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Introduction to polymeric networks and
their analysis

A macromolecule' is a molecule of high relative molecular mass, where the
structure essentially comprises the multiple repetition of units derived, actually
or conceptually, from molecules of low relative molecular mass.

A polymeric network! is a highly ramified macromolecule, in which essentially
each constitutional unit (comprising arpaf the essential structure of a
macromolecule, an oligomer molecule, adi, or a chain) i€onnected to each
other constitutional unit and to the macroscopic phase boundary by many
permanent paths through the macromolecule. The number of such paths
increases with the average number of intervening bonds; the pathsnmihnst
averagebe co-extensive with the macromolecule.

1JUPAC GLOSSARY OF BASIC TERMS IN POLYMER SCIENCE, Pure Appl. Chem., Vol.
No. 68, 8 (1996) 1591-1595.



1.1. Introduction to polymers

A polymer is a very large molecule which consists of many identical or different
units joined together. The unit forming the repetitive pattern is called a
monomer. In the case of one type of repeating units, the polymer is called a
homopolymer, while a copolymer consists of more than one type of repeating
units. Polymers are a very important class of materials. They occur naturally in
the form of proteins, DNA, cellulose, starch, natural rubbtr, Since the 18
century synthetic polymers have been developed [1,2]. Nowadays, synthetic
polymers have a broad range of properties and resulting applications that far
exceed any other class of materials available to man. The field of synthetic
polymers is one of the fastest growingteral fields; the polymer industry has
grown to be larger than the aluminiumpper and steel industries combined [1].
Current applications are adhesivesg( glues, tapes), coating®.§. paints),
foams, gels d€.g. absorbent in diapers, controlled drug delivery systems,
cosmetics, foods), packaging materials, industrial fibeeg. (extiles, ropes,
cables), as additives to other materiasg(thickeners in cosmetic industry,
foods), and structural plastios.§.containers, boat hulls, vehicles).

In general polymers can be divided into two groups called thermoplastics and
thermosets [1-3].

Thermoplastics, which are the polymers used most, have a long molecular chain,
with one or more melcular architectures (séég. 1.1): linear, branched (short,
long, star) or ladder [4]. In the & of copolymers, even more complex
architectures may be obtaineg. alternating, random, graft, block copolymer,
and combinations of these. Thermoplastic polymers have intramolecular
covalent bonds and interact with other polymer molecules through weak
intermolecular van der Waal's interactions. As a result, thermoplastics can be
repeatedly melted and shaped by incregsr decreasing the temperature. The
microstructure can be either amorphofrandom molecular orientation) or
crystalline (densely packed crystallitesvhich affects theproperties of the
thermoplastics to a large extent. Most thermoplastics (> 90%) are common
plastics,e.g. polyethylene, polypropylene, polystyrene and polyvinyl chloride
[1]. A small part of the thermoplastics are engineering plastics which exhibit
superior properties, in comparison witbmmodity plastics. The latter include
better mechanical properties, better hesistance and higher impact strength.
Examples of engineering gdtics are acrylonitrile-buti&ene-styrene, nylon and
polycarbonate [1].

Thermosets differ from thermoplastics teir behaviour. Thermosets cannot be
softened or recycled at any time byheating [1]. Thermosets can be either



liquids or solids at room temperature and need to be heated to cure (harden),
giving the desired shape and solid properties. This deviating behaviour arises
from a basic difference between thermoplastics and thermosets. In addition to
normal (intramolecular) covalent bonds, the thermosets feature also strong
intermolecular covalent bonds (so-called cross-links) that connect separate
polymer chains together. This results in one large three-dimensional molecular
network (seeFig. 1.1). Unsaturated polyesters, polyurethanes and melamine-
formaldehyde [1hre examples of polymers that can be cross-linked.

linear polyethylene

short-chain branched polypropylene %,‘/\(\(\(\'/\(’H%
ladder poly(but-1-ene-1,4:3-2-tetrayl) ““‘
=

star branched polyphenylene

sulphur cross-linked
natural rubber

Fig. 1.1. Examplesf different molecular architectures.



1.2. Polymeric networks

1.2.1. Chemically vs. physically cross-linked networks

In general, a cross-linked structure ipaymeric network is defined as a small
region in the polymer chain structure from whathleast threechains emanate
[5,6]. Although this thesis focuses on chemically cross-linked polymers, it
should be mentioned that the cross-link structures (also called network
junctions) need not to be formed exglely by chemical cross-links, since
physical interactions between polymers can also result in network structures. In
the case of physically cross-linked networks, the cross-links are not permanent
and are often (thermally) reversible [A.typical example are physically cross-
linked linear polymers of lactide and/gtycolide prepared by solvent or salt
casting, which are used for controlledlease of bioactive agents and for
encapsulation of cells or biomolecules [8].

Chemical cross-linking is often performéal increase the strength of polymers
through the formation obne big molecule. Cross-linking gives polymers some
outstanding macroscopic properties that make them ideal for many applications.
These properties include: excellent dimensional stability, high resistance to
many solvents and high heat stability.

1.2.2. Types of chemically cross-linked networks

The aim of this section is to give an overview of chemically cross-linked
networks. However, it should be recognised that the list of cross-linked
polymers is enormous. A classificationmdlymer networks can be made based
on different criteria: physical/chemical, natural/synthetic, applicatiang. (
coatings, biomaterials), kind of rdae groups, network density, kind of
polymer chains €.g. interpenetrating polymer networkgic. Since this thesis
describes the analysis of chemical network structures, our classification is based
on the way in which networks can be chemically formed:

(1) The skeletal chains or the side chains of the polymer are chemically cross-
linked using peroxides, high-energy radiation and/or sulphur compounds
(vulcanisation). A typical example is the peroxide cross-linking of
ethylene-propylene-diene terpolymer (EPDM) (§ég. 1.2). The cross-
linking results from the combination of macro-radicals generated by the
thermal decomposition of the peroxide and from the addition of macro-
radicals to unsaturated moieties of other macromolecules [9]. The cross-



links are introduced in a highly random manner (statistical process),
resulting in an ill-defined network topology. Dangling ends will always be
present in the final network, due to its infinite molecular weight [10].
These polymeric networks are usedhere toughness or resistance to
impact is desired, since they can be stretched to many times their original
length, and bounce back without permanent deformation. Typical
applications are tires, window/dosealings, but also latex gloves.

1/2RO-OR
peroxide
decomposition
RO-
#\)\/\@/\/kf H-abstraction A)\/\@/\/kﬂ
EPDM EPDM macro-radical (EPDMe)

’ EPM + EPDM
combination addition

ool 5o

cross-link

EPDM
H-transfer

EPDMe

A\

cross-link

Fig. 1.2. General scheme for peroxideogs-linking of EPDM with 5-ethylidene-2-
norbornene (ENB) as a diene.
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Cross-linking occurs via free-radical chain (co)polymerisation of bi-
functional vinyl monomers. Typical armples are the polymerisation of
acrylamide and N,N’-methylene bisacrylamide in aqueous solutions
leading to highly swollen polyacrylamide gels [11] and the photo-
polymerisation of di-acrylates intglassy, dense networks [12] (SEig.

1.3). In the case of acrylates, the functionality is incorporated into the
monomer/polymer through an ester-bond. Therefore the individual resin
types differ only in the chemistry of the bi-functional vinyl oligomer and
not in the polymerisable group. The first step in this kind of cross-linking
polymerisation reaction is initiation, which involves the formation of a
free radical. The middle step isath polymerisationrwhere successive
monomers are attached to the growing polymer chain. The last step is the
(bi-molecular) termination reaction.

/\g/o\/\ofvoj;/\oj\/ + /\go\/(/\/

cross-linking

X

HisC7 S0

OV\OE\/O]\/\O
X
X

HisC7 S0

O\/\OE\/O]\/\O
X

Fig. 1.3. General scheme for UV-curing to a highly cross-linked polyethylene glycol
di-acrylate/2-ethylhexyl acrylate network.
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Polymeric networks can also be formed by the reaction of a multi-
functional (pre)polymer with a low-molecular weight cross-linking agent.
The latter has a functionality of twar higher. A classic example is the
polycondensation of dicarboxylic acids with glycerol leading to cross-
linked polyester [5]. A more actual example is the cross-linking of the
ethyl ester of lysine-di-isocyanate with glucose to generate a polyurethane
network that upon degradation only yields metabolisable products [13]
(seeFig. 1.4). In general, this kind of@ss-linking results in well defined
network topology, since the networks have “known” values of cross-
linking functionality and number-average molecular weights (and its
molecular weight distribution) of the (pre)polymer used prior to cross-
linking. One of the imperfections known to be present in network
structures are the dangling chain ends, the concentration of which may be
very small when this kind of cross-linking reaction is carried out
stoichiometrically and to high conversion of the functional groups [10].

o
HO.

P
N
NA/\)\[(Ow + hOH
KO o HO OH
OH

Lysinediisocyanate Glucose

‘ cross-linking without catalyst

O. o}

5 o
7 i p o ’ o_o NK/‘%
hOENHI/\Au)]\o ) O\T\AAN)?\(]/\/\[OJ
HO OH Hc];/\[;\lgm N 040
o=

Q
Q o \
o NH o o N—f 0.0
2 %o ° b "o o_o L““
\—o N_{/ 0._0 ° WNH
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oL ° A
) ) °
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Fig. 1.4. Schematic representation of gsdinking of the ethyl ester of lysine-di-
isocyanate with glucose to generatbioerodable polyurethane network.



1.2.3. Network imperfections

Cross-linked polymers always deviaterfrperfect networks. These are defined

as random, homogenous collections of chains with a Gaussian chain-length
distribution between network junctions under the conditions that all the
functionalities of the junction points have reacted [14]. Real cross-linked
polymers contain network imperfections ($ég. 1.5) which may be introduced
upon network formation.

Backbone chain
Chain between network junctions

Fig. 1.5. Schematic represetitan of the resulting ideal network structure (solid lines) and
some network imperfections (ti@sl lines) of styrene cross4ied bi-functional vinyl-esters.



These network imperfections include network defects, such as dangling chain
ends, which are chains attached to the network at only one of their ends,
elastically inactive loops resulting from intramolecular reactions,
monomeric/polymeric material not attached to the network, physical chain
entanglements and spatial heterogeneity. The number of network defects
depends on the way in which the network has been formed (conditions,
chemistry etc).

The final physical and mechanical properties such as stress to break, strain
hardening, tear strength, creep (defation), and glass-rubber transition
temperature are influenced by the chemical composition (chain mobility) and by
the cross-link density of the network. The latter is defined as the number-
average molecular weight of visco-elastiains between chemical and physical
network junctions. Polymers can have different degrees of cross-linking:
networks with similar chemical compgtiens show an increase in the glass-
transition temperature and in the modulus with increasing network densities.
Thus depending on the chemical composition and the cross-link density, the
polymeric network can have a rubbery (posses memory) or a rigid (brittle)
behaviour. Although, the cross-link density and the chemical composition have a
large influence, conversion of functional groups, type of network junctions,
network imperfections and heterogeneity also influence the physical and
mechanical properties of the polymenretwork [1]. As may be expected, the
properties of the final polymeric netwk affect the appration of these
materials. The relation between formulation, network structure, properties and
applications is schematically representeio 1.6.

Formulation Z££monomers, reaction conditioresc.

Network structure A qualitative/quantitative composition of backbofe
chains, chains between network junctions (network density), dangling
chains, imperfectiongtc.

Physical and mechanical properties /£ rubber modulus, glass-
transition temperature, surface adhesion, degradation kinetics, release of
drugs,etc.

Application/product A i.e. outdoor sealing, construction, biomediqal
applications €.g.dental) etc.

A

Fig. 1.6. The relation between formulatiowetwork structure, properties and application.
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1.3. Analysis of polymeric networks

The analysis of cross-linked industrialad biopolymers, especially the relation
between chemistry (cross-linking) and (mechanical and physical) properties,
have been the objective of a large nembf academic and industrial studies
during the past two decades. The motivation is to find guidelines to tailor cross-
linked materials for various applications without the need of extensive trial-and-
error experimentations. To be able to relate the final properties of cross-linked
polymers to their chemistry, it is essential to understand the network topology,
which significantly affects the functional properties.

Since cross-linked networks can have a large variety of structures, it is important
to have techniques to characterise streictural parameters, such as the mean
molecular weight of the chains between cross-links (cross-link density), the
molecular-weight distribution of the polymeric backbone chains, and the
(im)perfections of the network. The chaterisation of the network structure is
complicated further, since the network may or may not be “regular’ and may
feature various imperfections, such mramolecular loops, dangling ends,
molecules trapped in the network, cross-link junctions with a higher
functionality and combinations of these. The fact that the networks are resistant
to chemicals (insoluble in any solvemiakes the analys&nd characterisation

of the network structure even more difficult.

In principle there are two kinds of netwesnalysis methods: direct and indirect
analysis of the cross-linked networks (5ég 1.7).

The direct approach is preferred. However, the poor analytical accessibility of
cross-linked polymers (solubility) in combination with the relatively low
concentrations of oss-linking structures, make the analysis of the chemical
structure of the formed networks kspectroscopic and/or chromatographic
techniques often rather difficult.

The indirect approach includes the degradation of the network structure in such
a way that essential information on the identity of the cross-links is maintained,
followed by analysis of the degradation products. The degradation is typically
performed thermallyife. pyrolysis) or chemicallyife. enzymatic or chemical
hydrolysis). Another indirect analysis method is the use of low-molecular-
weight model compounds in “cross-linking” reactions, followed by analysis of
the “cross-linked” model compounds.

Both the direct and indirect approach provide valuable insight in the different
aspects of cross-linking chemistry andwmrk structures, as will be explained
below.
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Direct analysis:

x physical/mechanical measurements (properties,

g network density)

X (time-resolved) spectrospy (network density,
kinetics, chemistry, spatial heterogeneity)

X chromatography/mass spectrometry (compositio
starting compounds)

=]

Polymeric network
analysis

Indirect analysis:

» X thermal degradation (pyrolysis)

X chemical degradation (enzymatic/chemical
hydrolysis)

x low-molecular-weight model compounds

Fig. 1.7. Direct and indirect approacheg fihe analysis of ass-linked networks.

1.3.1. Direct approach

There are several main methodologies tase the direct gpoach to obtain
insight in the network structure. These will be explained below.

1.3.1.1. Physical/mechanical measurements

Establishing the mechanical propertiels cross-linked materials, such as the
modulus, stress-strain behaviour, hardness, volume shrinkage, and glass-
transition temperature (transition of solid to rubber phage,can be done by
mechanical measurements. These providfermation thatis desirable for
practical applications.

An important parameter to characterise the polymeric network is the network
density, which is defined as the number-average molecular weight of polymers
between cross-linkad\¢) or as the mole fraction of monomeric units which are
cross-links points [6]. The network densitM can be determined using
different approaches.
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The first approach involves physicaheasurements, such as equilibrium
swelling [12]. The swelling-behaviour theory describes the relation between the
swelling and the number-average molecular weight between the cross-links
(My). This theory is fairly complete for moderately cross-linked polymers in
liquids [15]. However, the swelling of densely cross-linked polymgsniuch

less than 5000a) is very low. To apply this theory, the solubility parameters of
the polymers must be known. These can be estimated by the group-contribution
method of Hoftyzer and van Krevelen [16]. The low degree of swelling and the
need to estimate the polymer-solubility parameter make the relation between the
swelling and théV. of densely cross-linked materials quite inaccurate.

An analogous approach to obtain insight in the network density is the
determination of the gel content (ingble fraction) in cross-linked polymers,
which is a measure for the degree of cross-linking [17]. Since densely cross-
linked polymers contain very low concentrations of soluble fractions, this
approach is most often performed on low-density cross-linked polymers, such as
cross-linked polyethylene [18].

The kinetic theory of rubber [19] relates the equilibrium elastic modulus at
temperatures abovi, which can be measured by dynamic mechanical analysis,
to the density of cross-links, expressed as the number-average molecular weight
of chains between chemical smlinks and chain entanglemenid.{) [20].
Although the kinetic theory of rubber is no longer valid in the case of very high
degrees of cross-linking, the elastic moduli still appear to be nearly independent
of the chemical structure of the network. Thus, even at a very high degree of
cross-linking, the elastic moduli at higamperatures are still good empirical
parameters for the characterisation of cross-linked polymers [21-25].

As stated before, cross-linking incsea the glass-transition temperaturg 6f

a polymer [26] A highly cross-linked polymer gives a very large shiffjrand

is sensitive to relatively small changesMi [27]. The shift ofTy depends also

on the chemical composition of the polymer. This renders the relationship highly
complex and only a rough estimation B, can be made. Th#l. can be
estimated more accurately with thge of empirical equations [28,29].

With the use of these traditional methods, the effect of cross-linking on the
mechanical properties has been investigated for a broad range of cross-linked
polymers (EPDM, acrylategfc). However, these methods are based on “ideal”
networks in which no defects are present. Nowadays, a great deal of work is
done to bring these relationships up to date, but it is accepted that these
traditional methods are not capable of providing complete and reliable
information on the network [30].

Analysis of the heat changes (exothermal) during cross-linking with both
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isothermal and dynamic differential scanning calorimetry (DSC) provides
insight in the cross-linking kinetics [31-35]. The analysis was based on the
assumption that the exothermal processes monitored are caused by the curing
reaction and that the heat generation iedally proportional tadhe rate of cure.

This approach was followed for styrene cross-linked with di-vinyl-ester. From
the DSC data, molar conversions and average sequence lengths were predicted
[36]. The accuracy of these predictpdrameters is, however, questionable.
Decker and Moussa have demonstratieat thermal treatment can mobilise
trapped radicals and giving rise to adufitl cross-link reactits [37]. Secondly,

no additional analysis was performed to support the predicted average sequence
lengths of the copolymeric sgme/di-vinyl-ester backbone.

1.3.1.2. Spectroscopic approaches

Another approach to obtain the network dendify) (is the use of spectroscopic
technigues. The molecular mobility of polymer chains can be determined by
solid-state nuclear-magnetic resonance (s-NMR) relaxation methods [38,39],
which provide quantitative information on the molecular weight between cross-
link junctions M) [40].

This approach was used to determine the chemical cross-link density of cured
di-acrylates [41] and vulcanised blenf2] and the chemical and physical
(temporary and trapped chain entanglemeatoss-link density of cured EPDM
[43]. Combinations of different s-NMR methods allow the contributions of the
addition and combination cross-linkingactions to the total chemical cross-
linking of EPDM [44]. However, the magnetic field applied along with
inadequacies of the fitting model can lead to misinterpretations in the
characterisation of the cross-link density [45].

Other spectroscopic techniques also have been used to measure the cross-link
density of networks. Atomic-force microscopy (AFM), in the force modulation
mode, has been used to determine tlesszlink density of natural rubber [46],
styrene-butadiene rubb§t7] and EPDM [48], while X-ray microscopy was
used for determining the network density of a super-absorbent polymer [49].
Transmission electron microspy (TEM) was used fodetermining the cross-

link density of vulcanised natural and nitrile/butadiene rubbers [50]. The
network density in the mentioned studies is often specified depending on the
way it has been determined, such as the optical density for X-ray microscopy
measurements [49]. This makes it difficio compare the different studies.

Besides the physical and mechanical properties and the network density, it is
important to determine the cross-linking chemistry and/or the chemical
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conversion, preferable in real-timeTime-resolved optical spectrometric
technigues, such as infrared (IR) and Raman, are commonly used to monitor the
consumption of reactive functionalities during polymerisation as a function of
time [51,52]. The use of these real-time techniques provides insight in the
chemical conversion during the cross-limiireaction and, thus, the resulting
network structure. Various examples of spectroscopic techniques used for the
(real-time) determination of the crolisking chemistry and/or the chemical
conversion have been described. The networks studied include EPDM [53,54],
phenol-formaldehyde [55], acrylates [56—-59] and vinyl-ester-styrene [60]. Local
heating by the Raman laser can dantagesurface of cross-linked materials and
can lead to biased results [61]. When using optical spectroscopy, no distinction
can be made between mono- and bi-functional acrylates, although some studies
indicate that they have different reactivities [62,63].

The information obtained by these time-resolved techniques can be used to
determine the rates of polymerisation. With this information, the number-
average molecular weight distribution of the backbone, which is often denoted
as the kinetic chain lengthkd]) of the network, can be estimated [64—68]. Such
an estimation involves several assumptions. Often mathematical models are
described, which simulate the cross-linking processes and are used to predict
network parameters, without any supporting measurements [69-72]. As a
consequence, the calculatad is only an indicative value, which can be used to
interpret general trends [64,73].

The use of real-time s-NMR methods has been described for the evolulign of
during cross-linking of sulphur-cured nealirubber [74], sulphur vulcanisation

of EPDM [75], and photo-curing of bi-functional acrylates [41]. Paleiaal.
demonstrated the use of s-NMBH{NMR and “*C-NMR) for the study of
“specific” structures (chemistry) resulting from aging (oxidation, chain scission)
in cross-linked EPDM [76]. To increase the s-NMR sensitiVitg-enriched
polymers can be used to study thenfed structures, as in the caseig-
enriched ENB-EPDM. This makes it possible to study the structure of the
incorporated ENB in more detail [76]. In general, the interpretation of the NMR
results depends entirely on the availability of model compounds and only
average data for the polymer are ob¢dirf9,43]. Moreover, s-NMR does not
yield any detailed information on the network structure in terms of concentration
and molecular weight distribution of network chains, such as the kinetic chain-
length distributionkcl [58,78].

Different other techniques have been described for the real-time analysis of
cross-linked materials, such as real-time di-electric spectroscopy [79,80] and
fluorescence spectroscopy [81].
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In many cases, the cross-linking kinetic depends strongly on the radical
concentration, which is not directly measured by the aforementioned techniques.
Consequently, the environment and thecdtree of the radical species are also
not available for analysis with these methods. Electron spin resonance (ESR)
spectrometry is a powerful technique which monitors radical species [82] and
gives valuable insight in the different processes during cross-linking of acrylates
[83,84] and other radical cross-linking systems [85]. Especially, the combined
use of ESR and infrared spectroscopy yielded comprehensive insights in the
population of various radicals, such as propagation radicals, termination
radicals, but also “trapped” and persistent radical populations during cross-
linking of bi-functional acrylates [37,86].
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Fig. 1.8. Elongated particles of peroxide degradation products in cross-linked EPDM
analysed by microscopy.

Hyphenation of real-time dynamic megtfical analysis and near-infrared
spectroscopy allowed the simultaneous monitoring of acrylate photo-
polymerisation with regard to bothethchemical conversion and mechanical
properties [51,87,88]. Steeman al. showed that the modulus build-up did not
linearly follow the chemical conversip but the modulus increased greatly
during the final stage of conversion [8&hother example of hyphenation is the
simultaneous analysis of the volume change (shrinkage) and the acrylate
conversion [89,90].
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Time-resolved techniques do not provide direct information on the network
density and network structure, since reacted groups can form chemical cross-
links, but also ineffective chains and other defects. Moreover, side reactions can
cause additional cross-links, which complicate data interpretation.

Spectroscopic techniques can also be used for the determination of spatial
heterogeneity of cross-linked systems [91]; s-NMR can give information
regarding the molecular heterogeneity of different phases [92,93].

Surface techniques, such as light microscopy Sge 1.8), AFM, scanning
electron microscopy (SEM, after crfacing and ruthenium-staining), wide-
angle X-ray diffraction (WAXD), smalkngle X-ray scattering (SAXS), and
electron spectroscopy §EA), can all give information on the surface
composition, surface morphology, domain-size distribution, shape of the
domains, and ligament thickness of cross-linked materials [94—99]. Other
imaging techniques, such as Ramamcroscopy and secondary-ion mass
spectrometry (SIMS) are also capablecoflecting spatially resolved chemical
images (chemical structure information) of the surface [100].

1.3.1.3. Analysis of the starting materials

Insight in the network structure can als® obtained by analysis of the starting
compounds and prepolymers. Their characterisateg. furity, structures,
distributions of molecular weight, functionalityetc) gives insight in the
expected network structures, extractabdgs, and is often need for a proper
interpretation of the data obtained by the aforementioned techniques.

The chemistry of polymers, especially copolymers, is very complex, due to the
molecular-weight distribution, but also tbe many different types of chemical
structures incorporated in the polymer. Depending on the molecular weight,
different chromatographic techniques can be applied. The most commonly
applied chromatographic technique is size-exclusion chromatography (SEC) for
the determination of the molecular-weight distribution [101]. In the case of poly-
electrolytes, aqueous SEC can be used to estimate the molecular-weight
distribution [102,103]. The functionality-type distributions (FTD) of polymers
can be obtained by liquid chromatography at critical-conditions (LCCC) [104—
106]. Paschet al. demonstrated the use of LCCC followed by matrix-assisted
laser desorption ionisation time-ofght mass spectromgt{MALDI-TOF-MS)

for the characterisation of the molecular weight and functionality-type
distributions of epoxy resins [107]. SEC coupled to more than one detector or a
specific detector can also providefarmation on the average chemical
composition as a function of molecular weight. Typical examples are SEC
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coupled to UV and refractive-index detection [108], SEC-NMR [109], SEC-FT-
IR [110,111], and SEC-MS [112], while two-dimensional separations can be
used to unravel different distributiomd a polymer. For example LCCCxSEC

has been applied for block copolymgid3], tacticity separations [114] and
complex grafted systems [115]. Valuable informatieng(functionality-type
distribution) on polymers can also be obtained by MALDI-TOF-MS directly
[116,117]. However, the quantitatiaspects are questionable [118].
Field-desorption mass-spectrometry (FD-MS) has been used to determine the
molecular weight and structure ofignmers in a polymer mixture [119].
Another example is the uses of interaction chromatography that allows polymers
to be separated into different oligomers. Although this approach is limited to
low-molecular-weight samples (oligomers), it can give highly detailed
information [120,121].

Structural characterisation of the pokra can be performed by NMR, which
yields information on the polymer composition, such as the concentration of
diene incorporated in EPDM [122],hglene/propylene copolymers sequence
information [123], and fully quantitative structural characterisation in the case of
phenol-formaldehyde resins [124,125]. Another example is the ugéCef
enriched polymers, to study the grafts in polyolefins functionalised with maleic
anhydride [126]. Zhanget al. demonstrated the use JH-NMR for the
determination of different maleic anhydride structures on polyethylene and
found indications of chain scissionaaions [127]. Characterisation of the
composition can also be performed by different optical techniques, such as IR
and Raman. Besides chromatographic and spectroscopic techniques, differential
scanning calorimetry or dynamic mechanical analysis can be used to determine
physical and mechanical properties of polymerg.{Ty) prior to cross-linking.

1.3.2. Indirect approach

Soluble (non-cross-linked) polymers are widely characterised through
chromatographic and spectroscopic tégbes, such as SEC and NMR, as
described above. However, cross-linked polymers pose problems, since they are
inherently insoluble. This limits the applicability of chromatographic and
spectroscopic techniques. Chemicaltioermal degradation are often used as
methods for the structural analysis of these non-soluble (cross-linked) polymers.
Both techniques are used to reduce tholecular weight of the polymers,
forming monomers or other “small” soluble degradation products. These
traditional methods of degradation dalowed by chromatographic and/or
spectroscopic analysis. Besides degradation of polymeric networks, low-
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molecular-weight model compounds can be used to mimic cross-linking
reactions, followed by chromatographamd/or spectroscopic analysis of the
“cross-linked” model compounds.

1.3.2.1. Pyrolysis

Degradation of the cross-linked matesiabhn be performed by pyrolysis, which

is the “controlled” thermal degradation of a complex material in an inert
atmosphere or vacuum (absence of air). It causes molecules to cleave at their
weakest points to produce smaller fragments, the collection of which is called
pyrolysate [128].

Pyrolysis (Pyr) followed by analysis of the degradation products can be either
performed directly by mass-spectromye(iPyr-MS) or by separation of the
degradation products with gas chromatography, followed by mass-spectrometric
detection (Pyr-GC-MS) [129]. A classic example of Pyr-GC-MS is the
determination of the composition of ethylene/propylene copolymer [130-132].
Pyr-GC-MS of EPDM cured with sulphur showed several compounds, such as
C7HsS, which has been supposed to be formed from the addition of sulphur
bridges to 5-ethylidene-2-norbornene residue in the polymer chain through
cyclisation. Based on these observatidghe mechanisms of the sulphur-less
vulcanization of EPDM rubber has been discussed [133,134]. Cross-linked
natural rubber devulcanised uniformly by cleavage of the S-S bond, while
peroxide cross-linked EPDM showed frequent chain scission of the C-C
backbone [135]. In case of peroxide cross-linked EPDM the main products in
the pyrolysate are branett and linear alkanes and alkenes arising from
intramolecular H-transfer accompanied toyzipping (radical chain scission of

the ethylene/propylene backbone)[136,137]. Random chain cleavages followed
by intermolecular H-abstractioreactions yield a series nfalkanes, .-alkenes,
2-methyl-alkenes, 2,4-dimethyl-alkanes, and even higher branched alkenes, as
well as degradation products from the dienes and the peroxidéi(sek.9).
Besides these degradation products, “unexpected” compounds, such as benzene
and toluene are observed, as a resuteafrangement reactions upon pyrolysis.
The decomposition products can be interpreted in terms of composition
(ethylene/propylene ratio, diene concentrat and ethylene/propylene sequence
distribution [138]. However, more-detailed information on the cross-linked
structures formed in terms of additiand combination cross-linked structures in
the case of EPDM cannot be obtainedioBsis studies on oss-linked rubbers

are therefore mostly performed to obtamsight in the application range of
cross-linked materials, such thermal recycling of EPDM [139].
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The number average sequence length aopolymeric (cross-linked) backbone
chain is an important parameter in the copolymer microstructure characterisation
of a polymeric network. The determination of the number-average sequence
length of EPDM [139] by Pyr-GC-MSs one of the few examples of the
copolymer microstructure characterisation of a polymeric network. \eaag

[140] described the number-average sequence length determination by Pyr-GC-
MS of various non-cross-linked copolymestyrene-butyl acrylate, chlorinated
polyethylene, styrene-methyl methacrglabpolymer, vinyl-chloride-vinylidene
chloride and styrene-maleic anhydricigpolymer. However, no supporting data
has been given that the monomer arrangement as determined by Pyr-GC-MS is
similar as that determined ®/g. NMR. Moreover, the authors suggested that
the number-average sequence length suiffer a relative laye error using Pyr-

GC.

Fig. 1.9. Pyr-GCxGC-MS chromatogram gberoxide cross-linked ENB-EPDM with
branched, linear alkanes and alkenes (l), pgde decomposition products (II) and diene
degradation products (lll), as a result of pyrolysis.

The characterisation of an UV-cured acrylate network structure in terms of
chain-length distribution of network junctions by Pyr-GC-MS has been
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described by Matsubaset al.[141,142]. Thermo-chemadys, in the presence of
tetramethyl-ammonium hydroxide, shows “gquantitative” cleavage of the ester-
linkage and limited pyrolytic cleavage of C-C and C-O bonds. The authors
suggested that the chain-length distribution of the repeating acryloyl groups
could be determined from their resulkdowever, the low recovery of acrylate
polymer in GC due to their low volatility and the possible C-C cleavage make
the determination of thiecl in the UV-cured rsin unreliable.

Only volatile degradation products of a relatively low molecular weight can be
analysed with Pyr-GC-MS, which makésis techniques not applicable for
oligomeric pyrolysis degradation products. Liquid chromatography instead of
gas chromatography can be used for the analysis of such oligomeric compounds,
to obtain more information about the structural composition. This has been
demonstrated by van der Hagieal, who used pyrolysis, coupled to LC-MS for

the analysis of collagen-based materigl43]. Another approach to determine
oligomers ofe.g. polyurethanes is the use off-line pyrolysis followed by
MALDI-TOF-MS [144] or the use of SIS to “pyrolyse” the surface (top
monolayer) of various cross-linked polymers, such as EPDM [145].

Besides the use of pyrolysis for the determination of structure, pyrolysis can also
provide information regarding the thermal stability of cross-linked polymers.
Kurdikar et al. [146] determined the thermal stability of highly cross-linked
acrylate polymers and revealed that highly cross-linked acrylates have a better
thermal stability than loosely cross-lirkacrylates. However, they suggest that
spatial heterogeneity causes the thermal instability, however, it seems more
logical that the concentration of network junctions plays an important role with
respect to thermal stability. Another exalmnof TGA is an study of the thermal
stability of collagen, with the use of lignin model compounds [147].

1.3.2.2. Chemical degradation

The chemical degradationf polymers can be performed by acid or base
hydrolysis or by other specific reactioasthe ester- or amide-group. Chemical
degradation is limited to cross-linked polymers which have a hydrolysable
group. As a consequence, rubberg (EPDM) cannot be hydrolysed.

Different chemical degradation methods for polymers are published over the
years. The polymers are mostly acid lofgsed with subsequent separation of
the reaction products by gas chromatography [148,149]. The Zeisel-reaction
(cleavage of acrylate ester-linkage of non-cross-linked polymers by hydrolysis
with hydriodic acid) has also been applied to acrylate resins [150] and for
acrylic polyesters [151]. The individual alkyl-halides were separated using gas
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chromatography. Publications of chieal degradation of non-cross-linked
polymers include acid hydrolysis of polyurethanes [151], polyethers [152],
polysiloxanes [153] and polyamides [154].

In general, hydrolysis of esters to a carboxylic acid is promoted by bases, acids
and temperature [155]. Acid hydrolysis reversible and follows a reaction
mechanism similar to base hydrolysis, which is irreversible. Besides the
disadvantages of the reversible reaction, acids can cleave the ether-linkage,
while the ether-linkage is quite stable toward bases and reducing agents.
Conclusions about the network strueturan be drawn from the nature and
concentration of the hydrolysis products. A typical example of the added value
is the characterisation of the final cheslistructure of the styrene/vinyl-ester
networks using hydrolysis as a sample preparation method. FEtrie[156]
carried out extensive studies on the cloaindegradation of styrene/vinyl-ester
networks; the network has been hydrolysed and the hydrolysis products have
been made soluble by esterification/methylation with diazomethane. The
derivatised degradation products have been analysed by several techniques such
as osmometry, viscometry [157,158&nd IR [158] and NMR [159-161]
spectroscopy-*C-NMR analysis of the dervatised hydrolysis products revealed

a pattern of resonance due to the quaternary carbon atoms of the styrene group,
which originated from the fferent type of sequences in the styrene/vinyl-ester
enchainment [162]. These peaks can be used for the determination of the
monomer distribution and, thus, the mean styrene sequence length in the
copolymer. This has also been shown by several liquid-state NMR [163-165]
and s-NMR spectroscopy studies [166-168] copolymers of styrene with
different unsaturated and/or vinyl-ester oligomers. The monomer distribution of
the backbone chains is usually determined after hydrolysis of the network
followed by derivatisation of the formed hydrolysis products with diazomethane
[160,161].

Another example of the use of chemidabradation is the determination of the
kinetic chain lengthicl) in highly cross-linked acrylate networks. Polyacrylic
acid (PAA) or polymethacrylic acid (PMAA) is one of the (biodegradation)
products after hydrolysis of @e-linked (meth)acrylates. Both tkel and the
endgroups are of great interest; PAA and PMAA with a high molecular weight
(5-200kDa) can be accumulated in the body’s circulatory system [73,170-172].
The hydrophilic PAA chains can be characterised by different techniques, such
as MALDI-TOF-MS, NMR and SEC. TheAA molecular weight distributions,

after hydrolysis of similar acrylate networks, found by SEC contradict to
MALDI-TOF-MS and 'H-NMR results [65]. These observations, own
experiences and other studies indicdted MALDI-TOF-MS can only be used
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for very low moleculaweight PAA (<<5kDa) [173].
1.3.2.3. Model compounds

Cross-linking can be studied indirectly by analysing “cross-linked” low-
molecular-weight model compounds. Because of their low-molecular-weight,
the corresponding model cross-links are soluble, which allows chromatographic
and spectrometric analysis. The addealue of this approach has been
demonstrated by several cross-linking studies with model compounds, which led
to elucidation of the mechanisms of aetated sulphur vulcanisation of natural
[174,175] and synthetic rubbers [176]. These studies resulted in an extended
sulphur vulcanisation scheme. Van Drumpt and Oosterwijk [177] used model
compounds to obtain kinetic data and insight into the peroxide cross-linking
mechanism of polyethylene (PE). Although the study has been performed on PE,
the results provide valuable insight on EP(D)M cross-linking. Caetaahused
electron spin resonance (ESR) spectroscopy to study the cross-linking of
(branched) alkanes [178] in terms of radical selectivity and rate constants for H-
abstraction. Similar studies with model compounds have been performed on
esters as model compound for lubricants [179] and on saccharides as model
compound for biomolecules [180]. Low-molecular-weight model compounds
have also been used to study the effect of the type and amount of the third
monomer on the peroxide-curing efficiency of EPDM [181]. Since model
compounds only mimic the cross-linked polymer system, the results of the
model compound studies should be translated carefully to real network systems.

1.4. Scope of the thesis

As discussed above it is essentialuttderstand the network topology, which
determines the final functional properties of the polymer. This thesis deals with
the analysis of the chemical network structure of peroxide cross-linked rubber
networks and chemically cross-linked-atirylate systems, using an indirect
approach. Different indirect approaches and analytical techniques are described
to obtain insight in the chemical network structures of these cross-linked
systems.

In chapter 2, the analysis of the network structure of UV-cured mixtures of
polyethylene glycol di-acrylate and 2-ethylhexyl acrylate is described. The
cross-linked films are analysed, aftbydrolysis, by aqueous-SEC on-line
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coupled to reversed-phase liquid-chromatography. The chemical network
structure for the different UV-cured atate polymers is obtained and is
expressed in network parameters such as the degree of cross-linking and the
network density, expressed as the molar concentration of effective network
chains between cross-links per volume of polymer. The network density,
expressed as the number-average molecular weight of polymers between cross-
links, is similar to that found by s-NMR and mechanical analysis.

An integrated approach, involving the use of different analytical techniques to
study the chemical network structure afoss-linked styrene/di-methacrylate
polymers, is discussed in chapter 3. The cross-linked materials are hydrolysed at
optimised conditions and without additional sample preparation subsequently
analysed by both SEC and NMR analysis. Detailed insight into the chemical
network structure is obtained by combining the results of all the different
analyses used.

Chapter 4 focuses on the complex degradation processes of chemically cross-
linked poly-DO,L-lactideco-glycolide  50/50)-di-acrylate  film.  Liquid-
chromatographic analyses are employedidentify and quantify the various
oligomeric and polymeric degradation products from the soluble fraction, which
gives detailed insight into the chemicahanges at the different stages of
degradation; extraction, network attack, network penetration, bulk degradation,
and finally release of persistent network fragments.

The study of the network structure ofrpeide cross-linked rubbers (EPDM) is
described in chapter 5 and 6. The peroxide cross-linking of EPDM is mimicked
using low-molecular-weight compounds. Both GC-MS and comprehensive two-
dimensional GC-MS (GCxGC-MS) analyses have been employed to analyse
the isomeric reaction products. TiMS-fragmentation patterns and the GC-
elution pattern are investigated in detail. This study with model compounds has
led to a more accurate description of the peroxide cross-linking scheme of
EPDM and valuable insight in the cross-linking mechanism (H-abstraction
reactivities, steric hindrancetc).

Chapter 7 focuses on the thermal degradation of UV-cured mixtures of
polyethylene glycol di-acrylate and 2-ethylhexyl acrylate. The use of pyrolysis
for cross-linked acrylates waeviewed. The cross-linked acrylates are analysed
by Pyr-MS, MALDI-TOF-MS and pyrolysis-LC-MS. The degradation products
are studied in detail and are related to the overall network structure.
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Characterisation of UV-cured acrylate
networks by means of hydrolysis
followed by aqueous size-exclusion
combined with reversed-phase
chromatography

Abstract

UV-cured networks prepared from mixtures of bi-functional polyethylene glycol
di-acrylate and mono-functional 2-ethylhexyl acrylate were analysed after
hydrolysis, by aqueous size-exclusion chromatography coupled to on-line
reversed-phase liquid-chromatography. The mean network density and the
fraction of dangling chain ends of these networks were varied by changing the
concentration of mono-functional acay¢. The amount and the molecular
weight distribution of the polyethylene glycol chains between cross-links and
polyacrylic acid backbone chains (the so-called kinetic chain lekgbhin the
different acrylate networks were determined quantitatively. The molecular
weight distribution of kcl revealed an almost linear dependence on the
concentration of mono-functional acrylate. Analysis of the starting materials
showed a significant concentration of mono-functional polyethylene glycol
acrylate. In combination with the analysis of the extractables of the UV-cured
networks, more insight in the total network structure was obtained. It was shown
that the UV-cured networks contain only small fractions of residual compounds.
With these results, the chemical network structure for the different UV-cured
acrylate polymers was expressed in neknpeirameters such as the number of
polyacrylic acid units which are cross-linked, the degree of cross-linking, and
the network density. The mean moleculagight of chains between chemical
network junctions was calculated and compared with results obtained from
solid-state nuclear-magnetic resonance and mechanical analysis. The mean
molecular weight of chains between network junctions as determined by these
methods was similar.

R. Peters, V.M. Litvinov, P. Steeman, A.AadDiY. Mengerink, R. van Benthem, C.G. de
Koster, Sj. van der Wal, P. Schoenmakédogirnal of Chromatography A, 1156 (2007) 111—
123.
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2.1. Introduction

UV-curing remains one of the most effective processes to produce
instantaneously highly cross-linked acrylate materials. The solvent-free and the
high-rate of curing reaction and the easeflicability are the main advantages

of photo-curing. In general, the network structure determines the mechanical and
elastic properties of cross-linked acrglaiolymers. Typical examples of these
properties are modulus, strain hardenitegr strength, creep, and glass-rubber
transition temperatureTg[1]. UV-cured acrylate polymers have a broad
application field, including optical storagoptical display, and increasingly as
biomedical materials. The network structure is a consequence of the acrylates
used and the kinetics of this cross-linking polymerisation. This determines the
mean molecular weight of visco-elastic chains between network junctions, type
of network junctions and network imperfections. To be able to improve the
performance of cross-linked polymersrfeed by free-radical polymerisation,

the relation between the chemical network structure and the final network
properties must be elucidated. An intgieg well-studied type of cross-linked
acrylate polymer is a photo-cured mixture of bi-functional polyethylene glycol
di-acrylate (PEGDA) and mono-functial 2-ethylhexyl acrylate (EHA)(sdgg.

2.1). These acrylates react to degrdelatross-linked networks, which have
many benefits as biomedical materials [2]. The mean network density and the
fraction of dangling chain ends of the acrylate network can be changed by
varying the concentration of mono-furariel acrylate. An increase in the
concentration of mono-functional monomer causes an increase in the amount of
dangling chain ends and a significatgicrease in the volume-average network
density. This makes these types of networks an ideal case for a study of the
chemical network structure. Since théseds of polymers may be intended to

be used as biomedical materials, thedgtof the chemical network structure is
even more important. In the case of the present UV-cured PEGDA/EHA
networks, polyacrylic acid is one ofethdegradation products, which is not
degraded in vivo. Depending on its molecular weight, it may accumulate in the
human body [1].

Different approaches have been described to determine the chemical network
structure formed by free-radical polymerisation. The chemical conversion can be
analysed by spectroscopic techniques saglnfrared (IR) or nuclear-magnetic
resonance (NMR) spectroscopy [3,4]. The conversion is usually closely related
to the degree of cross-linking. However, no quantitative information about the
network structure can be obtained, sineacted groups can also form different
types of ineffective chains, sy as dangling chain ends.
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Fig. 2.1. Chemical structures and suggediddcuring to a highly cross-linked PEGDA/EHA
acrylate network.

Time-resolved techniques such as calorimetric or spectrometric methods can be
used to monitor the consumptiorof reactive functionalities during
polymerisation as a function of time [5,6]. This gives insight in the chemical
conversion during the cross-linking reaction forming the network structure. No
distinction can be made between mono- and bi-functional acrylates, although
some studies indicate that they have different reactivities [7,8]. The information
obtained by these time-resolved techniques can also be used to determine the
rates of polymerisation. With this information, the molecular weight distribution

of the backbone, which is often denoted as the kinetic chain lekgjjhof the
network, can be estimated [9-14]. Such an estimate involves several
assumptions. As a consequence, the calcukatks only an indicator, which

can only be used to interpret general trends [11,15]. A more direct determination
of thekcl can be performed by using “selective” degradation of the network with
pyrolysis or hydrolysis, followed by analysis of the volatile or soluble parts by
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chromatography. The characterisation¥-cured acrylic ester polymers by
pyrolysis-gas chromatography-mass spectrometry (Pyr-GC-MS) has been
described by Matsubaet al. [16] and Matsubara and Ohtani [17]. Quantitative
cleavage of the ester-linkage andited pyrolytic cleavage of C-C and C-O
bonds was observed. The authors suggested that the chain-length distribution of
the repeating acryloyl groups could be determined from their results. However,
the low recovery of acrylate polymer in GC due to their low volatility and the
possible C-C cleavage make the determination okt¢han the UV-cured resin
unreliable. The use of hydrolysis followed by chromatography and mass
spectrometry to determine thel of polymeric networks containing an ester-
bond, has been demonstrated several times [11,15,18]. The influence of the
acrylate conversion and various reaction conditions on kitiehas been
investigated.

The network can be characterised by physical properties in relation to volume
average network density. The most tiadal methods are equilibrium swelling

and mechanical measurements. Several models have been developed to relate a
measured quantity to practical moleculaformation [1,19], such as molecular
weight between cross-links, entanglements molecular weight, and gel content.
Several authors demonstrated the practical use of these modelsetkdéinse

these models for acrylic emulsion pressure-sensitive adhesives to relate various
molecular parameterse.g. molecular weight between cross-links from the
Flory—Rehner equation) to adhesive performances [20,21], while Colby and co-
workers show an elegant application of the percolation theory to non-perfect
networks [22]. Another approach to determine the network structure, which is an
important network parameter, is the anaysf the network density. In general,

the network density is defined as the molar concentration of effective network
chains between cross-links (mm¥l;) per volume of polymer [19]. Thus, the
network density for “zip-like” PEGDA/EHAetworks can be expressed as the
number of mols of polyethylene glycol chains per volume of polymer. In
practice, the network density is specified depending on the way in which it has
been determined. For example, the network density of super-absorbent polymer
observed by X-ray microscopy is specified as the optical density [23]. Often, the
network density is expressed as the mean molecular weight of network chains
between chemical and physical network junctidds.{) [24,25]. TheMc.eCan

be analysed by different spectroscojgchniques. Solid-state-NMR (s-NMR) in
particular provides useful information regarding this network parameter [26,27].
Different types of s-NMR relaxation experiments can be used to determine the
mobility of polymeric chains, which is strongly related to the length of network
chains and thus to the network density [28]. The mobility of network chains can
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be measured by the relaxation time at 100-150°C abpwehere it is sensitive

to the conformal mean position of network chains, which depends on the
number of statistical segments between chemical and physical network
junctions. The relaxation time at these temperaturgsh@s been quantitatively
related to the number of statistical segments in network chains, which can be
used to calculatdVic.e [27]. The relation betweefl, and Mc.e is based on
models, which are derived for perfect low density networks of Gaussian-
distributed chains, cross-linked with tri-functional cross-linkers [27]. Despite
this restriction, theMc.e values of cross-linked PEGDA/EHA networks with
“zip-like” network junctions were dermined by s-NMR. Although a large
uncertainly is present in values usedttie models [26,29], a good agreement
was obtained withMc.. values determined by dynamic mechanical analysis
(DMA, see below). The characterisationsbfuctural parameters, such askhke

has not yet been achieved by s-NMR. Another approach is to use DMA to
characterise the network. These measergmyield practical information, such

as the storage moduluk’f and Ty, which can also be used to determine the
density of cross-links [30]. ThéVic.. value of cross-linked homogeneous
networks, with Gaussian-chain statistican be calculated from the slope of the
linear part of the temperature dependence of the modalll§ @t temperatures
above theTy [31-33]. In the case of heterogeneity, such as highly cross-linked
micro-gel particles embedded in a less cross-linked matrix, the relation is not
valid, since largely heterogeneous networks cannot be analysed using classical
rubber-elasticity theories.

The approaches described above have provided many valuable insights into UV-
cured acrylate networks. However, most of the described methods are based on
models for perfect networks. Moreover, s-NMR and DMA do not yield any
detailed information on the network structure in terms of concentration and
molecular weight distribution of network chains, such as the kinetic chain
length, kcl [34]. The relation betweekcl and the network structure determined
with s-NMR and DMA is limited [31]. Té determination of network parameters
with chromatography is not straightforward, since cross-linked polymers have
an insoluble three-dimensional networkusture. In the case of highly cross-
linked PEGDA/EHA acrylates, selectivscission of the ester-bonds by
hydrolysis releases polyethylene glyc@®EG), which represents the chain
between cross-links junctionsXl{), and polyacrylic acid (PAA), which
represents the acrytabackbone chairk¢l). The concentration and distribution
(weight-average molecular weighl{) and number-average molecular weight
(M) of PEG and PAA after hydrolysis can be determined with aqueous size-
exclusion chromatography (SEC) [35-38]. Possible co-elution of the two



36

polymers with each other and/or with other compourdg. 6alts) makes the
simultaneous characterization of PAA and PEG less accurate. To improve the
separation between PAA, PEG and salts from the mixture after hydrolysis, a
combination of a separation with aqueous-SEC, followed by on-line reversed-
phase liquid-chromatography (LC) was developed (SEC-LC). PAA is eluted by
size-exclusion chromatography, while PEG is eluted by both size-exclusion and
interaction chromatography.

This chapter describes the developnafithe SEC-LC separation for PAA and
PEG. The method is used to determine the network parameters of highly cross-
linked PEGDA/EHA networks with differeratios of mono- and bi-functional
acrylates, after hydrolysis. Detailedfarmation on the network structure in
terms of concentration and molecular weight distribution of PAG) @nd PAA

(kcl) is obtained. To ensure unambiguous interpretation of the hydrolysis-SEC—
LC results, the concentration of material not attached to the network was
analysed using extractions followed by LC-MS, while the purity of the used
acrylate monomers was analysed by LC-MS. The results obtained from the
SEC-LC analysis, after hydrolysis, combined with the extraction and purity of
the initial compounds, were used to calculate the degree of cross-linkiag (
mean number of cross-linked mononseunits of the acrylate backbone chains,
the average number of (non-)cross-lidk@AA units for each backbone chain,
the network density a¥L. per volume of polymer, and the network density as
the mean molecular weight of networks chains between chemical network
junctions Mc). The same PEGDA/EHA networkgere also analysed by DMA

and by s-NMR previously [26]. A comparison was made between the network
densities Klc.e) obtained by DMA and s-NMR, with the network densitc)
obtained by SEC-LC, after hydrolysis.

2.2. Experimental

The formulations prior to UV-curing were prepared from mixtures of
polyethylene glycol di-acrylate (PEGDAVI, = 700 Da, Aldrich Chemical
Company Inc., Milwaukee, USA) and 2-ethylhexyl mono-acrylate (EHA,
Aldrich Chemical Company). The UV-cured acrylate polymers were mixtures of
PEGDA and 0, 20, 40, 60 and 100%/\{) EHA. The formulations contained

1% (w/w) of photo-initiator 1hydroxycyclohexyl phenyketone (Irgacure 184,
Ciba Geigy, Basel, Switzerland). Different ratios of mono- and bi-functional
acrylates were used to vary the mean network density by changing the
concentration of mono-functional acrylates (EHA), while the reaction of mono-
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functional acrylate was studied using 100%/wW) EHA. The mixtures are
designated with numbersi.. PEGDA/EHA(60:40)), which represent the
concentration of the monomers in weiglercent. The samples were prepared by
curing films of about 0.1 mm thickness on glass plates at 27°C, in a nitrogen
atmosphere, on a conveyor belt, fitted with a Fusion F600 (6000W, Fusion UV
Systems Inc., Gaithersbrug, USA) etedeless H-bulb. A UV-dose of 1.5 Jicm
(>5.0 W/cnf) was measured using an UV Pewuck Light meter (EIT Inc.,
Virginia, USA). The final conversion dhe acrylate networks was measured
using ATR-FT-IR. All the cross-linked polymers showed no residual C=C IR
signals, which suggest a conversion of >98% (limit of detection), taking in to
account that the depth of the IR signalsapproximately 1.5 um. The specific
density (I, gr/cn?) of the cross-linked mixtures was calculated by assuming
weight-average densiieof PEGDA (1.11 gr/cfy and EHA (0.86 gr/c. It

has been recognised that a decrease in sample volume (“shrink”) and thus
increase in density occurs [39], but this was not included in the calculations.

The hydrolysis of the UV-cured polymers (0.2 gr) was performed in 75 gr
NaOH solution (1 M, 24 h, reflux). After hydrolysis a solid silicate remained,
which originates from the glass flask (confirmed by IR and XRF). The liquid
phase contained no ester (<2%, determined by IR after sample clean-up),
indicating complete hydrolysis (>98%) at the conditions used. The polyacrylic
acid sodium-salt (PAA-Na) used as derence material for the hydrolysis
experiments had aw,, of 2000Da (Aldrich Chemical Company).

The extractions were perforchewith different solventsj.e. tetrahydrofuran
(THF, Biosolve, Valkenswaard, The Netherlands) and acetone (Merck,
Darmstadt, Germany). The expensive solvent 1,1,1,3,3,3-hexafluoro-isopropanol
(HFIP, Biosolve) was also used as agtion solvent, since it has excellent
dissolution properties towards high molecular weight polar polymers at room
temperature. The UV-cured polymers (0.1 gr) were finely ground using a mortar
and pestle and were extracted with 10.0 mL solvent. The extractions were
performed by stirring for 48 h at ambient temperature, since the temperature
stability of the polymers was not known. The extraction was finalised with
ultrasonic agitation (1 h) (Branson 5210, Danbury, CT, USA). After the
extraction, the solvent was evaporatgdambient temperature with dry pure
nitrogen gas. The extracts were dissolved in 2.0 mL THF and filtered with a
syringe with a filter tip (Spectrum Laboratories Inc., Los Angeles, CA, USA.
PP, 0.2 pum, surface area 0.8%m

All the chromatographic experiments n@eperformed on an Agilent 1100,
equipped with a quaternary pump, degasser, autosampler, column oven, diode-
array detector (DAD) with 10 mm cell and a single-quadrupole mass
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spectrometry (MS) (Agilent, Waldbronn, Germany). All spectra from 190 to 600
nm (2 nm step size) were stored, while UV-signals at 195, 200, 220, 250, and
280 nm were collected. The MS was run in negative or positive mode with the
following conditions:m/z100-1500, 70V fragmentor, Ortyz step size, 350°C
drying gas temperature, 10 Ly/Min drying gas, 45 psig nebuliser pressure and

4 kV capillary voltage. The LC system was controlled using ChemsStation
software (A09.01, Agilent). RI detection was performed using a RI-71 detector
(Showa Denko KK. Tokyo, Japan) with the following settings: fast response,
positive polarity and 512 range. The RI signal was collected with Atlas 2002,
version 6.18 data-management system (Thermo LabSystems, Manchester, UK).
The equal MS sensitivity of PEG was checked b{HeNMR experiment of
approx. 30 mg PEGDA/5 mL CD&bn the Bruker DREOOMHz spectrometer

(32 scans, relaxation delay 30 s) at room temperature. All data calculations were
performed in a spreadsheet program (Msoifo Excel 2000, Seattle, WA, USA).

The analysis of the starting materials #mel extractables was performed with an
2503 mm ODS-3 column at 40°C (Inertsil, Varian Inc., Palo Alto, CA, USA)
and with a gradient of ultra-pure tea (mobile phase A) and acetonitrile
(mobile phase B). The gradient was started at min with 100% \/v) A,
stayed there for 5 min and changed in 40 min to 100% B (t = 45 min). The

flow rate was 0.5 mL/min and injection volume was 5 L.

The SEC separations werperformed with a highly polar hydroxylated
methacrylate 8x300 mm Suprema 1000 A column (10 um particle size), with a
separation range of 1-10@Da (PSS, Mainz, Germany). The mobile phase (0.1

M NH4Ac) was pumped at a flow rate of 1.0 mL/min. The SEC-LC experiments
were performed with the described SEC column and an on-line coupled 250x4.6
mm ODS-3 column (Inertsil, Varian ¢n USA). All the SEC-LC conditions
were the same as those for stand-alon€,SEcept a gradient with acetonitrile
(mobile phase B) was used; O min with 100%/v) A, stayed there for 10 min

and changed then to 50%/\{) B at t = 30 min for 5 min (stop time = 120 min).
PAA sodium-salt standards (Polymer Ladtories, Shropshire, UK) were used

to calibrate the SEC-LC system (see Table 2.1). The calibration curve is given
by the relation; log{l) =i0.0271¢g)* + 0.8123()? 18.6793(g) + 36.741 R =
0.9977. The PAA was calibrated by injection of different standdidsl{.800,
37.100 and 83.40Da) at different concentrations (0 to 10 mg/gr, corrected for
Na concentration). The calibration curve is given by the relation: Area(RI) =
255.86(conc.)7.6521, R = 0.9995. PEG and PEG:Gwvere calibrated by
injection of different concentrations afydrolysed PEGDA (initial di-acrylate).

The calibration curve shovwasnon-linear relation witlconcentration; Area(MS)
={3697.9(conc?y+ 2886051.9(conc.) + 883961%F = 0.9967.
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Table 2.1. Peak-molecular weight Vi weight-average molecular weight (M number-
average molecular weight (yland PDI of the PAA standarddata supplied by the vendor)

M, (Da) M, (Da) M, (Da) PDI
1250 1930 1230 1.57
2925 3800 2280 1.67
7500 8300 6200 1.34
16000 17800 12800 1.39
28000 37100 22850 1.62
62900 83400 47900 1.74

115000 132500 75900 1.74

323000 440000 251000 1.75

782200 965100 624900 1.54

All solvents and reagém used (methanol, MeOH; acetonitrile, ACN;
ammonium acetate, NJAc; sodium hydroxide, NaOH) were of p.a. quality
(Merck, Darmstadt, Germany), whildtra-pure water was obtained from a
Milli-Q system (Millipore, Billerica, USA). The 1,1,1,3,3,3-hexafluoro-
isopropanol was highly pure (Biolsove).

The experimental conditions of the DMA and s-NMR experiments and the
calculation ofMc.. for the different PEGDA/EHA rwvorks are described by

Litvinov et al.[26].
2. 3. Results and discussion

2.3.1. Analytical results
2.3.1.1. Analysis of the purity of the starting materials

The purity of the starting materials, EHA and PEGDA, is determined by LC-
DAD-MS. The UV-chromatograms are shown kig. 2.2. EHA shows no
impurities using the described LC-MS method, which indicates a high purity
(>99%,w/w). PEGDA shows different impuritiesuch as “free” PEG, which is

not involved in any cross-link reaction, and polyethylene glycol mono-acrylate
(PEGMA), which forms dangling chain ends. Besides PEG and PEGMA, an
additional series of bi-functionabcrylate was identified as PEGDAC
(H,C=CH-CO—(O-CH-CH;)n—-(0—CH—~CH,~CH,—CH,)-O—-CO-CH=CH)).

The concentration of impurities is quantified, based on the calibration factor of



PEGDA corrected for the UV-contributiasf the acrylate endgroups [40]. The
determined purity of the used PEGDA is 78.48/) (see Table 2.2).
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Fig. 2.2. UV-chromatogram (= 210 nm) of PEGDA (A) and EHA (B). Conditions: 250x3
mm ODS-3, 0.5 mL/min, 40°C, 5 pL, gradient; 0-5 min, 10G@, 3—45 min from 0-100%
acetonitrile, where it remains constant for 15 min.

Table 2.2. Impurities of the used PEGDA, @1 ~700 Da)

Observed Compound Conc.

mass Da) (%, wiw)

590 + nx44  H-(-O-CH,-CH,-),-OH (PEG) 2.2

600 £ nx44  H-(-O-CH,-CH,-),-O-CO-CH=CH (PEGMA) 11.8

698 + nx44 H,C=CH-CO-(-O-CH-CH,-),-O-CO-CH=CH 78.4
(PEGDA)

682 + nx44 H,C=CH-CO-(-O-CH-CH-)-(-O-CH,-CH,-CH,- 7.4
CH,)-O-CO-CH=CH (PEGDA-G)

710 £ nx44  H,C=CH-CO-(-O-CH-CHy-)-(-O-CH,-CH,-CH,- <0.05
CH,),-O-CO-CH=CH (PEGDA+2xQ)

716 £ nx44  H-(-O-CH,-CH,-)-(-O-CH,-CH,-CH,-CH,)-O-CO- < 0.05
CH=CH, (PEGMA-C)

-- BHT, mono-ethyl-hydroquinone and others + 0.05
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2.3.1.2. Determination of kcl and Xby SEC-LC

The PAA and PEG in the hydrolysatestbe different cross-linked acrylates
was analysed by SEC-RI. The RI-chromatograms of the hydrolysed polymers
with different PEGDA/EHA ratios are depictedHhig. 2.3. The chromatograms
show PAA and PEG, where the low-molecular weight PEG elutes just in front of
solvent peaks around 10fMin. Various salts elute from the SEC column
between 11 and 17 min.

30 | °
2
1 8
w-| @ PEC
¥
340 |
301
30 |
| PAA
2 | PEGDAEHA(IO0. 0)
] PEGDAEHA(BD:20)
260 |
1 PEGDAVEHAB0:40)
240 |
————————————————— 7 ———
4 € € 10 » |hj 16 18 2 2
Retention time (min)

Fig. 2.3. SEC-chromatograms of hydragsUV-cured PEGDA/EHA polymers using RI-
detection; 8x300 mm Suprema column (PSS), 1000 A, 10 pm, flow= 1.0 mL/min 0.1 M
NH,ACc, T=25°C, ¥, =20 L.

The chromatography of PP with aqueous SEC can be affected by several
parameters such as the ionic strengtthefinjected sampland the eluent [41].

The influence of the ionic strength of the hydrolysates was investigated by
analysing reference PAAVL, = 2 kDa) before (dissolved in 0.1 M NjAc) and

after hydrolysis (hydrolysate diluted 1:1 with 0.1 M Mid). The RI-
chromatograms are given Iig. 2.4. This experiment demonstrates that the
hydrolysis and dilution of the hydrolysis medium with eluent (ratio 1:1) has no
effect on the observed PAA peaks in terms of elution time and peak shape. The
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influence of the injection volume/mass and the ionic strength of the eluent on
the elution time, peak shape and band broading was investigated by injecting
various injection volumes (10-80 pL) at different ionic strengths (0.1-0.25 M
NH4Ac), but again no effect was observed.

340 é
PAA

330

320 4

RI-response

310
300
290

280

270 *:
] Hydrolysed PAA

260

%0 7 Dissolved PAA

240 T
6 7 8 9 10 \Vl/ 12 13

Retention time (min)

Fig. 2.4. SEC-chromatogram of disgetl and hydrolysed polyacrylic acid (N kDa) using
RI-detection. Conditionas in Fig. 2.3.

The peaks of PAA and PEG partially overlap with each other, while PEG shows
also co-elution with salts. This makes the determination of the molecular weight
distributions of PAA and PEG less accurate, especially for the calculatidp of
which is strongly affected by the lomelecular-weight side of the peak. In
general, the separation of PAA, PEG and salts can be improved by using longer
SEC columns with narrower (more dedicated) separation ranges, while the
analysis can be improved by selective detection, such as MS-detection. Another
way to improve the characterisation of low-molecular weight PEG is the
selective removal of salts from the hydrolysates. This was studied by using a
dialysis membrane with a molecular weight cut-off of 1D&. The RI-
chromatograms, before and after dialysis of the hydrolysed
PEGDA/EHA(80:20), are depicted kig. 2.5. The chromatograms demonstrate
that, besides the loss of salt, also low-molecular weight PEG is lost from the
sample. This rules out dialysis as a sample-preparation method for the
characterisation of PEG. However, it also shows that the salts introduced by
hydrolysis have no influence on the elution time and peak shape of PAA.
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Fig. 2.5. Influence dialysis. SEC-RI chramgram of hydrolysed PEGDA/EHA (80:20),
before and after dialysis.d@hditions as in Fig. 2.3.

Instead of using longer SEC columns with a narrower separation range, the
separation between PAA and PEG was improved by coupling a SEC column
with a reversed-phase L€olumn (SEC-LC). PAA is separated according to
hydrodynamic volume on both columns, while PEG is separated by both size-
exclusion and interaction chromatography. Since a gradient was required to
elute PEG from the SEC-LC system, RI detection could not be used to detect
PEG, while UV-detection is not sensitive due to the low UV-absorbance of
PEG. Electrospray ionisation in the positive mode followed by mass
spectrometry (ESI(+)-MS) was used detect PEG. The mass-reconstructed
chromatogram of a hydrolysed PEGDA/EHA polymer, analysed with SEC-LC,
is shown inFig. 2.6, while the RI-chromatograms of hydrolysed PEGDA/EHA
are given inFig. 2.7. This shows that PAA elutes under size-exclusion
conditions. The SEC-LC separation of PAA and low-molecular weight
compounds (such as salts) shows an improvement in resolution, while the
different PEG oligomers are totally separated according to their molecular
weight and no coelution was observed with salts and PAA. PEG is also
separated from an additional PEG series, which is identified as R E&-cO—
CH,~-CH)—(—O-CH~CH,—CH,~CH,)-OH). This series originates from the
PEGDA-C, impurity in the PEGDA. The used SEC-LC is not suitable for high-
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molecular-weight PEG. To improve the characterisation of PAA, selective on-
line MS-detection of PAA was studied. Mass-resolving problems arose for the
different molecular weighPAA structures with ESI-(-)-MS. The MS-spectra
show almost every possilte/zvalue, due to the fact that electrospray ionisation

of a polydisperse PAA, even after SEC separation, generates multiple negatively
charged molecules, with a broad chadigribution. The charge, the molecular
weight and the isotope distribution [42], make deconvolution of the molecular
weight distribution impossible for broadly distributed PAA. The use of
atmospheric pressure chemical Eation (APCI)-MS, wkch usually gives
single-charge molecular ions, was not investigated, since the mass-range of PAA
is much higher then the optimal mass-range of 50-86r APCI-MS. The

low S/Nratio, and the generally non-linear response, of PAA make MS-
detection less attractive for quantitative PAA detection than RI detection. The
molecular weight distributionaV,, M) of the acrylate backbone chain<lf

and the chains between cross-linkd J are characteristic parameters of the
UV-cured PEGDA/EHA networks.

FEG rel4

N J‘k NS

PEGCl sies
T : T T T T T T T T T T T

Retention time (min)
K¢l ‘ ‘ ‘ A K3 ‘ ‘ K3 37 ‘

Fig. 2.6. Mass-reconstructeddhromatogram of PEG and PEG;Cof a hydrolysed
PEGDA/EHA(60:40) sample analysed 8C—-LC. Conditions; 8x300 mm Suprema 1000 A
coupled to 250%x4.6 mm ODS-3 column, 1.0 mL/min, 20 pL, RT, gradient; 0—10 min, 100%
0.1 M NHAc, 10-30 min from 0-50% acetonitrile, wlérremains constant for 30 min.
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The PAA and PEG in the different hydrolysates were characterised with respect
to their molecular weight distribution. The hydrolysates were diluted (1:1) in 0.1
M NHAc and analysed with the described SEC-LC-RI-MS method. The
molecular weight distribution characterisation of PAA, using RIl-detection, is
based on PAA standards. TRk, M, andPDI of PAA in the different samples

are given in Table 2.3.
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Fig. 2.7. SEC-LC-RI chromatograms of hygiseld UV-cured acrylates. Conditions as in
Fig. 2.6.

Table 2.3. Weight-averagmolecular weight (I)), number-average molecular weight {jM
and PDI of PAA, after hydrolysis tife UV-cured acrylate networks

Sample SEC-LC
PEGDA/EHA My (Da) M, (Da) PDI
100:0 56200 21300 2.6
80:20 46000 18800 2.4
60:40 35700 15500 2.3
40:60 25500 12700 2.0
0:100 7800 4800 1.6

PEG was characterised with MS-detectiaasuming equal MS-sensitivity. The
PEG has amM,, of 580Da and anM, of 558 Da. This assumption was checked



46

by liquid-NMR, where the mol-fraction PEG was determined in the PEGDA
starting material, which correspond to an average of 13 PEG units. This makes
the assumption of equal MS-sensitivity justified. Since PEG is not the
polymerisable group, it81, and M, are independent of the concentration of
PEGDA in the cured polymers. The quantification of PAA, PEG and PEG-C
was performed using SEC-LC. RI-detection was used to quantify the
concentration of PAA, while PEG and PEG-@as quantified with ESI(+)-MS
detection. The concentrations of PAA, PEG and PEG€ given inFig. 2.8.

The concentration of 2-ethyl-1-hexanolrist measured, as it might have been
(partially) lost during the sample preparation and, secondly, this value is not
required to calculate the network parameters.

80 -
+ PAA .7
o PEG e

a PEG-C4 -7

60 - 8

40 - -

concentration %(w/w,

20 A e T T -

%(wiw) PEGDA

Fig. 2.8. Total concentration (fEG, PEG-G and PAA in UV-cured PEGDA/EHA networks
obtained by hydrolysis SEC-LC-RI-E§IMS, against PEGDA concentration.

2.3.1.3. Analysis of extractables

To complete the picture of the PEGDA/EHA network structure, the
concentration of extractables was determined. Since UV-cured
PEGDA/EHA(0:100) is not cross-linked,ishsample was totally soluble. The
soluble fractions from the cured polymers were extracted with THF, acetone or
HFIP. The extracted compounds were analysed by LC-DAD-MS. All solvents
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show almost the same compounds, but the highest concentration of extracted
compounds is observed with HFIP. The extracted compounds are mainly PEG,
unreacted EHA, Irgacure 184 and a few unknown compounds at low
concentrations (<100 ppm). The UV-spectra of these unknown compounds are
almost identical to that of Irgacure 184. These impurities are tentatively
identified as Irgacure 184 radicals reacted with EHA. The concentrations of the
different extractables versus the concentration of bi-functional acrylates are
shown inFig. 2.9.

A PEG
\ e [rgacure 184
\ o EHA

Extractables %(w/w)

PEGDA %(w/w)

Fig. 2.9. Concentration of the various mpounds extracted frordV-cured PEGDA/EHA
networks vs. the concentrati of bi-functional acrylate.

2.3.2. Chemical network structure

Analysis of the starting materials shoasignificant concentration of impurities

in PEGDA, such as “free” PEG, PEGMA and PEGDA-OV-cured acrylate
networks prepared from EHA and PEGDA, including the determined impurities,
show various compounds, which are not attached to the network; such as PEG,
EHA, Irgacure 184, and Irgacure reacted with EHA. The concentration of the
Irgacure radicals reacted with EHA correlates with the concentration of mono-
functional acrylate. The concentratiordicates that undesirable reactions occur

at low extent during curing. Remaitiy, no PEGDA that had reacted with
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Irgacure 184 was found, which can be the result of the enhanced reaction rate of
PEGDA to higher molecular weight PAA backbone chains. The average
concentration of extracted wacted Irgacure 184 is 0.1%/() for all samples,
while 1.0% (/w) was added to the formulatiorisefore curing. A residual
concentration of initiator after the polymerisation is in line with the study of
Burdick et al [11], who found high fractions of unused initiator in cured
polymers (up to 46%), depending of the light intensity and the concentration of
the initiator. Based on the identified compounds, it can be concluded that a
significant amount of “free” PEG, intdoiced in the network as an impurity of
PEGDA, is extracted. As one would expdbe concentration of PEG decreases
with a decrease in the camdration of PEGDA. The concentration of unreacted
EHA is rather low (<0.1%w/w), but it increases rapidly for UV-cured acrylates
with a high concentration of EHA (up to 5.6%/w for PEGDA/EHA(0:100)).

The observations are totally in line with the s-NMR results obtained with
PEGDA/EHA networks [26], which show similar amounts of a highly mobile
fraction. Remarkable is the fact that IR found no residual EHA (<256) in
PEGDA/EHA(0:100), which can be the r#isof evaporation of the residual
EHA on the surface before or during the IR measurement. In general only small
concentrations of non-cross-linked compds were extracted. No extraction
recovery was determined for these highly cross-linked polymers, which is
difficult to perform. This makes it difficult to draw definitive quantitative
conclusions. Quantitative extractions are part of ongoing research. However, the
results indicate that the concentrationneftwork defects defined as unreacted
material; photo-initiator and side-reactioot photo-initiator are low in these
UV-cured PEGDA/EHA networks.

Hydrolysis of the UV-cured acrylate networks, followed by on-line SEC-LC,
shows that the concentration of PAA blcke chains increases with a decrease
in the concentration of bi-functional acrylate. This is directly related to the
number of polymerisable mono- and di-acrylate groups. MendM, of the

PAA backbone chains reveal an almliiséar dependence on the concentration
of bi-functional monomer (selig. 2.10). The same seems true for Bigl of

PAA, which is much larger when higtoncentrations of bi-functional acrylate
are used. In general, thel depends on the polymerisation rate and on the
bimolecular termination rate [11]. As tlmtiation of the cross-link reaction is
equal for all the different samples (same photo-initiator at same concentration
and same light intensity), the concentration of radicals should be equal. This
suggests that the initiation rate is similar for all the different PEGDA/EHA
polymers. The propagation of the cross-link reaction depends on the
polymerisation rate and on the concentration of double bonds, which slightly
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increases with increasing concentration of mono-acrylate. As described by
Jansenet al [8] the polymerisation rate of PEGDA is higher due to
reorganisation by hydrogen bonding and the dipole moment of PEGDA versus
EHA. The bimolecular termination rate is higher for EHA, since the polymeric
chain has a higher mobility than (gg) cross-linked PEGDA. As one could
expect, the differences in propagation and termination of EHA and PEGDA
during the cross-link reaction cause a strong decreagel iwith increasing
concentration of mono-funcnal acrylate. The relation seems to be non-linear.
The kcl of 100% (/w) EHA is higher than expected based on kbkeof UV-

cured acrylates with high concentratiohbi-functional acrylate. However, the
non-linearity may not be significant, given the uncertainty in the deterrMped
andM, (RSD~5%).

Based on this data, the chemicalsture of UV-cured PEGDA/EHA networks

is reconstructed (sef€ig. 2.11). The characterisaticand quantification okcl,

XL, extractables, and impurities indicates that network formation occurs as
expected, with the eeption that PEGDA-£acts also as a cross-linker and that
PEGMA forms dangling chain ends. No indications of other network defects
were found.
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Fig. 2.10. The weight-average and numbeerage molecular weight of PAA backbone
chains in UV-cured PEGDA/EHA networks, db&d by hydrolysis SEC-LC (n = 3), against
PEGDA concentration.
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Fig. 2.11a. Chemical network structures of PEGDA/EHA(100:0).

EHA dangling chain end (Dc

CB

PAA backbone chain (Mw kcl = 35.7 kDa)

Fig. 2.11b. Chemical network structures of PEGDA/EHA (60:40).
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2.3.3. Network parameters

Based on the network structure, the degree of cross-linkijigviz. mean
number of cross-linked monomeric unitsthe primary PAA backbone chains,
was calculated using the quantitative and qualitative informatidel@nd XL,

as determined by hydrolysis-SEC-LC:

* Q Coec Ceec ca | pecoa L L00% (1)
© Cpan WNpan t

where, Cpan Cpeg and Cpeg.cs4 are the concentrationgmmol/kg) of PAA
backbone chains, PEG, and PEG+€spectively,lpecpa is the correction for
impurities that do not contribute to the network (weight fraction) in the used
PEGDA (0.858) anahpaa is the average number of PAA units for each network
backbone chain, which can be calculated from;

§VI n(PAA) M endgroups
© M oan 1

)

nPAA

whereM; a4 is the number-average molecular weight of PAMRndgroupsis the
molecular weight of the PAA endgroups (2x1D&), andMpaa is the molecular
weight of the monomeric unit (7R2a). The degree of cross-linking is shown in
Fig. 2.12. If only PEGDA is used as starting material, the degree of cross-
linking is 93%. This results from thienpurities in the used PEGDA, such as
PEGMA, which form dangling chain ends and do not form cross-links.

To gain more insight in the degree of cross-linking, the number-average of
cross-linked and non-cross-linked PAA units of each network backbone chain
was calculated. The values are showirign 2.13. The number of cross-linked
PAA units on the backbone chains shavson-linear decrease with increasing
concentration of mono-functional acaye. The number of non-cross-linked
PAA units on the backbone chain, and the increasing concentration of the PAA
backbone unit together cause thatioear degree of cross-linking.
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Fig. 2.14. Various parameters of the netww for the different UV-cured PEGDA/EHA
networks.

2.3.4. Comparison of cross-linkdensities with s-NMR and DMA
data

The network densities of the different samples are expressed as mmol PEG and
PEG-G per volume of polymer, using the determined concentrations and the
number-average molecular weight distribution of the visco-elastic PEG chains
between network junctions as obtained by hydrolysis SEC-LC. The network
density (mmolXLy/L), the number of dangling chain ends (mrbgiL) and the

PAA chains per volume resin (mmol PA4/ are calculated for the different
cured networks. The relésl are presented ifig. 2.14. The network density
(mmol XLy/L) reveals an almost linear dependence on the concentration of bi-
functional acrylate in the mixtures. This shows that “zip-like” network junctions,
which are introduced into the networks upon increasing the concentration of bi-
functional acrylate cross-linker, influence the network density. The PEGMA
impurity in PEGDA causes dangling chairdenThis is the reason why a small
fraction of dangling chain ends (mmoD/L) is still present in
PEGDA/EHA(100:0). Due to the high hecular weight of PAA, the PAA
concentration (mmol/L) is very low, compared to the valueiqr

The network density is often expressedMgs.., which is defined as mean
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molecular weight of network chains between physical (temporary
entanglements) and chemical network junctions. As shown by Litvinov and Dias
[26], these highly cross-linked acryatietworks contain hardly any chain
entanglements, which makééc.. equal toMc. This parameter, as the mean
molecular weight of networks chains between chemical network junctidg)s (
was calculated from the qualitative andagtitative data on the backbone chains
and chains between network junctions obtained by hydrolysis SEC-LC. The
determined values were compared with values obtained from s-NMR and DMA.
In the present case of “zljike” network junctions, theMc was defined as the
mean molecular weight of all the chains between chemical network junctions,
including the PAA units with dangling chain ends from EHA or PEGMA. Since
we have calculated the degree of cross-linking, molecular weight distribution,
and concentration of the different chaitfse calculation of the mean molecular
weight of network chains b&een chemical cross-linksc, is possible with;

E"™Mppn "Mpgs 2100 * M, - 3)

M. o 3 ;

where +is the degree of cross-linkinllpaa is the molecular weight of the PAA
chain between two network junctions (D4), Mpgs is the average molecular
weight of the PEG chains between network junctions {(882x28 = 634Da)

and My, is the molecular weight of the PAA chain between two network
junctions, which includes dangling chain ends;

§1 PEGMA M PEGMA M PAA n EHA M EHA M PAA

M non ° ’ (4)

© Npeema N ena 1

where neegua) is the mol fraction of PEGMA in PEGDAMpegua is the
molecular weight of the dangling chain ent#=(597 Da) from PEGMA,nEpp)

is the mol fraction of EHA calculated from the number of PAA units whit EHA
dangling chain ends (see aBig. 2.13) andMgya is the molecular weight of the
dangling chain ends of EHAA= 157Da).

The results of the network density of the different UV-cured PEGDA/EHA
acrylates, determined from s-NMR, DMand hydrolysis-SEC-LC data, are
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depicted inFig. 2.15. Since PEGDA/EHA(0:100js not cross-linked, the
network density could not be calculated and is not included in the results. The
network density, ab¢, shows a non-linear dependence on the concentration of
bi-functional acrylate, opposite to the trend in the network density as mmol
XLJ/L, which shows an almost linear dependence on the concentration of bi-
functional acrylate. The results of these three different methods are in rather
good agreement, especially considering the assumptions [26] made in
calculating the network densities from the different techniques. This suggests
that classical theories can be used for the calculation of the mean molecular
weight of network chains between network junction from the modulus obtained
by DMA, for these highly cross-linked acrylate networks which are probably
homogenous due to the low-molecular weight of the PEG chain between cross-
links [26]. The model used for interpreting the s-NMR also appears to be valid
for “zip-like” network junctions, within the large measure of uncertainty [26].

2000 -

* s-NMR
= DMA
a SEC-LC

1500

1000 NS

Mc (g/mol)

500 ~ SR~

20 40 60 80 100
%(wiw) PEGDA

Fig. 2.15. The mean molecular weight betwebemical cross-links in cured PEGDA/EHA
networks against the concentratiof mono-functional acrylate.

In general, the network density, expressetilgsdecreases with an increase in
the concentration of bi-functional acrylate and the correspondingly decreasing
numbers of false structures, suchdamgling chain ends. Moreover, thg is

lower than the mean molecular weight of the PEG chains, which indicates that
both s-NMR and DMA account for the different chain structures, such as PAA
from EHA.
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2.4. Conclusion

The UV-cured acrylate networks prepared with different ratios of mono- and bi-
functional acrylates were characterised using hydrolysis followed by on-line
SEC-LC. The backbone (PAA) chains and the (PEG) chains between network
junctions are separated from each other and interfering compounds using SEC-
LC, which makes the characterisation in terms of the amounts and molecular
weight distributions of PAA and PEG straightforward. Even an additional
polymeric series, which were introduced as impurities in the PEGDA, could be
analysed. The proposed method provides insight in the kinetic chain l&olyth (
and chains between cross-linked junctiond ] for the different acrylate
networks. Thekcl shows an almost linear decrease with increasing amount of
mono-functional acrylate. The mono-fuiomal acrylate is part of thkcl and
introduces dangling chain ends. By adding information from extractions, more
insight was obtained in the total network structure, including reaction products
with the photo-initiator, unreactedamomers, and impurities originating from

the starting monomers. The UV-cured networks were found to contain small
fractions of residual compounds. Frdhe results of the hydrolysis-SEC-LC
analysis, the network structure could be described in terms of different network
parameters, such as the numberR#A units which are cross-linked, the
number of PAA units which contain dangling chain ends, the degree of cross-
linking, and network density (molar catration of effective network chains
between cross-links{L;) per volume UV-cured polymer. The mean molecular
weight of chains between chemical network junctidvig) (was calculated and a
good correlation was observed with data from s-NMR and DMA, which
suggests that the determination Wiz with all three methods is correct.
Moreover, theMc is lower than the mean molecular weight of the PEG chains,
which indicates that both s-NMR and DMA account for the different network
chain structures, such as PAA from EHA. In general, increasing the fraction of
bi-functional acrylate causes a decreas#linand a increase in the molecular
weight of the PAA-backbone chains.
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Integrated approadio characterise the
styrene/di-methacrylate network
structures.

Influence of styrene and radical-transfer
agent.

Abstract

An integrated approach, involving the use of different analytical techniques, was
used to study the chemical netwostructure of cross-linked styrene/di-
methacrylate polymers. The mean cross-link density was varied in these
networks by changing the concentration of styrene, while the gel time was
increased by adding low concentratio of the radical-transfer agentt-4-
butylcatechol (TBC) to the styrene/di-methacrylate mixtures before cross-
linking. The composition of the starting materials was analysed by
chromatographic and mass spectrormetachniques, while the cross-linking
reaction of styrene and di-methacrglaivas studied using real-time infrared
spectroscopy. The resulting cross-linked materials were hydrolysed and —
without additional sample preparation — subsequently analysed by both size-
exclusion chromatography and nuclear-magnetic resonance spectroscopy. The
analyses revealed that the mean molecular weight of the polymeric backbone
chains and the mean styrene sequenugtheincreased linearly with increasing
styrene concentration. The addition of TBC did not show any significant effect
on the mean styrene sequence length,amothe overall chemical composition

of the polymeric backbone chains, while a strong influence on the molecular
weight of the polymeric backbone chains was observed. Detailed insight into the
chemical network structure was obtained by combining the results of all the
different analyses. The mean molecular weight of chains between network
junctions M, was calculated and correlated with the glass-transition
temperature Tg) and the degradation temperatuiged. The compositional
heterogeneity of the polymeric backbone seemed to be increased by addition of
TBC, which resulted in a strong change of Tg@nd theTgeq Of these networks.

R. Peters, J. Jansen, K. de Vries, T. Frijns, Y. Mengerink, R. van Benthem, P. Schoenmakers,
Sj. van der Wal, to be submitted.
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3.1. Introduction

Styrene cross-linked with a so-called vinyl-ester polymer has found widespread
application in fibre-reinforced compositfd. Due to their superior mechanical
properties, their chemical resistance and the ability to withstand water
absorption, these materials are mainly used for applications in corrosive
environmentsd.g.storage containers) and, increasingly, for dental applications.
These polymeric networks are commpmrepared by mixing a bi-functional
vinyl-ester €.g. di-methacrylate oligomers) with 20 to 50%/{) of styrene.
Dilution with styrene lowers the viscosity of the mixture and facilitates
impregnation and fibre wetting during fabrication of fibre-reinforced composites
[1]. Styrene and bi-functional vinyl-esgeare cross-linked to form a void-free
network by a free-radical copolymerisation between the styrene monomers and
the reactive vinyl-groups, as outlined Kig. 3.1. The curing reaction is
exothermic, which provides sufficient heat for archieving a high curing level.
The final physical and mechanical pesples of these Bbhly cross-linked
styrene/vinyl-ester polymers dependtbe chemical network structure formed.
Structure parameters include the mean molecular weight of visco-elastic chains
between network junctions, the type of network junctions, and the network
imperfections. Thus, probing the chemistfythe resulting network structure is
important for understanding the physical and mechanical properties of these
networks, as well as for designing networks with specific physical and
mechanical properties.

A number of approaches have been described to study both the network

formation and the network structure of cross-linked styrenelvinyl-esters

copolymers.

(1) Curing of vinyl-esters with styrene and network-formation kinetics were
extensively studied using differential scanning calorimetry (DSC) and
Fourier-transform infrared (FT-IR3pectroscopy [2-5]. DSC provides
the heat of polymerisation, but vyields limited insight into
copolymerisation reactions, since it does not provide information on the
reaction-rate, nor on the degree of conversion for the individual
monomers. FT-IR provides a means for measuring the depletion of
reactive sites of both the styrenedathe vinyl-ester during the cross-
linking [6]. Newman and Pattersofir] showed thatduring the
copolymerisation of styrene with unsaturated polyester the reactivity of
styrene increased with increasingneersion, while the reactivity of
multi-functional unsaturated polger decreased with increasing
conversion. The combined use of DSC and FT-IR leads to various
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(often strongly simplifid) curing models [4]. These models were used
to describe the free-radical curik@etics and reactivity ratios during
the curing step in order to understand the network formation of
styrene/vinyl-ester copolymers. Aldoe average sequence length of the
monomers in the copolymer backbone was modelled using DSC and
FT-IR data [4]. The rgulting models, which are only valid for the
investigated systems [4], provide valuable insight in the network
formation for differentcuring conditions, such as different monomer
compositions and different curing temperatures. However, the curing
models have been evaluated predominantly for networks that were only
characterised by their mechanical pedpes, such as ¢hglass-transition
temperature, rubber-modulus, fracture toughness, and tensile strength
[2,9-10]. The cross-linking reaction of unsaturated polyester with
styrene was also studied using real-time nuclear-magnetic resonance
(NMR) relaxation experiments [11,12].

2 Another approach is the charactatisn of the final chemical structure
of the styrenelvinyl-ester netwa. Chemical degradation of the
structure is necessary to perform detailed analysis, since the formed
network is insoluble in any solvent. Conclusions about the network
structure can be drawn from theature and concentration of the
hydrolysis products. Funket al. [13] carried out extensive studies of
the chemical degradation of styrene/vinyl-ester networks. The network
was hydrolysed and the hydrolysis products were made soluble by
esterification/methylation  with  diazomethane. The derivatised
degradation products were analysed by several techniques, including
osmometry, viscometry [14,15pnd IR [15] and NMR [16-18]
spectroscopy-*C-NMR analysis of the derivatised hydrolysis products
revealed a pattern of resonance due to the quaternary carbon atoms of
the styrene group, which originated from the different types of
sequences in the styrenel/vinytaxs enchainment. Configurational
differences caused small chemical &hifvhile the structural differences
caused a significant chemical shift [19}his resulted in distinct broad
peaks for different structural units, which could be used for the
determining the comonomer distribution and, thus, the mean styrene
sequence length in the copolymer. This was shown by several -NMR
[20-22]and s-NMR spectroscopy studies [11,23-@%]copolymers of
styrene with different unsaturatadd/or vinyl-ester oligomers.

The approaches described above have provided many valuable insights into

styrenelvinyl-esters networks. However, they did not yield any detailed
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information on the final network structure in terms of concentration and
molecular weight distribution of the polymeric-network backbone chdihs.
length of these chains is also referred tothas kinetic chain lengthkcl.
Descriptive parameters of the chemical network structure and the network
density, such as thkcl, are necessary to understand the mechanical/physical
properties [26,27]. The network propertiase often tailored in commercial
styrene/vinyl-ester networks by changing the concentration of styrene or the
chemical nature of the vinyl-ester, andaby the use of an inhibitor, such as
the radical-transfer agentt4utylcatechol (TBC). The latter reagent is used for
stabilisation during storage of the uncured formulation and to tune the gel time.

Fig. 3.1. Schematic representation of theuléng ideal network structure of cross-linked
styrene and bi-functional vinyl-esters.

Knowledge of the influence of the concentration of both styrene and TBC on the
chemical network structure is important for designing materials suitable for
specific applications. Therefore, theachcterisation of the chemical network
structure of a series of styrene/vinyl-ester networks with systematically varied
concentrations of styrene and TBC whs subject of the present study. The
vinyl-ester used was prepared by endcapping the reaction products of bisphenol-
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A bis-glycidyl ether products with methacrylic acid. This resulted in a bi-
functional methacrylate, which was crdsged with styrene. The cross-linking

was initiated and accelerated by suitable reagents added to the styrene/di-
methacrylate mixtureyiz. methyl-ethyl-ketone peroxide and cobalt-octoate.
Since the resulting polymer had an insoluble three-dimensional network
structure, hydrolysis [28] of the foed network was necessary as a sample
preparation method prior to chromatggn& and spectrometric analysis. In the
case of highly cross-linked styrene/di-imtrylate, selective scission of the
ester-bonds by hydrolysis releases bisphenol-A containing fragments, which
represent the chains betweeross-links junctions, and styrene/methacrylic acid
copolymer, which represents the polymeric backbone chains. The monomer
distribution of the backbone chains is usually determined after hydrolysis of the
network followed by esterification/methylation of the formed hydrolysis
products with diazomethane (R—COOH + B /£ R—COO-CH + N,)
[17,18]. Diazomethane is carcinogenic and has explosive properties, while the
derivatisation reaction is laborious andsgible side reactions could take place,
viz. no full derivatisation reaction and/¢ne formation ofunwanted-products

[29]. Therefore, the hydrolysis products, without derivatisation reaction, were
dissolved in a mixture of tetrahydrofuran/formic acid (THF/FA), which turned
out to be a good solvent for the copolymeric backbone chains. The dissolved
backbone chains were subsequently analysed W#tNMR. A monad, a diad

and a triad sequence were defined in order to assign the NMR peaks to specific
styrene units along the copolymeric blagke chain. With this method, the
chemical composition and the averaggreste and methacrylic acid sequence
length of the polymeric backbone chains were determined. The same hydrolysis
products were analysed by size-exclusion chromatography (SEC), which gives
detailed information on the network structure in terms of molecular weight
distribution of the polymeric backbone chaingll. To ensure unambiguous
interpretation of the network structure, the composition of the used di-
methacrylate was analysed by liquidaimatography — mass spectrometry (LC-
MS) and direct MS (MALDI-TOF-MS). Secdlly, the relative change in double
bond consumption during cross-linking was studied using real-time FT-IR. The
results obtained from the different analysis techniques were used to calculate the
following network parameters: the mean number of styrene and methacrylic acid
units, the average degree of cross-linkagythe mean number of cross-linked
monomeric units of the polymeric backbone chains, and the network density as
the mean molecular weight of networks chains between chemical network
junctions Mc). The latter was related to the glass-transition temperafyrar{d

the degradation temperatur@ydy) of the series of cross-linked styrene/di-
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methacrylate polymers. The chemical netwstructure in relation to the styrene
and the TBC concentration will be discussed.

3.2. Experimental

The formulations of the styrene/di-rhatrylate polymers were prepared from
mixtures of styrene (S) and di-methacrylate bis-glycidyl bisphenol-A (MA). The
latter one is an experimental batch of methacrylic acid endcapped EPON 828,
prepared in the laboratory of DSM $&arch. The styrene and methacrylic acid
were purchased from Merck (Darmstadt, Germany), while the EPON 828 was
purchased from Shell Chemicals CompafThe Netherlands). The weight
fraction styrene was varied from 32.5 to 59.5%/w) styrene, while the
concentration TBC was varied from 0 to 5 mmol/kg (see Table 3.1). The
formulations contained 0.295%w/fn) Cobalt NL-51P (contains 6% Co) and
3.0% (/w) peroxide Butanox M50 (consists of 33%/\{) methyl-ethyl-ketone
peroxide (with a half life-time of 16 hours at 100°C), 6584w) dimethyl-
phthalate and 1%mw) diethyl-ethyl-ketone). Both the Cobalt NL-51P and the
Butanox M50 were purchased from Akzo Nobel Chemicals (Amersfoort, The
Netherlands). The mixtures were cured in bulk according to DIN 16945. The
exotherm of the reaction was followed using a so-called gel-timer, while the
final conversion of the samples was measured using ATR-FT-IR. None of the
cross-linked polymers showed resid@C IR signals of the methacrylate
and/or the styrene, which suggests avession of more than 98% (limit of
detection), considering that the depth of the IR signals is approximately 1.5 pm.
All the chromatographic experiments ngeperformed on an Agilent 1100,
equipped with a quaternary pump, degasser, autosampler, column oven, diode-
array detector (DAD) with 10-mm cell and a single-quadrupole MS (Agilent,
Waldbronn, Germany). The atmospheric pressure chemical ionisation (APCI-
MS) ran in the positive mode with the following conditiongz100-1500, 70 V
fragmentor, 0.In/zstep size, 350°C drying gas temperature, 1Q/iniv drying

gas, 45 psig nebuliser pressure, 4 kV capillary voltage and 4 pA corrona current.
The LC analysis was performed with a 2B0mm ODS-3 column at 40°C
(Inertsil, Varian Inc, Palo Alto, CA, USA). Mobile phase A consisted of 0.1%
(viv) formic acid (Merck) in ultra-pt¢ water and mobile phase B was
acetonitrile (Merck). The gradient wastarted at t=0 min with 100%/() A,
stayed there for 5 minutes andadged in 40 minutes to 100%/\) B (=45

min). The flow rate was 0.5 mL/min and injection volume was 5 pL. The molar
ratio C=C of styrene and methacrylate was determined u¥iiMR



65

measurements with a Varian Inova 8@6iz NMR Spectrometer (Varian, Palo
Alto, US). The mixture (Table 3.1, sample 1-0) was dissolved in €@ rck)

while the spectrum was recorded using 32 scans and 30 s relaxation-time. The
MALDI-TOF-MS experiments were conducted on a Kratos-Axima-CFR 4.2.1
(Shimadzu, Duisburg, Germany). The sample was dissolved in tetrahydrofuran
(THF, Merck) and mixed with the matrix 2,5-hydroxybenzoic acid (2,5-DHB,
Merck) in the ratio sample:2,5-DHB:THF=3:6:1000. The conditions used are;
positive polarity, reflection mode, laser power 128 and 100 shots per sample
spot.

The glass-transitiotemperaturesTg) were measured using a Mettler DSC 82
(Mettler-Toledo Internatioralnc., Tiel, The Netherlands). About 5 mg sample
was placed in an open aluminium cup and purged with 50 gfthiN during the
experiment. All samples were heated from 0°C to 220°C, at a rate of 3°C/min.
Results were reported from the first hegtgtans. Data analysis was performed
with Mettler Toledo Star System (Mettler-Toledo Int.). The degradation
temperatureTgeg Was determined with direct probe-EI-MS (thermal desorption
inside the MS-source). These experiments were performed with the use of an
E/B/E sector instrument (AutoSpecE, Micromass, Manchester, UK) under
standard EIl conditions (70 eV). A few p§ sample in a borate-silica cup (solid-
probe) in high vacuum (10mbar) was heated from 20°C (6 min isothermal) to
500°C (6 min isothermal) with a heating rate of 10°C/min.

Table 3.1. Starting compositions (%/w) of the different networks

Sample  Styrene (Y%ow/w) di-MA (%, wiw) TBC (mmol/kg)
1-0 325 67.5 0
2-0 39.3 60.8 0
3-0 46.0 54.0 0
4-0 59.5 40.5 0
1-1 325 67.5 1
1-2 325 67.5 2
1-3 325 67.5 5

The real-time FT-IR measurements wpegformed on a Peirk EImer Spectrum
One, equipped with a Golden GatdTR accessory (single bounce
diamond)(Perkin EImeiMonza, Italy). The spectra were recorded between 4000
and 650 cni, averaging 32 scans with spectral resolution of 4 ch The
functional group conversions were determined using the peak height for
methacrylate and styrene at 1637 and 1631 mespectively, applying a single
sided baseline at 1650 &m
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The hydrolysis of the cross-linked polymers (0.5 gr) was performed in 40 mL
methanol (Merck) and 2.5 gr potassiumhydroxide (Merck) using an autoclave
(Roth, Karlsruhe, Germany) for 72 h at 140°C and 5 bar. After hydrolysis the
liquid phase was removed with water, while the sticky residue was dissolved in
a mixture of THF and formic acid (4:1%/v) (both from Merck).

The SEC separations were performed witb (800 mm u 7.5 mm) PLgel
MIXED-C (5 um patrticle size) and 4(50 mm u 7.5) mm, PLgel guard column

(5 um particle size) columns at 30°C, with a separation range of 0.2KI0
(Polymer Laboratories, Varian BV, Midtburg, The Netherlands). The mobile
phase, which consists of THF (HiPerSolv CHROMANORM for HPLC) with
5% (w/w) acetic acid (Merck), was pumped at a flow rate of 1.0 mL/min. The
injection volume was 150 pL. The SEC experiments were performed on an
Hewlet Packard 1090 M1 with UV-DAD (Algnt) coupled to a Viscotek Triple
Detector Array 302 at 30°C (DRI, viscometry and RALS)(Viscotek, Berkshire,
UK). The software used was TRISE&O0. Narrow polystyrene standards
(Polymer Laboratories, Shropshire, UK) were used to calibrate the SEC system.
¥C-NMR measurements were performed on a Varian Inova 600 MHz NMR
Spectrometer, equipped with a 10 mno&itband probe. To ensure quantitative
data, inverse gated proton decoupling was used. Depending on the
concentrations between 1@B&0000 scans were accumulated with a relaxation
delay of 5 s and an acquisition time of 1.3 s. The sum was estimated to be
enough to ensure nearly complete relaxation of the quaternary carbon of the
styrene ring [17]. The effect of relaxation delay was verified by repeating the
measurement of a sample (Table 3.1, sample 1-0) with different delay values (1,
2, 5, 10 s). Samples were dissolved in a mixture of THF/FA (4v1%6, THF-

Dg was used to allow shimming and locking; chemical shifts were referenced to
FA-D, at 164.5 ppm. ACD software (ACD/CNMR Predictor, v9.02, ACD/Labs,
Toronto, Canada) was used to verify the identification by NMR.

3.3. Results and discussion

3.3.1. Characterisation of the starting materials by LC-UV-MS and
MALDI-TOF-MS

The used vinyl-ester is prepared lend-capping the reaction products of
bisphenol-A and epichlorohydrine with methacrylic acid. It is well known, that
the reaction between bisphenol-A and epichlorohydrine gives oligomers with
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different endgroups, and even branched molecules could be formed [30-34]. The
resulting molar, functional and topological heterogeneity affects the di-
methacrylate properties and, thus, thealfinetwork structure. Therefore, the
composition of the di-methacrylate was determined by LC-UV-APCI(+)-MS
measurements of an uncured mixturestyffene and di-methacrylate. A typical
UV-chromatogram (275 nm) of sample 1-0 (see also Table 3.1) is shown in
Fig. 3.2. The APCI-MS spectra of the different chromatographic peaks were
investigated. Three fierent oligomeric series could be distinguished. All these
series have a repeating unit of 284, which is the product of bisphenol-A and
epichlorohydrine. The major peak has a molecular weight oD&land is part

of a series, with the typical ion @leto-peak mass increments of 2B4. This
series could be assigned to oligomersdbmethacrylate bis-glycidyl ether of
bisphenol-A, up to n=4 (Table 3.2, series 1). In addition to this series, at least
two series of lower intensity were observed. One of them is assigned to mono-
methacrylate bis-glycidyl ether of bisphenol-A oligomers, up to n=2 (Table 3.2,
series 2), while the third series is assigned to branched tri-methacrylate bis-
glycidyl ether of bisphenol-A oligomers, up to n=3 (Table 3.2, series 3).

styrene 1

1750

15004

UV-response (maU)

1250

N
] Retention fime (min

T T T T T
20 25 30 35 40 a5 50 55 mil

Fig. 3.2. UV-chromatogram @& 275 nm) of the reaction mixture before curing (sample 1-0).
The oligomeric methacrylate series are desited as outlined iffable 3.2. The used
conditions are given in the experimental section.
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MALDI-TOF-MS measurements were perfaethto verify the qualitative result
obtained by the LC-UV-MS analysis. Three main ions series were observed,
which were identified as mono-, di-, atitmethacrylate bis-glycidyl ether of
bisphenol-A, as outlined in Table 3.2. Besides these three ion series, two other
ion series at lower intensity were observed. These ion series are elucidated as
reaction products of the matrix 2,5-DBH with either the momoz & 621.2,
905.2) and the bi-functional methacrylate oligomen¥/z(= 689.2, 973.4,
1257.5). These series are probably the result of a reaction during or immediately
after the high energetic ionisation by the MALDI-TOF-MS [35]. These side
reactions, as result of the ionisati@mow that the MALDI-TOF-MS result has

to be used with care. Secondly, quantification of these compounds using
MALDI-TOF-MS is very difficult in contradiction to suggestions in the
literature [31]. Nevertheless, the MALDI-TOF-MS analysis confirms
qualitatively the result of the LC-UV-MS analysis.

Table 3.2. Identified oligomierseries of methacrylate

Series m/z Structure
(M+Na")
1 535.2, ? oH "9
s104, T o O+ AO+0O] o Ao K
1103.5 Formula Weight = 512.59134+([284.3496], ©

2 467.2,

o OH HO
751.3 #OXOOVVOS%"”

Formula Weight = 444.51738+[284.3496],

3 961.4,
1245.5, \oéo

1 5 2 9 . 5 HO Formula Weight = 654.74384+[284.3496],

oo OO SOOI

The concentrations of the monomer and the different oligomeric series in an
uncured mixture of styrene and di-methacrylate were determined using the UV-
signal. The monomer styrene is quantifieith external calibration of the pure
standard, while the different methaeatd oligomers are quantified using a
molar correction of the UV-contribution of the bisphenol-A part [36]. The
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determined concentrations are given in Table 3.3. No unreacted bisphenol-A
was observed (<0.01%y/w). The concentration of methacrylic acid (0.05%,
w/w) was determined using a pre-column derivatisation with 2-nitro-
phenylhydrazine followed by LC-UV analysis [37]. To verify the concentrations
of styrene and methacrylatdigomeric series determined, the molar ratio of
styrene and methacrylate was determibgdNMR. The molar ratio of styrene
versus methacrylate is 2.52, which is in good agreement with the LC-UV result,
viz. 2.48. This indicates that the used molar correction of the UV-contribution of
the bisphenol-A part used during LC-UV analysis is correct.

Table 3.3. Composition (%, w/w) of the diffet oligomeric series of methacrylate bis-
glycidyl compounds agetermined by LC-UV

tr (min) M, (Da) Compound % (wW/w)
30.10 bis-phenol A <0.01
36.20 104 styrene 325
38.67 512 series 1 (di-methacrylate), n=1 58.3
43.91 796 n=2 4.28
47.01 1080 n=3 0.32
48.44 1364 n=4 0.12
32.10 444 series 2 (mono-methacrylate) 1.00
39.40 728 n=2 0.33
45.34 938 series 3(tri-methacrylate) 2.46
47.95 1222 n=2 0.53
49.45 1506 n=3 0.12

In summary, the results show that the fraction of methacrylate groups from
branched tri-functional methacrylate oligomers is 3.%)( while a small
fraction of methacrylate groups fromono-functional methacrylate oligomers
(1.1%, n/n) is formed. The meaM, is 538 Da, with an overall methacrylate
functionality of 2.03.

3.3.2. Curing of the network

The various mixtures of styrene, di-methacrylate and TBC are cured in bulk.
The gel time tg), the exothermic peak timetydy) and the maximum



temperature of the curing reactiof,§,) are shown in Table 3.4. The gel time
and exothermic peak time increase witbreasing concentration styrene, while
the highest curing temperature is observed for the cross-linking of 68%6 (
styrene with 27%r{/n) di-methacrylate (sample 2-0, Table 3.1).

Table 3.4. Curing properties and final nek properties of the different networks

C=C styrene TBC tgel theak Timax Ty Taeg
(%, n/n) (mmol) (min.) (min.) (°C) (°C) (°C)
55.4 0 8.4 19.7 172 127.8 438
62.7 0 9.5 20.9 178 127.3 443
68.7 0 10.5 25.2 175 126.4 453
79.7 0 20.1 67.4 141 125.2 464
55.4 1 20.7 29.1 167 138.2 426
55.4 2 39.0 46.5 161 145.0 436
55.4 5 169.3 181.2 144 145.4 464

+ S, 32.5 %(w/w) styrene aankd
anst
4 S, 46 %(W/w) styrene aasast
A‘AA
o MA, 67.5 %(w/w) styrene NG
-
w 31 * MA 54 %(wiw) styrene .“A
©
é . U JURRRYCRR AL ..
[} . ooe®
o oabs*
=1 RN
[=} ..0‘ ‘A
kel AN
5 21 ot
©
E at 290G0ARDOA B84
B 506000 ogooogﬁ%m
g o 0000990707 a0t
s
3} R I W
x 20 un
1 B o0° a8
o »
T e
s
ant?
0 f T T T T |
0 20 40 60 80 100 120

Reaction time (min)

Fig. 3.3. Concentration of reacted double bord®l/kg sample) of methacrylate (MA) and
styrene (S).

The formation of the styrene/di-methacrylate network was studied using real-
time FT-IR, measuring the relative changes in double bond consumption during
cross-linking. From an experimental viewpoint, the cross-linking is studied with
a thin film of styrene/di-methacrylateshich may cure diffenetly compared to
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bulk samples due to the temperature variations by the transfer of heat evolved
during cross-linking [6]. Therefore, éhconcentration of reacted double bonds
(mol/kg sample) for both styrene (S) and methacrylate monomer (MA) as
function of time was used only in a qualitative way. A typical curve of reacted
double bonds is shown iRig. 3.3. An increase in the styrene concentration
results in a lower reaction rate for bdtie styrene and methacrylate. It is also
apparent that the reaction of styrenetstaefore the reaction of methacrylate,
which indicates that the initiation mainly occurs at styrene.
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Fig. 3.4. Concentration of reacted double borid®Il/kg sample) of methacrylate (MA) and
styrene (S) with and without additional TBC.
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A typical curve of reacted double bonds, with and without addition of TBC is
given inFig. 3.4. Addition of TBC shows a delay in the reaction of styrene and
methacrylate. Nevertheless, similar comsi@ns of styrene and methacrylate are
observed for the reaction with and without TBC. The reaction rate of
methacrylate decreases to a lesser extent than the reaction rate of styrene (see
Fig. 3.5). This indicates that the effect of TBC is only a temporary reduction in
the propagating radical concentratiorboth the styrene and the methacrylate.

3.3.3. Glass-transition and degradation temperature of network

The glass-transition temperatuiig)(of the formed networks without additional
TBC increases upon a decrease in theesgyrconcentration [38], as shown in
Fig. 3.6. All the samples show only ofig which indicates a good miscibility of
styrene and di-methacrylate at a molecular level. In generalytbenetworks

were expected to be relatively insensitive to changes in chemical composition,
but sensitive to cross-link density [2]. However, the additions of 1 up to 5 mmol
TBC/kg sample, which act as radical-triarsagent, show a non-linear increase

of theTy (Fig. 3.6). An increase of more than 17°C was observed for addition of
2 to 5 mmol TBC.

150 A
+ 0mmol TBC

a 1 mmol TBC
145 - 8 o 2mmol TBC
o 5mmol TBC

140

135 1

Tg(°C)

130

125 A o

120 T T T T T 1
50 55 60 65 70 75 80
C=C styrene (%, n/n)

Fig. 3.6. Influence of the concentration styrene and the TBC on the glass-transition
temperature (J).

The degradation temperatuiidy, determined using direct probe-MS, increases
linearly upon an in@ase in the concentration of styrene (see Table 3.4). The
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presence of TBC during curing has a strong influence on the degradation
temperature; a low concentration of TBIEcrease the degradation temperature,
while a high concentration of TBCdreases the degradation temperature.

3.3.4. Analysis of the polymeric backbone

Since the network has an insoluble three-dimensional network structure,
hydrolysis is necessary as a sénpreparation for both SEC artdC-NMR
analysis. Hydrolysis of the cross-linrkesamples at enhanced temperature and
pressure in the presence of an organic alkali resulted in a liquid and a solid
phase. To determine the completion of the hydrolysis, both phases were isolated
and subsequently analysed using different techniques; IR, probe-MS, SEC and
LC-UV-MS. The liquid phase was analysasl such, while the solid residue was
totally dissolved in a mixture of THF and FA (4:1%y) to perform SEC and
LC-UV-MS analysis.

Table 3.5. Analysis result of probe-MS, LCCS&hd IR of the solid and liquid fraction after
hydrolysis of the cured sime/di-methacrylate network

Analysis Liquid fraction Solid fraction
Probe-MS not analysed Polystyrene fragments

LC-MS Bisphenol-A fragments, No bisphenol-A fragments (<1%), no

no free styrene free styrene
SEC No polymer (<1%) Polymer
IR -OH, -OK, -OCH; groups  Polystyrene, like segments, -COOH

and —COOK groups

The different analytical results indicate (Table 3.5) that the liquid phase contains
different compounds related to bisphenol-A with -OH and —@€htigroups.

The different compounds indicate that a significant part of the ether-bonds were
cleaved using the extreme hydrolysis conditions. No styrene compounds and/or
free styrene (<1%w/w) are observed in the liquid phase. The solid phase
contains a copolymer of styrene antethacrylic acid and no bisphenol-A
related compounds (<1%u/w). Since no ester-groups meobserved in either
phases, only —OCHgroups, the result indicates complete hydrolysis of the
cross-linked styrene with di-methacrgaf>98%). Secondlyafter hydrolysis,

the polymeric backbone chain is present in the solid phase, as it does not



dissolve in the organic alkalic solution, in contrast with the bis-phenol-A chains

between cross-links junctions, which are dissolved in organic alkalic solution.

The complete hydrolysis and isolation of the polymeric backbone chains and the
hydrolysis matrix/products makes the sample preparation for the analysis of the
polymeric backbone very straightforward; the solid phase is isolated from the
liquid phase and completely dissolved in THF/FA (4:1%4).

60

50

40 4 / N

Response

\

/
]

Y
o
)
—
)
o
=
o
S

20

10

V (260 nm) detection

20 22 24 28 30 32

Retention time (min)

Fig. 3.7a. Typical SEC-RI and SEC-UV chroogam of sample 1-2. The conditions used
are given in the experimental section.
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The weight-average molecular weighd,f of the polymeric backbone chains
(kcl), which is an important network parameter, is determined by SECM{] he

is calculated with conventional calibration, since dnédc of the copolymer is

not known. A typical SEC chromatogram is giverFig. 3.7a. In general, the
SEC-RI and SEC-UV chromatogram asimilar. Both the RI and UV curve
shows a minor distribution at retention tinig) & 26.6 minutes. This indicates

two different molecular weight distributions. The tri-functional methacrylate,
which was present at low concentrations in the used unsaturated polyester, could
cause this. The ratio between the UV- and the Rl-peak area increases with the
styrene content in the samples. This indicates that the UV-signal mainly
originates from the styrene unit andetiiRl signal by both the styrene and
methacrylic acid unit. The ratio UV versus RI at each elution time can give
information about the compositional heterogeneity that is related to the
molecular weight of the copolymeric backbone. The ratio UV/RI at each elution
time is calculated, after correction of the time differences between both detectors
(Gtr = 0.376 min). As demonstratedhig. 3.7b, the polymeric backbone chains
from the network with TBC opposite to the polymeric backbone chains from the
network without TBC, seem to contain lower concentration styrene aMipw

and more styrene at high&,. This result regarding to the compositional
heterogeneity has to be used with care, as the deviating ratio UV/RI is at the
extremes of the curves. Secondly, the RI-signal depends &a,tf@8] and the
UV-signal can be influenced by the average styrene sequence length in the
copolymeric backbone.
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Fig. 3.8a. Correlation of concentration sgyre and the mean molecular weight of the
copolymer backbone chains.
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The determinedW,, andM, of the different samples are shownFig. 3.8. The
My and M, increase linearly upon increag styrene conceration. Since
styrene acts as a diluent, the stgreanables the styrene/di-methacrylate
molecules to find available reactive sites due its high mobility. Mipeand M,
increase also with increasing the cemitation of TBC, which is probably
caused by a decreasing conceidrabf available free radicals.
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The overall ratio of styrene (S) to thacrylic acid (A) copolymeric backbone
chains, obtained after hydrolysis, is determined¥NMR. The mol ratio of
styrene versus methacrylic acid is detmed from the quaternary carbons of the
styrene triads (147-150 ppm) and the carbonyl carbon of the methacrylic acid
(180 ppm). Variation of the relaxation delay between 2 and 10 s shows that the
value of molar ratio determined is rather constant, which indicates that the
determination is quantitative. Triplicate experiments of sample 1-0 show a
relative standard deviatio®RED of &% of the determined NMR signals. The
experimentally determined molar ratio S/A B£-NMR versus the calculated
S/A ratio using the purity of the uncured formulation determined by LC-UV-MS
is shown inFig. 3.9. A good correlation between the molar ratio found with
NMR of the hydrolysed products and the calculations from the LC-UV results is
found (S/Acy = 1.031xS/Awr), R° = 0.988). This indicates that the used
hydrolysis and sample preparation method is representative for
styrene/methacrylic acid copolymers blagke chains of the network formed.
Summarised, the different analysesrfpemed on the hydrolysates of the
different samples show that the hydradyand dissolution procedures used are
representative for the paheric backbone chains of the formed network.

n
Cy Cq CHs, Cig CHs Cag

o (J | DO

0.06_5 _— _ = =
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_0.042 Quaternary C  Sequence Assignment Chemical shift (ppm)
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' 3 C, Cs Diad ASS, SSA 148.0

0.02 3 Cy Triad SSS 147.4

154 152 150 148 146 144 142 140 138 136 134 132 130 128 126

Chemical shift (ppm)

Fig. 3.10.2*C-NMR spectrum of sample 4-0 in THRFA-D, (4:1%, v/v) with the assigned
chemical shifts of the different styrene sequences.
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The chemical shift assignment for the styrene/methacrylate sequences are only
known for styrene/acrylonitrile [40] and styrene/maleic anhydride, after
esterification with diazomethane [17,22] and dissolution in typical NMR
solvents ie. CDCL). The copolymeric backbone chains of the hydrolysed
networks, which consist of styrene and uncapped methacrylic acid units, are not
soluble in typical NMR solvents (CD&letc), but THF-QY FA-D, (4:1%,Vv/N)

turns out to be a good solvent. It is well known that the chemical shift can be
solvent dependent and the chemical tshibr the present copolymer are not
described before. For these reasons, the chemical shift for the monad, diad and
triad sequences of the specific styreméts along the copolymer backbone (see
Fig. 3.10) must be assigned.

The isomeric forms (isotactic, syndiotatic and heterotactic configurations) have
been ignored, since they result in small chemical shifts (< 1 ppm). The
quaternary phenyl carbon, @seeFig. 3.10) constitutes a structural unit on its
own, as it is flanked by two methacrylic acid units (mona8A)A The G and

C; carbons (seBig. 3.10) are structurally similar, since they have a styrene unit
on one side and a methacrylic acid unit on the other side (dBfd=SASS).

The G, carbon (se€ig. 3.10) contributes to a structural unit on its own, as it is
flanked by two styrene units (triadSS). A typical *C-NMR spectrum of a
sample is shown ifrig. 3.10. The chemical shift is downfield to the values
reported in the literature for the esterified maleic acid/styrene systems in, CDCI
(139-145 ppm) [17]. In order to assign the chemical sHi&NMR spectra of

the samples are recorded, but alsoyaese/maleic anhydride polymer and the
samples with additional polystyrene. The NMR signal at 147.5 ppm increases
with increasing concentratioof styrene in the copolymer and/or with addition

of polystyrene. This indicates that this chemical shift can be assigned to the
quaternary carbon of the styrene surrounded by styrene urS®).(3s a
consequence, the chemical shift gmses with increasing surrounding of
methacrylic acids units (sdéig. 3.10). The diads S\ and ASS give similar
chemical shifts since the phenyliaternary carbon atom o5& and ASS has

the same distance to the methacrylic acid. Obviously, this is only true in the case
of head-to-tail polymerization. Experimental chemical shifts of g-@dup

next to a quaternary carbon in small organic molecwdes 27 ppm for 2,2-
dimethyl hexanoic acid) were near 30 ppHh]. This fits with predicted values

of the chemical shift for the Gktarbon in a head-to-head arrangement, which

is 334 ppm. For the head-to-tail structures, the chemical shifts were 44+6 ppm
and 3915 ppm for the GHand CH-carbons respectively. Experimentally, broad
signals were observed at 47 and 41 ppm, which is indicative of head-to-tail
polymerization.
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The molar fraction of triadesiasay Nassy@andnsss) versus the mol fraction of
styrene is shown irFig. 3.11. The mean styrene lengths(Nof a random
styrene/methacrylic acid distributed copolymer, such as the polymeric backbone
chain, can be described by [42]:

N, .-_§“(ASA N(asy n(sss; 1)

©n(ASA) 0.5 Ln(ASS 3

Since the mean number of styrene/raetljlic acid units is known from the
triades, the mean methacrylic acid lendth)(of a random styrene/methacrylic
acid distributed copolymer can be calculated from:

()

0,6 1 x

0,4 -7 -
- = ASA
Pis o ASS
4 SSS
¢ x ASA, 5 mmol TBC
x ASS, 5 mmol TBC
- _ o SSS, 5 mmol TBC

fraction triades

0,2

0,0 T T T T
55 60 65 70 75 80 85
C=C styrene (%, n/n)

Fig. 3.11. Influence of the concentratiogrsine and a high concentration TBC (5 mmol) on
the molar fraction of the assigned triades.

An increasing concentration of styrenetire formulation results in a linearly
increasing mean length of styrene in the polymeric backbone chains. Both the
mean styrene length and the methacrati length of the polymeric backbone
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chains for the copolymensith low styrene concentration are much higher than
expected from a randomly distributed copolymer in which both monomer radical
centres show no substantmkeference for either one.

A clear trend is observed; higher concentrations of TBC during the cross-linking
reaction increase theolar fraction of AA and ASS-sequences while the molar
fraction of $S-sequences decreases. However, the observed differences in
sequences are smaller than the relasiamdard deviation of the analysRSD

of &%). Thus the mean length of styeeand methacrylic acid sequence do not
seem to be significantly influenced (less than 5%) by the addition of TBC.

Average length S or A

* Ns exp
o NA exp
4 NS exp TBC

A Naexp TBC

T T T ]
55 70 75 80 85
C=C styrene (%, n/n)

T T
60 65

Fig. 3.12. Linearly increasing mean styrene))(lnd decreasing methacrylic acids length
(Np) in the polymeric backbone chainghvincreasing concentration styrene.

3.4. Chemical network structure

The analysis of the starting materialddahe copolymeric backbone chains of
the formed network lead to a networkusture of styrene/di-methacrylate, as
proposed irFig. 3.13. The presence of monanttional methacrylate results in
dangling chain ends, while both the di- and tri-methacrylate contribute to the
network.

The influence of the styrene concetion on the network structure is
determined. The gel time and peak timer@gase with increasing concentration

of styrene, which is in agreement with the observations of Hietathti [24].

The increasing gel time shows that the initiation period depends on the styrene
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content. This was confirmed by real-8rfFT-IR measurement on networks with
different concentrations of styrene. Secondly, real-time FT-IR indicates that the
initiation reaction occurs mainly at styrene, while the propagation decreases
with increasing concentrations of styrene. The use of SEC'¥NMR,
directly after dissolving the hydrolysis products of the network, gives insight in
the molecular weight distribution and the mean styrene and methacrylate
sequence length of the polymeric backbone chains of the network.

+ x

o
Tri-functional juction
Ho

Dangling chain ends

S/A backbone chains <——
(ke)
Bis-phenol-A chain between cross-link junctions

Fig. 3.13. Styrene/di-methacryéa network structure as deteined by diférent analysis
techniques.

In general, theM,, and the mean styrene sequence length of the polymeric
backbone chains increase linearly upon an increase in the concentration of
styrene. However, the mean styresequence length of the copolymeric
backbone with low styrene concentoatiis higher compared to a random
copolymer. SEC indicates that the pobric backbone chains from the network
seem to contain more styrene at Ibly. Both observations are the result of the
initiation reaction which occurs mainly at styrene. This causes a higher styrene
sequence length in the copolymeric backbone at the beginning of the cross-
linking reaction and a higher sequenceglin of the methacrylate units at the
end of the cross-linking reaction.

The starting concentration styrene ugfhces the average degree of cross-
linking, which is defined as the percentage of the mean number of cross-linked



monomeric units from the total mean number of monomeric units of the
polymeric backbone. The average dsgrof cross-linking, which can be
calculated from the composition of styrene and methacrylic acid units in the
backbone chain as determined by NMR combined with the SEC results, is given
in Table 3.6. The average degree of cloddgng shows a decrease as a result of
increasing number of non-cross-lingi styrene units in the copolymeric
backbone chains.

Table 3.6. Mean number of methacrylic acighfhand styrene (end Units in the polymeric
backbone as determined by SEC and NMR andwbmge degree of cross-linking (XL)(when
correcting for mono-methacyate in the starting material)

Sample C=C TBC Nacid Nacid nstyrene Neotal XL
Styrene  (mmol)  (XLpon) (XL) (%)

(%, n/n)
1-0 554 0 1.6 148 185 333 44
2-0 62.7 0 1.6 151 240 391 38
3-0 68.7 0 1.3 124 301 425 29
4-0 79.7 0 1.1 99 399 498 20
11 55.4 1 2.3 218 291 509 43
1-2 55.4 2 2.7 251 321 572 44
1-5 554 5 3.4 319 361 680 47

The network density can be expressed as the mean molecular weight between
chemical network junctionaV), and was calculated from the qualitative and
gquantitative NMR data of the copolymeric backbone and the composition of the
starting material:

MC (N/N)g wa* (25 (STA* Mg My )73
(N/0) (@5 (SIA*Mg My e M, )13 ©)
(/M) e * (SIA*M 033*M,, ,)/2)

where (S/A) is the mol ratio of styreme. methacrylic acid, Mis the molecular
weight of the styreneMp.ua is the average molecular weight of mono-
methacrylate (514.9Da), Mgivwa is the average molecular weight of di-
methacrylate (535.8a) and Myi.wa is the average molecular weight of tri-
methacrylate (1008.@a). The mol-fraction of the various methacrylates
((n/M)m-ma, (N/N)gi.ma @and (/N)gima) is respectively 0.011, 0.952 and 0.037.
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The influence of the concentration of styrene onNhéas shown inFig. 3.14.

The network density, defined &4., shows a non-linear dependence on the
styrene concentration. T values are related to tiig andTyeq as shown in

Fig. 3.15. This result in linear relationships betweknand 1M the T,
increases with increasing values of1/43]. This suggests that the cross-link
density is a strong determinant for the glass-transition temperature [44]. The
same is true for the degradation tenapere, which linearlydecreases upon the
increase of M. This is probably related to the concentration styrene, which
depolymerises (ceiling) at higher temperature.

The influence of the TBC concentration on the network structure has been
determined. The inhibitor TBC is normally used for stabilisation during storage
and to tune the gel time. As expected, TBC has a strong influence on the gel
time and peak time. It is generally accepted that TBC has no influence on the
chemical network structure. SEC analydi®ws that the mean molecular weight

of the polymeric backbone increases strongly with increasing concentration of
TBC. This is probably directly related to the initiation reaction; the
concentration of radicals dease, and as a consequencekthéncreases. Since

the overall styrene/methacrylate composition is not significantly influenced by
TBC concentration, the degree of cross-linking and the network densh4, as
are similar for the networks without avith various concentrations of TBC.
However a strongnfluence onTy andTgeq (Table 3.4) as a consequence of the
TBC concentration was observed. This will be explained below in terms of
another compositional heterogeneity of the copolymeric backbone chains when
TBC is added before curing. FirdfC-NMR showed small differences in the
overall sequence length for the different concentration of TBC added; NMR
indicates that the molar fraction ofSA and ASS-sequences seems to be higher
and that the molar fraction ofSS-sequences seems to be lower, compared to a
styrene/di-methacrylate network without additional TBC (see Bigo 3.11).
However, this trend is within the uncertainty of the determined NMR signal
(RSD &%). Secondly, real-time FT-IR memsments show that TBC reduces
the reaction rate of styrene more thhe reaction rate of methacrylate, which
results from a lower concentration of stygeradicals at the start of the curing
reaction in contrast to networks withcadditional TBC. This leads to another
compositional heterogeneity of the polymeric backbone chains when TBC is
added before curing. Finally, SEC analysidicates that the heterogeneity is
dependent of the molecular weight of the polymeric backbone chamshe

low M,, polymeric backbone chains seem to contain a higher concentration of
methacrylic acid units, while the concentration of styrene units seems to be
higher for high My, polymeric backbone chains. In conclusion, low
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concentrations of TBC influence thekcl, but likely also the chemical
heterogeneity of the polymeric backbone chains, compared to the network
without additional TBC. Tis causes the deviatin§y and Tqeg TOday, no
analysis method is available to determine quantitatively the chemical
heterogeneity of these polymeric backbahains. Therefore, this consistent set

of results forms the starting point for the study of the chemical heterogeneity of
the polymeric backbone chains of the formed network usingNMR and/or

LC BEC techniques.

3.5. Conclusion

This study shows the development and the use of a straightforward sample
preparation method subsequently followed i§-NMR and SEC analysis to
study the copolymeric backbone chains of styrene/di-methacrylate networks.
The combination of these results with the composition of the starting materials,
the depletion of the reactive groups during curing to the resulting network, and
final network properties give valuable insight into these styrene/di-methacrylate
networks.

Different analysis techniques are usedtiady the influence of the concentration
styrene and TBC on the final network structure. The initiation reaction occurs
mainly at styrene, while the propdigm decreases witlincreasing styrene
concentrations. This results in linearly increasiky, and mean styrene
sequence length of the copolymeric backbone chains upon an increase in the
concentration of styrene in the starting composition. Secondly, the copolymeric
backbone has a relatively higher number of styrene units in the copolymeric
backbone at the beginning of the cross-linking reaction, while the number of the
methacrylate units is relatively higher tae end of the css-linking reaction.

An interesting observation is that increasing the concentration of TBC during
the cross-linking has a strong influence on kbk which is probably directly
related to the initiation reactiornyiz. the concentration of styrene-radicals
decrease, and as a consequence the mmedecular weight of the polymeric
backbone increases.

SEC and“C-NMR analysis after hydrolysis and real-time FT-IR during curing
indicates that lowM,, polymeric backbone chains seem to contain a higher
concentration of methacryliacid units, while the concentration of styrene units
seems to be higher for high, polymeric backbone. These analyses give strong
indications, although their significance can be disputed. In conclusion, TBC
seems to influence the heterogeneity of the polymeric backbone chains and has a
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strong impact on the network structure, which in turns determinates, ted
Tdeg
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Hydrolytic degradation of polyA,L-
lactide€o-glycolide 50/50)-di-acrylate
network as studied by liquid
chromatography—mass spectrometry

Abstract

The soluble products of the hydrolytic degradation of photo-chemically cross-
linked poly-D,L-lactideco-glycolide 50/50)-di-acryla film are analysed at
different stages to obtain insight into the complex (bio)degradation processes.
Liquid chromatography—mass spectrometinyalyses have been employed to
identify and quantify the various oligonieand polymeric degradation products
from the soluble fraction. The producteanalysed directly after release and
also after complete hydrolysis of the soluble fraction. The study shows a rapid
release of residual photo-initiator followed by a gradual release of lactide/di-
ethyleneglycol/glycolide oligomers with varying composition and chain length.
The final stage of the sigmoidal weight loss profile reflects the release of
polyacrylate chains with lactide/glycoéicside chains. The molecular weights of
the polyacrylate chains released increase with degradation time, which indicates
that the release of these polyacrylataich is determined by the number and
type of ester-groups that must be degraded hydrolytically to dissolve these
chains. The analysis of the soluble degradation products provides detailed
insights in the chemical changes at the different stages of degradation;
extraction, network attack, network penetration, bulk degradation, and finally
release of persistent network fragments. Chromatographic and mass
spectrometric techniques prove to be powerful tools to enhance the
understanding of the hydrolytic degréida process of chemically cross-linked
acrylates.

R. Peters, J. Lebouille, B. Plum, V. Litvinov, A.A. Dias, P. Schoenmakers, Sj. van der Wal, to
be submitted
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4.1. Introduction

Biodegradable polymers are increasingly exploited as medical materials, for
applications including controlled drug delivery and tissue engine§lifgj.
These biodegradable polymers consist mostly of polyglycolic acid, polylactic
acid, poly-2-hydroxy butyrate, polyhyaluronic acid, polycaprolactone, and their
copolymers, since polymers with these building blocks have acceptable
toxicological profiles [4,5]. Aliphatic pgesters are hydrophobic, which is the
main drawback of the use of these polymers as carriers for hydrophilic drugs
such as proteins [6,7]. €hefore, these biodegradabdliphatic polyesters are
modified with amides, anhydrides, urethanes, imides, ethers or other functional
groups, which offer opportunities to tuttee biomechanical properties of these
polymers within a broad range of desired properties [8,9]. The use of
biocompatible polyethylene glycol (PEG) as hydrophilic building block in
polylactide (PLA) or poly(lactideo-glycolide) polymers enhances their
biocompatibility. The resulting materials are good candidates for controlled
drug-delivery systems [10-13].

The biodegradable PLA-type materials tlasé used for controlled release of
bioactive agents and for the encapsulatiéreells or biomolecules are mainly
linear polymers, which are physically cross-linked by solvent or salt casting. An
emerging type of synthetic biomaterials for medical applications is based on
photo-cured chemically cross-linked PLA and PEG containing systems [14].
These chemically cross-linked matesidlave promising applications, ranging
from tissue engineering materiadsygs delivery systems to (in situ) orthopaedic
implant materials [15-18]. Drugs-delivery is mainly based on the systematic
degradation of the ester units in aqueous media [19]. However, the
(stereoregularity) composition, the moliruweight, the block length, the shape

of the specimen, the morphology, the presence of additives, and the medium all
influence the degradation [20,21]. Tineain advantage of chemically cross-
linked systems over physically cross-linkggstems is the possible controlled of
the degradation rate through the type, ratio and organisation of the building
blocks, as well as through the cross-lidknsity. To tailor these chemically
cross-linked systems to a given biomedical application so as to obtain better
control of the degradation charactedstias well the understanding of the
biological influence of the intermediates and the final end products, an in-depth
understanding of the biological influence of the intermediates and the final end
products and of the chemical changes during the biodegradation process is
required.

Several approaches can be followed to study the biodegradation of PLA-type



91

polymers and the influence of various factors on the degradation process. The
degradation of both chemically and physically cross-linked networks can be
followed easily by averageauroscopic changes, suchths pH of the medium,

the weight loss, and the water content (swelling) of the gel. The physical
changes (morphology) as a functiontloé degradation of cross-linked materials
can be studied usinglifferent techniquesj.e. optical microscopy, optical
rotation [22], mercury-intrusion porosinmg{23], dynamic light scattering [24],
X-ray scattering [22], scanning electron microscopy [25], and differential
scanning calorimetry [26,27]. Release studiBdrugs as a result of degradation

are typically performed using chromatographic methods after simulating the
appropriate degradation medium and conditions [25,28], while drug mobility
and drug-polymer interaction can be determined by nuclear-magnetic resonance
(NMR) spectroscopic methods [29].

The chemical changes during degradatid physically cross-linked linear PLA-

type materials can be studied by anisiyg of the molecular weight of the
PLA-type polymers and by determining the concentrations of released glycolic
acid and lactic acid by liquid-chromatographic (LC) methods [26,27].
Enzymatic methods have been described to determine the release of monomers
[25]. To monitor the chemical composition of the low-molecular-weight
degradation products of these phyBjcacross-linked PIlA-type systems,
different techniques can be used, such as LC coupled to mass spectrometry (LC—
MS) [21,30], infrared spectroscopy, NM$pectroscopy [31,32], pyrolysis-gas
chromatography [33] and time-of-flight secondary-ion mass spectrometry [34].
The approaches described above have provided many valuable insights into the
degradation of physically cross-linked PLA-type systems. However, knowledge
about the degradation process of cherhioaloss-linked PLA-type polymers is
rather limited and is based mostly oneege macroscopic changes, such as
water uptake and morphology [14,18,35,36]. Based on these macroscopic
changes, a statistical kinetic (theoretical) model for bulk degradation of PLA-
type hydrogel was developed, which indicates that the degradation profile was
greatly influenced by the network structure [14,19,37]. Recently, low-resolution
NMR relaxation experiments have been applied for the study of in vitro
degradation of a biodegradable photo-cured plH{actideco-glycolide
50/50)-di-acrylate system [38]. Changes in molecular mobility of the network
were followed as a function of degradation time with a flow-NMR experiment,
which revealed large molecular-scale heterogeneity and large changes in
molecular mobility of the matrix materiggel fraction) dumg different stages

of degradation.

Knowledge of the complex degradation process of chemically cross-linked
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PLA-type systems g(g. degradation rate, erosion profile, release of toxic
compoundsgetc) is important for effectively degning materia suitable for
specific applications. The present studysverformed to gain more insight in

the chemical changes during the in vitro degradation of a chemically cross-
linked polyD,L-lactideco-glycolide 50/50)-di-acrylate coating (sEgy. 4.1 for

a schematic representation of the rwtw structure). Degradation of this
network results in sol fractions (soluble degradation products) and (non-
dissolved) gel fractions. The presestudy focuses on the chemical
characterization g.g. composition, molecular weights, concentrations) of the
soluble degradation products as a fumcidf the degradation time. The chemical
characterisation of the gel fraction during degradation by high-resolution solid-
state NMR spectroscopy will be described in a separate paper.

The sol fraction consists of different products, which chemical composition
varies during the course of the degradation due to the continuously changing
network structure. Hydrolysis of the ester-bonds releases oligomers with lactide,
glycolide and/or di-ethyleneglycol building blocks, which originate from the
chains between cross-links junctions. the network has multiple degradation
sites along the chains between cross-link junctions, the compositions and lengths
of the released oligomers can vaffypically, the concentration and the
composition of these lactide/diethyleneglycol/glycolide oligomers can be
obtained by LC-MS, which has proved to be a versatile tool for the analysis of
different polyester oligomers and polymg89—41]. Despite the importance of

the degradation process of these chemically cross-linked PLA-type systems, no
detailed LC-MS analysis of the released oligomers has yet been reported to our
knowledge. Apart from oligomers, polyacrylic acid (PAA) chains which
represent the polymeric backbone chains can be released during degradation. If
partial hydrolysis takes place, polyacrylate chains with lactide/diethyleneglycol/
glycolide oligomeric side-chains can besaded as well. Direct analysis of these
polyacrylate backbone structures would be preferred, but this is almost
impossible, since to date no suitable analytical methods are available. To obtain
insight in the composition of these polymeric backbone chains, the sol fraction
can be analysed after complete hydrolydishe degradation products released,
which results in lactic acid, glycolic acid and polyacrylic acid chains. The lactic
acid and glycolic acid monomers can be quantified by LC analysis, while the
concentration and the aege molecular weight of the polyacrylic acid
backbone chains in these fully hydrolysed degradation products can be
determined using aqueous-phase size-exclusion chromatography (SEC) [42].
Here we demonstrate the feasibilityld®-MS and SEC analysis for the study of

the degradation of a chemically cross-linked plilactide€o-glycolide
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50/50)-di-acrylate coating using a phosphate saline buffer solution (pH 7.4) at
37°C. The identification and quantification of the different oligomeric and
polymeric degradation products is perfornuiectly after release and also after
complete hydrolysis of the degradation products released. The different
quantified degradation products are classifiedording to the different stages of
degradation to obtain valuable insight in the complex degradation process of
chemically cross-linked poli L-lactideco-glycolide 50/50)-di-acrylate films.
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Fig. 4.1. Schematic representation of theuléng ideal network structure of cross-linked
poly(D,L-lactide-co-glycolide 50/50)-di-acrylate.

4.2. Experimental

The poly-D,L-lactide€o-glycolide 50/50)-di-acrylatés an experimental batch,
prepared in the laboratory dbSM Research. First, poly(L-lactideco-
glycolide 50/50)-diol was synthesized. Therefore, 0.358 Inbtlactide, 0.358
mol glycolide, 64.5 mmol diethhgneglycol and 29 mg catalyst tin(ll)-
ethylhexanoate was mixed. To obtain pdyi(-lactide-co-glycolide 50/50)-diol
the reaction mixture was cooled to robemperature, after 18 h at 150°C. Both
D,L-lactide and glycolide were purchased from Purac (CSM Biochemicals,
Gorinchem, The Netherlands), whileethiyleneglycol and i(ll)-ethylhexanoate
were purchased from Sigma-Aldrich (St-Louis, MO, USA).
Poly-(D,L-lactideco-glycolide 50/50)-diol (100 gr) and 14.36 gr triethyl-amine
was dissolved in 100 mL water-free #dtydrofuran (THF)Acryloylchloride
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(12.8 gr) dissolved in 50 mL water-free Fhvas added dropwise to the solution

at controlled temperature (<5°C). After 18 h of stirring at room temperature, the
THF was evaporated and the reaction mixture was quenched in 2.5 L ethyl-
acetate. The precipitated triethylamine.HCI salt was removed via filtration. The
ethyl-acetate layer was washed twice wif0 mL water, saturated with NaCl,
and twice with 150 mL water. The resulting solution was dried with NaSO
filtered, and evaporated to dryness. Pdytflactideco-glycolide 50/50)-di-
acrylate was obtained as a slightly yellow-colored oil. The structure of the
formed producté.g. endgroups) was investigated 1#NMR analysis (Varian
Inova 600 MHz NMR Spectrometer (Palo Alto, US), CRCl6 scans, 60
seconds relaxation delay, 22°C, TMS).

A clear formulation was prepared by mixing 7.98 gr of p@y-flactideco-
glycolide 50/50)-di-acrylate with 78 mg photo-initiator 4-(2-hydroxyethoxy)-
phenyl-(2-hydroxy2-methylpropyl) ketone (1%w/w, Irgacure 2959, Ciba
Geigy, Basel, Switzerland). The formulation was heated to 40°C and applied
onto a thin float glass plate with a coating doctor blade designed to give a 200
pum thick wet coating. This wet film was photo-cured on a conveyor belt (speed
20 m/s) at 22°C, fitted with a Fusion F600 (6000 W, Fusion UV Systems, Inc.,
Gaithersbrug, USA) electrodeless H-bulb. A UV-dose of 1 J{gas measured
using an UV Power Puck Light meter (EIT, Inc., Virginia, USA). The coatings
were dried for 4 h at 60°C in the vacuum oven (200 mbar), resulting in a dry and
cured film with a thickness of 150-160 um. The resulting cured films were
analysed with ATR-FT-IR. The cross-lie#t film showed no residual C=C at
1637 cntt, which suggest a conversion of >9&Hnit of detection), considering

that the depth of the IR signals is approximately 1.5 um.

Cured films (~200 mg, ~150 um film thicknesses) were placed in sieves with a
mesh size of 350-370 um. Subsequently, the coatings were degraded at 37°C in
15 mL aqueous phosphate saline buffer solution (PBS: pH 7.4 via dissolving 0.2
gr KCI, 0.2 gr KHPQ,, 8 gr NaCl and 1.15 gr MdPO, in 1 L ultra-pure
water). Every 2 or 3 days the buffer svaxchanged for freshuffer. Before
adding the fresh buffer the sieves wavashed twice with 15 mL ultra-pure
water, dried overnight at 50°C and weighed. The hydrolytic degradation was
followed in time by monitoring the weight loss and the pH change of the
medium. The soluble degradation products were collected and subsequently
characterised by chromatographic — mass spectrometric methods.

The residual photo-initiator Irgacure 2959 and oligomeric degradation products
were analysed using LC-DAD-MS. This system (Agilent 1100) consist of a
quaternary pump, degasser, autosampler, column oven, diode-array detector
(DAD, 10-mm cell) and a single-quadrupole MS (Agilent, Waldbronn,
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Germany). The UV-signals at 195, 200, 220, 250, and 280 nm were collected.
The ionisation was performed by electrospray ionisation (ESI) in positive mode
with the following conditionsm/z100-1500, 70 V fragmentor, Oni/zstep size,
350°C drying gas temperature, 10 L/iMNin drying gas, 45 psig nebuliser
pressure and 4 kV capillary voltage. The LC system was controlled using
ChemStation software (A09.01, Agilentlhe separation was performed with a
2508 mm ODS-3 column (Inertsil, Varian Inc, Palo Alto, CA, USA) at 40°C
and with a gradient (0.5 mL/min) of ultra-pure water (mobile phase A) and
acetonitrile (mobile phase BThe gradient was stadeat t=0 min with 100%

(viv) A, was stationary for 5 min and then changed linearly over 40 min to 100%
(v/iv) B (t=45 min). The injection volume was 5 pL.

The degradation products at different degradation times have been fully
hydrolysed towards polyacrylic acid, glycolic acid and lactic acid. The
hydrolysis was performed in a closed bottle with 2 mL sample and 200 uL 10 M
NaOH solution for several days at 90°C.

The weight-average molecular weighl,) and concentration of polyacrylic
acid was determined by SEC using a highly polar hydroxylated methacrylate
81800 mm Suprema 1000 A column (10 pm particle size), with a separation
range of 1-100@&Da (PSS, Mainz, Germany). €mobile phase (0.1 M NjAc)

was pumped at a flow rate of 1.0 mL/min. The SEC analysis was performed
using an Agilent 1100 LC-DAD system, as described above. Refractive index
(RI) detection was performed using a RI-71 detector (Showa Denko KK. Tokyo,
Japan) with the following settings: fast response, positive polarity and 512
range. The RI signal was collected with ChemStation software (A09.01,
Agilent). A series of polyacrylic acid sodium-salt standaMs 1.25, 2.93, 7.5,

16, 28, 62.9, 115 and 3%®a, Polymer Laboratories, Shropshire, UK) was used
to calibrate the SEC system. The molecwaight calibration curve is given by

the relation; log(M) = -0.001426§%-0.11796(g)°+1.343861g)+1.90512,
R’=0.9995. The concentration calibration curve of polyacrylic acid was
determined by injection of different polyacrylic acid standamdg (7.8 and

37.1 kDa) at different concentrations (@0 10 mg/gr, corrected for Na
concentration). Theoncentration calibration curve is given by the relation:
Area(RI) = 0.2351(conc. PAAR? = 0.9989.

The concentration of glycolic acid and lactic acid was determined on an Agilent
1100 LC-MS system, which consists of a binary pump, degasser, autosampler,
column oven, diode-array detector and a time-of-flight-MS. The ESI-MS was
run in negative mode, with the following condition®/z 50-3200, 215 V
fragmentor, 0.94 cycl/sec, 350°C drying gas temperature, 12/rhitNdrying

gas, 45 psig nebuliser pressure dnkV capillary voltage. UV detection was
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performed at 195 nm. The separation was performed with a#Zs50mnm
Prevail-C18 column (Alltech, USA) at rootamperature and with a gradient of
50 mM sulfonic acid in ultra-pure water (mobile phase A) and acetonitrile
(mobile phase B). The gradient was started at t=0 min with 38% A, was
stationary for 5 min and then changed linearly over 10 min to 0%R (=15
min). The flow rate was 0.5 mL/min and injection volume was 5 pL.
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Fig. 4.2. UV-chromatogram @200 nm) of uncured poly-(D,lattide-co-glycolide 50/50)-di-
acrylate with 1% (w/w) Irgacure 2959. Insertack extracted MS-spectra representing some
oligomers series at different eluting timeSee experinmtal section for LC-DAD-MS
conditions.

4.3. Results

4.3.1. Chemical composition of pe(D,L-lactide-co-glycolide 50/50)-di-
acrylate

After synthesis, the uncured poli,(-lactideco-glycolide 50/50)-di-acrylate is
analysed by'H-NMR and LC-DAD-MS to determine the actual chemical
composition and the number-average molecular weight. The UV chromatogram
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(3200 nm) of uncured polya(L-lactide€o-glycolide 50/50)-di-acrylate with

1% (w/w) photo initiator Irgacure 2959 is depicted kig. 4.2. A detailed
chromatogram with both Irgacure 2959 and pd@ht€lactideco-glycolide
50/50)-di-acrylate oligomers is obtained. The relatively broad peaks are caused
by the increasing numbers of isomeric compounds with increasing chain length.
The low-molecular-weight oligomers could be easily identified by their MS-
spectra, however, mass-resolving problemse for the higher molecular weight
oligomers that contain more than 10 glycolide and lactide repeating units.
Nevertheless, the MS-spectra show different oligomeric series of Pdly-(
lactide€o-glycolide 50/50)-di-acrylate with different numbers of glycolide and
lactide repeating units as shown Rig. 4.2. Both LC-UV-MS and'H-NMR
analyses indicate >95% conversion of the hydroxyl endgroups into acrylate end-
groups. The NMR analysis reveals a molar average composition of 10.8
glycolide, 10.8 lactide and 1.01 di-ethyleneglycol repeating units in the poly-
(D,L-lactide<co-glycolide 50/50)-di-acrylate, which results in a number-average
molecular weightN1,,) of 1619Da.

4.3.2. Weight loss and pH change during the degradation

After cross-linking of the bi-functional polgL-lactide<€o-glycolide 50/50)-di-
acrylate, the photo-cured films are degraded in vitro using a PBS buffer solution
(pH 7.4) at 37°C. The weight loss of the films and the pH change of the medium
vs. degradation time are given iRig. 4.3. The cured pol{,L-lactideco-
glycolide 50/50)-di-acrylate shows a continuous weight loss after 10 days of
relatively constant weight, which resulted in a pH drop of the PBS buffer
solution. At the highest rate of weight loss, the pH reached a minimum at pH 4,
while the pH rose again at the latest stage of degradation. By day 35 the network
was totally degraded; no solid material was visible.

4.3.3. Liquid chromatography — nss spectrometry analysis of the sol
fraction

The water soluble degradation produet® analysed by LC-DAD-MS as a
function of degradation time using 2 different approaches. The direct approach
is the LC-DAD-MS analysis of the degradation products as released over time,
while the indirect approach is the analysis of glycolic acid, lactic acid and
polyacrylic acid after complete hydrolgsf the sol fraction using LC-DAD-MS

and SEC-RI. These two approacheovie detailed and complementary



information about the degradation process of cross-linked pahtactide-co-
glycolide 50/50)-di-acrylate, as is illustrated below.
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Fig. 4.3. Average weight lossf the network and the pH changkthe PBS buffer at 37°C vs.
degradation time.

4.3.3.1 Analysis of oligomers and residual photo-initiator released

Using the direct approachhe concentration of retial photo-initiator and
different oligomeric series are determiniecthe sol samples at different stages

of degradation.

The concentration of unreacted Irgac@859 was quantified by LC-DAD-MS
analysis using pure Irgacure 2959 as negiee. The residual concentration of
unreacted Irgacure 2959, released during degradation, is 9.1% of the total
concentration of photo-initiator used in the starting formulation. As the photo-
initiator has the potential to react liye hydroxyl-functionalgroup to form a
grafted photo-initiator onto the polymeric backbone, the network shows low
concentrations of extracted photo-initiator [43]. Besides the intact Irgacure
2959, two photo-initiator degradatioproducts at low concentrations are
observed; 1.8% of 4-(2-hydroxyethoxy)benzoic abig, € 182Da) and 1.9% of
4-(2-hydroxyethoxy)-benzaldehyd#&l( = 166 Da). The accumulative concen-
trations of photo-initiator Irgacure 2959 at different degradation times are given
in Fig. 4.4. Very low concentrations aksidual Irgacure 2959 are extracted
during the first 10 days due to slow diffusion from the non-degraded polymer.
Bulk release of Irgacure 2959 is observed over days 15-17 due to network
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degradation. The burst release of Irgacure 2959 shows that thB pealy¢tide-

co-glycolide 50/50)-di-acrylate networks fully accessible for the buffer
solution over days 15-17.
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Fig. 4.4. The accumulative caeratration of photo-initiator Irgacure 2959 as determined by
LC-UV-MS analysiand average weighoss of the gel.

Besides low concentrations of residual photo-initiator, oligomeric series are
observed in the sol samples at different degradation times. The MS-
chromatograms of the degradation products at day 17 and day Z5dsée)

show the presence of different oligomers. To gain more insight into the
compositions of these oligomers, the vas oligomers are identified by careful
elucidation of the observead/zions of the different chromatographic peaks.

In general, two oligomeric series with different compositions are observed
during the degradation: seriek consists of glycolide, lactide and di-
ethyleneglycol units, while the other serlésconsists of glycolide and lactide
units only. The soluble degraded chain fragments have a distribution in length
and composition, as a result of the multiple degradation sites along the chains
between cross-link junctions.

The MS-chromatograms show decreasindecwar weights of the oligomeric
series with degradation time (sEggy. 4.5). The determined compositions of the
oligomers of serie$ and seriedl at day 17 and 25 are presentedrigs. 4.6

and 4.7, respectively. The compositions of the seéri@igomers show a broad
distribution of glycolide units in the oligomers from 1 to 8 units, while a narrow
distribution of lactide units in the oligomers from 1 to 4 units was observed. The
broadness of the distribution does not change in time. However, the average
number of glycolide units seems to decrease with increasing degradation time; at
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day 17 the oligomeric series has an average of 2 lactide and 4 glycolide units,
while at day 25 the average number gijcolide units has decreased to 2
glycolide units. As a result the average molecular weights of the oligomers
decrease with increasing degradation time.

ESI-MS response

Retention time (min|
T

T T T T T T T
10 15 20 25 30 35 40 a5 mif

b

ESI-MS response

Retention time (min

T T T T T T T T
10 15 20 25 30 35 40 45 mif

Fig. 4.5. MS-chromatograms of the sol-fractianday 17 (a) and 25 (b), which indicate the
change in molecular weight of the different oligom&se experimental section for LC-MS
conditions.

The same phenomenon is also observed for the oligomers oflserdere the
average number of glycolide units tine oligomers decrease from 4 glycolide
units at day 17 to 2 glycolide units at day 25. At later stage of degradation the
average number of lactide units in the oligomer series is systematically lower
than the average glycolide units. This indicates that the hydrolytic scissions of
the ester-bonds tend to primarily target the linkages between glycolic-glycolic
and lactic-glycolic bonds [44], which results in faster release of glycolide
containing oligomers.

The concentration of the oligomers at different degradation times is determined
by LC-MS analysis. Oligomers of glycolide/diethyleneglycol/lactide are
required for calibration of these oligomers, but are not available in various
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molecular weights and compositions. Téfere, the concentrations of these
oligomers are determined using the uncured poly-{actide<o-glycolide
50/50)-di-acrylate as a reference. Duedifferences in ionisation efficiency
during the ESI-MS ionisation, arising from variation in compositions and
molecular weights of the oligomers, a systematic deviation in the quantitative

results could occur. A possible alternative to

improve the experimental

quantification of oligomers is the (on-h coupling of LC to hydrolysis or
pyrolysis, followed by chromatograghior spectrometric analysis of the

monomers.

Day 17

Glycolide units 6

14

Glycolide units 6 6 Lactide units

Fig. 4.6. Relative concentration of cidde and glycolide
degradation at day 17 and day 25.
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Fig. 4.7. Relative concentration of ctidde and glycolide oligomers of serids upon
degradation at day 17 and day 25.

The theoretical concentration of glycolide/diethyleneglycol/lactide oligomers
released is between 94 and 117%A). A recovery of more than 100% is due to
the addition of water during the hydrolysis of the ester-group, while the absolute
recovery depends on the number of water additions. The experimental
concentration of oligomers released during degradation is 18009 0f the
original weight of the network, which agrees fairly with the theoretical
concentration of oligomers releaseduring degradation. However, the
determined concentration of oligomers released could deviate as the
glycolide/lactide oligomers can be partially attached to the polyacrylate
backbone chains. The latter cannot be rdeiteed in these sol fractions as such,
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as direct analysis of higher molecular weight polyacrylate chains with
oligomeric side chains is not possible by the LC-MS method used [42].
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Fig. 4.8. The percentages of the concatitns accumulated afligomeric seried andll as
determined by LC-MS analysis

The relative percentages of the concentrations accumulated of the different
oligomeric chains released between the network junctions are giveg. id.8.

In general, the concentrations of soluble lactide/glycolide oligomeric
compounds follow the weight loss during the degradation. The concentrations of
series| andll are similar during the degradation of the network. However,
comparison of the concentrations of oligomers and the weight loss during
degradation indicates that at day 27-30 a systematic deviation occurs; the
concentration of ajomers released at day 27-35 is lower than &%) while a
weight loss of about 27%w(w) still remains at day 27. Since only low fractions

of free glycolic acid (+ 2.3% of the weight loss) and lactic acid (+ 1.2% of the
weight loss) are found in the degradation samples at day 27-35; the differences
in weight loss and the concentration afgomers released will be explained
below by the release of polyacrylate blacke chains with glycolic/lactic side-
chains.

4.3.3.2 Analysis of polyacrylate chains released

An indirect approach is used to gamore insight into the release of the
polyacrylate chains with or without attached glycolide and lactide units. The sol
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fractions at different degradation times are fully hydrolysed towards polyacrylic
acid (PAA), lactic acid and glycolic acid. The concentrations of glycolic and
lactic acids are determined using LC-MS with pure glycolic acid and lactic acid
as references, while the concentratiand average molecular weight of
polyacrylic acid is determined by aqueous-phase SEC-RI analysis. The absolute
concentration of polyacryli@acid chains released during degradation is 8.4%
(w/w), while a theoretical concentration of 8.9%/\W) is expected based on a
perfect network structure (s€&g. 4.1). The absolute concentrations of glycolic
and lactic acids, released during degradation, are 51.3 and 6%K¥ (
respectively. The theoretical concentration of glycolic acid and lactic acid
released is 50.7%mw) and 60.0% W/w) respectively. The experimental and
theoretical concentrations of polyacrylic acid, glycolic and lactic acids agree
well. No indication of free acrylic agiis found using the described LC-DAD-
MS method. This indicates that the acrylate endgroups are fully reacted via
cross-linking or even via cyclisation into the network during photo-
polymerisation. The cumulative concentrations of glycolic acid, lactic acid and
polyacrylic acid chains determined different degradation times are shown in
Fig. 4.9. The concentratioof polyacrylic acidvs. degradation time shows the
release of the polyacrylic acid chains at day 30-35.
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Fig. 4.9. The percentages of the concentratiacsumulated of glycolic acid, lactic acid and
polyacrylic acid (PAA).

In Fig. 4.10, the SEC-RI chromatograms tbe fully hydrolysed degradation

samples and the weight-average molecular weight determined of the polyacrylic
acid backbone chains at day 22-35 are given. The higher average molecular
weights of polyacrylic acid chains are released with longer degradation times.
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As given inFig. 4.9, the concentration of glycolic acid and lactic acid at day 30-
35 is relatively high. However, the concentration of free glycolic and lactic acids
in the sol fraction is respectively £ 2.3% and + 1.2% of the weight loss. This
indicates that relatively high fractions of glycolide and lactide are still attached
to the released polyacrylate backbone mhait day 30-35. More specifically, the
average number of glycolide and lactidetsi@ttached to each polyacrylate unit

at day 32 is about 1 lactide/glycolide unit.

The molar ratio glycolide/lactides. the degradation time is given kig. 4.11,
which shows the preferential degradatiminglycolide units over lactide units.
This is in agreement with the composition of the released oligomers during
degradation. Secondl¥sig. 4.11 indicates that a systematically higher fraction
of lactide than glycolide was attachedth® polyacrylic acid backbone chains
during the release. In conclusion, the aske of the polyacryliacid chains with
glycolide and/or lactide side-chains is simply determined by the number and
type of ester-groups that have been degraded hydrolytically to solubilise these
acrylate chains with glycolide and/or lactide side-chains.

w3 Day 22 No PAA f

-7 T T 77 T T
4 5 6 7 8 9 10 11 min

w3 Day 25 PAA, M,, < 1000 Da

T T T T T T T T
4 5 6 7 8 9 10 11 min|

mAU: Day 27 PAA, MW 3800 Dw

T T T T T T T T
4 5 6 7 8 9 10 1 mii

mAU: Day 30 PAA, M, 12000 Da

T T T T T T T T
4 5 6 7 8 9 10 11 min|

mui Day 32 PAA, My, 22000 Da V

T T T T T T T T
4 5 6 7 8 9 10 1 mi

mul Day 35 PAA, M,, 31000 Da

—————————— e . ————
4 5 6 7 8 9 10 11 min|

Fig. 4.10. SEC-RI chromatograms of fully hydyskd samples at different stages of
degradation, which show the presence #mel weight-average molecular weight J\Vof the
polyacrylic acid chains (PAA). See experimental section for SEC-RI conditions.
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Both the direct and indirect approach gives information about the compositional
and molecular weight drift of producteleased with degradation time. The
degradation curves are reconstructed Wit use of the quantitative results of
the oligomers released atite quantitative results @olyacrylic acid and lactic

and glycolic acids after hydrolysis. These curves (&ge 4.12) are in good
agreement with the experimental weigtds during degradation. However, the
degradation curve reconstructed from the oligomers quantified seems
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systematically overestimated. This is probably related to the use of uncured
poly-(D,L-lactideco-glycolide 50/50)-di-acryl& as a reference for the
quantification of the oligomers released combined with the ionization
differences arising from variation in compositions and molecular weights of the
oligomers, as outlined before. Nevertheless, chromatography and mass-
spectrometry provided valuable qualitative and quantitative information about
oligomers and polymers released upon degradation.

4 .4. Discussion

Analysis of the sol fractions of an in vitro degraded polilactideco-
glycolide 50/50)-di-acrylate network in a PBS buffer solution at 37°C shows the
release of different compounds during each stage of degradation.

From day 1-10, the weight and pH is relatively constant and only extraction of
low concentrations of residual Irgacure 2959, and two photo-initiator
degradation products, are observed.

After day 10, the pH drops to a constant level, while a constant loss of weight
was observed. During this stage, oligomers with lactide/glycolide and/or di-
ethyleneglycol building blocks are released at a constant rate. The oligomers of
glycolide, lactide and diethyleneglycol units have hydroxylic endgroups, while
the oligomers of glycolide and lactide units only, have one hydroxylic and one
carboxylic endgroup. It is expected thattbeeries are formed by two hydrolytic
scissions of the ester-groups at the chains between network junctions.

After day 25, the release of polyacrylate chains with lactide/glycolide side
chains results in an increasing pH at thie stage of degradation. It is assumed
that these series are formed by the release of the lactide/glycolide/di-
ethyleneglycol oligomeric series from the network.

The quantification of the compounds released makes it possible to calculate the
concentration of carboxylic endgroupénmol/L) at different stages of
degradation. As shown iRig. 4.13, three distinct regimes are observed. The
hydrolysis seems to starts between 0 to 15 days. From day 15 to 25 the rate of
hydrolysis gets constant and is in the order of 6.5+0.6 mmol/Leday. From day
25-27 onwards, the rate of hydrolys@ecreases significantly to 2.1+0.2
mmol/Leday. After the degradation of the network, a total of about 105 mmol
acids/L are formed as result of hydratysAs a result, it can be estimated that
approx. half of the total available esters in the poly{lactideco-glycolide
50/50)-di-acrylate network (190 mmol tegL are totally available) are
hydrolysed during the 35 days of in vitro degradation.
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Fig. 4.14. The pH change measured andimested from the analysis results during
degradation time.

The pH change of the PBS buffer as result of the different concentrations of
carboxylic endgroups released, as estimated using the Henderson-Hasselbalch
equation [45,46] @K, lactic acid 3.85pK, glycolic acid 3.83pK, polyacrylic

acid 4.5 [47]), is given irFig. 4.14. Although the relatively high standard
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deviation of the pH estimated, the pH trend during the degradation is similar for

both the pH measured and estimated. In the final stage, a significant differences

between the pH measured and estimatas observed. However, the pH change

at day 25-32 indicates that the numbefreé acid endgroups decrease in time as

a result of release of the polyacrylate backbone chain. From this it can be

concluded that most of the hydrolyscissions have already taken place in the

bulk degradation stage, resulting in a loose network of mainly polyacrylate

backbone chains with pendant glycolide and lactide unit side chains at day 22-

25. These observations are in line with the observations made by Ligtirmby

[38], who studied a similar chemically cross-linked di-acrylate network by solid-

state flow NMR relaxometry. They found large network break down prior to

weight loss, resulting in loosely attached degraded fragments.

The hydrolytic degradation of poly(L-lactideco-glycolide 50/50)-di-acrylate

network as studied by liquid chromatography and mass spectrometry, showed at

least five different stages in the degradation process (seEiglgb15):

(@8] Extraction stage From day 0-5 the network shows a minimum of
weight loss. Only release of low concentrations of residual Irgacure
2959 and two degradation products of the used photo-initiator at lower
concentration level are observed.

(2) Network attack stageFrom day 7-12 the network starts to degrade.
Hydrolytic scissions of network chains cause formation of network
defects. As result, extraction of low concentration of oligomers with
lactide/glycolide and/or diethyleneglycol building blocks and a low
fraction of Irgacure 2959 is observed.

3) Network penetration stagét day 15-17 the network is fully accessible
to the buffer solution as indicated tye burst release of Irgacure 2959.
The open network structure and the resulting release of oligomers of
lactide/glycolide and/or diethyleneglycol building blocks cause a pH
drop of the PBS buffer solution.

(4) Bulk degradation stageFrom day 17-25 the systems degrade
homogeneously and a constant release of lactide/glycolide and/or di-
ethyleneglycol containing oligomers is observed. The pH is low, but
relatively constant during this stage of constant release of oligomers.
The hydrolysis rate is constant. Both oligomeric series (skidesll )
show a broad distribution of glycolide units in the oligomers up to n=8,
while a narrow distribution of lactide units in the oligomers up to n=4 is
observed. Both oligomeric seriesogha strong decrease in the average
number of oligomeric repeating units with degradation time, particularly
the average number of glycolide units.
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Fig. 4.15. Schematic representation of the fiifeerent stages at the hydrolytic degradation
of photo-cured poly-(D,L-lactide-co-glglide 50/50)-di-acriate coating.

(5) Release of persistent network fragments stagéhe final stage at day
25 up to day 35, the release of oligomers is minimized, while the
polyacrylate backbone cha start to dissolve in the medium. At this
late stage, the weight-average molecular weight of polyacrylate chains
increases with degradation time; ranging from 3B@0at day 27 up to
31000Da at day 35. This effect is caused by the broad distribution in
molecular weight of the polymeric backbone chains in the network. The
polyacrylate chains released contaiesthains of glycolide and lactide
units. The concentration of these sitins decreases with increasing
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degradation time, but the molar ratio glycolide/lactide indicates an
increasing percentage of lactidenits attached to the polyacrylate
chains. This is the result of theeferential degradation of glycolide
units over lactide units, which is observed during all stages of
degradation.

4.5. Conclusion

The chemical composition of theldoaction of photo-cured polf,L-lactide-
co-glycolide)-di-acrylate is determinedt different degradation times using
different approaches and chromatographic methods. The direct approach, which
consists of the analysis of the dedation products by LC-DAD-MS, reveals
detailed information about the residual Irgacure 2959 and the composition of the
lactide/glycolide and/or diethyleneglycol oligomers originating from the chains
between cross-link junctions. Complete hydrolysis of the degradation products,
followed by LC-UV-MS and SEC-RI analysis gives detailed information about
the polyacrylate chains with lactide/glycolide side chains released. Even with
the assumptions made in the quantification of oligomers, a good fit is found
between the quantitative results of both approaches presented and the
experimental weight loss and pH change during degradation. The presented
approaches provide detailed insight into the chemical degradation process that
influences the degradation rate and thkease of degradation products. As a
result, the hydrolytic degradation of a biodegradable material, was categorised
into five distinguish phases.

References

[1] R.L. Dunn, Biomedical Applications of Synthetic Biodegradable
Polymers, Ed. J.O. Hollinger, CR&Zess, Boca Raton (1995) 17.

[2] S.M. Li, M. Vert, Degradable Polymers: Principles and Applications,
Ed. G. Scott and D. Gilead, Chapman and Hall, London (1995) 43.

[3] J.A. Brydson, Rubbery Materi@l and their Compounds, Elsevier,
London (1988).

[4] H. Juni, M. Nakano, Crit. Rev. Ther. Drugs Carr. Syst. 3 (1987) 81.

[5] J.M. Anderson, M.S. Shive, Adv. Drug Deliv. Rev 28 (1997) 5.

[6] S.P. Schwendeman, Crit. Rev.erhDrugs Carr. Syst. 19 (2002) 73.

[7] R. Jain, N.H. Shah, A\W. Malick, C.T. Rhodes. Drug Dev. Ind. Pharm.
24, (1998) 703.



112

(8]

[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17)
[18]
[19]
[20]
[21]
[22]
[23]
[24]

(25]
(26]

(27]
(28]
[29]
(30]
(31]

(32]

K.D. Vlugt-Wensink, X. Jiang, G. Schotman, G. Kruijtzer, A.
Vredenberg, J.T. Chung, Z. Zhang, C. Versluis, D. Ramos, R. Verrik,
W. Jiskoot, D.J. Crommelin, W.E. Hennink, Biomacromolecules, 11
(2006) 2983.

V. R. Babu, M. Sairam, K. M. Hosamani, T.M. Aminabhavi, Int. J.
Parm. 325 (2006) 55.

Y.Y. Hang, T.W. Chung, T.W. Tzeng, Int. J. Pharm. 182 (1999) 93.

S.J. Park. S.H. Kim, J. Colloid Interface Sci. 271 (2004) 336.

T. Panoyan. R. Quesnel, P. Hildgen, J. Microencapsul. 20 (2003) 745.
R. Quesnel, P. Hildgen, Molecules 10 (2005) 98.

A.S. Sawhney, C.P. Pathak, J.A. Hubell, Macromolecules 26 (1993)
581.

J. Elisseeff, K. Anseth, D. Sim#/. McIntosh, M. Randolph, R. Langer,
Proc. Natl. Acad. Sci. USA, 96 (1999) 3104.

A.K. Burkoth, K.S. Anseth, Biomaterials 21 (2000) 2395.

Y.D. Park, N. Tirelli, J.A. Hubell, Biomaterials 24(2003) 893.

J.D. Clapper, J.M. Skeie, R.F. Mullins, C.A. Guymon, Polymer 48
(2007) 6554.

A. T. Metters, K.S. Anseth, C.N. Bowman, J. Phys. Chem. B. 105
(2001) 8069.

D.D. Lewis, Biodegradable Polymers as Drugs Delivery Systems, Eds.
M. Chasin and R. Langer, Marcel Dekker, New York (1990) 1.

S.J. de Jong, E.R. Arias, DSI. Rijkers, C.F. van Nostrum, J.J.
Kettenes-van den Bosch, W.E, Hennink, Polymer 42 (2001) 2795.

M.F. Gonzalez, R.A. Ruseckaite, T.R. Cuadrado, J. Appl. Polym. Sci.
71 (1999) 1223.

L. Lu, S.J. Peter, M.D. Lyman, H-Lai, S.M. Leite, J.A. Tamada, J.P.
Vacanti, R. Langer, A.G. Mikos, Bmaterials 21 (2000) 1595.

M.L.T. Zweers, G.H.M. Engbers. D. W. Grijpma, J. Feijen, J. Control.
Rel. 100 (2004) 347.

T.G. Park, W. Lu, G. Crottd. Control. Rel 33 (1995) 211.

J.Y. Yoo, J.M. Kim, K.S. SeoY.K. Jeong, H.B. Lee, G. Khang,
Biomed. Mater. Eng. 15(4) (2005) 279.

E. Vey, A.F. Miller, M. Claybourn, A. Saiani, Macromol. Symp. 251
(2007) 81.

E. Piskin, X. Kaitian, E.B. Denkbas, Z. Kucukyavuz, J. Biomater Sci.
74 (1995) 359.

K. Tomic, W.S. Veeman, M. Boerakker, V.M. Litvinov, A.A. Dias,
Journal of Pharmaceutical Sciences, 97 (2008) 3245.

|. Osaka, M. Watanabe, M. Takama, M. Murakami, R, Arakawa, J. of
Mass Spectrom. 41 (2006) 1369.

S. Li, H. Garreau, M. Vert, T. Petrova, N. Manolova, |I. Rashkov, J.
Appl. Polym. Sci. 68 (1998) 989.

S. He, M.D. Timmer, M.J. Yaszeski, A.W. Yasko, P.S. Engel, A.G.
Mikos, Polymer 42 (2001) 1251.



(33]

(34]
(35]

(36]

(37]
(38]

(39]

[40]
[41]

[42]

[43]

[44]
[45]
[46]
[47]

113

K. Urakami, A. Higashi, K. Umemoto, M. Godo, C. Watanabe, K.
Hasmimoto, Chem. Pharm. Bull. 49 (2001) 200.

J. Chen, J.A. Cardella, Macromolecules 32 (1999) 7380.

A.T. Metters, C.N. Bowman, K.S. Anseth, American Institute of
Chemical Enigeers 47(6) (2004) 1432.

Y. Zang, C-Y. Won, C-C. Chu, Journal of Polymer Science Part A;
Polymer Science, 37 (2000) 4554.

A.T. Metters, K.S. Anseth, C.N. Bowman, Polymer 41(11) (2000) 3993.
V. Litvinov, B. Plum, M. Boeakker, A. Dias, Macromol. Symp., 266
(2008) 6.

H. Hayen, A.A. Dechamps, D. WGrijpma, J. Feijen, U. Karst, J.
Chromatogr. A 1029 (2004) 29.

H. Philipsen, J. Chromatogr. A 1037 (2004) 329.

I. Hilker, A. Schaafsma, B. Coussens, R. Peters, A. Nijnenhuis and A.
Heise, European Polymer Journal 44 (2008) 1441.

R. Peters, V.M. Litvinov, P. Steeman, A.A. Dias, Y. Mengerink, R. van
Benthem, C.G. de Koster, Sj. van der Wal, P.J. Schoenmakers, J.
Chromatogr. A 1156 (2007) 111.

J.A. Burdick, T. M Lovestead, K.S. Anseth, Biomacromolecules 4
(2003) 149.

T.G. Park, J. Control. Rel. 30 (1994) 161.

L. J. Henderson, Am. J. Physiol. 21 (1908) 173.

K.A. Hasselbalch, Biochemische Zeitschrift 78 (1917) 112.

J.E. Gebhardt, D.W. Furstenau, Colloids Surf. 7 (1983) 221.



114



115

Low-molecular-weighmodel study of
peroxide cross-linking of EP(D)M rubber
using gas chromagpaphy and mass
spectrometry

Combination reaatins of alkanes

Abstract

The combination reaction of linear and branched alkanes, initiated by
dicumylperoxide, has been studied as a model for the combination cross-linking
reaction of peroxide-cured terpolyrised ethylene, propylene and diene
monomer. Both gas chromatography—mass spectrometry (GC-MS) and
comprehensive two-dimensional GC-MS (GCxGC-MS) analyses have been
employed to analyse the isomeric reactproducts. The identification of these
products based on their MBagmentation patterns guite complex, due to the

high tendency of random rearrangements. Careful elucidation of the high-mass
ions at the optimised ionisation energy (55 eV) has resulted in proposed
structures for the different isomeric reaction products. The structure assignment
by MS is in agreement with the GCxGC elution pattern and with the result of a
theoretical model to predict the boiling points and, thus, the GC retention times.
In addition, a model that provided direct correlation between chemical
structure and retention times was developed, and this was found to provide a
useful fit. Quantification of the ideni&d reaction products by GC separation
and flame ionisation detection allowsassification according to the hydrogen
abstraction sites for the alkanes by dicumylperoxide. The selectivity for
hydrogen abstraction generally follows the expected order, but a higher
reactivity was observed for the methylenelgr next to a primary methyl group,
while a reduced reactivity of the methylene group next to ethyl and to methyl
groups was observed.

R. Peters, D. Tonoli, M. van Duin, J. Momers, Y. Mengerink, A.T.M. Wilbers, R. van
Benthem, C.G. de Koster, P. Schoenmak8&jsyan der Wal, Journal of Chromatography A,
1201 (2008)141-150.
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5.1. Introduction

A copolymer of ethylene and propylemonomers (EPM) forms a chemically
saturated, stable polymer backbone, Wwhian be cross-linked with peroxides.

A third non-conjugated diene monomer can be terpolymerised in a controlled
manner to maintain a saturated backbone. The terpolymers are referred to as
ethylene-propylene-diene rubber (EPDM)ross-linked EP(IM has excellent
properties, especially its resistance to heat, ozone, and oxidation. This makes
EP(D)M well suited for outolor applications [1]. Different procedures can be
used to cross-link EP(D)M. The mempplied one (>80%) is sulphur
vulcanisation, which leads to C-S bonds and various types of S-S-bonds.
Peroxide cross-linking, which yields more thermo-stable C-C bonds, and
therefore excellent set properties owerwide temperature range [2], is the
second most-common cross-linking technology. Both forms of cross-linking
benefit from unsaturations, which are introduced by terpolymerisation of a small
quantity (0-12%,w/w) of a diene monomer together with ethylene and
propylene monomers. Dicyclopentadiene (DCPD) and 5-ethylidene-2-
norbornene (ENB) are commercially used as dienes. The final properties of
ethylene-propylene rubber (EPM) antiydeéne-propylene-diene rubber (EPDM)
depend to a large extent on the cross-link density, and on the chemical nature of
the cross-links. Therefore it is important that the number as well as the nature of
the cross-links can be determined. In general, two approaches can be
distinguished to study cross-linked EP(D)M:

(1) Direct analysis of the netwarRhe first and most applied approach is to
analyse the cross-linked EP(D)M ditlgc This approach is preferred,
but it suffers from several drawbacksich as the large number of
different cross-link structures formed at low concentration levels, the
insolubility of the cross-linked EP(D)M, and the presence of additives
(e.g. carbon black) in commercial EP(D)M products. This limits the
applicable analytical techniqgues to mechanical analysis, spectroscopy
and pyrolysis. Analysis of crodsked EP(D)M wth pyrolysis-gas-
chromatography gives insight into the chemical composition of the
EP(D)M [3]. Mechanical analysis s insight in the properties of
EP(D)M, such as tensile strength, elongation at break and compression
set, which can be related to the network density [4]. Several
spectroscopic techniques (FT-IR, Raman) yield information on the
diene conversion [5], while solistate nuclear-magnetic resonance (s-
NMR) measurements provide infoation on the mobility of polymer
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chain segments and have been used for quantification of the cross-link
density [6-8]. The use of NMR spectroscopy for the characterization of
cross-linked"™C-labeled ENB-EPDM was shown by Wintesal [9].
Recently, the kinetics of peroxideoss-linking of EPDM with different
dienes (DCPD, ENB), in the absence of a co-agent, were studied using
real-time FT-IR/Raman and real-time NMR relaxation-time
measurements [10]. The different techniques described above have
provided much valuable insight into EP(D)M networks, but they do not
provide information on the chemicatstture of the cres-links actually
formed.

Indirect analysis of the netwarlEP(D)M cross-linking can be studied
indirectly by analysing “cross-linked” low-molecular-weight model
compounds. The poor analytical accessibility of highly cross-linked
systems makes the use of low-molecular-weight model compounds to
mimic the cross-linking of polymers attractive. This has been shown by
several cross-linking studies with model compounds, which led to
elucidation of the mechanisms of accelerated sulphur vulcanisation of
natural [11,12] and synthetic rubbers [13]. These studies resulted in an
extended sulphur vulcanisation scheme. Van Drumpt and Oosterwijk
[14] performed a study into peroxide cross-linking of polyethylene (PE)
using model compounds. Although the study was performed on PE, the
results give valuable insight into EP(D)M cross-linking. Canral

used electron spin resonance (ESR) spectroscopy to study cross-linking
of (branched) alkanes [15] in terms of radical selectivity and rate
constants for hydrogen abstraction. Low-molecular-weight model
compounds were also used to study the effect of the type and amount of
the third monomer on the peroxide-curing efficiency of EPDM [16].

These studies have shown that peroxide cross-linking of EPDM results from the
combination of macro-radicals generated by the thermal decomposition of the
peroxide and from the addition of macro-radicals to unsaturated moieties of
other macromolecules [17]Fig. 5.1). Although the presence of a diene
monomer significantly enhances the gade-cross-linking efficiency, ethylene-
propylene rubber (EPM), without a diene monomer, can be cross-linked by
using peroxides through the combination of the macro-radiEags .1). The
extent of the radical addition is determined by the number of residual
unsaturations resulting from diene molecules and their strucéuge steric
hindrance). The cross-linking efficieneya linear function of the diene content

[4].
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Fig. 5.1. General scheme for peroxidess-linking of EPDM with ENB as a diene.

To enhance our understanding of the mechanism of EP(D)M peroxide cross-
linking, which in turn can be used for obtaining more insight into the structure—
property relationships, a more-detaileddst of the chemistry of peroxide cross-
linking is necessary. To mimic the combination reactifig.(5.1), low-
molecular-weight alkanes are “cross-linked”, while the addition reaction is
mimicked by “cross-linking” of alkanes and alkenes, under reaction conditions
as close as possible to those of the actual peroxide cross-linking of EP(D)M.
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Attack of the peroxide-derived radicals on the different positions in the
alkanes/alkenes will result in a great variety of branched, isomeric reaction
products. Analysis of these isomers vgitbvide insight into the chemistry and

the reactivity of the alkane- and alkene-radicals during the combination and
addition reactions. To obtain this information, qualitative and quantitative
analysis of the different reaction products is needed. Typically, this kind of
information is achieved by chromatographic and mass-spectrometric techniques,
such as gas chromatoghgp-mass spectrometry (GC-MBA8]. Unfortunately,

the identification of the “high” molecular weight branched alkane isomers by
MS is difficult, since they have a high tendency to undergo isomerisation before
fragmentation upon electron ionisation at 70 eV. This results in very similar
MS-spectra for the different branch&bmeric alkanes [19]. To increase the
reliability of the MS-identification, comprehensive two-dimensional GC-MS
(GCxGC-MS) can be used. This technigue is based on two consecutive GC-
separations, typically according to boiling point and polarity. It allows group-
type separations according to chemical classes, which results in ordered
chromatograms [20]. Fortunately, the boiling points of branched alkanes depend
strongly on the degree of branching and, consequently, the retention times of
branched alkanes on a non-polar GC column show a good deal of variation [18].
To increase the reliability of the M8entification of the different reaction
products in our model study, the boiling point of these branched alkanes can be
used to predict the retention time. For that purpose, the relation between
retention time and boiling point [214dnd the boiling point of the reaction
products must be known. The lack of experimental boiling-point data of highly
branched C11 alkanes and higher [22,23], makes the prediction of the elution
order and the retention times for the branched reaction products difficult. To
compensate for the lack of boiling-point data, the boiling points of branched
alkanes up to C22 have been predicted by quantitative structure—property
relationships (QSPRs) [24]. The QSPR model [24] describes the empirical
relations between physical properties and graph-theoretical topological indexes.
QSPRs are powerful tools to obtain simple models predicting the
chromatographic behavior of different hydrocarbons [25-28]. The most accurate
boiling points of alkanes with a low degree of branching, compared to other
models [29], are obtained by a combination of the Hosoya irdlexdasure of

the mode of branching) [30], the Wiener Path numbrsaugh measure of the
surface area) [30], and the methyl numbkith( measure of the degree of
branching) [29]. No direct model is available to predict the retention or boiling
point of alkanes with a high degree of branching, which is probably due to the
complex influence of steric effects on the boiling point.
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In the present study of the peroxide cross-linking reaction we focus on the
combination reactions between alkanes, while the study of addition reactions,
which involves alkenes, will be described in a separate paper. The goal of this
study is to explain the combination of alkanes, initiated by dicumylperoxide
(DCP), in terms of structures and reactions, as a model for the combination
reaction in peroxide-cured EP(D)Mn-Hexane, n-octane, n-decane, 2-
methylpentane and 2-methylhexane have been employed as model compounds
for EP(D)M. They were “cross-linked” ith DCP to “higher” molecular weight
alkanes. The combination reaction produgtsilkane with DCP were separated

by GC, using a non-polar column, and by GCxGC, using a combination of a
non-polar and a medium-polar column. Identification was performed by
interpretation of the MS-fragemtation patterns. To inease the reliability of the
elucidated structures, a QSPR model was used to predict the boiling point, and
thus the retention time and the elution order. An even better prediction of the
retention times may be obtained by a QSPR model correlating them directly
with the chemical structure. The feasibility of these approaches for the studied
compounds was demonstrated. The different reaction products were quantified
and classified according to the H-abstractsites for the alkanes. This provided
valuable insight into the peroxide-initiated combination reactions.

5.2. Experimental

The reaction mixtures were prepared by dissolving %) dicumylperoxide
(DCP, bis(.,-dimethylbenzyl)peroxide, >98%, Merck, Darmstadt, Germany) in
n-hexane (>99%-octane (>99%)n-decane (>99%), 2-methylpentane (>99%)

or 2-methylhexane (>99%), all purchased from Fluka (Buchs, Switzerland). A
magnetic stirrer stirred these solutions in a nitrogen atmosphere at room
temperature for two hours in a 3-mLepsure-resistant vial closed by a PTFE
cap. The mixtures were subsequently stirred and heated for 30 min in an oil bath
at 160°C. However, the mixtures that contaimedexane or 2-methylpentane
were heated at 135°C for 8 h to keegasonable pressure in the vials. The
reaction times have been designed eorto accomplish total decomposition of
the peroxide at these temperaturealfflife time is 193 s at 160°C). The
reaction products of the differentkahes with DCP are designated with
numbers; the first two digitsx_xx(Cx)xx(Cx)) represent the number of C-
atoms in the longest chain (backbone). Each next two digitsXg&x)xx(Cx))

show the position of a side chain on teekbone, while the length of each side
chain is given between brackets (xx @xfxx(Cx)). For example, 5,5,6,6-
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tetramethyldecane is designated as 10_05(C1)05(C1)06(C1)06(C1).

The GC-MS experiments were performed on an Agilent 6890 GC and an
Agilent 5973 MSD system (Agilent, Avondale, PA, USA). The capillary column
used was a CP-Sil 5 CB low-bleed MS (100% dimethylpolysiloxane phase,
325°C maximum, 30.0mx0.25mrd; 0.25_m) (Varian, Palo Alto, CA, USA).
The GC oven was programmed from 40°C (1min isothermal) to 280°C, at a rate
of 1°C/min. Helium was used as the carrier gas with a constant flow (1 mL/min).
The samples were injected undiluted (1 pL) using a split injection (split ratio
25:1) at 250°C. The GC experiments to relate boiling point with retention time
were performed on the same GC system, using a mixture of approximately 1%
(w/w) of n-alkanes from C7 up to C22 andddkanes up to C9, which were
diluted inn-hexane (>99%, all purchased from Sigma—Aldrich, St. Louis, MO,
USA). The quantification experiments were performed using GC-flame-
ionisation detection (FID). The same Gfnditions were used as described
before. The FID signal was collected with Atlas 2002, version 6.18, data-
management system (Thermo Labsystems, Manchester, UK).

The GCxGC-MS was performed on an Agilent 6890N GC system and a Leco
Pegasus Il time-of-flight MS (Leco, Stoseph, MI, USA) system. A non-polar
capillary column VF-1MS (100% dimettpolysiloxane phase, 50mx0.25mdj,

0.4 um; Varian) was usedtrfehe first separation dimsion and a medium-polar
capillary column VF-17MS (50% phenyl and 50% dimethylpolysiloxane phase,
1.5mx0.1mmgk 0.2 um; Varian) for the second dimension. The columns were
coupled using a universal press-fit (Varian). The constant helium flow was 1.2
mL/min. The samples were injected (1 pL) using a split injection (split ratio
1:100) at 280°C. The GC oven was programmed from 40°C (3 min isothermal)
to 300°C (10 min isothermal) at 2°C/min. The temperature of the second-
dimension column was maintained 5°C above the temperature of the first-
dimension column during the entire analysis. The modulator offset was 20°C.
The MS-spectrum was scanned fronz 20 to 550, with a scan rate of 150
spectra/s. The ion source was set at 250f€the ionisation energy was 70 eV.

To confirm the MS-identification, the rimareaction product of 2-methylhexane
was fractionated with preparative G@dathe fractions were subjected to NMR
analysis. The GC separation was performed on an Agilent 6890 GC system. The
capillary column used was a CP-Sil 5 CB (50.0mx0.53ighn3, um; Varian).

The GC oven was programmed from 50 to 150°C, at 10°C/min, to 280°C, with
5°C/min. The injection volume was 3 pL (splitless, 250°C) and 77 fractions of
the main reaction product of 2-methylhexatge=26 min) were collected using

a preparative fraction collector (Gerst®lilheim an der Ruhr, Germany). The
'H-NMR measurements were performed using a Varian Inova 600MHz NMR
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Spectrometer. The fractionated compound was dissolved in Cd@ile the
spectrum was recorded using 32 scarts &us relaxation mhe. Three different
two-dimensional (2D) NMR techniques were also applied; gCOSY (8 scans per
increment, 256 increments, relaxation delay 1.?3—|ssweep width 4801.9 Hz,
processing with sine bell function, measurement time 53 min), gHSQC (4 scans
per increment, 2x128 increments, relaxation delay 1.3 s, processing with
Gaussian function, measurement time 27 min) and gHMBC (32 scans, 400
increments, relaxation delay 1 s, processing with sine bell function,
measurement time 4 h 20 min). ACD software (ACD/CNMR Predictor,
ACD/Labs, Toronto, Canada) was used to verify the identification by NMR.

The calculation of the Hosoya indeX)( the Wiener Path number¥( %P, . . .,

®P) and the methyl numbeMth) has been described by Burehal [29]. The
equation used to estimate the boiling point (bp) is obtained from BRaireh

[29];

bplP, 2P, . . . , %P, Mth, 2) = 847.41474 + 221.6169%)****? -
1182.20853P)" %°*+ 0.00125{P)*>**"**- 3.02445(P)***">*- 2.16070(P)" ****
- 0.56366{P)"****-2.105784th”***°- 9.6107Z* 1" 1)

The relation between structure parameters and experimental retention times was
investigated using Matlab with the PLS toolbox (R2007a, The MathWorks,
Natick, MS, USA). The statistics toolbaxas also used as an Excel Add-in
XLStat (Addinsoft SARL, Andernach, Germany).

5.3. Results

5.3.1. Qualitative analysis of alkane/peroxide reaction products

In order to study the combination reacis, the various reaction mixtures of the
different alkanes with DE were analysed by GC-MS and GCxGC-MS before
and after the “cross-linking” reactioA typical GC—MS chromatogram of the
reaction products afi-octane with DCP is shown fig. 5.2. The GCxGC-MS
chromatogram of the same reéantmixture is depicted ifig. 5.3.

5.3.1.1. Identification of DCP decomposition products

In all reaction mixtures the concentmatiof DCP after the reaction was less than
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0.1% (v/w). Two main peroxide decomposition products were identified: 2-
phenylpropan-2-ol and acetophenofég( 5.2). Small concemations of these
DCP decomposition products were also observed before reaction, as a
consequence of some premature decoitippsof DCP during storage or of the
high injection temperature (250°C). 2-Phenylpropane-2-ol is formed via
hydrogen abstraction from the alkane substrates by the cumyloxy-radical, while
acetophenone is formed via beta-scission of the cumyloxy-radical, yielding a
methyl-radical as secondary radicaNo indication was found for the
dehydratation of 2-phenylpropan-2-ol intemethylstyrene. Coupling products

of cumyloxy- and alkane-radicals were not observed. This indicates that the
cross-linking proceeds via hydrogen abstraction from the alkane by the
peroxide-radicals.

Ot
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Fig. 5.2. GC-MS chromatogram of the reantiproducts of n-octane with 5% (w/w) DCP.
The peaks designated with numbers refer tareetdimers as explaingd Table 5.1, while
the peaks designated with *' are unsaturaterdane dimers. For conditions, see Section 5.2.

5.3.1.2. Identification of alkane reaction products by GC-MS and
GCxGC-MS

The identification of the various alkane reaction products by GC-MS is
illustrated hereafter, using the reaction products1-ottane and DCP as an
example (see alsbigs. 5.2 and 5.3). Based on GCxGC-MS analysis, three
different groups can be distinguished in the class of the various alkane reaction
products. The first (peaks 1-5 and 7) and second group (peaks 6, 8 and 9) are
identified, based on the molecular iowW# M = 226), as isomeric, saturated



124

alkanes with formula ¢Hss. These octane dimers are formed via the
combination of two octyl-radicals. Since hydrogen abstraction can take place
from each C-atom, and since each corredpanoctyl-radical can participate in
combination reactions, a complex mixture of isomerigHg, species is the
result. No octane trimers are obsetverhe third group observed in the
GCxGC-MS chromatogram (assigned by) is identified as isomeric,
unsaturated hydrocarbons with formulai@z, (m/'z M* = 224). The MS-spectra

of these compounds are dominated by a series$f,G" ion peaks and peaks
originating from the loss of anagml" radical from the molecular ion, which
indicate the presence of a double bond in these octane dimers. Besides these
unsaturated octane dimers, traces-ottene isomers were observed.

Masses: TIC

1.96

176 I Second

s == mm ==

Fig. 5.3. GCxGC-MS chromatogram of theaction products of n-octane with 5% (w/w)

DCP. The peaks designated withmbers refer to oahe dimers as explained in Table 5.1,

while the peaks designated with *’ are unsated octane dimers. See Section 5.2 for
GCxGC-MS conditions.

In order to learn more about the formation and the reactivity of octyl-radicals
during the combination reaction, the structure of the saturated isomeric octane
dimers (GeHz4) Was elucidated using El-fragmetitan of their molecular ion.

The EI-MS spectra of these octanendrs are dominated by an abundance
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maximum around ion peaks av¥z 43 (GH;'), m/z 57 (GHg) and miz 71
(CsH11"). The highly intense radical cation peakmiz 112 (GH1s 1) is formed

by /-cleavage and hydrogen shift of the octyl chain at the branching point of the
octane dimer, which is characteristic for these branched octane dimers. At low
abundance (<1%) characteristi®z peaks indicative of chain branching are
observed. Thesevz peaks are formed by-cleavage (GH.n+1") and, to a lesser
extent, by charge retention 4, *) at the branching C-atom. These high-mass
ions are indicators of the location d¢ifie branching point and, therefore,
important for elucidating the branchedusture. To increase the intensity of
these high-mass ions, the electionisation energy was decreased
systematically (70, 60, 50, 40, and 30 eV). The peak intensity of some
characteristic ions at different ionisation energies is showagirb.4. The high-
mass ions peak intensities are still low, but tend to a maximum at 55 eV
(approximately 2—5% of the base peak).

— ®—m/z197
— X —m/z 169

Relative abundance (%)
N
\
\
/

25 35 45 55 65 75
lonisation energy (eV)

Fig. 5.4. Relative EI-MS-intsity vs. electron-ionisation ergyr of the reaction product of n-
octane with DCP aizt73.62 min.

The branching point of the octane dimers is elucidated by studying the loss of
C.Hane1 radical by the primary-cleavage fragmentation reaction at 55 eV. A
typical MS-spectrum at 55 eV is shownhig. 5.5, with characteristic ions that

are observed atvz 183, m/z 169 andm/z 141. In the case oif-octane,m/z 183
andm/z 169 are indicative of branching at the fourth position of the octyl chain,
while m/z 141 is indicative of branching at the second position of the octyl
chain. This compound is thus identified as 5-propyl-6-methyldodecane
(12_05(C3)06(C1)).
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Fig. 5.5. Typical EI-MS-spectrum (55 eV) ofoof the octane dimer reaction products mat t
77.97 min.

The observed characteristic ions for different compounds of the various octane
dimers are collected in Table 5.1. Tinéz 127 ion is often observed. Formation

of this fragment ion is due to the loss oHgs . This is probably the result of a
secondary fragmentation. Seclly, in some cases the MS-interpretation fits to
more than one structure. Thiscaused by the absence of Lidleavage, since

the loss of the largest alkyl group is more favourable. The low abundan¥e of
peaks originating from these ions and the absence of methyl-cleavage
information make these indicators of the branching structure less reliable. Since
each octyl-radical can participate in combination reactions, 10 saturated
isomeric octane dimers (§H34) can theoretically be formed. GC-MS analysis
shows more than 10 isomeric octane dimers in the reaction mixtareatfne

and DCP. Secondly, the observed fragmentation (Table 5.1) is identical for some
of the reaction products of-octane €.g.tg = 80.03 and 80.45 min), which
indicates that these reaction products have the same branching point. This can be
explained by the fact that these octane dimers have two chiral centres (except
13_05(C3), 14_06(C2) and 15_07(C1), which have only one chiral centre). This
gives rise to the occurrence of diasteers or mesomers in the case of
10_05(C3)06(C3), 12_06(C2)07(C2), and 14 _07(C1)08(C1l). The different
diasteromers and mesomers can have different physical properties, which makes
it possible to separate them on a non-chiral GC-column. Sometimes, the
differences in physical propg@s are so small that just one peak is observed.
Separation of the diasteromers/mesomers is beyond the scope of the research
reported here.
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Table 5.1. Structure proposals for saturatether reaction products of n-alkanes with DCP

based on EI-MS spectra angdalculated with different QSPR models

Sub. Peak tr (& Characteristic ions Identified structure tr (ndgiect tr (direct-
< (mln) (lOSS of C\H2n+1") (*) QSPR) QSPR)
(min) (min)
n-Octane
1 70.86 127, 169, 183 10_05(C3)06(C3) 59.22 70.49
2 73.62 127, 155, 169, 183, 197 11_05(C3)06(C2) 70.25 74.06
3 75.80 127, 155, 197 12_06(C2)07(C2) 76.60 76.38
3 76.28 127, 155, 197 12_06(C2)07(C2) 76.60 76.38
4 77.97 127,141, 169, 183 12_05(C3)06(C1) 75.23 76.81
5 80.03 127, 141, 155, 197 13_06(C2)07(C1) 80.28 80.06
5’ 80.45 127, 141, 155, 197 13_06(C2)07(C1) 80.28 80.06
6 83.28 127,169, 183 13_05(C3) 83.06 82.26
7 83.41 141 14_07(C1)08(C1) 83.39 83.73
7 83.95 141 14 _07(C1)08(C1) 83.39 83.73
8 85.22 127, 155, 197 14_06(C2) 86.21 85.36
9 87.17 141 15_07(C1) 87.54 88.10
10 93.18 127, 141, 155, 169, 183, 197 16 93.42 94.28
n-Hexane
11 30.35 99, 127, 141 08_04(C2)05(C2) 29.23 2941
1 30.53 99, 127, 141 08_04(C2)05(C2) 29.23 2941
12 32.86 99, 113, 127, 141 09_04(C2)05(C1) 32.06 33.28
12’ 33.08 99, 113, 127, 141 09_04(C2)05(C1) 32.06 33.28
13 34.96 99, 113, 155 10_05(C1)06(C1) 33.66 34,70
13 35.45 99, 113, 155 10_05(C1)06(C1) 33.66 34.70
14 37.32 99, 127, 141 10_04(C2) 36.46 37.75
15 38.24 99, 113, 155 11_05(C1) 37.68 39.02
16 44.09 99, 113, 127, 141, 155 12 44.35 44.04
n-Decane
17 107.71 155, 211, 225 12_06(C4)07(C4) 101.66 107.74
18 111.66 155, 197, 211, 225, 239 13_06(C4)07(C3) 106.60 111.18
19 116.41 155,197, 239 14 _07(C3)08(C3) 111.13 116.66
19’ 116.52 155, 197, 239 14_07(C3)08(C3) 111.13 116,66
20 119.32 155, 183, 211, 225, 253 14_05(C4)06(C2) 114.30 119.87
21 121.68 155, 183, 197, 239, 253 15_06(C3)07(C2) 118.71 121.95
21 121.89 155, 183, 197, 239, 253 15_06(C3)07(C2) 118.71 121.95
22 124.10 155, 211, 225, 253 (low) 14_06(C4)07(C2) 119.32 123.69
23 125.89 155, 197, 239 16_07(C3)08(C1) 123.65 125.60
23 125.98 155, 197, 239 16_07(C3)08(C1) 123.65 125.60
24 126.09 155, 183, 253 16_08(C2)09(C2) 126.26 126.20
24 126.26 155, 183, 253 16_08(C2)09(C2) 126.26 126.20
25 127.60 155, 211, 225 16_06(C4) 122.34 127.04
26 128.15 155, 197, 239 17_07(C3) 125.08 128.55
27 128.63 155, 183, 253 17_08(C2)09(C1) 129.70 128.32
27 128.75 155, 183, 253 17_08(C2)09(C1) 129.70 128.32
28 129.54 155, 169, 183 18_09(C1)10(C1) 132.11 130.05
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28’ 129.58
29 129.59
30 129.91

155, 169, 183
155, 183, 253
155, 169, 267 (w)

18_09(C1)10(C1)
18_08(C2)
19_09(C1)

132.11
129.64
131.35

130.05
130.71
129.26

* the first two digits (xx_xx(Cx)xx(Cx)) indicate the length of the backbone, each next two
digits (xx_xx(Cx)xx(Cx) show the position & fide chain on the backbone, while the length

of the side chain is given between brackets (xX_xx(Cx)xx(Cx)).

Table 5.2. Structure proposaté reaction product®f isoalkanes with DCP based on EI-MS

spectra andg calculated with different QSPR models

Sub. Peak tr (ep Characteristic ions Identified structure tg (ndgirect  tr (direct-
< (min) (loss of GHan1) *) QSPR) QSPR)
(min) (min)
2-Methylpentane
31 23.96 99, 113 (high), 127 08_02(C1)04(C1) 24.79 25.24
05(C1)07(C1)
31 24.11 99, 113 (high), 127 08_02(C1)04(C1) 24.79 25.24
05(C1)07(C1)
32 26.06 99, 113, 127 (high) 07_02(C1)04(C1) 27.10 28.09
05(C2)06(C1)
32 26.45 99, 113, 127 (high) 07_02(C1)04(C1) 27.10 28.09
05(C2)06(C1)
33 26.85 99, 113, 127 08_02(C1)04(C1) 28.63 27.10
05(C1)05(C1)
34 27.49 99, 127 (high), 155 06_03(C3)04(C3) 28.19 29.23
34 27.64 99, 127 (high), 155 06_03(C3)04(C3) 28.19 29.23
35 29.67 99, 113, 127 07_02(C1)03(C2) 30.67 29.85
04(C1)04(C1)
36 34.13 113 09_02(C1)04(C1) 32.28 34.75
06(C1)
37 35.11 85 (high) 99, 127 08_04(C1)04(C1) 36.53 34.02
05(C1)05(C1)
38 37.16 127 09_04(C1)04(C1) 34.99 32.37
06(C1)
2-Methylhexane
39 40.50 99, 113, 141, 169 08_02(C1)04(C2) 41.69 40.93
05(C2)07(C1)
39 41.07 99, 113, 141, 169 08_02(C1)04(C2) 41.69 40.93
05(C2)07(C1)
40 43.26 99, 113, 155 (high) 08_02(C1)04(C2) 42.04 42.61
05(C3)
40’ 44.40 99, 113, 155 (high) 08_02(C1)04(C2) 42.04 42.61
05(C3)
41 44.94 99, 113, 127, 141, 169 08_04(C3)05(C3) 43.44 45.49
41 45.23 99, 113, 127, 141, 169 08_04(C3)05(C3) 43.44 45.49
42 47.18 99, 113, 127, 141, 155, 169 10_02(C1)04(C2) 48.86 50.97
06(C1)
43 48.04 99, 113, 127, 141, 155 09_02(C1)04(C2) 48.65 49.55

05(C1)08(C1)
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44 4871 99,113,127 09_04(C3)05(C1) 50.29  49.05
08(C1)

45 5009 99,113, 141, 155, 169 10_02(C1)05(C1) 51.93  50.08
06(C1)09(C1)

46 50.38 99, 141, 155, 169 09_02(C1)04(C2) 48.10  51.89
05(C1)05(C1)

47 5096 99,113, 127, 141 (high) 10_02(C1)05(C1) 51.99  51.50
06(C1)06(C1)

48 51.32 99, 113,127,141, 155,169 09 _04(C3)05(C1) 50.10  50.91
05(C1)

49  51.69 99, 113,127,141, 155,169 10_04(C3)06(C1) 50.15  51.80

50  53.34 99,141, 151 (low) 11_05(C1)05(C1l) 49.93  51.20
07(C1)

51  54.81 99,113,127, 141, 155,169 11 _02(C1)05(Cl) 54.25  53.27
07(C1)

52 5852 99,141 (s), 155, 169 10_05(C1)05(C1) 59.25  58.06
06(C1)06(C1)

53  59.00 99,113, 141, 169 12_05(C1)08(C1l) 57.78  56.46

* the first two digits (xx_xx(Cx)xx(Cx)) indicate the length of the backbone, each next two
digits (xx_xx(Cx)xx(Cx) show the position & fide chain on the backbone, while the length
of the side chain is given between brackets (xx_xx(Cx)xx(Cx)).

The GC-MS study of the reaction productsidfexane ana-decane with DCP
gives similar GC-MS results to those observedhfoctane. The elucidation of

the MS-spectra of the reaction productsnalecane with DCP has resulted in
the structure proposals as outlined in Table 5.1. The GC-MS analysis of the
reaction products of 2-methylpentanwgth DCP revealed several reaction
products, which could be identified as isomeric, saturated alkanes with formula
CiHas (M'z M = 170). All reaction products stv a highly intense peak atz

85, resulting from/-cleavage of the C6-chain at the branching point, which is
characteristic for these 2-methylpentane dimers. The MS-spectra of all the
compounds are very similar. The characteristic ions, which are indicative for the
different branching points, are listed in Table 5.2. The same observations are
made for 2-methylhexane, as shown in Table 5.2.

5.3.1.3. Identification of alkane reaction products by QSPR

As discussed above, the identification of the branched alkane dimers using GC—
MS is quite complex, since the MS-spactare very similafor the different
branched alkanes. This is especialiye for the reaction products of the
isoalkanes. In general, NMR can be used for identification of the branched
products. However, the reaction midar contain many different reaction
products, which results in impractically complex NMR spectra. In order to use
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NMR as an identification tool, the reaction products must be isolated.
Fractionation with preparative GC was performed for the main product of 2-
mehylhexane and the resulting fraction was analysedHoWMMR. The main
reaction producttg = 58.52 min) of 2-methylhexane with DCP was identified as
5,5,6,6-tetramethyldecane (10_05(C1)05(C1)06(C1)06(C1)). Principally, this
procedure is the best approach to identify the reaction products, but it is much
too laborious for the identification of all the products in the different reaction
mixtures.

Another possible approach to verify the MS-identification is to predict the
retention behaviour of the branched alkanes. In general, the retention time of
branched alkanes on a GC column of non-polar nature correlates strongly with
the boiling point of the branched alkanes. The boiling point increases with
increasing molecular weight, while it decreases with increasing degree of
branching due to steric effects of the neighbouring groups of secondary, tertiary
and quaternary C-atoms [18]. To predict the retention, a QSPR model [24] was
used to estimate the boiling points. This data was used to predict the retention
and elution order using a GC separation with known retention time/boiling point
relation. The applicability of the QSPR model was tested usiafganes and
isoalkanes with known boiling points.

First, the boiling points oh-alkanes (C7 up to C22) and isoalkanes up to C9
with known boiling points [22,23] were calculated with the QSPR model [29],
using a combination of Wiener Path numbers, methyl indices, and Hosoya
indices. The deviation between the cadtetl and experimental boiling points
from the literature is <1.0% for all ¢hdifferent alkanes used. However, an
increasing systematic deviation in predicted boiling point is observed for the
higher n-alkanes (C18 and higher). This is directly related to the used model
[24], which is mainly based on low-molecular-weight branched alkanes.

Next, the relation between the retention timg$ &nd the calculated boiling
points of n-alkanes (C7 up to C22) and iianes up to C9 was established
using a non-polar GC column. The relation between the retention time and the
calculated boiling point is non-linear, especially for the smaller linear and
branched alkanes;

tr (min) = 1.15 x 10(bp(QSPR)) i 1.26 x 10%bp(QSPR)} + 5.06 x
10%(bp(QSPR)] 1 8.17(bp(QSPR)) + 468.27 @)

Finally, the QSPR model was used to calculate the boiling points of the
branched octane dimers of the PCcross-linking” eaction mixture ofn-
octane, which were then converted into retention times. The results (Table 5.1)
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show that the boiling point, and thube retention time, decreases with
increasing branching. The calculated elution order fits very well to the
compounds identified by MS. The only exceptions are the elution order of
12 _06(C2)07(C2) and 12_05(C3)06(C1), which are reversed. This is probably
due to the fact that the calculated boiling point of these compounds is almost the
same, the difference being less than 2°C. In general, the deviation between
calculated and experimental retention times is less than 1 min, except for the
highly branched octane dimers, which show a systematic deviation up to 12 min
(see also Table 5.1).
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Fig. 5.6. Correlation of QSPR calculatecaviboiling point and experimental retention times
of the reaction products of n-alkanes/isoal&a with DCP (line is guide to the eye).

Similar results were fouhfor the DCP “cross-linked” reaction productsref
hexanen-decane, 2-methylpentane and 2-methylhexane, as outlined in Tables
5.1 and 5.2. The calculated retention times are plotted versus the experimental
retention times irFig. 5.6. The deviations are seen to be small (<1 min), except
for the long-chain branched hydrocarboesg(propyl and butyl side-chains).

The highly branched reaction products of the methylalkanes show deviations
between the calculated the experimental retention times up to 2 min, which are
systematically higher than observed for the reaction productsalfnes. Both
deviations originate from the increasin@rit influence on the retention with
increasing length and number of side olkaiThis effect is not included in the
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QSPR model, since the model was constructed for the prediction of the boiling
points of low-molecular-weight branched alkanes. The steric influence is also
not included in the empirical relation between retention time and boiling point.
This makes the prediction of the retention times for the long-chain (butyl,
propyl) and highly branched re&t products less accurate.

The relationship used from structure parameters via boiling points to retention
times is an indirect QSPR model. A systematic deviation for long-chain and
highly branched reaction products was observed using this indirect relation. To
address this problem, a direct relationship between the experimental GC-MS
retention times and the structure paramsets the different branched alkanes
(direct QSPR model) was investigated. The correlation with the highest
predictive power was determined using the Wiener Path number fPoump 1o

8P, combined with th& andMth values. The correlation of predicted retention
times (g) using the structural parameters is;

tr('P, %P, . . . ,’P,Mth, 2) = 164.52704 + (§'P + X°P+- - +X°P + XgMth +
XoZ) +(X10'P? + X112P? + -+ +XgMth? + X167%) + (Xog P*+X217P% + - -+XgMth?
+ X29Z%) + (Xag'P* + Xa?PH+- - - + XggMth* + X36Z%) ®3)

The model parameters ¢X . . Xgg) are given in Table 5.3, while the goodness-
of-fit statistics is given in Table 5.4. A squared correlation coefficiBft ¢f

0.999 and a standard deviation using the “leave-one-out” prindRWsSE of

1.7 min shows that the correlation has a good predictability of the data.
Extending the validation set to 10 experiments causes an increaseRi 8t

to 1.9 min. The deviation of the retention times from the direct-QSPR model and
from the indirect QSPR model are plotted versus the experimental retention time
in Fig. 5.7. TheSD of the direct QSPR model (1.31 min) is significantly better
than that of the indirect QSPR model (2.43 min; see Table 5.5). This is due to
the increased systematic deviation of the calculated retention times for long-
chain branched reaction produc&X2.75 min) using the indirect model. For

the direct-QSPR model the calculated retention times of the long-chain branched
hydrocarbons (C12, C16 and C20) are in very good agreement with the
experimental retention timeSD 0.57 min). The deviation of the methylalkane
reaction products is not improved usitihg direct QSPR correlation instead of
the indirect QSPR relation. These compounds show an even higher deviation
(SD 1.66 min) than the long-chain branched alkanes. This is probably caused by
the fact that the structural parametesed are not sufficiently descriptive to
discriminate unequivocally between the different highly branched methylalkane
reaction products (C12, C14).
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a=0 a=1 a=2 a=3
Xa0 9.92832 3.35437x10 0 0
Xa1 -2.67845 1.95942x10 -5.81670x16G 0
X -1.93618x10" 1.10817 -1.90755%x16¢ 0
Xas 6.74932 -4.52594x10 7.71326%10 0
Xas  1.63415x10" -2.18787 1.10298x10 -1.94739x16
Xas  7.52257x10 -3.74615%10 2.43451x10G -4.80806x1d
Xas  -9.65003x1C¢ -1.97995%10 9.69867x10 0
Xaz 4.49565 -1.14139 1.00642x10 -2.79369x1G
Xag -1.44770 8.77157x10 -1.91423x1¢ 0
Xao  2.04821x1G -1.06571x16 1.15243x10 0
Table 5.4. Goodness-of-fiagistics direct QSPR model
Goodness-of-fit
Observations 72
DF 30.0
R, 0.999
SSE 89.532
MSE 2.984
RMSE 1.728

Table 5.5. Standard deviation (SD) of diffiece between experimental and calculated
retention time by both therdict and indirect QSPR model

Class of compounds SDindirect QSPR SDdirect QSPR
All reaction products 2.43 1.31
Methyl alkanes 1.52 1.66
Alkanes withoutC3/C4 side chains 1.08 0.59
Alkanes withC3/C4 side chains 2.75 0.57

The use of GCxGC elution patterns and direct and indirect QSPR models to
predict retention times greatly increases the reliability of the identification of
branched alkanes by MS. The observed GCxGC elution pattern and the
predicted GC-MS elution order of ghreaction products are in very good

agreement with the MS-identification.
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5.3.2. Quantitative analysis of alkane reaction products by GC-FID

The different DCP “cross-linked” reaction productsnedilkanes and isoalkanes
are quantified (in triplicate meaements) using GC-FID withrdodecane as an
internal standard. The used GC-conditions are similar to the conditions used for
the GC-MS experiments. The GC-FID measurements vyielded relative
concentrations of the different isomers formed versus the branching position.
This allowed calculation of the radical selectivity, which is given in Tables 5.6
and 5.7. The cross-linking process stavith the thermal decomposition of the
peroxide as it initiates the free-radical reaction, followed by hydrogen
abstraction of the alkanes. The selectivity of hydrogen abstraction from the C-H
bonds of the alkanes follows the expected order [31i&2}ertiary > secondary

> primary CH. The low concentration pfimary radicals is in agreement with
the lower susceptibility for hydrogen afzgition of the primary methyl group.
Hydrogen abstraction from methylene groups ofrtlaékanes occurs to a higher
extent and roughly follows the statistical distribution of the various methylene
groups (CH-CH,-CH,-R and R-CH-CH,-CH,-R). When inspecting the data in
more detail, we find the probability for hydrogen abstraction from the methylene
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group next to a primary methyl group (BH,-CH,-R) to be higher than
expected from just the statistical disttilom. In contrast, hydrogen abstraction
from the methylene group next to an ethyl group {Cii,-CH,-CH,-R) turns

out to occur systematically less frequently. A similar lack of reactivity is
observed for the isoalkanes, which shawdecreasing tendency for hydrogen
abstraction from the methylene group next to an ethyl group and the methylene
group next to a tertiary methine group (HCH-CH,-CH,-R). This is in line

with the observations of Camagtal [15], who found no detectable amounts of
radical formation on methylene groups next to a tertiary methine group. The
lack of reactivity of these CHbonds is probably due to steric hindrance and
entropy effects [33].

Table 5.6. Ratio (%) of radicals produced bydrogen abstraction &m n-alkanes by the
cumyloxy- radical (n=3)

CH-bond n-hexane n-octane n-decane
CH3-CH,-CH,- 7 <5 <5
CH3-CH»-CH,- 54 38 30

CH5-CH,-CH,-CH,- 39 27 20
CHgz-(CH,),-CH,-CH,- -- 32 23
CHgz-(CH,)5-CH,-CH,- -- -- 23

Table 5.7. Ratio (%) of radicals produced bydrogen abstraction &m isoalkanes by the
cumyloxy- radical (n=3)

CH-bond 2-methylpentane 2-methylhexane
(CH3)2-CH-CH,- 14 3
(CH3)>-CH-CH;- 45 35

(CHa),-CH-CH,-CH,- 17 12
(CH3)2-CH-CH,-CH»-CHs 24 -
(CH3)2-CH-CH,-CH»-CH;-CH; - 18
(CHs);-CH-(CH;,),-CH2-CHs - 27

To a lower extent, unsaturated reactmnoducts are observed. The presence of
these unsaturated alkanes species indidhgg after hydrogen abstraction a low
number of disproportionations of the alkyl-radicals [2] and a higher number of
disproportionations of the alkane dimers radicals take place. The latter result in
unsaturated alkane dimers. This indicates a disproportionation reaction of the
alkane dimer radicals, rather than of the alkane-substrate radicals. The relative
concentrations of the disproportionation products for each alkane are given in
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Table 5.8. The relative coantration increases withdreasing chain length and

the presence of a methine group. Bxpents with lower DCP concentration
(0.5%, w/w) did not significantly affect the relative concentrations of the
disproportionation products. No indication of a scission reaction was found,
which is probably related to negligible steric effects in these low-molecular-
weight model compounds [34, 35].

The current results for a series of lowslecular-weight alkanes, both linear and
branched, should be used with care when translating them to the EP(D)M-
polymer system. The results indicate ttiad combination reaction of branched
alkanes €.g. EPM) occurs preferdp on the tertiary methine groups and to a
lower extent on the secondary methylene groups, especially when the methylene
group is located next to a methine group. On the other hand, it is confirmed that
hydrogen abstraction from branchégdrocarbons does not proceed with
extreme selectivity, since primary metlgrbups are also involved in hydrogen
abstraction. The result will be a distribution of combination sites along the
polymer chain, which is in agreement with some theoretical calculations [36].
The results indicate that the reactivitynist only controlled byenthalpy effects,

but also by entropy and steric effects. This was also suggested by Sylvain [37],
who found that steric effexttontrol the reactivity of hdered radicals, while the
reactivity of small unhindered radicalsasntrolled by enthalpy effects.

Table 5.8. Relative concentration (%) of digportionation products on total concentration
dimers formed from n-alkanes and isoalkanes with DCP (n=3)

Substrate % disproportionation products

n-hexane 2.1

n-octane 3.0

n-decane 6.3
2-methylpentane 6.6
2-methylhexane 11.1

5.4. Conclusion

The reaction products of a series of linear and branched alkanes heated in the
presence of DCP have been separated by both GC, using a non-polar column,
and GCxGC. In both cases, the compounds were detected by MS. The different
isomeric reaction products were identifiesing an optimised ionisation energy

of 55 eV and careful assignment of the high-m@asions. To increase the
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reliability of the elucidated structures, a QSPR model was used to predict the
boiling points and, subsequently, the GC retention times and the elution order.
This indirect QSPR approach is feasible for these kinds of compounds,
especially for alkanes with a low degree of branching. However, long-chain
branched alkanes (propyl and butyl-side chains) show an increasing deviation
between experimental retention times and those calculated by the indirect QSPR
model. Using a direct relation between structural parameters and GC retention
times the deviations for highly branched C16 and C20 alkanes was significantly
improved. Less improvement was observed for the shorter-chain (C12 and C14)
branched alkanes. In spite of these systematic deviations, the elution order of all
the reaction products could be predicted well, confirming the structures derived
from MS-fragmentation patterns and from the GCxGC chromatograms.
Quantification of the different identified products with GC-FID showed that a
significant fraction of the reaction products undergoes a disproportionation
reaction. The selectivityof hydrogen abstractiofrom the alkanes roughly
follows the statistical distribution of the various methylene groups. The
hydrogen abstraction from a methylene group next to a primary methyl group
(CH3-CH2-CHx-R) was found to occur more freently than expected from the
statistical distribution of the methylene groups, while the hydrogen abstraction
from methylene groups next to an ethyl group §CHH,-CH»-CH,-R) occurred
systematically less often. The same holds for isoalkanes, which showed a lower
probability of hydrogen abstraction from the methylene group next to an ethyl
group ((CH),-CH-CH,-CH>-CH,-CHj).

In this study low-molecular-weight (methyl-)alkane model compounds were
used to mimic the peroxide combination cross-linking of EP(D)M. A consistent
set of results was obtained, which entemneour understanding of the mechanism

of peroxide cross-linking of (branched) alkanes. In turn, this can be used to
obtain more insight into structure—properties relationships of EP(D)M. The
approach used and the results observed form the starting point for a subsequent
study into the addition reactions between alkyl-radicals and alkenes (addition
cross-linking reaction).
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Low-molecular-weighmodel study of
peroxide cross-linking of EPDM rubber
using gas chromagpaphy and mass
spectrometry.

Addition and combination

Abstract

The dicumyl-peroxide-initiated addition and combination reactions of mixtures
of alkanes if-octane, n-decane) and alkenes (5,6-dihydrodicyclopentadiene
(DCPDH), 5-ethylidene-2-norbornane (ENBH) and 5-vinylidene-2-norbornane
(VNBH)) were studied to mimic the peroxide cross-linking reactions of
terpolymerised ethylene, propylene and a diene monomer (EPDM). The reaction
products of the mixtures were separated by both gas chromatography (GC) and
comprehensive two-dimensional gas chromatography (&%}. The separated
compounds were identified from their mass spectra and their GC anGGC
elution pattern. Quantification of the various alkyl/alkyl, alkyl/allyl and
allyl/allyl  combination products show that allylic-radicals comprise
approximately 60% of the substrate radicals formed. The total concentrations of
the products formed by combination are found to be independent of the
concentration and the type alkene. In addition, the total concentration of the
formed addition products depends strongly on the type of the alkenevirsed,
VNBH > ENBH § DCPDH, which is a consequence of differences in steric
hindrance of the unsaturation. The peroxide curing efficiency, defined as the
number of moles of cross-linked products formed per mol of peroxide, is 173%
using 9% w/w) VNBH. This indicates that the addition reaction is recurrent. In
addition, the present ressilprovide more-detailed structural information. The
described approach to use low-molecular-weight model compounds has proven
to be a very powerful tool to study the cross-linking of EPDM.

R. Peters, M. van Duin, D. Tonoli, G. Kwakkesb¥. Mengerink, R. van Benthem, C.G. de
Koster, P. Schoenmakers, Sj. van der \@@ilirnal of Chromatography A, 1201 (2008) 151-
160.
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6.1. Introduction

EPDM rubber is an elastomer, whichteéspolymerised from ethylene, propylene
and a diene monomer. Due to its excellent resistance to heat, ozone, oxygen and
water, it can be used for a wide range of outdoor and demanding applications
[1]. It dominates the market faron-tyre rubber application®.§. window or

door sealing). EPM (a copolymer of elifrye and propylene) can be cross-linked
with peroxides, but the introduction of a diene ter-monomer strongly improves
the cross-linking efficiency. The two eties commonly used in commercial
EPDM are dicyclopentadiene (DCPRnd 5-ethylidene-2-norbornene (ENB)
(Fig. 6.1) [2]. Recently a new advanced catalyst technology was developed,
which enables the incorporation of up to 3#v) of 5-vinylidene-2-norbornene
(VNB) (Fig. 6.1) into EPDM, without theazurrence of polymer-reactor fouling

or excessive polymer branching [3]. The concentration and the type of the diene
significantly influence the peroxide curing efficiency. It has been shown that the
curing efficiency is governed by stergffects [4]. VNB isthe most efficient
diene for peroxide curing [5], while ENB and DCPD have similar but lower
reactivities. Although the pe and the concentration of the incorporated diene
are important parameters, the ethylene/propylene ratio, the molecular weight
distribution of the EPDM, the degree of EPDM branching, the use of co-
agents/additives, and the cure tempematalso influence the peroxide cross-
linking efficiency [4].

DCPD ENB

/ /
Ay A~ A

Fig. 6.1. The chemical structure of thfferent EPDM dienes and their corresponding
hydrogenated model compounds.

Knowledge of the chemical nature tfe cross-links and of the cross-link
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density is important for understanding the physical properties of peroxide cross-
linked EPDM. Solid-state nuclear-magnetic resonance spectroscopy, infrared
spectroscopy, and equilibrium swelling are important technigues to determine
the diene conversion and the cross-lidnsity [6,7,8,9]. The use of these
technigues has led to a generally accepted scheme for peroxide cross-linking [4]
that is shown inFig. 6.2. The formation of cross-links results from the
combination of macro-radicals, generated by the thermal decomposition of the
peroxide, and from the addition of macro-radicals to the unsaturated moieties in
EPDM.

Identification of the chemical nature and quantification of the concentration of
the cross-links formed will increase the understanding of peroxide cross-linking.
The poor analytical accessibility of highly cross-linked EPDM (not soluble in
any solvent; no chromophores) in combination with the relatively low
concentration of cross-linking structuremakes the analysis of the chemical
structure of the formed networks kgpectroscopic and/or chromatographic
techniques rather difficult. Useful infoation on the chemical structure of the
formed cross-links can be obtained by studying low-molecular-weight model
compounds to mimic the cross-linking of the high molecular weight polymers,
as shown in several studies [4,10,11]. In our previous study [12] we
demonstrated the feasibility of thagpproach by using low-molecular-weight
(methyl-) alkanes to study the combination reaction of peroxide cross-linked
EP(D)M. Linear and branched alkanes were “cross-linked” to “high” molecular
weight alkanes. The isomeric reaction products have been analysed by both gas
chromatography—mass spectrometf¢sC—MS) and comprehensive two-
dimensional GC-MS (G@5C-MS) analyses. The identification of these
products based on their MS-fragmentatpatterns was quite complex, due to
the high tendency of random rearrangements. This resulted in very similar MS-
spectra for the different brahed isomeric alkanes. To increase the reliability of
the MS-identification, comprehensive two-dimensional GC-MS (GC-MS)

was used. This technique is based on two consecutive GC separations, typically
according to boiling point and polarityit allows group-type separations
according to chemical classes, which results in ordered chromatograms
[13,14,15]. Although GQGC is not necessary to improve the separation, the use
of GCUSC resulted in different groups of peaks that are characteristic for the
various alkane reaction products. The combination of this highly structured
GCUGC chromatogram and MS-detection has resulted in proposed structures for
the different isomeric reaction producfEhe identified reaction products gave
valuable insight into the combination reactions of the alkanes. The
quantification of the different branched products allowed calculation of the
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