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Abstract

This work describes the invention of a synthetic method which allows a fully-reacted PNIPAM/ clay
nanocomposite system to remain a watery liquid until it is cooled to a predetermined temperature. Beyond
this temperature, the polymer/ clay precursor hydrogel liquid (PCPH) spontaneously forms a cross-linked
hydrogel that does not re-liquefy upon re-heating, but instead, possesses all of the highly utilisable
stimuli-responsive properties typical of PNIPAM-based nanocomposite hydrogels synthesised in situ.

This novel methodology simultaneously addresses issues including cytotoxicity, processability,
injectability, cross-linking and mechanical stability. In addition, PCPH synthesis requires no specialist
equipment, inexpensive and basic components typical of cross-linked hydrogels (water, monomer, clay
and initiator), requires no purification steps and can be maintained as a fully-reacted liquid at evaluated
temperatures for up to several weeks with no apparent loss of eventual functionality. The ability to create
a fully polymerised hydrogel polymer with a liquid intermediate state has allowed the incorporation of
biologically active dopants which can be dispersed and distributed homogeneously throughout the matrix
prior to "phase transition triggered nanoparticle anchored gelation" (or PTTNAG) of the hydrogel.
Human mesenchymal stem cells (MSCs), have been incorporated into the gel by i) placing them on the
assembled gel surface - the cells responded by migrating and proliferating throughout the matrix of the
gel, and more interestingly; ii) combining the MSCs with the PCPH in the liquid phase and allowing
PTTNAG of the polymer matrix to occur around the cells. In both cases, cell v1ab111ty was excellent
throughout a series of 14 -28 day experiments.

The work was expanded by the exploration of PTTNAG temperature tailorability. This was achieved with
the incorporation of the relatively polar comonomer dimethylacrylamide (DMAc), and non-polar
comonomer glycedyl methacrylate (GMAc) which respectively increased and decreased the PTTNAG
and lower-critical solution temperature (LCST) of the resulting gels. Crucially, it was found that the
PTTNAG temperature can be tailored precisely and incorporation of DMAc did not affect cell viability.

The process also opened several novel avenues for gel processing possibilities, including facile casting,
extruding and electrospinning. Well defined and uniform electrospun fibres with diameters ~300nm are
presented. The production of continuous, uniform flat PNIPAM/ clay sheets of 300pm -1000pum achieved
using an industrial film extrusion line is detailed. This work represents an innovation in the way in which
such hydrogels can be manufactured and produced safely and cleanly, with no additives, no energy input
and no toxic by- products

Interactions between polymer and water are examined by monitoring the dehydration of 3 separate
hydrogel formulations using ATR-FTIR. The pseudo diffusion coefficient (in this instance, the diffusion
of water out of the polymer matrix) was not affected by dopant composmon, but instead, the intercept of
the slope was altered markedly.

Cross-link type, cross-link density, initiation method and addition of dopants have a strong influence on
the swelling/ deswelling behaviour of the hydrogels under study. PNIPAM/ clay gels exhibit much larger
volume changes than those prepared with chemical cross-linking agent methylenebisacrylamide (BIS).
Deswelling magnitude increases with decreasing cross-linker content for all gel types examined. Thermal
deswelling is hindered in dopant-incorporated networks. The aqueous dilution of the nanocomposite in
the liquid phase affects gel deswelling behaviour when clay concentration is.low. De/reswelling of
PNIPAM/ clay, PNIPAM/ BIS and gelatine-doped PNIPAM/ clay gels can be induced by adjusting the
alcohol volume fraction of the media. BIS cross-linked gels exert restricted swelling/ deswelling
behaviours compared to those cross-linked with clay. Cross-link density within systems does not have a
significant impact on cononsolvency behaviour, although the incorporation of gelatine imposes some
restriction on it, directly relative to gelatine concentration. '

X-ray diffraction (XRD) data proved the exfoliation of clay in the nanocomposite system post- PTTNAG.
- DMA data revealed that the viscoelasticity of the gels can be tailored with varying the nature and quantity
“of dopant materials. Gels doped with hyaluronic acid (HA) most closely resemble the mechanical -
properties of bovine NP tissue.
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Chaptet 1 — Introduction

1.1 Polymers overview

Polymers are lohg- chain molecules composed of a large number of repeating units and
have very high molecular weights. They can be synthetically produced and also occur
very commonly in nature. Naturally occurring polymers are often Water,-based and
include proteins, glycogen, DNA, silk,.woo], cellulose, starches and latex. Synthetic
polymers such as polyethylene, polyester, nylon, Teflon, and epoxy are synth;:sised and
produced commercially and have a wide range of behavioural properties_and uses.
Polymers ére synthesised by the process of polymerisation — a chemical process by
which a large number of molecular units dr “monomers” are joined sequentially, "
forming a long chain of repeating monomer units. In some polymers, only one monomer
type is used. In others, up to several different monomers may be combined in ordered or
random conformations. In addition, polymers can be linear, branched, “combed”, cross- |

linked or have a star-like architecture.

1.1.1 Homopolymeric systems

A polymer prepared using a single frionomeric species is a called a homopolymer. The
polymer on which the majority of this study is based, poly(N-lsopropy]acrylamlde)
(PNIPAM), lies within this category

1.1.2 . Copolymeric systems

A copolymer is formed when two different species of monomer are joined within a
single polymer chain, and the term copolymerisation refers to a method employed to
chemicaﬂy synthesise such a material. The classification of copolyrheric materials is

based upon how the monomers are arranged, for example:
-A-B-A-B-A-B-A-B-A-B-A-B-A-B-A-
Alternating copolymer

An alternatirig copolymer has regular repeating single units arranged in an alternating
fashion.
-A-A-A-B-A-B-B-A-A-B-B-B-A-B-A-A-B-

Random copolymer
2
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1.14 ' Multipolymeric systems

Multipolymeric polymers are synthesised by ﬁo]yr’nerising three or more typés of

monomer together in tailored quantities to form a unique behavioural profile.
1.1.5 Amphiphilic polymers
An amphiphile is a chemical compound possessing both hydrophilic (water-loving) and
hydrophobic (water-hating) properties. Amphiphilic copolymer networks incorporate
hydrophilic and hydrophobic monomer species, and it is common for amphiphilic
species to spontaneously self-assemble into a diverse range of morphologies. Their
phasé separation behaviour arises from the interactions between hydrophilic and -
hydrophobic domains of the polymer, and those between polymer and solvent [2-3].

Fatty acids, detergents and hydrocarbon-based surfactants are examples of amphiphilic

. molecules.
1.2 Hydfogels and Stimuli responsive polymers

" The term "hydrogel" encompasses a class of highly water-swollen ‘polymers (10-1000
times theif dry mass) which are cross-linked to maintain a stable 3D network [4].
Generallyvspeak‘ing, the extraordinarily hydrophilic nature of these materials is
attributed to amide, hydroxyl, carboxyl, sulfide or other covalently bound polar groups
on the polymer carbon backbone. When a hydrogel contains its maximum capacity of

water, it is said to have reached its equilibrium water constant (EWC).

. Published items containing the word "hydrogel".
1800 ' -
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Figure 1.1 The number of Web of Knowledge search results for ''Hydrogel''.



Somé polymers exhibit sensi'tivity to external stimuli such as temperature or pH, and are
therefore referred to as "stimuli responsive polymers", or SRPs. Stimuli responsive
properties have been observed in natural, synthetic and several biopolymers involved in -
biochemical processes [5-6]. One such natural biopolymer is pH-sensitive Chitosan, a
linear po]ysaccﬁaride commercially derived from chitin, is an integral part of the
structure of the crustacean exoskeleton and also found in the cell walls of certain fungi.
Polypeptides (long amino acid chains with which proteins are cbnstruCted) are a family
“of thermo responsive materials, and the thermodynamic driving forces of their a-helix
to coil transition were first examined 1950's by Schellman [7-8], who observed

. thermally-triggered striictural and conformational changes in chain structure..

. The pioneering studies of SRPs in the 1950s was very heavily geared around biological
applications; it was found that when cross-linked, their swellability, flexibility and -
potential adaptability could be tailored to resemble those of natural living tissue and
were viable candidates for cell support and tissue scaffolding [9]. Fig 1.1. Shows how
markedly interest in hydrogel materials increased during the 1990s, followed by an even |
more earnest expansion of interest during the 2000s. As the technology progressed,
pbtential applications for synthetic SRPs began to ihé]udé intelligent textiles [10-11]

artificial muscles and robotics [12-13], and actuators and sensors [12, 14-15].

Much effort has been invested in the development of macromolecules which are
environmentally sensitive and respond to specific triggers. Common tri ggers include
changes in électrolyte cbncentration [16-18], temperature [19-25] and changes in pH-
[17, 24, 26]. Systems that change in physical conformation in résponse to magnetic
field, light [27], electricity [28] and specific bio]ogi‘cal molecules such as enzymes,
glucose and antigens [29] have also been considered. Among the most extensively

documented are SRPs that respond to temperature. .
121 Hydrogel classification

- Hydrogels can be categorised in several ways, the most basic classification being the
distinction between natural and synthetic materials. Further to this, they can be
distinguished in three more specific ways; by their physical structural features, ionic

charge and preparafion method.

Based on structural features, hydrogels can be classed as having semi-crystalline,

amorphous, or hydrogen-bonded structures. Accounting for ionic éharge, hydrogels can
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be classified as anionic, cationic, neutral or ampholytic. Based on the preparation
method, four further groups can be distinguished; homopolymeric hydrogels,
copolymeric hydrogels, multipolymeric hydrogels and interpenetrating polymeric

hydrogels, and can be distinguished further to this by method of cross- linking.

1.3. Background of Poly(N-isopropyl) acrylémide (PNIPAM)

Poly(N-isopropyl) acrylamide (PNIPAM), the polymer at the heart of this research, is
an amphiphilié polymer which is water soluble at room temperature. It has been studied
,b ‘extensively because of its am_phiphilic properties. As a homopolymer, PNIPAM has a
sharp lower- critical solution temperature (LCST) between 30°C [30] and 35°C [31]
(where the discrepancy can be influenced by macromolecular structure, chain length
[32], polydispersity [33] and/ or crdss-linking factors [34].). It transfonﬁs froma
hydrophilic and swollen (coil) conformation below t'his temperature to a compact,
relatively dehydrated‘ hydrophobic (globulé) conformation above it [35]. Linear ‘
PNIPAM is also highly soluble in organic solvents such as acetone and chloroform, as
well as simple alcohols including ethanol and methanol. Upon warming beyond ~33°C,
an aqueous PNIPAM solution instantaneously switches from a transparent solution into
a turbid, white-colouréd suspension. This phase transition is reversible, and a warinA
turbid suspension will immediately fully recover its optical clarity upon cooling. When
PNIPAM chains are cross-linked, the resulting sé]f-supporting hydrogel collapses and
shrinks at temperatureé above its LCST, and expands and swells at temperatures below
its LCST.

Over the last two decades, the frequency of PNIPAM-based publications has incréased
markedly year-on-year; reaching a plateau around 2008. As illustrated by Fig. 1.3.,
interest in PNIPAM has increased dramatically, and it has become by far the most

extensively studied of all thermally-responsive aqueous hydrogels. [23, 36].

The first pub]ications focussing on PNIPAM appeared in 1956, where the process of
formulation and polymerisation of N-isopropylacrylamide (NIPAM) monomer (Fig
1.4.) were rationally discussed [37-38]. A focus on the bnovel, counter-intuitive thermal
phase-separation behaviour which it exhibited in aqueous media appeared later, as

discussed in section 1.3.2.
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PNIPAM has been successfully synthesised in situ in forms .such as macroscopic gels
[66-67], microgels [68-70], films [42, 44, 71], fibres [72-74] and coatings [75-77]. The
sharp and dramatic switch in hydrophobic-hydrophilic character PNIPAM exhibits '
around its LCST (and.therefore sﬁbstantiallvariation in colloidal properties- primarily
size, and colloidal stabi]ity and electrophoretic mobility of the particles) at temperatures
close to that of the human body allows for significant potential as an intelligent material
for use in the‘biomedicine. Until relétively recently, however, PNIPAM polymers and
their derivatives were thought to have extreniely poor biocompatibility, based mainly on
~ the assumption that, considering the high toxicity of acrylic monomers, NIPAM would
be toxic, teratogenic and carcinogenic [78]. These assumptions were largely based on’
téxicity evaluations of acrylamide monomers, which induced developmental, neural and
reproductive retardation in various species [79-81]. In spite of this, subcutaneous and
orally administrative testing of the potential toxicity of PNIPAM and its copolymers
Were carried out in mice [82]. The results definitively conclude that the polyrher exerted
no toxic effects as well as absence of cumulative toxicity, although the authors |

expressed the mandatory requirement for further cytological study.

The adverse effects attributed to acrylamide monomer exposure may be attributed to its
size, namely its ability to cross cell membranes. In addition, the involvement lof its
conjugated double bond (which can parfake in nucleophilic reactions with functional
groups coﬁtaining active hydrogen), in chemical activity with integral cell‘ processes ‘has
been shown to interrupt cell division, affect cell osmotic stability and inhibit nucléic
acid synthesis [83-85]. The removal of this double bond during free radical ' _
polymerisation and subsequent removal of reactive groups, as well as a substantial
increase in size preventing the crossing of cell membranes may go some way toward
explaining the recent success in live cell proliferation on highly purified PNIPAM gels
[41, 43, 46, 60, 86]. | '

1.31 Lower Critical Solution Temperature (LCST) Theory

When a polymer becomes miscible in its solvent upon an increase in temperature, it |
exhibits an upper critical solution temperature (UCST). One that becomes insoluble
with increase in terhperature exhibits a lower critical solution temperature (LCST). The
LCST is defined as the temperature at which coil-to-globule transition of the polymer
network occurs due to sufficient disruption of hydrogen bonding between the amide ‘

groups of the polymer and the water molecules, allowing hydrophobic interactions to
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form between the non-polar domains of the system. In other words, the solvent changes
from “good” to “poor” [33, 87-88]. For free PNIPAM chains in solution, the net
observable result of this phenomenon is PNIPAM precipitation and subsequent increase
in solution turbidity, and for swollen 3-dimensional cross-linked PNIPAM, collapse of
the structure, expulsion of water from the network and decrease in gel size. The extent
and speed of this coliapse depends heavily on type of cross-linking agent preéent and

‘crosslink density (both points to be addressed in more detail in section 1.4).

Hydrophobic
backbone
Hydrophilic
Amide
Hydrophobic
Propyl

Figure 1.5. The structure of Poly(N-isopropylacrylamide) with functional groups

indicated.

Although water desorption often occurs as a result of many complex mechanisms, it is
generally accepted that precipitation/ reabsorption is observed as a net result of the
quest for thermodynamic stability. When the temperature is below the LCST, there are
sufficient hydrogen bonding interactions between water molecules and the polymer's
amide N-H and C=0 groups, shown in fig 1.5, and a favourable contribution is made to
the free energy of mixing (AHym < 0). For cross-linked systems, as schematiéally
represented in fig 1.6., the hydrophilic regime is dominant, and large volumes of water
occupy the polymer chains and interstitial spaces and the gel exists in a hydrated, highly
swollen state. Conversely, at temperatures ‘above the LCST, hydrogen bonds are
disrupted and the ordering of water molecules becomes entropically unfavourable in the
presence of hydrophobic moieties. In order to limit the"entropic loss, their water

solubility is heavily compromised [33, 89] the isopropyl groups are pulled together by

.
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recorded by Heskins and Guillet during their investigations of its thermodynamic

properties.

The first fully comprehon_Sive analysis of the thermodynamics of the LCST

phenomenon came from two publications by Tanaka et al in 1978 [96-97], following
their observation of the liarge volume changes in crosslinked polyacrylamide gels the
previous year [98]. Thus began the general acceptance of acry]amide—Based gels as -
intelli gent; stimuli-responsive networks which were capable of large transparency and
volume change responses upon a relatively small change in temperature over a certain
temperature range. The group followed their observations with the first study of the
discontinuous phase transition of non-ionic PNIPAM gel, and drew its distinctions from

_ aregular non-ionic acrylamide gel with a continuous volume change. They deduced that
whether the volume change of a gel was continuous or discontinuous depends ona ~

parameter given by equation 1.1:
S = (b/a)* f + 1)*
Equation 1.1

Where b/a represents the ratio of persistence 1qngth of the chain b and its effective
radius a, and is indicative of the "stiffness" of the polymer. Parameter f represents the
‘total number ionisable groups per chain [99]. According to this theory, an S value
~ smaller than 290 is indicative of a continuously changing gel, where as those above 290
have sufficient ionised functional groups and/ or stiffness undergo discontinuous change
[26]. The group's observations showed PNIPAM volume change to be in the order of
eight times, making S = 800 and subsequent b/a = 5.3 [26]. The preliminary
‘understanding of the phenomenon was followed by a further article in 1986 detailing the
LCST behaviour of PNIPAM in mixed alcoholic solvents [100]. This was the initial
appearance of the phenomenon of cononsolvency re-entrant swelling behaviour, which

will be examined more closely in chapter 6 of this thesis.

- Commonly, PNIPAM hydrogels are prepared at ambient temperature from an aqueous
solution of NIPAM monomer, initiator; accelerator and chemical cross-linking agent.
Since the LCST of PNIPAM is somewhere in the region of 30 -35°C, propagation at

~ room temperature proceeds in a hydrophilic, homogeneous solution which yields
continuous gels. Alternatively, PNIPAM hydrogels can be prepared by beginning the

polymerisation process below the LCST and gradually increasing the temperature to one
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that is above it, resulting in macroporous gel with a large pore size and volume, an

elevated specific surface area and a faster expansion and contraction rate [101-102].
1.3.3 Tailoring the LCST of PNIPAM

A linear polymeric species which displays LCST behaviour ¢an be cross-linked to give
a thermally-triggered'phase-switching gel network. Orgdnically cross-linked gels exert
low volume change and slower deswelling rate than their inorganically cross-linked
counterparts. Croés-link density (and therefbre intéf—cross—]ink space) also heavily
dictates the gels volume change capacity [103-104]. This is due to the Gibbs free energy
of mixing the solvent and polymer is subject to two contributions: the first for 'mixing
the solvent with the polymer network, fhe second being a manifestation of the elasticity
of the network [105]. More densely cross-linked gels take longer‘to deswell and reach

4equilibrium than those with a more loosely cross-linked matrix [106].

In addition, several basic additive approaches exist to alter the temperature at which
phase separation occurs to some degreé. For example, the use of salts can decrease the
LCST [107-109], whereby the relative increase of insolubility and decrease in LCST in
aqueous/ salt systems follows the Hofmeister series [107]. It is thought that ions |
_exhibiting a large charge to volume ratio (such as sulphates) dehydrate the polymér
chains thus preventing effective network hydration and decreasing solubility of the
system [87]. Conversely, anionic surfactants such as dodecylsulfate increase the LCST
of PNIPAM by interacting with chain segments, subseqﬁently inducing polymer-
polymer repulsion [110]. | ' '

The precise temperature at which phase change occurs can be also be tailored by
introducing hydrophobic or hydrophilic moieties during polymerisation (non-polar
moieﬁes reduce the phase-change temperature; polaf moieties increase it, a phenomenon
examined in detail in section 7.4). Further to this, the copolymerisation of NIPAM

- monomer with hydrophobic comonomers containing increasing lengths of alkyl side

* groups eﬁert lower LCST in comparison to pure PNIPAM gel, and a linear correlation
between the transition temperature and length of the hydrophobic alkyl side group has

been demonstrated [111].

13



1.3.3.1 ~ Tailoring the LCST of PNIPAM-based copolymer hydrogel systems

As previously discussed, hydrogels swell on contact with aqueous media as water enters
their interstitial spaces. The mahner and degree in which the solvent/ polymer
interaction 6ccurs is heavily dependent on factors such the po]ymef—solvent
thermodynamic compatibility and physical mobility restrictions as a result of ‘cross—

linking density.

The hydrophilic nature of a given hydrogel network is generally owed to the presence of
functional groups such as carboxyl (-COOH) hydroxyl (-OH), primary amidic
(-CONH3), amidic (-CONH-), and sulphonié (-SO3H), as well as others located within
the polymer backbone or within side chains. It is also possible, hbwever,. to design
hydrogels which contain specific proportions of hydrophobic polymers via the

_ Copolymerisa‘tion' or interpenetration (see section 1.2.4.4) of hydrophilié and

hydrophobic polymers.

A tuneable LCST is a property highly utilisable for countless engineering and
biomedical applications. Of the latter, much interest surrounds the release of a drug in.
the solution phase at a pre-programmed “trigger”’ temlperature, for example, infected/
inflamed tissue and cancerous growths emit more heat than their surrounding tissues -
[112]. An LCST tuned to be that of the aforementioned tissues may allow medication to
be released preferentially at those sites, perhaps even with a view to increasing a drug
dose at specific loci and therefore preventing damage or poisoning to healthy tissue.
Also, an identical LCST can be achieved when a) a small fraction of a highly‘ insoluble
monomeric component is incorporated, and b) on the incorporation of larger fraction of
relatively highly soluble monomer. This potentially allows additional control of solute-

- polymer interaction in the system.

A fundamental issue in the proposed utilisation of PNIPAM for human biomedical
purposes is that it undergoés phase change at temperatures below the human
| homeostatic temperature of 37°C. The copolymerisation of NIPAM with hydrophilic or
~ hydrophobic species has been shown to directly influence the temperatdre at which
phase transition occurs. To illustrate, NIPAM has been successfully copolymerised with
hydrophilic acrylic acid [113] (this férmulation incorporates additional functionality, as
the hydrophilic carboxylic groups also give rise to pH sensitivity of the PNIPAAm-co-
AAc gels) [114-115], acrylamide [116], alginate [117], N,N-dimethylacrylamide

(DMAc) [118-119] and hydroxyethyl methacrylate (HEMA) [120-121], which increase
: 14 '



the LCST of PNIPAM-based polymers, and with hydrophobic monomers such as,
glycedyl methacrylate (GMAc) [122] which decrease it.

1.3.4 PNIPAM Synthesis

A number of methods have been adopted to synthesise PNIPAM, the most common .
approaches being redox initiation in aqueous solution [54, 123-1 28], Reversible
addition—fragmentation-chain transfer polymerisation (RAFT) [_129-136], atom transfer
radical polymerisation (ATRP) [137-143] and radiatfon initiated [144-147], although
this list is by no means exhaustive. A brief overview of each of the aforemehtioned_ ,

methods is given below.

1341 Free-radical initiation in aqueous / organic media

A free radical is a molecular or elemental species with an unpaired electron associated
with its structure. The unpaired electrons are profoundly reacfive, and their addition to
the double bond of a monémer‘ generates another unpaired electron, and subsequent
monomers are linked together in rapid succession. Therefore the reactive radical is
continuously.relocated at the end of the propagating polymer chain until the reaction is

terminated:

a) Initiation:

R-R — 2Re

N | -

R - CH=—=CH; —— R—CH,CHye
b) Propagation:

Rf—CH2CH2. CH2_._CH2 —_— R—’CH2CH2CH2CH2.

Q

R—CH2CH2CH2CH2. CHz—CHz—""* R'—'CH2CH2CH2CH2CH2CH2.
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c¢) Termination:

2 R"(CH;CHz)nCHQCHQ.——’ R_(CH2CH2)nCH2CHT—CH2CH2(CH2CH2)nR

2 R-{CH,CH;),CH;CH,® — R-(CH,CHZ),CH=CH, + R-(CH,CH;)nCH;CH3

Figure 1.8
The initiator (Re) is typically an organic compound which can easily be dissociated by
heat or light to produce free radical species, and the radical must be stable for enough

time to allow reaction with a monomer and generation of an active centre.

~ Azo compounds (organic compounds confaining the azo -N=N- group) undergo thermal
decomposition upon heating. For example, figure 1.9. shows how azobisisobutyronitrile
(AIBN) cleaves symmetrically to form two 2-cyan6prop—2-yl'radicals, eliminating a

molecule of nitrogen gas:

N |
N e =\
OOC 2 c. + N2

Figure 1.9. Azobisisobutyronitrile (AIBN) cleaving symmetrically to form two 2-

cyanoprop-2-yl radicals.

AIBN can also _be subject to photolysis (the chemical process by which molecules are
broken into its constituent units through the absorption of light), and is decomposed by
an identical scheme as that depicted above. The decomposition is induced by UV
radiation at a wavelength of ~360nm. A more detailed explanation of this type of

initiation can be found in section 1.3.4.4.

Theoretically, propagation of the polymer chain could terminate when all of the
monomer in the system is consumed. In practise, the high reactivity of free radical
species readily results in the formation of inactive covalent bonds wherever possible.

» Propagation ceases when the radical is deactivated by the destruction of the active
centre, which occurs readily upon contact with another radical species [148] (figure
1.8¢). Thus, if the radical concentration is high, the probability of radical interaction is
increased énd short polymer chains result. Conversely, if long chéins are required, small

initiator concentrations are used.
16



Chain-end termination can have several causes; interaction with residual or dissolved
oxygen, interaction with an inhibitor, a transfer of the active center to another monomer
or to the solvent, meeting of two active centres of propagaﬁng polymer chains, or the

interaction of an active centre and an initiating radical.

Different approaches can be taken to tailor the molecular weight (M) of the resulting

- polymers. For éxamp]e, as previously mentioned, increasing the number of initiating
radicals increases the number of propagating chains, reducing their overall M, [149], an
‘increase in temperature encourages faster propagation reactions and a lower M,, [136],
and an iﬁcrease in pressure -encourages faster propagation yet inhibits radical

deactivation, increasing the overall M,, [136].

Not ail monomers successfully propagate in responée to all types of initiators. Radical
initiation is most effective in the presénce of vinyl monomers (and a carbon-carbon

* double bond) and éldehydes and ketones (in the presence of a carbon;oxygen double
bond) [150]. The selection of a suitable initiator for these types of polymerisations
depends heavily on two factors — the solubility of the initiator and its dissociation/
decomposition temperature. If the polymerisation is to be performed in an aqueous or
organic solvent, it is imperativé that the initiator dissolves in the solvent and that its

dissociation temperature does not exceed the boiling temperature of that solvent.

PNIPAM gels can be produced in the form of microgels, macrogels, films, rods and
fibres. PNIPAM micro/ nandspheres are produced by fee radical polymerisation at
temperatures exce;edin g the LCST (also sometimes referred to as dispérsion
po]ymérisation)A This can be performed with or without a surfactant and/ or érosslinking
agent. Until now, solution polymeﬁéation was required to produce larger-sized and
structured geis. This involves a redox initiated free radical polymerisation at
temperatures below that of the LCST, and requires NIPAM monomer, a cross-linking
agent, an initiator, and an accelerating agent. The most typical free radical method for
NIPAM solution polymerisation is that which uses a combination of either potassium
persulfate or ammonium persulfate as an ini‘tiator, together with an accelerator -
N,N,N’,N’ tetramethylethylenediamine (TEMED) or sodium metabisulphate [35, 127,‘
151-152). | | -

1.34.2 Reversible Addition-Fragmentation chain Transfer (RAFT)

One of several kinds of controlled radical polymerisation, RAFT polymerisation is a

highly utilised method for PNIPAM synthesis [129], and allows the design of polymers
17



with complex architectures, such as linear block copolymeré [153], comb-like [154-
155], star [156], brush polymers [157] and dendrimers [158]. It is a method of “living”
free-radical polymérisation, in other words, the ability for the propagating chain to
terminate is removed. The specific details of this technique are not relevant in this
thesis; however the reader is directed to a comprehenéive review detailing the scope and

applications of the RAFT process, published by its inventors, Rizzardo et al [159].

1.34.3 Atom Transfer Radical Polymer'isation‘ (ATRP)

- Another example of a living free-radical polymerisation technique is atom transfer
radical po]ymeriéatidn (ATRP), which was independently discovered by Mitsuo
Sawamoto.et al and Jin-Shan Wang and Krzysztof Matyjaszewski in 1995. This
technique affords the production of PNIPAM brushes [160], stars [161], combs t162],
and copolymers of various architectures [163-166], and unlike RAFT techniques, it -
allows controlled evolution of molecular weight and polydispersity. As a full
explanation of this technique beyond the scope of this thesis, and the reader is referred

to an excellent review of this technique by Braunecker et al [167].

1.34.4 ~ Radiation polymerisation

Another technique that has been utilised in PNIPAM synthesis is radiation
polymerisation, and types of radiation with can be used are ionising radiation (using
]inear accelerator electrons [168] or cobalt- 60 gamma rays [169-170]), or UV radiation

of a particular wavelength.

Radiation can initia.te the polymerisation and cross-link the resulting chains. As reported
by Nagaoka et al [171], the formation of the monomer radical occurs via 1) the direct
effect of radiation and 2) an indirect effect whereby products of water radiolysis réact
with the monomer. They detail the formation of radical on the isopropyl group of the
monomer (which is stablAe, and therefore unlikely to contribute to the polymerisation or
cross-linking) a]oﬁg with the formation of carboxyl alkyl radical [171]. Although it had
been thought that most monomers required a small amount of chemical cross-linking
égent and/ or relatively high doses of radiation in order for cross-linking to occur [172],
Nagaoka et al concluded that no additive was necessary to obtain a PNIPAM hydrogel
with good mechanical properties using relatively low doses of radiation. As such, this
straightforWard and additive-free process is potentially advantageous for the preparation

of hydrogels intended for biological applications, providing simultaneous

18



polymerisation, cross-linking and sterilisation without concern for biological responsé

to toxic initiator or cross-linking agent.

»Radia'ti'on can also facilitate the grafting of PNIPAM onto substrates, giving rise to .
thermal hydrophilic/ hydrophobic control of surfaces. For example, As early as 1988,
Uenoyama and Hoffman endeavoured to be able to inhibit a biological response to
‘model implants by grafting PNIPAM onto silicone rubber substfates [173]. Munoz-
Munoz et al synthesised and grafted PNIPAM onto polypropylene films utilising |
gamma radiation with a view to developing “switching” medicated coatings on medical

devices.[174].

14. Cross-linked poly(N-isopropylacrylamide) (PNIPAM)

Hydrogéls can be classed a) chemically cross-linked, whereby polymer chain functional
groups are irreversibly anchored to one another via the use of radiation or cross-linking
agent to form insoluble 3-dimensional networks; or b) physically crbss-]inked, whereby
polymer chains are tethered through intermolecular forces such as hydrophobic
association or van der Walls forces. The key points of interest of both of these class of

polymer is summarised below.

141 Chemical crosslinks

Prior to 2002, most conventional PNIPAM hydrogels were synthesised using an organic
cross-linking agent. PNIPAM gels cross-linked using BIS as chemical cross-linker,

~ were introduced by Pelton and Chibante in 1986 [175]. Thgse gels, however, were
shown to result in significant limitations with regards to their dptical, structural and.
meéhariical prdpérties, due to their rigid and inhomogeneous cross-linked networks. The
cross-linking feaction occurs at irregular points along the polyméf chain; therefore chain

lengths between cross-links have a broad distribution (refer to fig 1.11).

Rigid chemical
bridges between
neighbouring
polymer chains

Figure 1.11. Conventional chemically cross-l.inked gel structure model.
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This heterogeneo’us,aggregation of cross-linking points has also been shown to get
worse as cross-linker concentration increases [34, 67, 103], severely limiting the

- potential of the PNIPAM to effectively respond to temperature éhange, as in addition to
their inferior mechanical ﬁroperties, chemically cross-linked networks demonstrate poor
functional properties such as retarded des.wellin‘g'rate,']ow swelling capacity and erratic
solute release [21, 104, 125]. Several attempts have been made to address the |
afofementioned issues, such as the incorporation of additional inorganic components,
such as silica [104], inorganic clay [21], and organically modified clays [176]. In all
these cases, however, mechanical and absorption properties were not significantly
improved. It would appear that the inorganic components did not behave as reinforcing
agents as eXpécted, but the role played by the chemical cross-links inb the gel’s fragility

remained dominant.

Several other new types of network structures have been attempted to address the
mechanical and swellability issues of hydrogel matrices, with varying degrees of
success. For example, the synthesis of interpenetrating (or double) hydrogel networks
[177-179], the addition of macromolecular microspheres [180] the incorporation of
starch-based nanospheres as cross-linking agenté [181], the use of silk fibroin [182], the
| development of networks with linear chains and figure-of-eight sliding cross-links i[l 83-
'185] and the use of exfoliated clay as an inorganic cross-linking agent, forrhing a
polymer/ clay naﬁocomposite [186-188]. Of these approaches, it is the polymer/ clay
nanocomposite systems which provide the most improved mechanical, optica]‘an‘d

swelling/ deswelling properties.

142 Physical crosslinks

In 2002, Kazutoshi Haraguchi found that the mechanical, optical, structufal and

absorption properties of PNIPAM were dramatically improved with the use of

exfoliated inorganic clay platelets in place of conventional organic chemical cross-links.

- This revolutionary nanocomposite hydrogel, which was.polymerised in the presence of

“clay in situ using free-radical polymerisation, was shown to exhibit excellent
mechanical properties, such as 1000% improvement on elongation at break, fracture
energy up to ‘3300 times that of its predecessors, and a strength, modulus and swelling/

- deswelling capacity which could be modified and controlled by adjusting clay

. concentration [188]. These’propertvies were credited to the fact that the clay acts as a

multifunctional cross-]fnking agent through non-covalent interactions, and the polymer
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The d-spacing increases when water is absorbed into the intér—iayer gallery. The net
result is a swelling of the clay, as represented in fig 1.16. The swellability of the clay
dep_ends largely on the strength of this electrostatic bonding between the cations and the
clay layer, the weaker the interaction, the more easily water and polar rﬁolecu]es can be

absorbed into the clay gallery.
1.5.2 Laponite

Laponite is a synthetic smectite clay which appears in several personal, household paper
and polymer products, ahd is mariufactured at the Rockwood site in Widnes, UK [189].
It has Mg2+ and Li* cations in fhe octahedral sites, with Na* cations within the interlayer
space. The idealised formula for Laponite is Nao_7[Mg5,5Lio,4 SigO20(OH)4], and' the
platelets are typi>ca11y ~30nm in diameter with a thickness of 0.92nm [190]. As a
completely synthetic mineral, it has a well deﬁﬁed structural and chemical composition
and is devoid of some inorganic components found in natural layered silicates, su_éh as

iron oxides.

In the field of polymer science, Laponite has proven cbmmerdia]ly uséful for several
applications. Amongst these are its disﬁersion within polymers; as Laponite is
hydrophilic and swells readily in aqueous media, the clay particles can bebdispersed
amongst hydrophilic polymers (poly(vinyl alcohol), for example) without further
replaicemen_t of interlayer Na* cétions. In the case of hydrophobic polymers (such as
pol\yethylene),‘an improvement in compatibility of the clay and polymer is required. For
this, interlayer Na* ions are exchanged for alkylammonium cations énd aid the

dispersion of the inorganic clay particles in the polymeric matrix [191].
1.6 Nanocomposite Materials

As a loose definition, a nanocomposite is a material which incorporates two or more
individual components, one of which has dimensions on the nanometre scale (< 100nm)
.that are combined to obtain the optimal properties of each component and a unique
property profile. The extraordinarily high aspect ratio of the nanoscale phase and its

. exceptionally high surface to volume ratio makes nanocomposites differ from
conventional composite materials. The nanoscale component can be made up of sheets
(such as exfoliated layered silicates), particles (such as minerals), or nanofibres (such as
carbon nanotubes). In the presence of the nanoscale component, the properties of the

matrix material are affected drastically. The design and development of composite
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materials, as well as the optimisation of the manufacturing process for optimal

performance is therefore integral to the engineering of specialist materials.

Nanocomposites are abundantly evident in nature, with naturally-occurring and
biologically formed reagents and polymers (sugars, carbohydrates, proteins and lipids)
forming amazingly adept composites which comprise bone, shell, exoskeleton and

wood.

1.6.1 ~ Polymer-matrix nanocomposites

Nanoparticles such as metals, carbon'nanotubes or clays have been incorporatéd into a
- polymer matrix to enhance mechanical [192-197], barrier [198-203], fire resistance
[204-206], transparency [187, 193, 197, 207-214], permeability [201, 203, 215-220],
stiffness [195, 221-226], electrical [227-235] and thermal stability [194, 206, 221, 236-
238], as well as allow improvements in tensile strength [193, 195-197, 199] and
elongation at break [195-197, 199, 239] when compared to that of the pristine polymer.

1.6.2 Polymer/ cléy nanocomposites

The true beginning of polymer nanocomposite innovation was in 1989 with the
development of clay/Nylon-6 nanocomposites by Toybta, to produce tough, heat
resistant .tirhing belt covers which exhibited substantial impi‘ovemeﬁts on the physical
properties of the pristine Nylon 6 polymer [240-241]. Significant effort was thus applied

to the understanding and utility of these materials by research groups the world over.

Figure 1.17 shows a diagrammatic representation of the three main types of composite
morphologies found in clay/ polymer composites. The type of composite obtained

ushally depends on the preparation method and the type of clay used.

When the clay layers are not sufficiently separated in order for the polymer to
intercalate between them, the composite obtained is distinctly phase-separated, and the
properties of the material is geherally not much changed from that of regular
microcomposite materials [186]. In addition, a poorly dispersed composite material has,
in sorhe cases, been shown to exert worsened mechanical properties when compared -
those to the polymer alone [186]. When the structure is intercalated, platelet sepération
has occurred to a degree which allows little more than a few single polymer chainsto

extend between the layers.
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gels [21, 104, 186,‘ 197; 245, 248-249]. The addition of clay minerals to PNIPAM has
improved the properties of the resulting hydrogel whilst retaining (even enhancing) the

intrinsic hydrophilic/ hydrophobic phase transition of the polymer.

The deveiopment of PNIPAM/ clay nanoéomposites was pioneered by Haraguchi et al,
who in 2002, proposed a ;node] for the polymer/ clay network structure, basing it on
analytical data from FTIR, DSC, XRD, TEM'and TGA measurements [193], and
reported its compatibility with their mechanical, swelling and optical observétioris [196-
197, 2501. They proved the multifunctiona]ity of the clay platelets by calculating that
the number of cross-iinking points per clay plételet_were in the order of ~50 to ~120, -
depending on clay concentration [250]. A substantially increased degree of equilibrium
éwelling is reported when compared to chemically cross-linked PNIPAM gels [34, 251],

and this is attributed to a relatively low effective cross-link density value.

~ They also report a consistent elongation at break of the'nanocomposite gels to be more
than 1000%, regardless of the respective polymer or clay content [1 96], along with
extremely high time-dependent recovery following large strain applications [197]. Also
demonstrated are improvements in modulus and strength as a function of "clay content
and polymer density [196]. The swelling and mechanical phenomena are attributed to
the dynamic polymer/ clay interaction, and therefore adaptive continuous rearrangemeht
of polymer chains and clay platelets during elongation, compression, s'wielling and

deswelling.

When compared with cherﬁically cross-linked PNIPAM systems, Hafaguchi et al‘report'
a precise and sharp LCST of PNIPAM/ clay gels which is shifted upwards to a small
degree with increasing clay loading [250]. The manifestation of retractive tensile forces
at the LCST have also been observed [248] by applying stress to the gel in a
temperature-controlled aqueous‘environment. The force profiles of the gels showed

excellent correlation to volume-change data during temperature-cycling.

Another key observation by the group was the significant improvement in optical
transparency when chemical cross-links are replaced with clay. The opacity of
chemically cross-linked systems has been attributed to the inhomogeneous distribution
of cross-link points [250], and excellent optical clarity of clay networks, regardless of
clay content or polymer density, indicates a uniform clay/ polymer network. These
conclusions were supported by dynamic light scattering'(DLS), small angle neutron
scattering (SANS) and small angle x-ray scattering (SAXS) data [252].
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A crucial series of investigations by the group were those surround the biocompatibility
of théir clay/ PNIPAM systems [86]. They show that clay/ PNIPAM gels are capable of
absorbing water, blood plasma and saline to their interstitial spaces, and even exhibit
good blood and tissue compatibility during short-term cavity implantation. The gels are
capable of withstanding sterilisation by y radiation or with an autoclave without their
thermal stability being compromised. Cytocompatibility was shown to be good, |
showing that the preseﬁce of PNIPAM or clay did not affect or disturb the culfuring
cells, although the sarﬁples were subjebf to significant purification beforehand (they
wére washed and immersed in regularly- replaced water above the LCST for 10 days), |
in order to remove potentially toxic residual monomer and initiator. They present a
thermo-sensitive Clay/ PNIPAM substratum which is capable of cell adhesibn and
release without the intervention of trypsin treatment, as a reduction in temperature to
20°C enabled spontaneous cell detachment from the surface in the form of a cell sheet.
They also found that cell culture development was not possible in chemically croés-
linked PNIPAM systems regardless of cross-link concentration [86], despite all

pararrieters other than cross-link type being identical.

1.7 Aims and Objectives of This Study

The aim of the presented research was to explore the possibility of applying existing
nanotechnology to address technical challenges in the development of new PNIPAM-
based stimuli-responsive materials with a number of hi gh value applications.
Particu'lar]yappropriaté uses for these types of materials include targeted drug delivery,

would management, and biological tissue scaffolding.

One major technical challenge in the pfoduction of these materials is that which
addresses the adjustment of the LCST and response mechanism, and use was made of
existing synthetié methodologies, to innovatively build on the capabilities of existing
materials. Four main approaches were adopted to achieve this; (i) by examining and
Qompafing the effect of the initiation method (UV radiation vs. thermal) and cross-link
type (chemical vs. physical) on the deswelling mechanism and phase transition ‘
temperature of the PNIPAM gels, (ii) the examination of how biological]y-compat.ib]e
interstitial dopants affect temperature response of PNIPAM gels of various cross-link -
densities, (iii) the study of alcohol- induced cononsolvency behaviour of PNIPAM gels

as a function of cross-link type, cross-link concentration, initiation method and dopant
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species, and (iiii), the relative response change of PNIPAM as a function of ratio of

hydrophilic/ hydrophobic comonomer.

Diffusion behaviour of small molecules through thin films of cross-linked PNIPAM was
examined by attenuated total reflection — Fourier transform infrared spectroscopy
(ATR-FTIR) to acquire information on solvent/ polymer interactions and diffusion

kinetics of the system.

Another major technical issue for these fnaterialS is their processability, more
specifically, overcoming issues which currently pose serious limitations to their use as
bioldgicé] substrates and scaffolds. Current technologies include; (i) the prior

: polymerisation of PNIPAM based gels which are subsequently dried and powdered
prior to injection into the vicinity of a vertebral fracture or other cavity prior to cross-
linking in situ [253], (ii) the injection 6f a pp]ymerised gel/ photoinitiator/ cross-linking |

“agent solution under the skin, and subsequent permanent éross-]inking via exposure to |
UV radiation [254], and ( iii), the formation of a copoiyineric hydrogel which is injected
into damaged inter-vertebral spinal discs followed by a di- or multi-functional aldehyde
cross-linking agent which forms a stable polyrher matrix over a period of 2 days [255].
Most existing technologies of this type requires the cross-linking of the preformed '
‘po]ymers in situ posing biocompatibi]ity issues, réquiring that reactive biohazardous

- and potentially cytotoxic cross-linking agents and /or initiators are injected into body .
cavities, or potentially harmful doses of radiation are required to penetrate the skin. In
addition, excessive curing times (such as that outlined in example (iii), involve

- substantial impracticalities such as the immobilisation of the patient for several days.
Existing methods also require sevéral opefational steps and specialist equipment,
therefore requiring significant financial cost, expertise and processing tirhe. PNIPAM

~sheets have also been produced by pouring a monomer/ initiator/ accelerator solution

into a mould at a temperature above which the initiator dissociates, and allowing

- polymerisation to I;roceed in sifu. This method requires encapsulation of the entire

apparatus under an oxygen-free, nitrogen atmosphere and extensive post- synthesis

purification. [86]

Here is presented the development of a novel PNIPAM/ clay precursor which addresses
all of the aforementioned issues. Polymerised fully at a high temperature as a low
viscosity, opaque liquid, it solidifies to spontaneously form a clear PNIPAM/ clay gel.

Investigations undertaken to examine the tolerance of biologically active species to the
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gel in its precursor and post- PTTNAG state, as well as the ability to form such a
polymer/ clay liquid precursor which encompasses other hydrophilic/ hydrophobic
moieties in order to tailor the LCST and setting temperature are also presented. This
invention allows the development of new and exciting technologies which can be

tailored to specific medical and industrial uses.
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Chapter 2 - Experimental

2.1. ~ Analytical techniques
2.1.1 ‘ Infrélred (IR) Spectroscopy

Widely used as an instrumental characterisation technique for organic and inorganic
analysis, infrared (IR) spectroscopy is a popular tool in identifying compound structure.
The technique relies on the absorption of IR light at frequencies which correspond to

_characteristic vibrational energy levels of chemical functional groups within a sample.

The wavelength of infrared radiation lies within the range of 0.78 and 1000 Om in the
electromagnetic spectrum-. For IR spectroscopy, the wavelength of IR radiation is
presented as “wavenumbers” in the units cm™. The wavenumber is equal to 1/A (cm™).
The infrared region can be subdivided into “near IR” (0.78- 2.5 pm or 12800-
4000c.m"), “mid-IR” (2.5 — 50pm or 4000-400cm™), and “far-IR” (50-1000 pm or 400-
20cm™) [1]. Electromagnetic radiation is absorbed by molecules, but at only very
specific wavelengths. '
. The Plank- Einstein equation (Equation 2. 1) demonstrates the relationship between
Plank’s constant (h) (6.625 x 10 34 m? kg stor] s), the energy of a photon (E), and the

frequency of the associated electromagnetic wave (v):

E=hv
_ Equation 2.1

The frequency of the vibration is directly proportional to the square root of the ratio of
the vibrational force which is in turn propvortional to the masses of the corresponding
atoms. A lower atomic mass or a stronger chemical bond will result in a higher
vibrational frequency and vice- versa. For example, C=EN and. C=C bond stretches occur
at higher frequencies than those of €=0, C=C, and C=N. Conversely, C-H, O-H, C-C, .
C-N, and N-H stretches occur at the lowest frequencies. In addition, a C-H stretch
occurs at a higher frequency than a C-C stretch, and a C-O stretch occurs at a frequency
lower than them both. | |
Only specific vibrational energies for a given system are possible and therefore only IR

photons with specific energies will be absorbed. Therefore vibrational frequencies are
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Where: 6c is the critical angle, n; is the refractive index of the sample and #, is the

refractive index of the ATR crystal.

The depth of penetration (which is ~ 3x dé) of the evanescent wave and subsequent

sampling depth of the resulting spectrum can be calculated using equation 2.3:

;'ul'

27, ’\/ sin? 6 — (1n,/ ny)*

Equation 2.3
It is therefore possible to alter the d, by using crystals of varying refractive indices and
~ the angle of incidence.
In practise, the d,, usually in the order of a few micrometers, so.very close contact
between sample and crystal is integral. The evanescent field extending into the sample
decays exponentially with distance from the interface. Each peak in an ATR-FTIR
spectrum is attributed to a specific quantity of energy absorbed by a specific functional

group present in the evanescent field.

To analyse solid samples, a éapphire plate is used to ﬁrfnly press the sample onto the
diamond crystal surface. For liquid samples, it is sufficient to pour a small amount
directly onto thé crystal. The infrared analysis in this study was performed using a
Thermo Nicolet Nexus FTIR spectrometer which consists of three major components: a
radiation sourcé, an interferometer, and a detectbr. The interferometer used was a
Michelson interferometer, which is comprised of a fixed mirror, a moving mirror and a

beam splitter, as shown in figure 2.2:
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2.1.1.3 ATR-FTIR experimental parameters

Infrared analysis was performed at the Materials and Enginéering Research Institute at
Sheffield Hallam University using a variable temperature Graseby Specac Single
Reflection Goldén Gate ATR sampling accessory, attached to a Thermo Nicolet NexUs
Spectrometer with a thermocouple accessory set to at 27°C, unless otherwise stated.
The spectra were collected using 64 scans at a resolution of 4cm’, unless otherwise

stated.
2.1.2 ATR FT-IR imaging

FTIR imaging using ATR mode is patented by Varian [3], and like conventional FTIR
spectrbééopic instrumentation, ATR-FTIR imaging is effectively a surface technique,

~ capable of providing chemical information with a sample penetration depth of ~1-2
microns. Unlike conventional ATR-FTIR, which utilises a single detection element,
FTIR imaging utilises a combination of a focal plane array detector and an infrared
spectrometer, allowing spatial as well as spectroscopic data to be collected
simultaneously over a specified “field of view”. The technique is based on a 64 x 64
_element infrared array detector which allows simultaneous measurements of 4096
spectra from specified locations in a sample. The result is a 1096-pixel chemical image
and the technique has been employed to provide chemical "mlaps" of a wide range of
materials, from polymers [4-8] to pharmaceutics [9-11], biological systems [12] and
forensic science [13]. The technique provides information as to analyte location within a
sample by the depiction of different materials as different colours with the
straightforward relation of the chemical properties of a material to a certain colour. To
allow this, a characteristic spectroscopic signature within the chemical properties of a
material must be located within the spectra. It is important to note that the colours on a
final ATR-FTIR image have no absolute-physical or chemical méaning. Rather, they

allow comparisons of relative analyte compositions at different loci of the sample.

2.1.2.1 ATR FT-IR imaging experimental parameters

FTIR spectra were collected using a variable temperature Graseby Specac single
reflection diamond ATR attached to a Thermo Nicolet Nexus bench equipped with a

~ Mercury-Cadmium-Telluride detector. 128 scans were performed for each measurement
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