chain extended polymer was precipitated in excess
methanol to obtain 150.8 mg [50%]) of polymer.

Results and discussion
ATRP of MAGA in water

Initial experiments for controlled radical polymerization of
MAGA were carried out at 30 °C using a monomer concentration
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of 0.39 M (5 wit%) in water. As a catalyst system 2-bromopro-
pionamide (BPA): CuBr: CuBr, : Me,TREN was used in the
ration 1 : 1 : 1 : 2 [Table 1). The use of Culi) is well known in the
literature  for  providing  better  control  during
polymerization, %%

The polymerization proceeded extremely fast. The reaction
conversion was already about 62% after 1 min of reaction time
with a polydispersity of 1.29. Further reactions were carried out
for different intervals of time. The conversion changed from
62% to %4% on increasing the time of polymerization to 60
minutes with the systematic increase in molar mass but also
with an increase in the polydispersity to 1.48 [entries 1-7;
Table 1). The fast reaction rate in water was in accordance with
the theoretical and experimental observations of free radical
polvmerization of vinyl monomers like N Nedimethylacryla-
mide, acrylamide and methacrylamide in the literature.*-** This
could be attributed to many different factors, such as the exis-
tence of a radical=solvent complex, hydrogen bonds between
water and the different species involved in the polymerization,
conformation of polymer coils ete.

Interestingly, a relatively good match was found between the
theoretical molar mass and the number average molar mass,
although the molar masses determined were not absolute and
Pullulan was used as standard for GPC calibration. Also, a molar
mass control by changing the monomer @ initiator (M @ In) ratio
was possible (entries 8=10; Table 1; Fig. 1). In a representative
reaction for improving the control, the change of the catalyst
system from BPA, CuBr and CuBr,, to CPA, CuCl and CuCl, fora
M : In ratio of 50 : 1 did not significantly affect the vield, molar
mass or the polydispersity (entry 11; Table 1). A chain extension
experiment in water at 30 *C showed an increase in the molar
mass but a minor fraction of dead chain ends left as indicated
by the shoulder in the GPC elugram (Fig. 2).

ATRP of NAGA in DMSO

Further to achieve better control during ATRP of NAGA, reac-
tions were carried out in DMSO at 45 *C using different
monomer concentrations and different reaction times using

Table 1 ATRP of NAGA in water using BPA as an initiator, CuBriCuBry and
Mg, TREM 25 & catalyst systern. cimanarmsr) = 0.39 M (5 wi%), T = 30°C"

M :In: Cof) Mo jpe!  MGGPC)
Entry Cuofu):L tmin  Yield/% gmol™ gmel™ pPm
1 S0:1:1:1:2 1 62 4141 4360 1.29
2 50:1:1:1:2 2 &9 4600 4610 1.38
3 S0:1:1:1:2 3 70 4647 4E3D 1.40
4 S0:1:1:1:2 4 72 4792 4850 1.49
5 50:1:1:1:2 5 73 4813 5000 1.48
& 50:1:1:1:2 10 74 4904 5650 1.50
7 S0:1:1:1:2 60 94 6170 6250 1.48
8 106:1:1:1:2 60 88 11427 10600 1.54
9 150:1:1:1:2 120 &8 17065 16100 1.76
10 200:1:1:1:2 180 72 18603 20900 2.88
11 S0:1:1:1:2" 5 &5 4270 4960 1.34
“L = ligand, PDI = Mu/M,. " CPA:CuCl: CuCl; : MegTREN as a

catalyst system.
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Table 1).
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Fig. 2 The in sifu chain extension expesiment of ATRP in water. The polymesi-
Zation wad carfied out at 3D *C with a monomer concentration of 0.39 M (5 wi%)
sl BPA, : CuBy @ CuBry 2 Me TREN = 12111 :2 a5 & catalyst system. Dotted Ene:
polymer before chain extension; solid line: polyrmer after chain extengion (a
second batch of NAGA, catalyst and ligand was added and the systern was further
poalymerized for another 5 mink

Me, TREN as a ligand, BPA or CPA as an initistor and CuBr/
CuBr, or CuCl/CuCl, as a catalyst, respectively. Compared to
aqueous media, the ATRP of MAGA using 8 BPA/CuBr/CuBr,/
MesTREN catalyst system in DMSO was slower. A maximum
yield of about 21% and 36% was achieved after about 18 h of
polymerization time with a moderate polydispersity of 1.32=1.39
for a 1.5 M and 2.5 M solution, respectively (entries 1 and 2;
Table 2). There was no significant inerease in the vield on
increasing the reaction time from 4 h to 18 h and obvious
difference in theoretical and observed molar masses was also
seen [entries 1=4; Table 2). Based on these preliminary reactions
in DMS0 and studies in water as described above, a mixed
solvent of water and DMS0 was used in further reactions. The
effect of different reaction parameters, for example, ratio of
water : DMS0, rype of catalyst and reaction time, was studied in
providing controlled ATRP of NAGA. Adding a small amount of
water (water : DMS0; 1 : 9 [vwv)) enhanced the rate of polymer-
ization in comparson to the reaction in pure DMS0 as
measured by the amount of polymer formed (vield was 53% in
4 h; compare entries 4 and 5; Table 2). The yield was already
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Table 2 Comparigon of molar mass, yield and polydispersity index of palyiNAGA) made by ATRF under different conditions

Entry Solvent Initiator Temp./™C Timefh Conc./M Yield/% MA[GPC) My[Cale.) PDIL
1 DBASLH BPA 45 18.5 25 36 3360 2480 1.39
2 DS BPA 45 18.5 15 2 2940 1480 1.32
3 DBASLH BPA 45 4 25 34 3410 2330 1.28
4 DS BPA 45 4 1.5 17 ZR00 1160 1.24
5 HOMDMS0 0. 1/0.9 BPA 45 4 1.5 53 4870 3550 1.39
& H, OIS0 0.1/0.9 BPA 45 1 15 38 4290 2350 1.32
7 H,O/DMS0 0.1/0.9 CPA 45 1 1.5 63 5540 4270 1.31
8 DMS CPA 45 1 15 1] 4510 3950 117
9 DS CPA 45 1 1.5 86 6300 5620 1.33

? The catalyst system was: CPA : CoCl - Me, TREN (without CuCl,).

much higher (38%) after 1 h of reaction time in comparison to
the reaction in DMS0 [compare entries 4 and 6; Table 2) but the
addition of a small amount of water in the reaction medium
also led to increased polydispersities and deviation in theoret-
ical and observed molar masses. These experiments clearly
showed uncontrolled reactions either in the presence of water
or water : DMSO as the reaction medium using BPASCuBr/
CuBry/Me TREN as a catalyst system and slow polymerization in
DMS0.

Further change of the initiator system to CPA/CuClHCuCl,/
MeTREN for the polymerization of NAGA in water : DMSO
showed an interesting effect. Chlor in 2-chloropropionamide
(CPA) in contrast to Brom in 2-bromopropionamide (BPA)
showed a significant effect, and not only was the rate of poly-
merization increased (compare entries & and 7; Table 2) but a
relatively good correlation was seen between the observed and
theoretical molar mass with moderate polydispersity (1.31).

This experiment gave us a hint to use a CPA/CuCl/CuCl,/
Me TREN system in DMSO (without water) for enhancing the

rate of polymerization and getting a controlled ATRF of NAGA.
Therefore for further optimizations, polymerzations were
carried out in DMSO using CPA as an initiating system. The
polyvmerization of 1.5 M NAGA solution using a CPAfCuCl
CuCly/Me , TREN system at 45 °C in 1 h gave a 60% yield which
was significantly higher in comparison to the BPA/CuBr/CuBra/
Me, TREN system (compare entries 4 and 8; Table 2). The
resulting polviMAGA) had a very low polydispersity (1.17) and
showed a very good correlation of theoretical and observed
molar masses. The 'H NMR of the resulting polymer is shown in
Fig. 3. The same reaction carried out without the addition of
CuCly (entry 9; Table 2) showed uncontrolled reaction with
increased polydispersity and significant difference in theoret-
ical and observed molar masses.

The polymerization kinetics was further studied in DMSO
using optimized conditions of using 8 CPA/CCHCuCly/MesT-
REN initiating system at 45 “C. Kinetic studies were conducted
with M : In ratios of 50 : 1, 200 : 1 and 500: 1 (Table 3). The
monomer concentration was 1.5 M. First-order kinetic plots

¢ H;0 DMSO
0
d i e c b a
—_—r s, R —
- | i . !" !

- '"'..f""\-'ll-.ll.-"-\. = J-; \‘\ - . S I IIII'IJM"““" | JII. — .III Il-‘.'\. _.-.- II"-': ll.r I“\ o, .
1 1 T L] 1 ] I T 1 | L] T T T I | i I | 1

. 1. . E 4, . 2. l. .

ppm (t1) g0 0 6.0 5.0 ] 3.0 i 0 0
Fig. 3 "H NMR spectnam of polyiNAGA) synthesized by ATRP using a CPASCwILCuCl:/MesTREN catalyst system at 45 =C in DMS0. The spectrum was measured in

DMASIO-cl, an 100 *C.
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Table3 ATRP of MAGA with CPA & anindtiator, CuClACwCly a5 & catalyst and Me TREM 4 a ligand at 45 °C for differant intenals of time (monarmear concentration = 1.5 M)

Cloud points in PES®C”

Entry M Im s Cufi) : Cufu): L ifh Yield/ M, g oofg o0l ™? M [GPC)g mol™" PIH Cooling Heating
1 50:1:1:1:2 0.33 36 2405 2740 118 nd.? n.d.
z 05 45 1988 3580 119 rd. .
3 067 32 3403 4080 1.20 rd. .
4 1 33 3604 4260 1n nd. .
E] z 63 4133 4570 125 nd. n.d.
& 4 71 4599 4770 1.26 rd. .
7 Iz 80 3211 4580 1.32 rd. .
a8 I :-1:1:1:2 017 15 3964 4920 1.22 nd. .
a9 0.5 19 7512 7730 1.32 B.O 234
10 1 i8 9911 9600 1.39 7.3 215
11 z 41 107356 11280 1.47 7.0 20
12 3 43 11186 12280 1.51 7.2 21
13 4 45 11823 11700 1.59 71 21
14 23 49 12363 12000 L57 7.5 221
15 S:1:1:1:2 05 3z 20869 18900 1.48 7.0 214
16 1 41 26265 24200 1.40 7.4 214
17 z 32 33620 29700 1.49 Bl 220
13 3 33 35350 9000 L&65 7.0 21.3
19 4 &1 39030 32500 L.66 7.2 215
0 13 80 51319 29000 1.95 7.1 21
“ Polymer concentration was 0.2 wi%. * Cloud point not determined due to very broad transition.
indicate a constant concentration of polymer chains in the first Mono: IR CL{I):Cufll).Lig = 50:1:1:1:2
hour, after which the reaction slowed down (Fig. 4). | ~COOYETEINN

The plots for M, vs& conversion were fairly linear and the P
polydispersity was 1.2-1.6. (Fig. 5 and 6) Number average molar [
masses (M) agreed with the theoretical molar masses M g, =
for M :In ratios up to 200 : 1. For higher M :In ratios (for % 1
example 500 : 1) although an inerease in conversion and molar E ]
mass with time was observed, the difference between theoret- =
ical and observed molar masses became more at higher 1
conversions with increased polydispersity.

Two different methods of chain extensions were carmied out: . " = . AR
a twoestep method or an in sifw chain extension procedure. Retentian time | min
Fig. 7a shows the GPC traces of the twoestep approach. In this

E P app Fig. 5 GPC elugrams of paly[MAGA) symthesized by ATRP wusing

method, the poly(NAGA) with M,, = 4730 g mol™" (PDI = 1.20)

M2 Ol Culn) 2 MesTREN in the ratio 50 2 1:1 1 ¢ 2. Conwersion from right
to lefe: 36, 45, 52, 55 63, 71, and 80%.

® Mono tini = 4001

1.4] '+ Manodni a0
1.24 *
g"; 1.0- .
£ 08 . . .
0.6 " . &
0.44 [u
0.24
0.0 T T T T
0 1 3

2
Time / h

Fig. 4 First-order kinetic plots af the ATRP of NAGA in DMS0 at 45 °C with
differert M ! bn ratios. CPAMCUC Cull/ Me TREM wias chosen as & calalysy system.
The MaENOAET concentration was kept constant (1.5 M)
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was used as a macroinitiator for the polymerization of a second
batch of NAGA. The bimodal GPC trace of the extended polymer
clearly indicated that the most portion of the macroinitiator
poliMNAGA) could not be reinitiated. Similar results were also
found in the two-step chain extension experiment of ATRP of
acrylamide in aqueous media.*”

Therefore, an in siftu method was tried. In this method, a
portion  of  polymerizing NAGA in DMSO  using
CPA : CuCl : CuCly : Me, TREN at 45 *C after 1 h was precipi-
tated in methanol [showed M, = 4640 g mol™"; PDI = 1.18)
and to the rest of the polymerzing system a second batch of
MAGA monomer catalyst and ligand was added. The system
was further polymerized for another 1 h. The polymers were
precipitated in methanol and dried in a vacuum for further
characterization. The polymer obtained after the addition of
the second batch of NAGA showed chain extension with M, =
9830 ¢ mol™' [PDI = 1.32) [Fig. 7b). The extended polymer
showed a unimodal but asymmetric GPC trace with a very
small shoulder in the low molar mass region. The halogen
exchange technique was widely used to improve the macro-
initiator efficiency ™ Therefore it was also tried for the poly-
(HAGA]), although we have shown that ATRF of NAGA with a
CuBrfCuBr; catalyst system in DMSO was slow. Fig. 7e displays
the GPC trace of chain extension with an in situ method using
CuBr and CuBry as a catalyst in the second batch. The very
small shoulder in the low molar mass region indicates that
part of the polymer could not be extended and results werne
comparable with that of CPA:CoCl: CuCl, : Me,TREN.
Although we cannot say with certainty, probable reasons could
be as reported in the literature for acrylamide like inactivation
of the catalyst by complexation of copper by the forming
polymer and displacement of the terminal halogen atom by the
amide group.™

Molar mass and end-group dependence of the cloud points of
poly(NAGA)

As mentioned in the introduction section, the choice of poly-
merization conditions for NAGA is highly critical for retaining
UCST-type transitions. The poly{NAGA) prepared in this work by
ATRP retained this important property in water and PBS buffer.
For instance, the sample with M,, = 12 000 g mol™ (entry 14;
Table 3] displayed cloud points in pure water of 12.8 *C upon
cooling and 30.3 *C upon heating, respectively. In PBS the cloud

This joumnal is @ The Royal Sodety of Chemistry 2013

puints were 7.5 °C upon cooling and 22.1 °C upon heating. All
polymers showed an excellent reversibility of phase transition
as shown in Fig. & for a sample with M, = 9600 g mol™, D =
1.39 (entry 10; Table 3). The effect of molar mass on cloud
puints as measured by turbidimetry is shown in Fig. 9. The
cloud points were independent of molar mass and poly-
dispersity even in the low molar mass range and were around
7.5 *C upon cooling and 22 *C upon heating. The poly{MAGA)

Trarsmitianc | %

‘:. T T T T
o 10 n # £ = &
Temperalurs | T

Fig. B Nine consecutive turbidity measwemernts of poly{NAGA) synithesized by
ATRPwith a rolar mass of M, = 9500 g mol ™" The concentration was 0.2 wi in
PBS. The heating rate was 1.0 °C min~".
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Fig. 9 Cloud points of poly(MAGA) synthesized by ATRP in DMSO using
CPa: CuCl : CuCl; 2 MesTREN &% & catalyst systern at 45 =C & a function of malar
Mass.
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prepared by RAFT with a hydrophobic dodecyl end-group,
however, showed a continuous inerease of cloud point when the
molar mass was below M, = 15 000 g mol™".* This proved our
hypothesis that the structural similarity between the chain end
and the monomer repeat unit is essential to avoid the change of
cloud point with the molar mass. For polyNAGA) oligpmers
with molar mass below 5000 g mol™ the broadening of
turbidity curves was observed as the polydispersity effect could
be more significant for low molar mass chains. Therefore, cloud
points could not be determined using a turbidity meter with any
accuracy. The efficiency and sharpness of the phase transition
were discussed in detail in our previous review article® All
polvmer chains in solution should have the same phase tran-
sition temperature for a sharp cloud point. The increased
proportion of chain-ends for low molar mass polmmers would
provide large dispersity in the phase transition temperature of
different chains and hence broadness of turbidity curves
(Fig. 10).

Fig. 11 displays the cloud points as a function of ionic
strength. Low concentration of sodivm chloride or sodium
sulfate until 10 mM did not influence the cloud point. Above
10 mM a steady decrease of the cloud point occurred until it
vanished at around 500 mM NaCl In sodium sulfate poly-
(NAGA) showed a local minimum of the cloud points at around
100 mM Ma,S0,. Beyond this concentration the cloud point
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Fig. 10 Infleence of the molar mass on the turbidity ewnve of paly(NaGA).
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Fig. 11  Oowd paints of polpMAGA) synthesired by ATRP as a function of ionic
strength. Here, a doud point of rerg means the polymer was water soluble at 0=C.
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steadily increased. This increase was in agreement with the
Hofmeister series of ions.™ The data presented here showed
poly{NAGA) made by ATRP to be a promising candidate for use
in biological fluids alse. Although the UCST behavior in a real
biological system is hard to predict considering the presence of
a complex mixture of chastropic and kosmotropic salts, oor
previous work showed that the polyNAGA) prepared by free
radical polymerization displays thermosensitivity in human
blood serum.*

Conclusions

The aim of making polMN-acrylovliglveinamide) [polyMAGA])
with UCST-type phase transitions in water or electrolytes inde-
pendent of the molar mass or polydispersity was achieved
successfully for the molar masses above 5000 g mol™". The
muolar mass dependence of the cloud point is dominated by the
hydrophilicity/hydrophobicity of the polymer end-groups.
Choosing monomer-like end-groups (primary amide groups
which were introduced by choosing an appropriate initiator for
ATRP) provided maolar mass independence of the cloud points.
Cloud points were retained even in the presence of large
amounts of sales like NaCl and Na,50,.
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Thermoresponsive Gold Nanoparticles with
Positive UCST-Type Thermoresponsivity

Fangyao Liu, Seema Agarwal®

Trithiocarbonate end-functionalized poly(N-acryloylglycinamide) (PNAGA), synthesized via
reversible addition—fragmentation transfer (RAFT) polymerization of different molecular
weights, is grafted onto gold nanoparticles (AuNPs) by ligand exchange in phosphate-buffered
saline. The PNAGA-grafted AuNPs display upper critical solution temperature (UCST)-type
transitions: stable colloidal distribution and aggregation above and below the cloud points,

respectively. Cloud points of PNAGA are not affected by the

grafting procedure, and PNAGA@AuNPs show similar cloud
points as that of the trithiocarbonate end-functionalized free- 1
PNAGAs used for grafting. The UCST-type phase transition is
reversible for many cycles. The reversible control of the phase
transition is proved by turbidity measurements and UV-vis
spectroscopy, as well as by transmission electron microscopy

(TEM).

1. Introduction

Thermoresponsive polymers have been a topic of intensive
research during the past decades due to reversible and fast
phase separation from solution by controlling the tem-
perature.’3! One of the most appealing systems studied
intensively is polymers displaying a lower critical solution
temperature (LCST)-type phase separation on heating due to
change in conformation from coil to the globule. Such poly-
mers are well studied with respect to their synthesis and
properties not only as homopolymers but also as copoly-
mers, different macromolecular architectures like star,
block grafts, additives, surface modifiers, etc. Both academic
and commercial applications have also been shown for LCST
polymers like membrane, cell-culture dishes, drug-release
etc. making use of smart property (hydrophilicity/hydro-
phobicity, conformation) changes with temperature.[*5]
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The counterpart polymers showing phase separation in
water and/or electrolytes on cooling (upper critical solu-
tion temperature (UCST)-type transitions) are in contrast
not well studied but picking up pace slowly.[*8! Reversible
ionic interactions or hydrogen bonding with temperature
are mainly responsible for exhibiting UCST-type transi-
tions in water. The most promising are nonionic UCST-
polymers based on hydrogen-bonding interactions since
the phase transitions are not disturbed by electrolytes
under physiological conditions.>1% Poly(N-acryloylgly-
cinamide) (PNAGA) is one of such most studied polymers
showing UCST-type phase transition in water and retains
this property in electrolyte solution like phosphate- buff-
ered saline (PBS) when synthesized using optimized condi-
tions of proper solvent, nonionic initiator, or chain transfer
agent.*911-3] Nonionic polymers showing UCST-type
phase transitions are sensitive to ionic impurities intro-
duced during monomer/polymer synthesis, hydrolysis of
chain-end /repeat units during polymerization, storage or
sample preparation, compositional homogeneity and there-
fore could lead to either decrease or disappearance of UCST
behavior.[%14 The future use of UCST polymers for different
applications requires establishment of synthetic methods

DOI:10.1002/macp.201400497
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Thermoresponsive Gold Nanoparticles with Positive UCST-Type Thermoresponsivity

for making different macromolecular architectures and
grafting procedures of UCST polymers on various surfaces
without disturbing the phase-transition temperatures.
Gold nanoparticles (AuNPs) have gained much interest
as they exhibit significantly different physical and chem-
ical properties from the bulk solid.*! The optical prop-
erties of AuNPs are dependent not only on the size and
shape of the nanoparticles but also on the type of polymer
grafted on the surface.l's] Thermoresponsive polymers
of LCST-type have been grafted-on AuNPs without losing
thermoresponsivity of the corresponding polymers.[17-22]
The present work reports thermoresponsive AuNPs
with positive thermoresponsivity of UCST-type made
by grafting-to procedure. Trithiocarbonate chain-end-
functionalized PNAGA homopolymers of different molar
masses (7000-30 000 g mol™) were grafted onto AuNPs by
ligand-exchange reaction without sacrificing the UCST-
type phase transitions of the corresponding free-PNAGA.
The colloidal stability of AuNPs could be reversibly con-
trolled by temperature providing thermophilic behavior,
ie., stable colloidal solution and aggregation above and
below cloud points, respectively. Homogenously distrib-
uted densely packed nanoparticles were observed below
cloud point. The concept can be easily transferred to
other nonionic UCST polymers and could be highly useful
for applications like cellular uptake, separation of nano-
particles by temperature control, transport across mem-
branes, coatings, etc. It is worth mentioning that copoly-
mers of biotin monomer N-(3-biotinamide-propyl)-meth-
acrylamide (NBPMA) with N-acryloylglycinamide have
been utilized by Kondo and co-workers?3! for making
thermoresponsive magnetic nanoparticles.

2. Results and Discussion

Trithiocarbonate end-functionalized PNAGA of different
molar masses was utilized for grafting on AuNPs. PNAGA
(number-average molar mass (M,) 7100 g mol~* (PNAGA, ,)
and 34 000 g mol™ (PNAGA,,5)) prepared in our previous
work!12] were used for ligand-exchange reaction with cit-
rate-stabilized AuNPs in this study. Trithiocarbonate end-
functionalized PNAGA with molar mass 17 700 g mol™
(PNAGA,; ;) and PDI of 1.2 was additionally prepared using
same literature procedure.l*?l

All three trithiocarbonate end-functionalized PNAGA
samples showed UCST-type phase transitions at physi-
ological pH in PBS electrolyte solution. The cloud points
as measured by inflection point of % transmittance
versus temperature curves for 0.2 wt% solution were
13.6, 8.1, 9.8 °C, respectively. A slight increase in cloud
point of PNAGA with decrease in molar mass was due to
the hydrophobic chain-end effect as already described in
details in literature.['?]

'a\
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Furthermore, trithiocarbonate chain ends were utilized
directly for ligand-exchange reaction with citrate ligands
on AuNPs (diameter around 12 nm; please see Figure S1-S3,
Supporting Information) in PBS buffer for making PNAGA@
AuNPs by grafting-to method as described in the experi-
mental section. Trithiocarbonate is a well-known ligand
for AuNPs.[2427] The PNAGA-grafted AuNPs showed UCST-
type temperature-dependent reversible colloidal stability
at physiological pH in PBS. The temperature-dependent col-
loidal stability of PNAGA@AuNPs was monitored by meas-
uring % transmittance versus temperature. The cloud points
of PNAGA were not affected by grafting procedure and
PNAGA@AuNPs showed similar cloud points as that of
trithiocarbonate end-functionalized free-PNAGA used
for grafting (14.0, 8.3, and 9.0 for PNAGA;;@AuNP,
PNAGA;;;@AuNP and PNAGA3,;@AuNP, respectively,
while cooling; Figure 1 and Figure S4 and S5, Supporting

—— PNAGA,,,@AUNP in PBS
—-— free-PNAGA,, in PBS

120+

Transmittance / %

20 30 40
Temperature /°C

120+

100

Transmittance / %
3

0 |} T T T T 1
0 10 20 30 40 50 60
Temperature / °C

Figure 1. Phase transition behavior of 0.2 wt% solution of
PNAGA,;,;@AuNPs (solid curves) and free-PNAGA,,; (dash curves)
in PBS buffer. PNAGA,;;@AuNPs showed repeated reversible
phase transitions at least for nine consecutive times. The super-
natant obtained after centrifugation of PNAGA,;,@AuNPs for
15 min at 8000 rpm at 45 °C did not show any phase transition
behavior confirming absence of free-NAGA (bottom figure).
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Figure 2. Visual (top row) and TEM pictures (bottom row) of a homogeneous suspen-
sion (red) of PNAGA,,,@AuNPs and their distribution as seen by TEM above cloud point
(left); the precipitated colloidal suspension and densely packed PNAGA,,,@AuNPs at
4°C (below cloud point) (middle); reversibility of phenomenon showing resuspension of
precipitated PNAGA,,,@AuNPs on heating above cloud point (right).

Information). It is worth noting that only PNAGA grafted on
AuNPs was responsible for thermoresponsive behavior. To
confirm this point, change of transmittance as a function
of temperature for the supernatant from PNAGA@AuNP
solutions after centrifugation at 45 °C was monitored. It
did not show any change in transmittance with tempera-
ture thereby confirming the absence of free PNAGA in the
sample (Figure 1, bottom).

The PNAGA@AuUNPs reversibly aggregated and redis-
persed below and above the cloud points, respectively, as
proved by running at least nine heating—cooling cycles
during turbidity measurements. The transmission elec-
tron microscopy (TEM) images showed no aggregation of
PNAGA@AuNPs below cloud point (Figure 2). A temper-
ature-dependent packing of AuNPs was observed. Homo-
geneous distribution of AuNPs was seen both below
and above cloud points but with varying interparticle

9°C

30 nm f‘

50°C
57 nm

N

~ = o

Number distribution of Loloameterl nm

Figure 3. DLS measurement of RAFT PNAGA,;,@AuNP in BPS at
different temperatures. Number distribution at 9 °C and 50 °C
indicated an increase in hydrodynamic radius of AuNPs with
increase in temperature. Measurements were carried out after
incubation for 5 min at each temperature.
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distances. The AuNPs were densely
packed below cloud points.

The thermoresponsive behavior of
UCST type was also obvious from DLS
measurements in which a significant
increase in hydrodynamic radius was
seen with increase in temperature of
PNAGA@AuUNPs. Above cloud point,
the grafted polymer chains in PBS were
in extended conformation thereby
showing an increased particle size.
(Figure 3)

Further, UV-vis characterization
of PNAGA@AuNPs at room tem-
perature (around 25 °C) showed the
surface plasmon resonance peak
of AuNPs at 522 nm (Figure 4). The
absorption of trithiocarbonate group
could be detected at 310 nm only
for PNAGA;,;@AuNPs with the smallest molar mass
of PNAGA used in the present work. The slight shift of
absorption peak of trithiocarbonate can be due to its
absorption on the AuNPs.[?8] The thermoresponsivity of
PNAGA@AuUNPs was also shown by tracing the change
in UV-vis spectrum of PNAGA,;;@AuNPs in PBS at
different temperatures. The surface plasmon band of
AuNPs was observed at 522 nm in UV-vis spectrum on
cooling a clear solution of PNAGA@AuNP from 30 to 9 °C
(Figure 5A, B). Further cooling to 3 °C (i.e., a temperature
below the cloud point; the cloud point of free PNAGA;;,
which was used for grafting was 8.3 °C) led to a shift to
a longer-wave length (525.5 nm) of the AuNP absorption
peak. The shift of plasmon resonance between 522 and
525.5 nm was reversible with temperature (Figure 5C).

Amine groups are also well-known ligands for
AuNPs.[2°31 Since PNAGA has amine groups in each
repeat unit, a question arises regarding the use of

2'5‘ --- RAFT PNAGA @AUNP
20l - — RAFT PNAGA, @AUNP
VL ——RAFTPNAGA. @AUNP
4 154 5 - - - FRP PNAGA@AUNP
\

0.0

300 400 500 600
Wavelength / nm

B Figure 4. UV-vis spectra of PNAGA@AUNPs in PBS.
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trithiocarbonate functionalized PNAGA. The resulting
FRP-PNAGA@AuUNP system also showed a change in
transmittance as a function of temperature as shown
in Figure 6. But the centrifugation of the sample (FRP-
PNAGA@AuUNP) at 45 °C led to release of anchored
PNAGA as supernatant showed transmittance change
with temperature due to the presence of free-PNAGA. In
contrast PNAGA@AuNP made by trithiocarbonate end-
functionalized PNAGA provided highly stable system
(Figure 1, right) most probably by having anchoring
through both amide and the chain-end groups. This is
200 600 800 also evident from cryo-TEM pictures. Grafting-to via

Wavelength / nm only chain-end groups would have provided core (AuNP)-
shell (PNAGA) nanoparticles. The cryo-TEM showed a
three-dimensional network of polymer anchored to

50, B —e— Absorption peak e AuNPs with few additional core-shell structures for
g A —a— Absorption 09 trithiocarbonate-end-functionalized PNAGA@AuNPs
= } ’ (Figure 7).
fg 525 108 5
. ‘ b=
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Figure 5. A) UV-vis spectra of PNAGA,,,@AuNPs in PBS at dif-
ferent temperatures; B) Change in the position and intensity of
the surface plasmon resonance peak of AuNPs in PNAGA,,,@ 60
AuNPs with temperature; C) reversible shift in the position of sur-
face plasmon resonance peak of AuNPs above and below cloud

point. 40
0 10 20 30 40 50 60
Temperature / °C

;

Absorption peak/ nm

Transmittance / %

trithiocarbonate end-functionalization for grafting pur-
poses onto AuNPs. To answer this question, an extra Figure 6. Phase transition behavior of 0.2 wt% solution of
experiment was carried out to check the possibility of FRP-PNAGA,, ,@AuNPs in PBS buffer (top). The supernatant

. 2 . . obtained after centrifugation of PNAGA,, ,@AuNPs for 15 min at
making PNAGA@AuNPs by simply using free radically 8000 rpm at 45 °C showed changezoi: transmittance with

polymerized PNAGA of molar mass = 30 000 g mol™ temperature showing presence of free-NAGA and the transition

(designated as FRP-PNAGA@AuNP) instead of was reversible (bottom).
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W Figure 7. Cryo-TEM of aqueous solution of PNAGA,,,@AuNPs.

3. Conclusion

We present a simple strategy of preparing thermorespon-
sive AuNPs showing positive thermoresponsivity of UCST
type at physiological pH. The trithiocarbonate chain-end-
functionalized UCST-polymer (PNAGA) was used for grafting
purposes onto AuNPs. The grafting process had no negative
effect on the cloud points and PNAGA@AuNPs showed
similar couldpoints as that of the corresponding free-NAGA
samples used for grafting purposes. The UCST behavior was
reversible with temperature for at least nine cycles.

4. Experimental Section

4.1. Materials

N-Acryloylglycinamide (NAGA) was prepared as described in
our previous work.I°l Hydrogen tetrachloroaurate (1I) trihydrate
(ACS, 99.99%; Alfa Aesar), tri-sodium citrate dihydrate (p.a.,
>99.0%; Merck) were used as received. All solvents were dis-
tilled before use. Precalibrated tablets from Aldrich were used
for making PBS and water was obtained from a MilliQ PLUS
(Millipore) apparatus.

4.2. Analytical Techniques

Thermoresponsivity was studied by measuring% relative trans-
mittance as a function of temperature (turbidity measurement)
using Tepper turbidity photometer TP1-D (wavelength 670 nm,
cell path length 10 mm) while stirring the solution. For tur-
bidity measurements, the samples were cooled from 60 to 3.5 °C
at a constant rate of 1.0 °C min! followed by reheating to the
starting temperature with the same rate. The inflection point of
the transmittance curve was considered as the cloud point. It was
graphically determined by the maximum of the first derivative of
the heating or cooling curve, respectively. UV-vis spectroscopic
measurements were performed on JASCO V-630 UV-vis-Spectro-
photometer with ETCS-761, a water-cooled peltier-thermostatted
cell holder with stirrer.

Molar masses were determined using gel permeation chroma-
tography (GPC) with refractive index (RI) detector. Dimethyl sul-
foxide (DMSO) was used as eluent. One PSS PolarSil PSA080505
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(particle size 5 pm, 8.0 mm x 50 mm?) as precolumn and two PSS
PolarSil linear S (particle size 5 pm, 8.0 mm x 300 mm) columns
calibrated with narrow Pullulan standards were employed. The
flow rate was 0.7 mL min™ at a temperature of 75 °C. The soft-
ware PSS WinGPC Unity, Build 1321 was used for analyzing the
spectra.

Dynamic light scattering (DLS) measurements were per-
formed at a scattering angle of 90° on an ALV DLS/SLS-SP 5022F
equipment consisting of an ALV-SP 125 laser goniometer, an
ALV 5000/E correlator, and an He-Ne laser operating at a wave-
length of A = 632.8 nm. Data processing was performed using the
ALV/Static and Dynamic FIT and PLOT 4.23 software.

TEM imaging was performed on a JEM-2100 transmission
electron microscope (JEOL, Tokyo, Japan) operated at 80 kV.
Images were recorded using a 4000 x 4000 charge-coupled device
camera (Ultra Scan 4000; Gatan, Pleasanton, CA) and Gatan
Digital Micrograph software (version 1.70.16).

For cryo-TEM, a sample droplet of 2 pL was placed on a lacey
carbon-filmed copper grid (Science Services, Miinchen), which
was glow discharge for 30 s prior to use. After removing liquid,
the grid was shock vitrified by rapid immersion into liquid
ethane in a temperature-controlled freezing unit (Zeiss Cryobox,
Zeiss NTS GmbH, Oberkochen, Germany). The frozen sample was
inserted in a Zeiss EM 922 OMEGA EF-TEM using a cryo-transfer
holder at 90 K. Zero-loss filtered images (AE = 0 eV) were taken
under reduced dose conditions (100-1000 e nm™2). Images were
registered digitally by a bottom-mounted CCD camera system
(Ultrascan 1000, Gatan, Miinchen, Germany) combined and
processed by Gatan Digital Micrograph 3.10.

4.3. General Polymerization Procedure

Free radical and RAFT polymerization of NAGA was performed
according to the procedure reported in our previous work using
nonionic initiator 2,2’-azobis(4-methoxy-2.4-dimethyl valeroni-
trile) (V-70) and chain-transfer agent cyanomethyl dodecyl
trithiocarbonate (CMDT).*? For a typical RAFT polymerization,
502 mg NAGA (200 eq.) was dissolved in 5.1 mL DMSO con-
taining 0.1 m KSCN, in which 0.5 mL of a chain-transfer agent
stock solution containing 6.2 mg CMDT (1 eq.) was added. A
V-70 stock solution was prepared separately in the same solvent.
Both solutions were degassed three times using freeze and thaw
method. Under nitrogen atmosphere, 1 mL of the V-70 stock solu-
tion containing 0.5 mg of V-70 (0.08 eq.) was quickly added to
the monomer solution. The solution was polymerized for 4 h at
45 °C. The reaction mixture was cooled in ice bath to stop the
polymerization. After that the polymer was precipitated from
120 mL methanol. It was purified by three cycles of centrifuga-
tion-wash process with methanol. The polymers were struc-
turally characterized using 1H NMR in DMSO-d6 at 100 °C. The
molar mass was determined using GPC in DMSO and found to be
17 700 g mol* (polydispersity index = 1.2). The *H NMR and GPC
trace are given in Supporting Information. (Please see Figure S6
and S7, Supporting Information).

1H NMR (300 MHz, DMSO-d6, T = 100 °C, the DMSO peak was
calibrated to & = 2.50 ppm) 0.9 (alkyl-CHs), 1.3 (alkyl), 1.3-1.8
(polymer backbone, —CH,-), 1.9-2.3 (polymer backbone, —CH-),
2.3-2.4 (S-CH,-alkyl), 3.4 (S-CH,—CN) 3.4-4.0 (NH-CH,—CONH,),
6.5-7.3 (CONH,), 7.3-7.4 (CONH-).

Mk

VierS

www.MaterialsViews.com



REPRINTS OF PUBLICATIONS

Thermoresponsive Gold Nanoparticles with Positive UCST-Type Thermoresponsivity

Macromolecular
Chemistry and Physics

Different molecular weight PNAGA samples (7100 and
34 300 g mol™) were also made using similar procedure by
changing monomer: CMDT ratio and polymerization time.

4.4. Synthesis of Gold Nanoparticles

The AuNPs were synthesized according to the literature proce-
dure.3? In a typical reaction, 4 mL HAuCl, in water (10 x 1073 m)
solution was diluted with 26 mL water in a 100 mL Erlenmeyer
flask and boiled while stirring at 400 rpm. 4.7 mL of 1% triso-
dium citrate in water was then added to the gold solution. The
color of the solution changed in 5 min from light golden yellow
to colorless to violet and at the end to red. After that the solu-
tion was further heated for additional 10 min and then slowly
cooled down. The particles were characterized for shape and size
by TEM. The diameter of AuNPs as determined by TEM centered
around 12 nm (Figures S1-S3, Supporting Information).

4.5, Synthesis of PNAGA@AuNP via Ligand Exchange

AuNPs were grafted with PNAGA (PNAGA@AuNP) using a ligand-
exchange procedure (grafting-to) in PBS electrolyte solution. 1 mL
suspension of AuNPs prepared above in water was directly added
to 5 mLPNAGA in PBS (2 mgmL ). It was stirred at 45 °C overnight.
45 °C was chosen for overnight stirring as it is well above the
cloud point of PNAGA providing access to chain ends for grafting-
to reactions. Thereafter, it was centrifuged at 45 °C for 50 min
with 8000 rpm. The supernatant was separated and the red sedi-
ments (PNAGA@AuNP) were dispersed in 5 mL PBS at 45 °C. This
centrifugation-redispersion process was repeated three times for
removing ungrafted PNAGA.

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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Figure S1. TEM images showing a hom;)geneous distribution of AuNPs in water.

94



REPRINTS OF PUBLICATIONS

404

Il Particle size

- Gauss fit

204

Nummber

10+

12 14
Particle size /nm

16

Figure S3. The average AuNP size was about 12 nm and a Gaussian size distribution was seen.
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Figure S4. Phase transition behaviour of 0.2 wt% solution of PNAGA7;@AuNPs (solid curves)
and free-PNAGA 7, (dash curves) in PBS buffer.
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Figure S5. Phase transition behaviour of 0.2 wt% solution of PNAGA343@AuNPs (solid curves)
and free-PNAGA;4 3 (dash curves) in PBS buffer.
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Figure S6. 'H NMR spectrum of RAFT-PNAGA7.7. The spectrum were measured in DMSO-d6
at 100 °C.
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A Non-ionic Thermophilic Hydrogel with
Positive Thermosensitivity in Water and

Electrolyte Solution

Fangyao Liu, Jan Seuring, Seema Agarwal®

The first example of a chemically crosslinked synthetic non-ionic hydrogel showing
reversible positive swelling behavior in pure water as well as electrolyte solution is high-
lighted. Homopolymeric hydrogels are synthesized from N-acryloylglycinamide with N.N'-

methylenbis(acrylamide) as a chemical crosslinker via free
radical polymerization in dimethyl sulfoxide (DMSO). The
swelling-ratio dependency of the hydrogels upon temperature
as well as on the amounts of crosslinker from 1 to 4.8 mol% is
studied. With 1 mol% crosslinker, the hydrogel is able to take
up over three times water of its weight at 37 °C in pure water
and phosphate-buffered saline. All the samples show almost
100% of reversibility for at least 6 d up to 37 °C irrespective of
the amount of the crosslinker, making them promising can-
didates for biomedical applications. The sample with a higher
amount of crosslinker, ie., 4.8 mol% is even stable for over

15

1466 ©z2o1s WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

6dat 70°C.

1. Introduction

Hydrogels are 3D networks of hydrophilic materials. They
are capable of taking up large amounts of water and
usually show excellent biocompatibility, which makes
them perfert candidates for biochemical and medical
applications ¥ Stimuli-responsive hydrogels have been
well investigated as they exhibit volume transitions
depending on different external stimuli such as tempera-
ture, pH, electric field, or ionic strength = Among them,
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thermoresponsive hydrogels are promising candidates for
the on—off release of molecules in biomedical field besides
many other applications 0]

The most studied thermoresponsive hydrogels are
based on polymers that show a lower critical solution
temperature (LCST) in water. Hydrogels made of polymers
with an LCST show a negative volurme phase transition,
ie., swell below a volume-phase-transition temperature
(VPTT) and shrink when this temperature is exceeded.
They are also called “thermophobic” hydrogels.** In con-
trast, a positive volume phase transition or “thermophilic”
hydrogel will swell upon heating, inereasing its volume.
In this case, the phenomenon is related to the upper
critical solution temperature (UCST) of the polymer.
This behawior in water is not very common for synthetic
polymeric materials, i.e., the examples of such polymers
showing UCST in water under practical relevant con-
ditions (0-100 °C) are rare* Thermophilic gels are
not very well researched and often underrepresented
even in review articles dealing with thermoresponsive

DOd: 10.1002 /rmacp 201400155
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hydrogels ['*24 One of the examples of thermophilic
hydrogels is based on polysulfobetaines like poly{N-(2-
methacryloyloxyethyl)-N,N-dimethyl-N-(3-sulfopropyl)-
ammeonium betaine) (PDMAAPS) showing reversible posi-
tive volume phase transition with temperature as studied
by Georgiev et al **] Ning et al*®l showed very recently a
UCST-type transition of chemically crosslinked hydrogels
based on zwitterionic sulfobetaine acrylamide.

Acrylamide (AAm)-acrylic acid (AAc)-based systems
containing both hydregen bond donors and acceptors
are the most studied examples showing UCST proper-
ties/positive volume transition with temperature.[*™
Interpolymer complexation in interpenetrating polymer
networks (IPNs) of AAm and Afc led to shrunken state at
lower temperatures and swollen state at higher tempera-
tures due to complex dissociation providing a sigraoidal
behavior to ternperature versus transmittance. Gels made
up of random copolymers of PAAc and PAAM, showed
monotonical swelling, which increased with increasing
temperature. The presence of hydrophobic butyl meth-
acrylate (BMA) was necessary in IPNs for reversible
swelling changes as irreversible swelling was observed
for IPNs of AAm and Adc.

Nanoparticles and microgels of IPN and random
polymers of AAm and AAc made by inverse emulsion
polymerization are alse studied as thermophilic hydro-
gels 12229 Yiao et all®l showed a temperature-induced
volume-phase-transition behawvior of the microspheres
with PAAM/PAAc IPN shells and poly(AAm-co-5t) cores.

IPN composed of poly(N-acryloylglycinamide) (PNAGA)
and PAAr was also reported in order to modulate the
volume-phase-transition temperature!* PNAGA is an
interesting polymer, which has first been synthesized
by Haas and Schuler in 1964 by radical polymerization
and showed its thermoreversible gelling behavior in con-
centrated aqueous solutions!®] Very recently, Boustta
et all®*l showed the effect of melar mass and concen-
tration on the temperature of the gel-sol transition of
PNAGA synthesized by radical polymerization in agueous
medium. The thermoreversible gelation of concentrated
PNAGA solutions involves no phase separation since
the gel is only one phase with homogeneous properties.
UCST-type phase transition of the PNAGA homopolymer
for solutions from 0.03 to 5.4 wi%% was reported by us
for the first time in 2010 followed by studies showing
the effect of end-groups and molar mass on UCST-type
transitions.[*5-27]

The present work provides a non-ionic chemically
crosslinked gel with positive thermosensitivity made by
crosslinking of NAGA with N N'-methylenebis(acrylamide)
(MBAAM). The wolume transitions of the hydrogels
were studied in pure water and electrolyte solutions.
The effect of equilibration time and the hydrogel size
on the volume transition as well as the reversibility

MakSeS ¢

wrrrw. Mat erialsViews.com

Mocromol Chem. Phys. 2004, 215, L466-1472
D 2014 WILEY-VCH Verlag GmbH & Ca. KGaA, Weinheim

WwALMcp-journal.de

of the volume transition were studied by measuring
the swelling ratio. The hydrogels showed almost 100%
of reversibility at 37 °C for at least & d irrespective of
the amount of the crosslinker. The mechanical proper-
ties of the hydrogel were characterized by rheological
measurements.

2. Experimental Section

2.1. Materials

Azobisisobutyronitrile (Fluka) was recrystallized from ethanol
N N-methylenebis(acrylamide) (99%; Aldrich) was used as
received. Acrylate-free N-acryloylglycinamide (T,[DSC) = 143 °C,
residual potassium =5 ppm) was synthesized according to a
recently published pmmd.u.re.[“l Solwvents were distilled prior to
use. Ultrapure water was obtained from a TEA Micro UV system
model 081005 (conductivity = 0.06 pS cm?, filtered through
200 nm filter, UV treated). Phosphate buffered saline was pre-
pared using precalibrated tablets (Aldrich).

2.2. Synthesis of Crosslinked Poly(N-
acryloylglycinamide) Hydrogels

Gel-016: In a glass test tube, 500 mg of NAGA (3.9 mmol, 1.0 eq)
and 9.4 mg of MBAAm (0.06 mmol, 0.016 eq) were dissolved in
1.9 mL of DMS50 and purged with argon for 30 min. 100 pL of a
stock sohition containing 3.5 mg AIBN was added and the tube
was placed into an oil bath preheated to 70 °C. After 2 h, the tube
was quickly cooled to room temperature and the tube was broken
to retrieve the polymer gel The gel was purified by dialysis
against deionized water (2 L water, three times exchanged, 4 d).

Gel-048 and Gel-010 were prepared using the similar pro-
cedure but using 291 mg (0.18% mmol, 0.048 eq) and 6 mg
(0.039 mmal, 0.01 eq) of MBAAM, respectively.

For the determination of swelling degree, the gels were cut
to obtain bubhble free cylinders at room temperature with a dia-
meter of 15 mm and a height of 5 mm.

2.3. Swelling Experiments

The gel pieces were incubated in 100 mL water or buffer solu-
tion for certain temperatures and time intervals. The degree
of swelling o was determined by carefully removing unbound
water with a filter paper and weighing. The degree of swelling
was calrulated using Equation 1. The dry mass was obtained by
drying in vacuum at 65 °C for 4 d.

a= [ (— _m-ulm'maqr
Moo May @

2.4. Rheolegical Measurements

For the rheological characterization, a Bohlin Gemini 200 HR
Mano rheometer was utilized. The hydrogel samples were placed
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between the parallel plates of the rheometer at controlled tem- —i— 70 °C
perature. The upper plate (diameter 40 mm) was set at a distance 6 A —y— 50 °C
of 1000 pm. A frequency of 1 Hz and a deformation amplitude 4 a&— 37 °C

To=0.2% were selected to ensure that the oscillatory deformation
is within the linear regime.

3. Results and Discussion

3.1. Thermoresponsive Behavior of Hydrogels

Degree of Swelling

Three types of PMAGA hydrogels were synthesized
crosslinked with 0.01 eq (Gel-010), 0.016 eq (Gel-016), and
0.048 eq (Gel-048) MBAAmM. The initial experiments were 0
carried out to determine the stability and the equilibration
time of gels in water at different temperatures and time
intervals (Figure 1). Tests were conducted in pure water at

4, 25, 37, 50, and 70 °C using bubble-free cylindrical sam- 75 —4— 70 ~C
ples of 15 mm diameter and 5 mm height.
Most of the samples reached equilibrium swelling

after 1 d and were stable over at least § d except Gel-016
at 70 °C and Gel-010 at 50 °C, which continuously gained
weight. After the temperature treatment, the gels were
equilibrated at room temperature (RT) again.

Gel-048 showed excellent stability in the temperature
range of 4-70 °C. All samples regained their initial size
and weight after stored for & d in water. The gels with low
cross-link density, ie., Gel-016 and Gel-010 showed tem-
perature-dependent recovery. The Gel-016 stored at 70 °C
and Gel-010 stored at 50 °C showed only partial recovery
and puts a limitation to the use temperature (<70 °C for 0
Gel-016 and <50 °C for Gel-010). This could be due to the
hydrolysis of amide bonds during equilibration, which is
temperature and time dependent. The crucial role of the
hydrolysis on the swelling of AAm-based hydrogels is
well studied [

The swelling ratio of gels was dependent upon tem-
perature and crosslink density (Figure 1). For the same
crosslink density, the swelling increased with temper-
ature. The effect of crosslinker on swelling was tem-
perature dependent. At 4 °C, the swelling was almost
similar irrespective of the amount of crosslinker but
at 37 °C and abowve (above critical temperature) the
gel with the least amount of the crosslinker (gel-010)
showed slightly higher swelling. For example, Gel-048
had a degree of swelling of 2.6 at 37 °C, while Gel-010
showed degree of swelling over 3.3, which was almost i

Degree of Swelling

Degrae of Swelling

similar to the water uptake capacity of Gel-048 at 50 °C. 0 —————T—T—T—
Below critical temperature, ie, at 4 °C, the polymer— 0 1 5 g 4 5 &
polymer interactions are stronger than polymer—solvent Day

interacti leading to al i ch in d f
tteractions e § 10 almOost no Change in degree o Figure 1. Stability of the PNAGA hydrogels at different tempera-

swelling. Sl'm'unr IE_S“HS Iega.rd.jng effect of temperature tures. The initial weight (day zero) and weight after temperature
and crosslink density on swelling were observed for dry treatment for 6 d was recorded at RT for all gels. A) Gel-048,
hydrogels. Before starting measurements, the gels after B) Gel-mé, C) Gel-oo.

. : acramoelecialar MM
by fourmals Macromol. Chem. Phys. 2014, 715, 1466-1472 ﬂ,w"_')

D 2ong WILEY-VICH Verlag GmbH & Co. KGaA, Weinheim whanal MaterialsViews com

101



REPRINTS OF PUBLICATIONS

Macromolecular
A Mon-ienic Thermophilic Hydrogel with Positive Thermosensitivity in Water and Electrolyte Solution Chemistry and Physics

www mep-journal.de

synthesis and purification by dialysis (as described in ey 40
the experimental part) were dried at 65 °C for 3 d. The % 30 A
gels showed equilibration in 1 d and swelling increased 5 g
with increase in temperature. The effect of crosslink T 20 7]
density on swelling was also marginal and temperature g 10
dependent (Figure 2). E ]

[ 4] T T T T T

7 B

3.2. Reversibility of the Swelling/Deswelling Process . 26 -
in Water and BPS E opd
The reversibility of the swelling/deswelling process was E 1_5_,-
tested for Gel-048 and Gel-016 by alternate heating and 5 N
cooling for 1 d at 37 and 4 °C or 70 and 4 °C in pure water. ﬁ 1,0
The results over three heating/eooling cycles are shown in g’ 0.8 ]
Figure 3. When heating was limited to 37 °C, the volume =]
change showed a very good reversibility. When heating up 0,0 ——77—
te 70 °C, the process was reversible for 4 d, after which the 0 1 2 3 4 5 g
gels started decomposing in form slowly. Figure 4 presents Day

the swelling/deswelling process of Gel-010_ All the samples
showed a good reversibility and reproducibility if the tem-
perature does not exceed 40 °C. The degree of swelling at
40 *C was about 4.2 and at 5 *C about 1.5. The gel showed
the same swelling/deswelling process even after stored at
5°C for 40 d.

To see whether the volume change takes place under
physiological pH, the reversibility was also analyzed in
phosphate buffered saline starting from both swollen gels

Temperature { °C
8
PO I

=y

h

| i
L]

(Figure SA) and dry gels (Figure SE). Degrees of swelling e
were similar to those in pure water and the swelling— = i
deswelling transitions were reversible. The present 5 10 - .
system showed obvious advantage in comparison to the i= -
polyzwitterionic gels that show irreversible temperature- E i
stimulated swelling—shrinking [%] E’ 5+ i
~4— Gel 010:37C S0 S A S AR A A
54| —@— Gel 010-4C
|| ~#- Gel018-37C Day
4 —8— Gel D16-4C Figure 3. Reversibility of the wolume change of samples in
o 1| —#— Gel 048-37C water for different temperature profiles. The initial weight (day
= |l —@— Gel D48-4C zero) was recorded at BT for all gels. Red circles = Gel-m6, black
= squares = Gel-048; A =temperature profile 4/37 °C, B = tempera-
% ture profile 4/70 °C.
© _ _
W 3.3. Temperature Dependence of Equilibrium Swelling
= Ratio of Gels
@
o To get a more detailed picture of the temperature depend-
ence of the degree of swelling, the gels were incubated at 4,
0 . . . 20,25, 30, 35,40, 45, 50, 55, and 60 °C (Figure 6) for 1d and
i) 1 2 3 weighed. Up to 60 °C, all samples showed thermosensi-
Day tivity with continuously increase in the degree of swelling

Figure 2. Effect of temperature and degree of crosslinking on with tmmm' Similar continuous volume change
swelling characteristics of dry hydrogels. The gels were dried at depending on temperature was also shown by hydrogels of

65 °C for 3 d before starting the experiment. LCST-type based on PNiPAAmP and UCST-type copolymers
Mabes
qinr’_ﬁ Macromaol Chem. Phys. 2014, 215, 1466-1472
wowrw. MaterialsViews.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Reversibility of the volume change of Gel-o10 sample in
water. The initial weight (day zero) was recorded at 4 *C. Tempera-
ture profile: 4/40. Between g=20 and 22=38 d, the hydrogels were
placed in water at 5 °C.
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and microgels based on PAAM and PAAc copolymers!*!
The degree of swelling ranged from 1.5, 1.6, and 1.4 at 4 °C
to 4.9, 7.4, and 13.6 at 60 °C for Gel-048, Gel-016, and Gel-
010, respectively. Gel-010 with 1 mol% chemical crosslinker
showed the highest change in swelling ratio without
losing its mechanical stability. The crosslinked gels did not
show a sharp discontinuous change in swelling with tem-
perature. They showed a two-phase swelling process with
an initial very slow swelling followed by a relatively fast
swelling phase. Non-crosslinked PNAGA in solution shows
concentration-dependent phase separation behavior and
cloud points with a narrow slow dissolution phase fol-
lowed by a relatively broad fast dissclution phase® The
Gel-010 showed low degree of swelling till about 20 °C fol-
lowed by an increase in degree of swelling at higher tem-
peratures. Gels with increased amount of cross-linkers
(Gel-016 and Gel-048) showed significant change in degree
of swelling only at higher temperatures, ie., between 40
and 45 °C and also to different extents. The covalent cross-
linking of PNAGA would lead to the restricted segmental
maotion and crosslinked PNAGA segments of varied lengths
depending upon the amount of crosslinkers. The sum of
contributions of each segment with different length could
lead to macroscopically broad and continuous change in
swelling with temperature.

Degree of swelling as a function of temperature for
hydrogels with different size was studied using gels with
diameter of 15 mm and a height of ca. 2.5 mm (250 mg)
or 5 mm (500 mg) (Figure 7). The gel samples were equili-
brated at different temperatures for 2 d in water and
swelling ratio was calculated. Hydrogel size had almost
no effect on the degree of swelling and the swelling ratio

SRcrornobecular
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Figure 5. Reversibility of the volume change in phosphate buff-
ered saline. Experiment started A) with already equilibrated gels
E) dry gels (dried at 65 °C for 3 d). The initial weight (day zero) was
recorded at BT for all gels (squares = Gel-owo, triangles = Gel-mé
and circles = Gel-048).

decreased from 1% to 1.3 by changing the temperature
from 60 to 5 °C.

3.4. Rheology Measurements of Crosslinked PNAGA
Hydrogels

The mechanical properties of the hydrogels were char-
acterized by rheological analysis. Figure 8 presented the
frequency sweep test of sample Gel-010 with 1 mal%
crosslinker. The elastic modulus was independent of the
frequency and the elastic component (&) was higher than

M
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hydrogels with different contents of chemical crosslinkers

I Figure 6. Degree of swelling as a function of temperature for
(squares = Gel-mo, triangles = Gel-o6, and circles = Gel-048).

the wiscous component (G”) showing characteristic gel
behavior.

The strain sweep test was shown in Figure 9. It was
observed that the & and G present a constant value
up to ca. 1% strain, where &’ started to decrease and G
increased giving rise to a maxirmum at 6% strain. The G'is
higher than & up to 6% of strain. This behavior is known
as a weak-strain hardening and is directly related to the
energy dissipation due to the breakage of a more complex
structure [32]

Figure 10 represented the temperature dependence of
the elastic modulus &', viscous modulus &, and the loss
factor tan @ = G"/G" for the sample Gel-010 containing
1mol% MBAAM™ as a crosslinker. Tan d showed a significant
change between 12 and 20 °C, which might be correlated

4 Mo
| | —=— 250 mg
12] | —+ 500 mg A
o 1 ./ ,»" -
£ 104 o //‘
T . ~ ;
& 8 3 /o
'S 1 A
i -
& 6 -
[=a]
& 4 |u Y A
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a
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0 10 20 20 40 S0 50
Temperature § “C

Figure 7 Degree of swelling as a function of temperature for
Gel-ono with different sizes. The two samples were equilibrated
at each temperature for 2 d. The two pictures of the 250 mg gel
sample were taken at 5 °C (left) and at 50 =C (right).
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I Figure 8. Elastic modulus () (squares) and viscous modulus (G™)
(circles) as a function of frequency of Gel-ow at 25 =C.

to the phase transition of crosslinked PNAGA In a tem-
perature range between 11 and 50 °C, the G’ => G", tan
d <1, indicating the gel was purely elastic.

4. Conclusion

Chemically crosslinked PNAGA hydrogels showed a UCST-
type thermosensitivity. At 4 °C, the degree of swelling
was about 1.5 for all gels and increased up to 10 at 45 °C
(1 mol% crosslinker). At temperatures below 45 °C, the
volume change was reversible in pure water as well as in
phosphate buffered saline. At higher temperatures, the
gels were ireversibly affected by amide hydrolysis. The
discontinuous/sigmoidal shape of the swelling curve that
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Figure g. Elastic modulus (G7) [squares) and viscous modulus (G*)
(circles) as a function of deformation of Gel-owo at 25 °C
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as a crosslinker.

was found for non-ionic hydrogels with LCST-type volume
phase transition (e.g, poly(N-Isoproylacrylamide hydro-
gels)) was not evident for PNAGA hydrogels with higher
amounts of crosslinker under the experimental conditions
of this work. However, with a lower content of crosslinker
(1 mol%), the volume change behawvior of the gel became
mare similar to the phase transition of polymer chains but
with broad transition. The simple molecular structure and
straight forward synthesis make it an attractive candidate
for different applications but requires further tuning with
respect to sharp volume change with temperature.
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Thermophilic films and fibers from photo
cross-linkable UCST-type polymersy

Fangyao Liu,? Shaohua Jiang,® Leonid lonov® and Seema Agarwal*?

Photo cross-linkable thermoresponsive polymers of UCST-type based on acrylamide (AAm) and acrylo-
nitrile (AN) useful for preparing thermophilic hydrogel films and fibers are presented. The polymers pre-
pared via free radical and reversible addition fragmentation chain-transfer (RAFT) polymerization methods
using N-(4-benzoylphenyl)acrylamide (BPAm) as photo cross-linkable comonomers provided highly
stable UCST-type phase transition in water reproducible without hysteresis for many cycles. The cloud
point could be manipulated by varying the acrylonitrile amount in the feed. Chemically cross-linked
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DOI: 10.1039/c5py00109a

www.rsc.org/polymers the design of microactuators.

Introduction

Smart polymers are able to change their properties markedly
in response to a minor change of environment, for example,
magnetic field, pH, temperature, light, salt concentration etc.
Among them, thermoresponsive polymers attract more and
more attention because the temperature can be easily manipu-
lated and the corresponding polymers are extensively applied
in biological and medical areas."™ There are two types of ther-
moresponsive polymers based on the type of phase transition
in water. The most widely studied thermoresponsive polymers
are of the type showing a lower critical solution temperature
(LCST); one of the common examples is poly(N-isopropylacryl-
amide) (PNIPAM). Such polymers are soluble in water at low
temperature and precipitated from the solution upon heating
above a critical temperature called the cloud point. The corres-
ponding cross-linked polymers are well-studied as thermo-
phobic hydrogels which show a negative volume-phase transition
with shrinkage above the critical temperature.>® The other
type of thermoresponsive polymer shows an upper critical
solution temperature (UCST), ie. it is soluble in water only
above the critical temperature.”® The cross-linked UCST-type

“University of Bayreuth, Macromolecular Chemistry II and Bayreuth Center for
Colloids and Interfaces, Universititstrasse 30, D-95440 Bayreuth, Germany.

E-mail: agarwal@uni-bayreuth.de; Fax: +49-921-553393; Tel: +49-921-553397
b1eibniz Institute of Polymer Research Dresden, Hohe Str. 6, D-01069 Dresden,
Germany

tElectronic supplementary information (ESI) available: *H-NMR of synthesized
RAFT poly(AAm-AN-BPA), UV/Vis spectroscopy of RAFT poly(AAm-AN-BPA), as
well as turbidity measurements of 0.1 wt% solution of poly(AAm-AN-BPAm)
made by FRP using V-70 as an initiator. See DOIL: 10.1039/¢5py00109a

This journal is © The Royal Society of Chemistry 2015

hydrogel films and nanofibers (average diameter 500 nm) were successfully prepared from the ter-co-
polymers by solution casting and electrospinning followed by UV irradiation. These hydrogels showed a
continuous positive volume transition behavior in water with increasing temperature that was utilized for

polymers show a positive volume-phase transition (thermo-
philic hydrogels).” Examples of thermophilic hydrogels are
only a few and mostly based on temperature dependent ionic
or hydrogen-bonding interactions in the macromolecular
chains.'® Examples of ionic thermophilic hydrogels are based
on cross-linked zwitterionic polysulfobetaines.'"** The most
studied example of non-ionic thermophilic hydrogels was the
interpenetrating polymer networks (IPNs) of acrylamide (AAm)
and acrylic acid (AAc)."*"* Recently two more examples of non-
ionic thermoresponsive hydrogels were shown. In one of the
studies, Shimada et al. provided thermophilic hydrogels based
on cross-linked poly(allylurea-co-allylamine) copolymers.'® Poly
(allylurea) based copolymers were already known to show
UCST-type phase transition under physiological pH and salt
conditions.’®'” In our recent results, we also showed thermo-
philic behavior of non-ionic chemically cross-linked poly(N-
acryloylglycinamide) poly(NAGA) with N,N-methylenebis(acryl-
amide) (MBAAm) in pure water and electrolyte solutions.’
Homopolymers of NAGA as well as copolymers of AAm and
acrylonitrile (AN) prepared via free radical polymerization
using azobisisobutyronitrile (AIBN) as a non-ionic initiator
were shown to be thermoresponsive polymers of UCST-type in
our previous studies.®"°

In this work we present photo cross-linkable thermorespon-
sive polymers of UCST-type based on copolymers of AAm and
AN. The effect of the polymerization type, cross-linker struc-
ture and concentration on thermoresponsive behavior and
reproducibility of thermoresponsive transitions was studied.
The polymers were processed in the form of films by solution
casting and nanofibers by electrospinning and subsequently
cross-linked by UV light. The cross-linked films and fibers
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showed thermophilic hydrogel behavior with reversible swel-
ling with change in temperature. The photo cross-linked
UCST-polymer-poly(methyl methacrylate) bilayers showed
thermoresponsive self-rolling behavior interesting for use in
microactuators.

Experimental part
Materials

Acrylamide (AAm, electrophoresis grade, >99%, Sigma), acrylo-
nitrile (AN, 99+%, Acros Organics), cyanomethyl dodecyl
trithiocarbonate (CMDT, 98%, Aldrich) and 2,2"-azobis(4-
methoxy-2,4-dimethyl valeronitrile) (V-70, 96%, Wako) were
used as received. Azobisisobutyronitrile (AIBN, 98%, Fluka)
was recrystallized from ethanol. 4-Acryloyloxybenzophenone
(BPA) was synthesized according to the literature.® N-(4-Benzo-
ylphenyl)acrylamide (BPAm) was prepared as described in
the literature.”' All solvents were distilled before use. Water
was obtained from a MilliQ Plus (Millipore) apparatus.

Analytical techniques

Thermoresponsivity was studied by measuring relative trans-
mittance as a function of temperature (turbidity measurement)
using a TP1-D Tepper turbidity photometer (wavelength
670 nm, cell path length 10 mm) while stirring the solution.
For turbidity measurements the samples were cooled from
60 °C to 3.5 °C at a constant rate of 1.0 °C min™" followed by
reheating to the starting temperature with the same rate. The
inflection point of the transmittance curve was considered as
the cloud point. It was graphically determined by the
maximum of the first derivative of the heating or the cooling
curve, respectively. Fiber mat transmittance measurements
were performed on a JASCO V-630 UV/Vis-Spectrophotometer
with ETCS-761, a water-cooled Peltier thermostatted cell holder
with a stirrer. The wavelength was 670 nm. UV treatment was
performed on UVAHAND 250 GS, a high-intensity ultra-violet
lamp. The UV radiation spectra emitted by the UV lamp were
between 320 and 390 nm (wavelength). The respective radi-
ation intensity was about 15 mW c¢m™. Molar masses and
molar mass distributions of the polymers were determined by
gel permeation chromatography (GPC) using dimethyl sulf-
oxide as the eluent. Two PSS PolarsSil linear S columns ( particle
size 5 um, dimension 8 mm x 300 mm) calibrated using
narrow pullulan standards and a differential refractive index
detector were employed. The flow rate was 0.7 mL min~". The
molar mass distributions were calculated using the software
WinGPC Unity.

A scanning electron microscope (SEM, Zeiss LEO 1530, EHT
= 3 kV) was used to observe the surface morphology. The fiber
diameter was measured by using Image ] software. The average
fiber diameter was determined statistically by measuring
100 fibers from 5 SEM photos. The samples for SEM were
sputter-coated with platinum of 3.0 nm prior to scanning. The
thickness and the area of the mat were observed and measured
using an optical microscope (VHX 2000).

Polym. Chem.
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General polymerization procedure

In a typical polymerization, 5.112 g AAm (90 eq.), 419 uL AN (8 eq.)
and 402 mg BPAm (2 eq.) were dissolved in 70 mL distilled
DMSO in a 250 mL Schlenk flask. It was degassed using three
freeze-pump-thaw cycles. Under nitrogen gas, 37 mg V-70
(0.15 eq.) was added to the reaction mixture. The mixture was
placed in a preheated oil bath and stirred for 5.5 h at 45 °C.
The reaction was stopped by cooling in liquid nitrogen and air
contact. The polymers were precipitated from 800 mL metha-
nol. It was filtered and washed with methanol. Subsequently it
was dried in the vacuum oven at 70 °C for 24 h to obtain a
powdery white polymer.

'H NMR (300 MHz, §/ppm, DMSO-d,, the DMSO peak was
calibrated to 6 = 2.50 ppm) 1.1-1.8 (polymer backbone,
—-CH,-), 1.9-2.3 (polymer backbone, -CH-), 6.5-7.5 (CONH,,
CONH- and aromatic H).

A similar procedure was used for making copolymers of
AAm and AN with BPA via FRP using AIBN as an initiator and
RAFT polymerization with V-70 and AIBN, where CMDT as a
chain transfer agent was added together with monomers.

Determination of swelling ratio

The 2 mm thick films were prepared by solution casting from
15 wt% solution in DMSO. The dry films were illuminated
with UV light of wavelength 320-390 nm for 16 h. After UV
treatment the films were cut into circles with a diameter of
about 20 mm. The films were placed in water at a defined
temperature for different time intervals. Thereafter, the
samples were taken out and dried carefully using filter paper
to remove the unbound solvent. The swelling ratio was calcu-
lated using formula (1).

Myat Mgwollen — Md
a= water __ "swolle ry (1)

Mpolymer Myry

where Mgyonen is the mass of the sample after immersion in
water and Mgy is the mass of the original dry sample.

Formation of nanofibers by electrospinning

The solution for electrospinning was prepared by dissolving
1.0 g of polymer into the mixture of solvents (1.0 g distilled
water and 1.0 g of DMSO). The conventional one needle set-up
was used for electrospinning and a high potential voltage of
20 kv was applied on the needle tip. The flow rate was 0.3 mL h™
and the nanofibers were collected on a collector coated with
an aluminum foil with a collecting distance of 35 cm. The
nanofiber mat was cross-linked by using UV light for 12 h and
then dried in a vacuum oven at 60 °C for 12 h to remove the
residual solvent.

Results and discussion

Various amounts of acrylamide (AAm) and acrylonitrile (AN)
were polymerized with 2 mol% of a polymerizable photo cross-
linker 4-acryloyloxybenzophenone (BPA) via RAFT polymeriz-
ation using AIBN as an initiator and cyanomethyl dodecyl

This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Synthetic scheme for the formation of a photo cross-linkable UCST-type polymer with 4-acryloyloxybenzophenone (BPA) as the cross-

linker by the RAFT method.

Table 1 Free radical and RAFT polymerization of AAm, AN and BPA using AIBN as an initiator and CMDT as the chain transfer agent

Type of AAm: AN : BPA Conversion M," Cloud point by
Entry polymerization® in feed (mol%) (%) (kDa) pDI? cooling® (°C)
1 FRP 92:6:2 62 25 1.8 Insoluble
2 FRP 94:4:2 68 26.1 2.0 Insoluble
3 FRP 96:2:2 75 26 1.6 Insoluble
4 FRP 98:0:2 78 31.2 17 Soluble
5 RAFT 83:15:2 52 17.8 1.2 48
6 RAFT 88:10:2 63 21.4 1.1 38
7 RAFT 92:6:2 75 22.8 1.2 20
8 RAFT 98:0:2 88 23.1 1.1 Soluble

“For free radical polymerization, monomer:AIBN molar ratio was 100:0.5 and for RAFT polymerization monomer:AIBN:CMDT was
100:0.15: 0.5. ? Determined by DMSO GPC using pullulan as the calibration standard.  Turbidity measurements were carried out in water with

the sample concentration of 0.2 wt%.

trithiocarbonate (CMDT) as the chain transfer
(Scheme 1; Table 1).

CMDT was chosen as the RAFT reagent as it was demon-
strated to be the most suitable agent in previous studies in
terms of control over molar mass, fast rate of reaction and
high polymer conversions for polymerization of monomers
with primary amide side groups such as N-acryloylglycinamide
(NAGA) and acrylamide.”*® High molar mass polymers
(18000-23 000 Da) with low molar mass dispersity (1.1-1.2)
could be prepared by RAFT polymerization (Table 1). Structural
characterization was done using 'H NMR and UV/Vis spec-
troscopy (Fig. S1 and S27). The protons from amide and BPA
overlapped at 6.5-7.5 ppm in 'H NMR. The existence of benzo-
phenone in the polymer could be proved by UV/Vis spec-
troscopy by showing the absorption peak of benzophenone at
310 nm in DMSO.

For turbidity measurements 0.2 wt% aqueous solutions
were used. The cloud points were determined by means of the
first derivative of the turbidity curves. Copolymers synthesized
by RAFT within a suitable composition range showed UCST-
type sharp phase separation in water. Copolymers with
different cloud points ranging from 20 to 48 °C could be pre-
pared by changing the molar ratio of AAm and AN in the feed
(Table 1). The results were similar to the tuning of cloud
points of poly(AAm-co-AN) prepared by free radical polymeriz-
ation (FRP) with a change in the amount of AN in the feed as
shown by us previously.>” It is worth mentioning that none of

agent

This journal is © The Royal Society of Chemistry 2015

the copolymers prepared by conventional FRP using the AIBN
initiator at 60 °C provided thermoresponsive polymers. They
were either soluble or insoluble in water at temperatures
between 0 and 100 °C (Table 1). A similar behavior was also
observed for AAm copolymers with styrene in which polymers
prepared by RAFT were thermoresponsive in comparison with
the polymers prepared by free-radical polymerization due to
compositional homogeneity.*

Further turbidity measurements were performed for
different polymer concentrations between 0.05 and 2.0 wt%
(Fig. 1). It was found that in this concentration range the
polymer showed a typical UCST-type cloud point dependence
on concentration. The cloud point increased with an increase
in solution concentration with almost no hysteresis.

The reproducibility of thermoresponsive behavior was
checked by carrying out turbidity measurements for many
cycles. A shift in the cloud point to a lower temperature with
each new cycle was observed as shown in Fig. 2A. Nine con-
secutive turbidity measurements for a sample (Table 1, entry
6, AAm:AN:BPA = 88:10:2) in water with the concen-
tration of 0.2 wt% are shown. The decrease in the cloud
point with every new heating-cooling cycle was also
observed for copolymers of NAGA and butyl acrylate in our
previous study. In contrast, copolymers of AAm and AN
(poly(AAm-co-AN)) showed highly stable UCST-type thermo-
responsive behaviour for at least 9 cycles without change in
cloud points as shown by us previously.'” One of the pre-
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Fig. 1 Turbidity measurements were carried out for different polymer concentrations between 0.05 and 2.0 wt% (Table 1, entry 6, AAm: AN : BPA =
88:10:2, M,, = 21.4 kDa). The depicted plots show that the temperature of the phase transition is dependent on the solution concentration and
varies between 20 and 50 °C for the investigated concentration range. Furthermore, it can be seen that the hysteresis is very small and vanishes at

higher concentrations.

100{ A
804
601 9" cycle
40

Transmittance / %

20 Heating

40 50 60
Temperaute / °C

10

Fig. 2

100{ B
80
60

40

Transmittance / %

20

Temperature / °C

(A) Nine consecutive turbidity measurements of 0.2 wt% solution of poly(AAm-AN-BPA) in water (Table 1 entry 6, AAm: AN :BPA = 88:10:2,

M, = 21.6 kDa, PDI = 1.1). (B) Turbidity measurement of the sample poly(AAm-AN) in water with a concentration of 0.5 wt% (M, = 21 kDa, PDI = 1.6,
AN in polymer = 13 mol%). The nine times consecutive measurement overlap, indicating that the polymer is stable against hydrolysis.

vious data was reproduced by making a copolymer of AAm
and AN (poly(AAm-co-AN), M, = 21 kDa, PDI = 1.6, AN in
polymer = 13 mol%) and measuring cloud points for
9 heating-cooling cycles as shown in Fig. 2B. The different
consecutive measurements overlapped, indicating a stable
thermoresponsive behavior and hydrolytic stability of AAm
and AN. Therefore, the decrease in the cloud point with
each new heating-cooling cycle for the ter-copolymers of
AAm, AN and BPA was probably due to the hydrolysis of the
photo cross-linker BPA.

To avoid the possible hydrolysis during polymerization and
sample preparation, 2,2"-azobis(4-methoxy-2,4-dimethyl valero-
nitrile) (V-70) as an initiator with low thermal decomposition
temperature and N-(4-benzoylphenyl)acrylamide (BPAm) as the
hydrolytically stable photo cross-linkable monomer were used
(Scheme 2). V-70 is a DMSO soluble azo initiator and allows
polymerizations at lower temperatures.”*® The terpolymers of AAm,
AN and BPAm (AAm: AN : BPAm 88:10:2; M,, = 18000 g m()l_1)
prepared by RAFT polymerization using V-70 an initiator
showed highly reproducible UCST-type transition in water
(Table 2, Fig. 3A). The cloud point did not change for at
least 9 cycles thereby implying a highly stable system. Even

Polym. Chern,

terpolymers prepared by FRP using V-70 as an initiator at
45 °C and AIBN at 60 °C also showed thermoresponsive behav-
ior of UCST-type reproducible for many cycles (Table 2;
Fig. S31). This also confirmed the appropriate use of amide
based BPAm as the photo cross-linkable monomer in compari-
son with easily hydrolysable ester based BPA. The photo cross-
linkable polymers with UCST-type thermoresponsivity could
also be prepared with different cloud points by just changing
the amount of AN in the feed (Table 2, entries 2, 4 and 5). The
cloud point of 0.1 wt% polymer solutions increased with a
higher amount of AN in the feed: from 30 °C (8% AN) via
40 °C (10% AN) to 52 °C (12% AN). This result agreed with our
previous contribution regarding FRP of AAm and AN that poly-
mers with higher hydrophobicity showed a higher cloud
point.’” The cloud point increased with concentration as
shown in Fig. 3B for a terpolymer with AAm:AN:BPAmM
90:8:2 (Table 2, entry 4). The cloud point for highly concen-
trated solution (10 wt%) was much higher (85 °C as observed
visually). The measurement of % transmittance vs. tempera-
ture was not possible for this sample (10 wt%) with a high
cloud point using an available turbidity meter or UV/Vis photo-
meter in our laboratory.

This journal is © The Royal Society of Chemistry 2015
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Scheme 2 Synthetic scheme for the formation of a photo cross-linkable UCST-type polymer with N-(4-benzoylphenyl)acrylamide (BPAm) as the
cross-linker by the RAFT method.
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Table 2 Characterization of terpolymers prepared by FRP and RAFT polymerization of AAm, AN and BPAm in DMSO

Cloud point by cooling® (°C)

Type of AAm : AN : BPAm Time Conversion M,?
Entry polymerization” Initiator in feed (mol%) (h) (%) (kDa) PDI” 0.1 wt% 0.5 wt%
1 RAFT V-70 88:10:2 7 60 18 1.2 33 42
2 FRP V-70 88:10:2 5.5 81 60 1.5 52 67
3 FRP AIBN 88:10:2 20 88 33 1.6 23 30
1 FRP V-70 90:8:2 5.5 69 59 1.5 40 60
5 FRP V-70 92:6:2 5.5 85 58 1.5 30 48

“For free radical polymerization, monomer : initiator molar ratio was 100: 0.5 and for RAFT polymerization monomer: initiator : CMDT was

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
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100:0.15: 0.5. ” Determined by DMSO GPC using pullulan as the calibration standard. ¢ Turbidity measurements were carried out in water.
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(A) Nine consecutive measurements of 0.1 wt% solution of poly(AAm-AN-BPAm) prepared by RAFT (Table 2, entry 1) using V-70 as an

initiator. The copolymer showed excellent hydrolytic stability and reproducible cloud points with very negligible hysteresis (cloud point on cooling:
32.8 °C; cloud point on heating: 33.5 °C). (B) Cloud point dependence on the concentration of poly(AAm-AN-BPAm) in water by cooling (Table 2,
entry 4, AAm : AN : BPAm = 90: 8: 2). The cloud point for 10 wt% was observed visually.

The terpolymer films prepared from DMSO solution were
cross-linked by illumination with UV light for 16 h. The illumi-
nated cross-linked films were not soluble in water but showed
temperature dependent swelling with a fast equilibration in
about 30 minutes. The swelling ratio increased continuously
with an increase in temperature showing thermophilic behav-
ior (Fig. 4A). The temperature dependent swelling was revers-
ible with temperature for at least 5 cycles tested in this work
(Fig. 4B).

Poly(AAm-AN-BPAm) terpolymers were also used to show
the possibility of preparing thermophilic hydrogel fibrous
membranes. Such membranes could be highly promising for

This journal is © The Royal Society of Chemistry 2015

wound healing and drug release applications in the future.
Poly(AAm-AN-BPAm) (AAm:AN:BPAm = 90:8:2) with the
molecular weight of 59 kDa and polydispersity of 1.5 was
chosen for preparing nanofiber mat via solution electrospinn-
ing. The electrospinning solution was prepared by dissolving
the polymer in a mixture of water and DMSO (1:1 wt%) and
provided fibers with the diameter 480 + 78 nm. The fibrous
mat also showed thermophilic behavior with the change in
swelling as observed from changed dimensions of mat with
temperature (Fig. 5). The diameter of dry nanofibers also
changed from 480 + 78 nm to 880 + 91 nm after placing in
water at 20 °C for 1 h retaining their fibrous structure (Fig. 6).
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Fig. 4 (A) Temperature dependence of swelling ratio of hydrogels in water prepared by using UV irradiation from the terpolymer DMSO solution
(Table 2, entry 4, AAm :AN: BPAm = 90:8:2). The measurements were performed starting from 50 °C followed by cooling to 3 °C. The swelling
ratio data at 85 °C were 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. (B) Reversibility of the volume transition of hydrogel in water.

6.0 —&— thickness —@— width —@— length —i— volume

4.0

A\
A\

—
=
1

Swelling ratio
-

=
~
1

e
-3

dry 70 5 70 5 70 5 70 5 70 5
Temperature (°C)

Fig. 5 (A) Temperature dependent swelling behavior (thickness, width, length and volume changes) of electrospun fibrous mat; (B—D) microscopy
photos of thickness change of the nanofiber mat in the dry state, the wet state at 5 °C and 70 °C respectively; (E-G) microscopy photos of a small
piece of nanofiber mat in the dry state, the wet state at 5 °C and 70 °C. Scale bar of (B-D) = 100 um and scale bar of (E-G) = 500 pm.
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Fig. 6 SEM images of polymer nanofibers in the (A) dried and (B) wet E
state. Insert: pie chart of the fiber diameter distribution. E 154
=
The fibrous mat also displayed a temperature dependent 10
reversible change in transparency as shown in Fig. 7.

Finally we demonstrated the fabrication of thermorespon- 70 57 570 5 70 5 7'(.) 57057 5
sive self-rolled polymer films with UCST behavior using syn- Temperature ('C)

thesized polym er.s.‘ In order t(). ap.proacb this goal, we first Fig. 7 Temperature dependent transmittance of the polymer fibrous
explored the possibilities of fabricating microstructures formed  mat in cold water (5 °C) and hot water (70 °C). The thickness of the mat
by poly(AAm-AN-BPAm) (Table 2, entry 4, AAm:AN:BPAmM = in the dry state is about 40 pm.

Polym. Chern, This journal is © The Royal Society of Chemistry 2015
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10°C

10°C

200 pm

Fig. 8 Actuation behavior of poly(AAm-AN-BPAm)-based photocross-
linked films. (a) Swelling/deswelling of the crosslinked poly(AAm-
AN-BPAmM) film at different temperatures; (b) rolling of a poly(AAm-
AN-BPAmM)/poly(methyl methacrylate) bilayer; (c) actuation behavior of
self-rolled poly(AAm-AN-BPAm)/poly(methyl methacrylate) tubes at
different temperatures.

90:8:2) only. The polymer was positioned on the silicon
wafer by dip-coating from its 6% DMSO solution. The
dried film was irradiated through the photomask by using
254 nm UV light. The formed film was immersed in water and
its actuation behavior was investigated by optical microscopy
(Fig. 8a). We observed that the non-cross-linked polymer dis-
solves when the temperature increases above 60 °C. The
patches of the crosslinked polymer remain intact on the
surface of the wafer. We observed that the size of cross-linked
pieces of polymer changes with temperature i.e. size reduces at
a low temperate (7' = 10 °C) and reversibly increases at an elev-
ated temperature (7' = 60 °C). The change in the size was com-
pletely reversible and can be repeated many times. We found
that the increase in width and length of the samples is
ca. 12-14%. Considering that the hydrogel is isotropic one
can assume that the change in the thickness must also be in
this range. Thus, the increase in the volume of hydrogel
because of swelling can be estimated as 50% that is larger
than in the case of macroscopic pieces (Fig. 4, change in the
volume is ca. 15%). This could be due to a difference in the
cross-linking density.

Next we investigated rolling of poly(AAm-AN-BPAm)-poly-
(methyl methacrylate) bilayers. The bilayers were prepared as
described earlier.”® The bilayers are flat and undeformed at
low temperature (Fig. 8b, left) because the thermoresponsive
polymer is not swollen. Increase in temperature results in swel-
ling of poly(AAm-AN-BPAm) and rolling of the bilayer. As a
result poly(AAm-AN-BPAm)-poly(methyl methacrylate) bilayer
tubes are formed (Fig. 8b, central and right images). The
formed tubes are unable to unroll upon cooling that is com-
monly observed when the tubes are formed by multiple

This journal is © The Royal Society of Chemistry 2015
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rolling. On the other hand, cooling results in a slight decrease
in the diameter of the tubes (Fig. 8c). The decrease and
increase in the diameter of the tubes upon cooling and
heating are completely reversible processes and can be
repeated many times.

Conclusions

Photo cross-linkable thermoresponsive polymers showing
phase transition of UCST-type in water could be successfully
prepared by copolymerization of AAm, AN and BPAm with
almost no hysteresis during heating and cooling cycles. The
UCST-behavior was highly stable and reproducible for at least
9 cycles tested in the present work. The cloud point could be
easily tuned by changing the feed composition. The polymers
could be easily processed to films and fibers. The UV cross-
linking provided the corresponding thermophilic hydrogels in
the form of film and fibrous membranes showing temperature
dependent positive volume transitions that was unitized for
the design of microactuators. The hydrogels could be highly
promising in future for use in wound dressing, drug release
applications, microactuators and biofabrication.

Acknowledgements

Deutsche Forschungsgemeinschaft (DFG) is kindly acknowl-
edged for the financial support.

Notes and references

1 J. P. Chen and A. S. Huffman, Biomaterials, 1990, 11, 631.
2 A. Kondo, H. Kamura and K. Higashitani, Biotechnol.
Bioeng., 1994, 44, 1.
3 Y. Oni and W. O. Soboyejo, Mater. Sci. Eng., C, 2012, 32, 24.
4 W. L. ]J. Hinrichs, N. M. E. Schuurmans-Nieuwenbroek,
P. van de Wetering and W. E. Hennink, J. Controlled
Release, 1999, 60, 249.
5 N. Nath and A. Chilkoti, Adv. Mater., 2002, 14, 1243.
6 E. Gil and S. Hudson, Prog. Polym. Sci., 2004, 29, 1173.
7 ]. Seuring and S. Agarwal, Macromol. Rapid Commun., 2012,
33, 1898.
8 J. Seuring and S. Agarwal, ACS Macro Lett., 2013, 2, 597.
9 F. Liu, J. Seuring and S. Agarwal, Macromol. Chem. Phys.,
2014, 215, 1466.
10 E. Mah and R. Ghosh, Processes, 2013, 1, 238.
11 G. S. Georgiev, Z. P. Mincheva and V. T. Georgieva, Macro-
mol. Symp., 2001, 164, 301.
12 J. Ning, K. Kubota, G. Li and K. Haraguchi, React. Funct.
Polym., 2013, 73, 969.
13 E. A. Bekturov and L. A. Bimend, in Adv. Polym. Sci.,
Springer, Berlin, Heidelberg, 1980, vol. 41, pp. 99-147.
14 H. Katono, A. Maruyama, K. Sanui, N. Ogata, T. Okano and
Y. Sakurai, J. Controlled Release, 1991, 16, 215.

Polym. Chem:

113



=
o
e
o
wv
(=3
N
Q
o
f=3
=
o
=}
=
<
o
73
o
<
L
=]
3
=]
)
“
[=3
o
<
=
K-}
[
|9
on
=
(=]
-l
)
=
%
o)
=
(-9
i
2
€
<
v
2
v
153
o
<
o
[T}
o
o

3
9
=
=

i

—

3
)
=3
=%
=

<)

=

o
=

8=

g
3

=

E
8

<
0
=
=}
=
£
=3

)
i3
-

=
=
o
2

)
=
z
9

=
=
3

=
0
2
=
2

2

2

2

2
E
)

2

=

REPRINTS OF PUBLICATIONS

Paper

15 N. Shimada, S. Kidoaki and A. Maruyama, RSC Adv., 2014,
4, 52346.

16 N. Shimada, H. Ino, K. Maie, M. Nakayama, A. Kano and
A. Maruyama, Biomacromolecules, 2011, 12, 3418.

17 N. Shimada, M. Nakayama, A. Kano and A. Maruyama, Bio-
macromolecules, 2013, 14, 1452.

18 J. Seuring, F. M. Bayer, K. Huber and S. Agarwal, Macro-
molecules, 2012, 45, 374.

19 J. Seuring and S. Agarwal, Macromolecules, 2012, 45,
3910.

20 G. Stoychev, N. Puretskiy and L. Ionov, Soft Matter, 2011, 7,
3277.

Polym. Chern,

View Article Online

Polymer Chemistry

21 J.-D. Cho, S.-G. Kim and ].-W. Hong, J. Appl. Polym. Sci.,
2006, 99, 1446.

22 F. Liu, J. Seuring and S. Agarwal, J. Polym. Sci., Part A:
Polym. Chem., 2012, 50, 4920.

23 B. A. Pineda-Contreras, F. Liu and S. Agarwal, J. Polym. Sci.,
Part A: Polym. Chem., 2014, 52, 1878.

24 ]. Brandrup, E. H. Immergut and E. A. Grulke, Polymer
Handbook, John Wiley, New York, 1998.

25 R. Bryaskova, C. Detrembleur, A. Debuigne and R. Jérome,
Macromolecules, 2006, 39, 8263.

26 S. Zakharchenko, N. Puretskiy, G. Stoychev, M. Stamm and
L. Tonov, Soft Matter, 2010, 6, 2633.

This journal is © The Royal Society of Chemistry 2015

114



REPRINTS OF PUBLICATIONS

Electronic Supplementary Material (ESI) for Polymer Chemistry.
This journal is © The Royal Society of Chemistry 2015

Supporting information for

Thermophilic films and fibers from photo cross-linkable
UCST-type polymers

Fangyao Liu®, Shaohua Jiang®, Leonid lonov?, Seema Agarwal®*

: University of Bayreuth, Macromolecular Chemistry II and Bayreuth Center for

Colloids and Interfaces, Universititstrasse 30, D-95440 Bayreuth, Germany

b: Leibniz Institute of Polymer Research Dresden, Hohe Str.6, D-01069 Dresden,

Germany

f e d e d e d ¢ b a

R A ot B A I )
G S

HaoN (0] (o) (0]

g N

HDO DMSO

g+h

94.3 £

1159.9-

Q
o

65 55 45 35 25 15 05
ppm

8.5 i

(S}

Figure S1. '"H NMR spectra of RAFT poly(AAm-AN-BPA) (table 1, entry 7,
monomer in feed= 92:6:2). The spectra were measured in DMSO-d6 at 60 °C. Protons
from amide and BPA overlap at 6.5 -7.5 ppm making it not possible to determine the

polymer composition.
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Figure S2. UV/Vis spectroscopy of RAFT poly(AAm-AN-BPA) (table 1, entry 7,
monomer in feed= 92:6:2) in DMSO.
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Figure S3. Turbidity measurements of 0.1 wt.% solution of poly(AAm-AN-BPAm)
made by FRP using V-70 as initiator. (Table 2 entry 2, AAm: AN :BPAm =
88:10: 2, M= 60 kDa, PDI = L.5).
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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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