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Abstract
Photopolymers are a widely spread class of materials. They are utilised in thin
layer applications such as inks and protective and decorative coatings to more
sophisticated

uses like

medical

applications or

additive

manufacturing

technologies. Nevertheless, lack of toughness still limits utilisation of bulk
materials in industry. For this purpose, several promising concepts were already
published in literature to overcome these drawbacks (e.g. toughening additives
or modification of the polymer network). However, they exhibit other
disadvantages such as high viscosity, decrease of other (thermo)mechanical
properties in exchange for toughness or are quite simply too expensive for many
areas.
Therefore, the aim of this thesis was to investigate new approaches to tackle
brittleness in photopolymers. Thus, two different independent plans were
pursued and studied in detail ranging from resin characterisation to
determination of (thermo)mechanical properties of the final materials.
On the one hand, new cross-linking monomers were synthesised containing
blocked isocyanates, which could be cleaved thermally. So, a change in network
architecture from highly cross-linked to linear thermoplastic polymers was
achieved.
On the other hand, a concept was developed, which was modelled on ABS as a
very prominent and tough engineering plastic. Unfortunately, ABS cannot be
photopolymerised. Thus, new terpolymers based on maleimide, styrene and
polybutadiene were explored to mimic structure and properties of ABS.
Furthermore, additional derivatives were synthesised to optimise monomer and
material characteristics and to acquire a deeper understanding of these novel
transparent ABS-like photopolymers. Finally, three different potential applications
were shown (reactive diluent for commercial highly viscous resins, frontal
polymerisation and 3D printing), which could pave the way for this new promising
photopolymer class in research and industry.

Kurzfassung
Photopolymere stellen eine weitverbreitete Materialklasse dar und werden für
eine Vielzahl an Anwendungen von Tinten und Beschichtungen, aber auch für
medizinische Materialien und Additive Manufacturing (3D Druck) eingesetzt. Der
Mangel an Zähigkeit verhindert jedoch nach wie vor eine breitere Verwendung in
der Industrie. Um diese Nachteile zu überwinden, wurden in der Literatur bereits
einige

vielversprechende

Konzepte

veröffentlicht

(z.B.

Additive

oder

Modifizierung der Polymerstruktur). Diese Ansätze bringen aber andere
Nachteile einher, wie hohe Viskosität, Verschlechterung verschiedener anderer
(thermo)mechanischer Eigenschaften im Austausch für eine hohe Zähigkeit oder
sind einfach zu teuer für viele Anwendungen.
Daher war das Ziel dieser Arbeit, neue Ansätze zur Verringerung der Sprödigkeit
in Photopolymeren zu finden. Dazu wurden zwei unterschiedliche Konzepte
verfolgt und im Detail – beginnend bei Formulierungseigenschaften bis hin zu
(thermo)mechanischen Eigenschaften des fertigen Materials – untersucht.
Einerseits wurden neue vernetzende Monomere mit geblockten Isocyanaten
hergestellt, die thermisch gespalten werden können. Dadurch gelang es, die
Netzwerkarchitektur von einem stark vernetzten hin zu einem linearen
thermoplastischen Polymer zu verändern.
Andererseits wurde ein Konzept entwickelt, welches ABS als bekannten und
zähen Kunststoff zum Vorbild nahm. Da ABS nicht photopolymerisiert werden
kann,

wurden

neue Terpolymere

basierend

auf

Maleimid,

Styrol

und

Polybutadien entwickelt, um die Struktur und Eigenschaften von ABS
nachzuahmen. Darüber hinaus wurden weitere Monomere synthetisiert, um
verschiedene Monomer- und Materialeigenschaften zu optimieren und ein
besseres Verständnis für diese neuartigen transparenten ABS-ähnlichen
Photopolymere
Anwendungen

zu

entwickeln.

(Reaktivverdünner

Schlussendlich
für

konnten

kommerzielle

drei

hochviskose

mögliche
Harze,

Frontalpolymerisation und 3D Druck) aufgezeigt werden, welche den Weg für
diese neue vielversprechende Photopolymerklasse ebnen können.

Table of Contents
Introduction

1

Objective

13

General Part / Experimental Part

14 / 166
Gen. Exp.

1. UV-Curable (Meth)Acrylates containing Blocked Isocyanates

14

166

1.1. State of the art

16

1.2. Model compounds

21

166

21

166

1.2.1. Model isocyanurates
1.2.1.1. Determination of structure and functionality

22

1.2.1.2. Determination of deblocking temperature

27

1.2.2. Model C-H acidic blocking agent
1.3. Syntheses of methacrylates containing BICs

166

32
33

167

1.3.1. Synthesis of C3D1

36

167

1.3.2. Synthesis of BICMA1

38

168

1.3.3. Synthesis of BICMA2

38

1.4. Melt viscosity

41

1.5. Deblocking reactions in solution

43

1.5.1. Deblocking reaction of BICMA1

43

1.5.2. Deblocking reaction of VIC2

45

1.6. (Thermo)mechanical properties

46

1.6.1. DMTA

48

1.6.2. Tensile tests

52

1.6.3. Impact resistance

54

1.7. Influence of the matrix on deblocking reactions

54

1.7.1. Matrix polarity

55

1.7.2. Soft matrix

55

1.7.2.1. DMTA

56

1.7.2.2. Tensile tests

57

169

169

171
171

I

2. ABS-like Photopolymers

60

172

2.1. State of the art

60

2.2. Preliminary experiments

62

172

63

172

2.2.1.1. Synthesis of PrII and PrCI

63

172

2.2.1.2. Synthesis of BnII and BnCI

66

173

2.2.1. Syntheses of itaconimides and citraconimides

2.2.2. Volatility

66

2.2.3. Comparison of itaconimide, citraconimide and maleimide

68

2.2.4. Comparison of fumaric and maleic acid esters and

72

maleimide
2.2.5. Maleimide-styrene-methacrylate terpolymerisation
2.3. Model maleimide-styrene-system (MISt1)

81

175

2.3.1. Volatility

82

2.3.2. Storage stability

83

2.3.3. Viscosity

84

2.3.4. Potential self-initiation

84

2.3.5. Photo-DSC

86

2.3.6. RT-NIR-photorheology

89

2.3.7. Swellability

94

175

2.3.8. (Thermo)mechanical properties

96

175

2.3.8.1. DMTA

96

2.3.8.2. Tensile tests

98

2.3.8.3. Impact resistance

99

2.3.9. AFM

100

2.3.10. Thermal stability

102

2.4. Further mechanistic studies on MI-St-copolymerisation

II

75

104

176

2.4.1. Influence of polybutadienes on MISt1

104

2.4.2. Cross-linking behaviour in MI-St-copolymers

111

176

2.4.2.1. Synthesis of FESt

112

176

2.4.2.2. Volatility of FESt

113

2.4.2.3. Swellability

114

177

2.5. Variation of MI substituent

116

178

2.5.1. Monomer syntheses

118

178

2.5.1.1. Synthesis of MMI

118

178

2.5.1.2. Synthesis of EHMI

120

179

2.5.2. Volatility

121

2.5.3. Storage stability

122

2.5.4. UV-Vis absorbance

123

2.5.5. Melt viscosity

125

2.5.6. Photo-DSC

129

2.5.7. RT-NIR-photorheology

134

2.5.8. Swellability

139

180

2.5.9. (Thermo)mechanical properties

141

180

2.5.9.1. DMTA

142

2.5.9.2. Tensile tests

144

2.5.9.3. Impact resistance

146

2.5.10. AFM

148

2.5.11. Thermal stability

150

2.5.12. Conclusion

152

2.6. Potential applications
2.6.1. Reactive diluent (RD)

153

181

153

181

2.6.1.1. Melt viscosity

154

2.6.1.2. DMTA

155

2.6.1.3. Tensile tests

156

2.6.1.4. Impact resistance

158

2.6.2. Frontal polymerisation (FP)

159

181

2.6.3. 3D printing

162

181

Materials, Devices and Analyses

182

Summary

192

Abbreviations

200

Bibliography

201

Appendix

217

Curriculum Vitae

221

III

Introduction

Introduction
Photopolymerisation is the process to solidify liquid resins by electromagnetic
irradiation and plays an essential role in research as well as in industry [1].
Radical photopolymerisation gives a lot of advantages such as high curing
speed, bulk polymerisation without the need of solvents, high energy efficiency
and low production costs. Furthermore, materials with good (thermo)mechanical
properties are obtained (e.g. heat deflection temperature, hardness, stiffness).
The most important fields of applications of radically cured photopolymers are
•

Inks

•

Paints [2]

•

Coatings [3-4]

•

Adhesives

•

Medical applications: Bone replacement [5-6], dental fillings [7],
hydrogels [8-9],...

•

Frontal polymerisation (FP) [10-11]

•

Additive manufacturing technologies (AMT) [5, 12-14]

Formulations for photopolymerisation typically contain several components –
optimised for each application:
•

Photoinitiator (PI)

•

Monomers

•

Additives

1

Introduction
The

most

crucial

resin

component

is

the

PI,

which

enables

the

photopolymerisation process. It absorbs the applied UV/Vis light and generates
the reactive species (i.e. radicals), which consequently initiate the radical
polymerisation reaction.
The first step is the absorption of one photon by the PI, which excites the
molecule from the ground state (S 0) to the excited singlet state (S 1). A transition
to a excited triplet state (T1) can be achieved by intersystem crossing (Figure 1).
Since triplet states exhibit longer lifetimes compared to singlet states (by a factor
of ~ 1000), energy transfers or (side) reactions (e.g. quenching by O2) are much
more likely. Fluorescence, phosphorescence and radiation free relaxation are
competing processes.

Figure 1: Jablonski scheme [15]

The absorption of a photon occurs either directly by the PI or by an indirect
photosensitising process. Due to their different mechanisms for generating
radicals, two different kinds of PIs are known [16-18]:
•

Type I (Figure 2): Homolytic bond cleavage (monomolecular reaction), see
Figure 3

•

Type II (Figure 4): H-abstraction or electron-proton-transfer (bimolecular
reaction), see Figure 5
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Figure 2: Prominent examples of type I photoinitiators
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Figure 3: Decomposition of Ivocerin via α-cleavage

Figure 3 shows Ivocerin as a prominent type I PI and the homolytic scission of
the bond in α-position to a carbonyl group, which generates radicals to initiate
the polymerisation reaction.
O
O
O
camphorquinone
(CQ)

O
N
ethyl-4-(dimethylamino)benzoate
(EDB)

Figure 4: Prominent example of a type II photoinitiator system
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O

COOEt
+

O

hv

O

N

COOEt
+

O

OH

COOEt
+

O

Figure 5:

Initiation

mechanism

of

the

N

CQ/EDB-photoinitiator

N

systems

via

an

electron-proton-transfer

As can be seen in Figure 5 a coinitiator (e.g. tertiary amine) transfers a electron
to the chromophore, which was excited by the absorption of a photon.
Afterwards, the reactive coinitiator radical is formed in a second reaction by
proton transfer.
Additionally, radically polymerisable monomers are needed, which form networks
upon polymerisation and thus significantly determine the final material properties.
A general base monomer structure as well as examples for monofunctional and
multifunctional monomers are given in Figure 6.
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R

O
O
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O
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decane-1,10-diol di(meth)acrylate
(D3 (M)A)

benzyl (meth)acrylate
(Bn(M)A)
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R
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O
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O
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R

R
isobornyl (meth)acrylate
(IB(M)A)

trimethylolpropane tri(meth)acrylate
(TMPT(M)A)

Figure 6: Structure of common monomers and examples for reactive diluents: acrylates
(R = H) and methacrylates (R = Me)

Chemical parameters like toxicity [19], curing speed, O2 inhibition [20-21] and
conversion are significantly determined by the monomer. Furthermore,
thermo(mechanical) properties such as glass transition temperature (T g), scratch
resistance, moduli and toughness [22] can be tuned by the proper choice of
monomers as well.
The chemical structure of the monomers determines many monomer and
polymer properties, since the reactive functional groups are usually linked by
polyester, polyether or polyurethane moieties (compare Figure 6). Hence, these
spacers have a huge influence on material characteristics (e.g. soft polyether or
rigid polyurea groups). Additionally, the number of functionalities also changes
network architecture from linear chains (monofunctional monomers) to networks
with different amounts of cross-linking density (functionality ≥ 2) (see Figure 7).

5
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Figure 7: Linear polymer vs. polymer network

Unfortunately, many of these base monomers exhibit high viscosities due to the
high molecular weight of the polyester, polyether or polyurethane spacers and
thus can only be processed after addition of reactive diluents (RDs). The low
viscous RDs decrease the resin viscosity to an acceptable level. Furthermore,
they copolymerise with the monomers and therefore are covalently bonded in the
polymer matrix. Thus, toxicological issues are reduced, because lower amounts
of uncured substances are able to migrate to the surface and hence cannot
interact with the environment. One of the industrially most prominent RD
isobornyl (meth)acrylate (IB(M)A) is already mentioned in Figure 6 above.
Finally, photopolymer resins also contain a variety of different additives
depending on the targeted application area such as RDs, cross-linking agents,
stabilisers, inhibitors, fillers, dyes, flame retardants or surface active substances.
One of the main issues of photopolymerisation is the typically high brittleness of
the obtained polymers, which dramatically lowers material performance and thus
hinders wide industrial utilisation. This low impact resistance can be neglected in
thin films (e.g. coatings), but is especially crucial for bulk applications like dental
fillings or 3D printing [22].

6
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There are several different approaches known in literature to tackle the poor
toughness:
•

Additives

•

Reduction of internal stress via network modification

•

Polymer architecture

•

Matrix morphology

Additives are already used in polymer science to change and further improve
material properties since the beginning of the 20 th century. The polymers are
compounded with various fibres, inorganic particles or rubber to yield polymer
composites. Moreover, application of inorganic nanoparticles, core-shellparticles, liquid rubbers or block copolymers further increases toughening
efficiency due to their smaller size resulting in an increased surface to volume
ratio compared to macroscopic and microscopic fillers. Hence, interaction of the
polymer matrix with the additive – and therefore the impact on material
properties – is much more enhanced, which enables usage in significant lower
loadings [23-27].
A high contribution to brittleness of radically cured photopolymers originates from
the internal stress in the material. The stress is formed, because of an
uncontrolled free radical chain growth mechanism, which yields a highly crosslinked and inhomogeneous polymer network structure. This leads to high
shrinkage stress during the polymerisation reaction (Figure 8) and consequently
to high internal stress as well [28-29].

RO

O

RO

VdW-distance
~ 3,4 Å

O

n

O
O
RO RO
C-C bond length
1,54 Å

Figure 8: Origin of shrinkage during a polymerisation reaction
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A popular approach to tackle this problem is to regulate the free radical
polymerisation reaction with chain transfer agents (CTAs) [30]. In literature
several different CTAs are known like thiols (thiol-ene chemistry [31-33]) or
silanes

(silane-ene

chemistry

[34-36])

(Figure 9).

Furthermore,

addition

fragmentation chain transfer (AFCT) reagents (Figure 9) are established CTAs as
well [37-41].

R

S

R
H
Si
R
R

H

thiols

L

X

A

silanes

L...leaving group (e.g. -SO2 R)
X...spacer (e.g. -CH2-, -O-)
A...activating group (e.g. -COOR)
AFCT agents

Figure 9: Structures of different CTAs

The mentioned CTAs all apply – with different chemical mechanisms – a
regulated radical (step growth like) polymerisation reaction and thereby shift the
gelation of the resin to higher conversions. Thus, the system has more time to
flow and so stress relaxation is still possible (compare Figure 10) [42].
without CTA
0%

conversion

with CTA
100 %

0%

conversion

100 %

gelation

gelation
stress formation
liquid resin

stress formation
solid network

Figure 10: Correlation of gelation and shrinkage stress

The second effect of a regulated polymerisation reaction is that in the end a
better distribution of the cross-linking points and thus a more homogeneous
network structure is obtained (Figure 11) [43-44]. Therefore, network modification
improves very efficiently toughness and thermomechanical properties of the
material [45].
8
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Figure 11: Inhomogeneous vs. homogeneous network structures and their thermal
behaviour [46]

Another point, which is very crucial for material properties, is the polymer
architecture. Three groups of polymers are (more or less precisely) classified
according to their molecular structure and amount of covalent cross-links, which
is determined by the monomer functionality: thermosets, elastomers and
thermoplastics (see Figure 12) [47].

Figure 12: Structure of thermosets (left), elastomers (middle) and thermoplastics (right)

The architecture apparently determines a lot of macroscopic material properties.
Tensile properties are shown exemplarily in Figure 13.
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Figure 13: Exemplarily stress-strain curves of a brittle (a), tough (b+c) and an
elastomeric material [22]

As Figure 13 shows, highly cross-linked thermosets give high strength but also
are very brittle. In contrast, linear thermoplastics exhibit no covalent cross-links
and only reversible intermolecular interactions and thus are also meltable.
Finally, also the flexibility and elasticity of elastomers can be explained because
of their high molecular weight and low degree of cross-linking, which yields very
loose polymer networks. Therefore, the amount of cross-linking and network
density in the polymer architecture significantly defines (thermo)mechanical
material properties. Furthermore, thereby their behaviour under stress and
possible energy dissipation in the polymer is determined as well [47-48].
One

possible

approach

to

enhance

thermomechanical

properties

in

photopolymers is to add additional inter- or intramolecular forces to the polymer
network [22]. For that purpose, different non-covalent bonds are suitable,
because these can be reversibly cleaved and reformed (supramolecular
structures):

10

•

Van der Waals interactions

•

Hydrogen bonds

•

Ionic bonds (ionomers) [49]

Introduction
Especially polymers, which are capable of forming intermolecular H-bonds,
exhibit good material properties, e.g. polyurethanes (PUs), polyamides (PAs),
etc., because they give additional reversible cross-links between different
polymer chains (see Figure 14).
O
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O
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R

R

N
H

O
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H
N

O
O

R

R

R

N
H

R

O
R

N
H

R

Figure 14: H-bonds in polyurethanes (left, middle) and polyamides (right)

However, the H-bonds also interact in the liquid monomer, which results in highly
viscous monomers, which are more difficult to process [50]. Therefore, a need is
given for (reactive) diluents, which decrease the viscosity of the final resin. But
these diluents – usually small molecules – exhibit also some problematic
properties like volatility or if final conversion is not sufficiently high, residual
monomers are capable of migrating out of the polymer [51].
The morphology of the polymer matrix exhibits an important contribution to
(thermo)mechanical material properties as well. Firstly, occurrence and ratio of
hard and rigid crystalline domains and soft and ductile amorphous phases
obviously determine a lot of thermomechanical characteristics of the polymer
(compare e.g. polyurethane chemistry). In addition, phase separation of not
miscible phases is a second effect, which can be very beneficial especially for
high toughness [48]. A heterogeneous morphology dramatically raises the
needed force for material failure due to an increased breaking route (compare
Figure 15) [52].
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Figure 15: Increased crack path in heterogeneous materials

Moreover, crack propagation can be hindered by an efficient energy dissipation
like induction of micro cracks, crack bridging, crazing or void formation with
straining (see Figure 16). Hence, also tougher materials are obtained, when
crack formation and/or crack growth are restrained [53].

Figure 16: Toughening mechanisms in heterogeneous polymers [54]

Most prominent for this kind of toughening mechanism is the thermoplastic
acrylonitrile butadiene styrene terpolymer (ABS), which is also a benchmark for
tough engineering plastics. In ABS the inhomogeneous morphology consisting of
soft polybutadiene domains in a hard and rigid poly(styrene-co-acrylonitrile)
matrix yields a very tough material while maintaining other important properties
like stiffness or heat resistance. Unfortunately, at the same time the phase
separation also leads to one of the main drawbacks of ABS: it is opaque and
thus not suitable for many applications [47].
12
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Objective
Photopolymers are an important class of materials, due to their advantageous
characteristics like fast curing, no need of solvents, spatial control over the
curing

reaction

and

low

production

costs

compared

to

conventional

polymerisation techniques. Unfortunately, lack of toughness limits many
applications in industry.
The aim of this thesis is to investigate two different concepts for toughening of
photopolymers and evaluate their potential for industrial utilisation.
The first approach is to change polymer architecture from a highly cross-linked
thermoset to a linear thermoplastic material via degradation of thermally labile
motives (blocked isocyanates) and thus combining benefits from both polymer
classes. Therefore, model compounds have to be tested regarding their potential
for cleavage under suitable conditions. The selected moieties should be
incorporated into new photopolymerisable monomers. Finally, the polymers have
to be characterised before and after degradation of the polymer network
according to their (thermo)mechanical properties with DMTA, tensile tests and
impact resistance.
In addition, a second approach will be studied to mimic ABS, which is a very
popular engineering plastic, because it exhibits favourable material properties
due to a heterogeneous morphology. Since ABS cannot be photopolymerised, a
concept will be developed to circumvent this issue (copolymerisation of
maleimide and styrene derivatives). The most promising monomers should be
studied in detail. Hence, photopolymerisable formulations (volatility, storage
stability, melt viscosity), curing reactions (conversion, molecular weight, photoDSC, RT-NIR-photorheology) as well as final material properties (DMTA, tensile
and Dynstat impact tests) will be characterised. Finally, different potential
applications should be evaluated for this new promising photopolymer class.
13
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1. UV-Curable (Meth)Acrylates containing Blocked
Isocyanates
Monomers with H-bond forming moieties like urethanes and urea derivatives
possess on the one hand beneficial features in the final material such as a large
range of feasible mechanical properties but on the other hand some drawbacks
(e.g. high viscosity). Hence, the idea is to generate the H-bond forming
structures in a second reaction step in bulk after photopolymerisation of the
resin.
A promising approach for reaching this goal are blocked isocyanates (BICs,
Figure 17). The blocking agent (BlH) could easily be cleaved off thermally in a
second annealing step at moderate temperatures before degradation of the
polymer would occur. So the liberated isocyanates (ICs) are able to react with
nucleophiles (chain extenders; e.g. alcohols or amines) to form a thermally
stable urethane/urea moiety [55-58].
O
R'OH

O
Bl

N
H

R

Bl

H

+

R

O

N
H

R'

R NCO
R''NH2

O
R

N
H

N
H

R''

Figure 17: Deblocking of BICs and reaction with chain extenders

In addition, presence of chain extenders decreases viscosity of the
photopolymerisable resin and thus further enhances processability.
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Furthermore, Figure 18 nicely depicts the second feature of this introduced
approach: the polymer architecture will be changed due to deblocking of the
BICs. Firstly, a highly cross-linked poly(meth)acrylate is synthesised by
photopolymerisation, which is very beneficial for fast curing and mechanical
stability of the green part. Afterwards, thermal treatment degrades the crosslinking and yields a polyurethane or polyurea. This second linear polymer further
enhances material properties due to its thermoplastic character (in addition to the
already mentioned formation of H-bonds).

h

Photopolymerisable
Blocking Agent

Blocked Isocyanate

Chain Extender

Figure 18: Concept of thermally cleavable BICs in photopolymer network formation

Thus,

materials

with

good

thermomechanical

properties

could

be

photopolymerised in the presented way, while circumventing the rather high
viscosity of such resins. Hence, this approach offers a huge variety of new
potential application fields, which could not be considered before for
photopolymers.
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1.1. State of the art
Polyurethanes (PUs) can be tuned very easily to a broad range of applications
by varying molecular compositions, cross-linking and intermolecular forces. So
they seized a huge field of applications in a lot of different industries due to their
versatility (thermosets, thermoplastics or elastomers) [59-63].
Unfortunately, classical PUs cannot be prepared directly by photopolymerisation.
Thus, low molecular weight (P)Us are capped with (meth)acrylates, which enable
radical photopolymerisation. Methacrylates are less reactive than acrylates, but
also less toxic, which is crucial for all kinds of medical applications. These
urethane (meth)acrylates (U(M)As) offer a lot of different properties, which can
be tuned for optimised properties for each utilisation [64-71]. A prominent
example of an industrially applied low molecular weight UMA is UDMA
(Figure 19), which is used in dental applications [7].
O
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Figure 19: Structure of UDMA

PU properties can be altered easily within a broad range with changes of the
phase separation and morphology in the polymer. This variability is caused by
hard and soft blocks, which can be tuned in their molecular structure, molecular
weight, length and linkages [72]. The soft segments usually consist of polyether
or polyester based macrodiols (see Figure 20) [73]. The soft block provides
flexibility, low Tg, low moduli and strength and high elongation to the material [7475].
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Figure 20: Structure of different macrodiols

In contrast, the hard domains are formed by rigid urethane moieties, which are
obtained from the reaction of the alcohol with an isocyanate. The hard segments
are crucial for high rigidity, T g and tensile strength. In addition, they give efficient
phase separation via partial crystallisation caused by their H-bonds (compare
Figure 15), which is necessary to yield good (thermo)mechanical properties [7678]. Some commercially popular difunctional ICs are depicted in Figure 21.
NCO

OCN
HDI

OCN
NCO

OCN

IPDI

NCO
HMDI

NCO
NCO

OCN

TDI

NCO
MDI

Figure 21: Structure of different difunctional ICs

The urethane structures can introduce crystallinity into the polymer with their Hbonds. So microphase phase separation is achieved (see Figure 22). This
microphase morphology contributes a significant factor for the high toughness of
PUs [79-81].
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Figure 22: Phase separation of soft (--) and hard segments (--) in PUs [82]

PUs are usually prepared by either a one-shot-approach (mixing all starting
products, followed by immediate curing) or via prepolymers. Therefore,
macrodiols are capped with an excess of difunctional IC and are cured
afterwards with the addition of low molecular weight multifunctional alcohols or
amines. Additionally, water can be added for foaming [62].
Thus, two-component (2K) formulations are always needed for PUs to prevent
reaction of IC and alcohol/amine prior to application. Therefore, 1K (onecomponent) PU formulations – and waterborne resins as well [83] – were
developed to overcome this drawback [84-85]. The important improvement was
achieved by using blocking agents, which block the IC motive and thus prevent a
curing reaction (Figure 23) [55, 86].
O
R NCO

+
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H

R

N
H

Figure 23: Blocking and deblocking of BICs

Some commercially applied BlHs are shown in Figure 24.

18

Bl

General Part
OH
N

OH

H
N N

dimethylpyrazole

O

EtO

R
phenols

O

MEKO

OEt

diethyl malonate

O

H
N

NH

-caprolactam

DIPA

Figure 24: Different BlHs

The curing reaction is initiated by heating, which cleaves the BICs. Thus, the IC
is liberated and reacts with the alcohol/amine forming a polymer. The needed
temperature for the deblocking reaction (T db) is influenced by several factors [8790]:
•

IC: Aliphatic ICs are more stable than aromatic ICs

•

BlH: Aliphatic BlHs are more stable than aromatic BlHs

•

Solvent polarity: The more polar the lower T db

•

Presence of a catalyst

•

Presence of a nucleophile (e.g. alcohol or amine)

In addition, it is known in literature, that steric hindrance on the BlH also lowers
Tdb (compare e.g. amine DIPA in Figure 24) [91-94].
So when teaming U(M)As with BICs the best of two worlds can be combined to
benefit from each strengths like photopolymerisation and low viscosity. This
approach was applied by Velankar et al. [95-96] and later Carbon3D [97-100] as
well. They blocked various (macro)diisocyanates based on polyethers or
polyesters with sterically hindered amines (i.e. t-butyl amine groups) and further
functionalised the ends with methacrylates. After photopolymerisation a second
annealing step was performed at elevated temperatures (> 100 °C), the BIC was
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cleaved and the regenerated IC reacted with an incorporated chain extender.
Different low as well as high molecular weight difunctional alcohols or amines
were used as nucleophiles (see Figure 25).

h

photopolymerisable
blocking agent

blocked isocyanate

chain extender

Figure 25: Concept of thermally cleavable BICs in photopolymer network formation

They both succeeded in synthesising a PU/polyurea within a linear as well as a
cross-linked photopolymer network, but struggled with low conversion in the
second annealing reaction and obtained only very soft elastomer like materials
with low modulus. Nevertheless, the prepared polymers exhibited increased T gs
and Young's moduli compared to traditional linear or cross-linked PUs/polyureas
with similar structure, which were synthesised as reference compounds.
However, tensile properties of classical 2K PUs could not be achieved in almost
all tested samples. This drawback can be attributed to less efficient phase
separation of the PU/polyurea, which is hindered in the presence of the
photopolymer.
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1.2. Model compounds
In the beginning some model BICs have to be examined for a proof-of-concept.
Therefore, dimers and trimers of an IC were chosen, because they offer higher
IC concentrations in the final formulations compared to conventional BICs (see
chapter 1.1). This approach gives the opportunity to increase the chain extender
content, which makes resin development easier and a lot more flexible regarding
final material properties, since a huge variety of (multifunctional) alcohols and
amines is commercially available.
In addition, also an IC blocked with a C-H acidic blocking agent should be tested
for comparison, because they are popular blocking agents in industry [85] and
were already applied in our working group for other applications [101].

1.2.1. Model isocyanurates
Although isocyanate dimers (uretdiones, Figure 26) show promising deblocking
temperatures in bulk of 150 – 200 °C, this IC regeneration is dramatically
lowered in solution in the presence of residual catalysts or nucleophiles to 10 –
80 °C. Hence, uretdiones already react slowly at room temperature with
nucleophiles (e.g. alcohols or amines) [56]. Therefore, their application is limited
to powder coatings [102]. In contrast, isocyanate trimers (isocyanurates,
Figure 26) exhibit less reactivity due to decreased ring stress compared to
uretdiones (6-membered ring vs. 4-membered ring).
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O
uretdione
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O
N

R

O
isocyanurate

Figure 26: Structures of uretdiones and isocyanurates
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No detailed deblocking temperatures are available in literature for isocyanurates
in solution, but they are generally known to be more thermally stable than
uretdiones. Hence, isocyanurates were investigated to ensure storage stability of
final resins over long time periods.
Thus, commercial BIC samples were chosen, which are explicitly claimed as
isocyanate trimer or isocyanurates and also do not contain additives or solvents.
In addition, aliphatic BICs were selected as aromatic ICs can give undesired
discolouration (see Figure 27).

NCO

OCN

OCN
NCO

HDI

IPDI

Figure 27: Common commercially available ICs

So isocyanurates based on HDI (easier analysis because of simple structure,
Desmodur N3300) and IPDI (good (thermo)mechanical properties like a high T g
due to a rigid ring structure, Vestanat T1890/100) were used for preliminary
studies. All chosen samples were commercial resins (in technical grade) without
an exact molecular structure given. Furthermore, Vestanat T1890/100 exhibits a
broad melting range of 95-115 °C. Hence, obtained samples probably do not only
contain trimerised ICs of HDI or IPDI. Thus, some further characterisation is
necessary.

1.2.1.1. Determination of structure and functionality
The “real structures” (degree of oligomerisation, Figure 28) – or at least the ratio
of free to blocked isocyanates – has to be known for modification (e.g.
syntheses) of the 2 received commercial isocyanurates, Desmodur N3300 and
Vestanat T1890/100.
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Figure 28: Idealized structure of the isocyanurate based on IPDI

a) ATR-IR spectroscopy
First of all, ATR-IR spectra were recorded to prove the isocyanurate structure,
because the carbonyl groups show a very characteristic signal at 1690 cm-1
[103]. In contrast, uretdiones, which can also be formed during trimerisation of
ICs, exhibit the corresponding carbonyl peak at 1760 cm-1 [103].
ATR-IR spectra of HDI and IPDI and their corresponding isocyanurates are
shown in Figure 29 and 30.
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Figure 29: ATR-IR spectra of HDI ( ) and Desmodur N3300 ( )

Figure 30: ATR-IR spectra of IPDI ( ) and Vestanat T1890/100 ( )

24

General Part
As can be seen in the figures above, both commercial isocyanurates contain
almost no uretdiones (~ 1760 cm-1). Additionally, the characteristic peaks of a
free IC group (~ 2250 cm-1) and the carbonyl moiety of an isocyanurate structure
(~ 1690 cm-1) can be identified.
b) NMR spectroscopy
Since IR spectroscopy gives no information regarding the degree of
oligomerisation, NMR spectra of the samples were measured as well.
Desmodur N3300 was chosen for the tests, since analysis is a lot easier,
because of the simple structure of the corresponding IC HDI. NMR spectroscopy
analysis of IPDI-based Vestanat T1890/100 is not possible, due to a lot of
overlapping peaks in the 1H as well as in the

C-NMR spectra. This can be

13

attributed to a lot of potential isomers: already 8 different stereoisomers can be
found, if only the primary IC group would react and also if only the trimer and no
higher oligomers would be formed.
So the isocyanurate Desmodur N3300 was mixed with an excess of Bu 2NH
(compare DIN EN ISO 11909 and ASTM D 2572), dissolved in C 6D6 and 1H- and
APT NMR spectra were recorded. The APT spectrum shows:
•

Isocyanurate peak (~ 150 ppm) still present

•

Complete disappearance of IC peak (~ 120 ppm)

•

New peak at ~ 160 ppm (characteristic shift for urea derivatives) from the
reaction product of isocyanate with Bu2NH

Thus, a quantitative reaction of free isocyanate with amine can be assumed.
But as there is still the possibility of amine reacting with the isocyanurate motive,
the 1H-NMR spectrum was investigated more closely. So the CH2 signals next to
the free IC group, the isocyanurate moiety and the formed urea derivative are
monitored at ~ 3.00 – 3.80 ppm: the ratio of isocyanurate to urea, which is
generated by the reaction of free IC with Bu 2NH, remains unchanged compared
to the ratio of isocyanurate to free IC in a reference spectrum without added
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amine. Thus, no ring opening of the isocyanurate with the used amine occurs.
Furthermore, a ratio of 0.88 of free to blocked IC groups can be calculated.
Therefore, a degree of oligomerisation of ~ 11.4 is determined, which is higher
than the idealised 3 units of the IC trimer (compare also isocyanurate motive in
Figure 28).
These estimated results from the NMR spectra are in good accordance to the
data given in the product data sheets of the used commercial isocyanurates
Desmodur N3300 and Vestanat T1890/100, where the IC content (in w%) is
estimated by titration (DIN EN ISO 11909 or ASTM D 2572). The amount of free
IC can be converted from the claimed IC concentration in w% with equation 1.

IC =

ΔV... Difference in consumption of
diluted HCl between blank
sample and sample [mL]
c... Real concentration of diluted HCl
[mol/l]
m... Weighted sample [g]

ΔV ∗ c
∗ 4.2
m

(1)

So the following ratios of free IC groups per IC monomer of the 2 commercial
isocyanurates could be calculated from the corresponding data sheets of the
manufacturer: Table 1.
Table 1: Structure of used commercial isocyanurates

Isocyanurate

IC content Free IC/monomer Average degree of
[w%]
[-]
oligomerisation [-]

Desmodur N3300

21.8

0.873

11.5

Vestanat T1890/100

17.3

0.916

10.9

Hence, both commercial isocyanurate samples contain higher oligomers than
trimers.
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1.2.1.2. Determination of deblocking temperature
The second necessary preliminary study was performed to measure deblocking
temperature (Tdb) of the used BIC moieties (isocyanurates). Although the
deblocking reaction depends on several factors like matrix polarity and presence
of (residues of) catalysts or nucleophiles some basic tests were performed to get
an idea of the temperature range of deblocking reactions.
a) STA
Since deblocking reactions of isocyanurates should come along with a change in
heat flow, DSC measurements were performed. The tests were conducted on an
STA to additionally get information on thermal stability. Furthermore, BIC
mixtures with an excess of a high boiling amine were investigated as well to
study the influence of a nucleophile on the deblocking reaction.
The BIC monomers were dissolved in 10 eq. of amine 1-laurylamine. IR spectra
proved complete conversion of free IC with amine. Afterwards, STA
measurements were executed under N 2 atmosphere from 25 to 300 °C with a
heating rate of 10 K/min.
The obtained results for the HDI and IPDI-based BICs are shown in Figures 31
and 32.
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Figure 31: DSC curve of Desmodur N3300 without ( ) and with amine ( )

Figure 32: DSC curve of Vestanat T1890/100 without ( ) and with amine ( )
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As can be seen in Figures 31 and 32, without addition of amine HDI-based
isocyanurate Desmodur N3300 shows decomposition starting from ~ 250 °C and
IPDI-based Vestanat T1890/100 exhibits only the endothermic signal originating
from melting. Thus, DSC signals do not indicate any thermally induced reactions
in the blank isocyanurate samples.
In contrast, an excess of amine provokes a endothermic reaction at ~ 150 °C for
the HDI-based isocyanurate. The same peak is observed for the IPDI-based BIC
at ~ 130 °C. Unfortunately, it is not possible to assign the observed endothermic
signals to a particular reaction. Furthermore, melting of the reaction product of
amine and HDI isocyanurate can be seen at ~ 75 °C.
Finally, the broad endothermic peaks in both figures at ~ 250 °C originate from
evaporation of 1-laurylamine.
b) ATR-IR spectroscopy
As STA measurements yielded strong hints but did not prove the occurrence of
deblocking reactions and Tdb, ATR-IR spectra were recorded of thermally treated
samples. Again mixtures of BICs and an amine were examined as well to
investigate its influence on the deblocking reaction.
The experiments were performed under Ar atmosphere to prevent reactions with
moisture. Samples of the 2 different commercial isocyanurates Desmodur N3300
and Vestanat T1890/100 were heated in an Al-block at 160 °C for 1 h without and
with an excess (10 eq.) of 1-laurylamine. After cooling to room temperature ATRIR spectra were recorded and compared to an untreated reference spectrum of
the corresponding BIC or BIC amine mixture.
However, no change in IR spectra could be observed in samples without added
amine. Thus, the experiments were repeated at 200 °C for 5 h. Again no reaction
can be identified (see exemplarily Figure 33 for the HDI-based Desmodur
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N3300). So either no deblocking reaction occurs up to 200 °C in pure monomer,
or the “reblocking” reaction is already completed in some minutes when cooling a
sample to room temperature.

Figure 33: ATR-IR spectra of Desmodur N3300 before ( ) and after ( ) heating to
200 °C

A deblocking reaction of the 2 commercial isocyanurates based on HDI and IPDI
was achieved at 160 °C with the addition of amine laurylamine. IR spectra
presented in Figures 34 and 35 verify the successful deblocking of both tested
BICs during thermal treatment due to an increase of the urea N-H signals, which
are formed by the reaction of liberated IC with amine.
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Figure 34: IR spectra of Desmodur N3300 with amine before ( ) and after ( ) heating

Figure 35: IR spectra of Vestanat T1890/100 with amine before ( ) and after ( ) heating
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With these promising preliminary experiments on the deblocking reactions of
isocyanurates, they will be used to synthesise UV-curable multifunctional
methacrylates, which contain BIC structures as spacer, for the preparation of
photopolymers.

1.2.2. Model C-H acidic blocking agent
VIC2 (Figure 36, kindly provided by Ivoclar Vivadent) was used as representative
for an IC blocked by a C-H acidic blocking agent.
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Figure 36: Isomeric structure of VIC2

Since this monomer was already established in a PhD thesis of our group [46,
101], no further preliminary studies are necessary on VIC2. In the thesis it was
used as photopolymerisable cross-linker containing thermally labile BIC groups
for debonding-on-demand in dental adhesives. A T db of 154 °C of 4 mol% VIC2 in
a poly-N-acryloylmorpholine (pNAM, Figure 37) matrix could be determined.
O
N
O

Figure 37: Structure of NAM
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1.3. Syntheses of methacrylates containing BICs
After first results in preliminary studies on model structures a UV-curable
difunctional methacrylate containing a isocyanurate as spacer should be
synthesised to prove the usability of this BIC concept. Furthermore, it should be
compared to a difunctional methacrylate with an incorporated C-H acidic BIC and
also to a similar monomer from Carbon3D [97-99].
At the beginning one model compound patented from Carbon3D [98], which
shows good mechanical properties in a photopolymer network, was selected for
comparison: C3D1 (Figure 38).
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Figure 38: Structure of C3D1

The molecular structure of the monomer C3D1 was transferred to our concept
with isocyanurates as BICs to get a comparable polymer structure. Therefore,
also isophorone diisocyanate (IPDI) as IC component and 2-(t-butyl amino)ethyl
methacrylate (tBAEMA) as double bond functionality for photopolymerisation
were chosen: BICMA1 (Figure 39). However, the pTHF structure in the centre of
C3D1, which gives the system flexibility, is applied in our concept as the chain
extender, where bis(3-aminopropyl) terminated pTHF of same molecular weight
(DA, Figure 39) is used.
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Figure 39: Structures of BICMA1 and DA

A huge benefit of the isocyanurate concept is, that due to the isocyanurate
moiety 2 times more ICs can be released (compare Figure 40) and thus more
low viscous chain extender can be added to reduce the viscosity of the final
formulation.
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Figure 40: Idealized structure of the isocyanurate based on IPDI

In addition higher double bond functionality of the monomer leads to faster
gelation of the resin and thus less time is needed for polymerisation of a green
part. Furthermore, higher green part shape stability can be reached due to a
higher degree of cross-linking.
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Additionally, a molecule should be synthesised with a structure according to
monomer C3D1 and isocyanurate based BICMA1 with the C-H acidic blocking
agent of VIC2 (BICMA2, Figure 41). Hence, better comparability of the different
systems will be achieved.
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Figure 41: Structures of C3D1, VIC2 and BICMA2
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1.3.1. Synthesis of C3D1
Synthesis of reference compound C3D1 was performed according to literature
[98]. Since the monomer is used as a reference, the synthesis was conducted
strictly according to cited literature: difunctional alcohol and diisocyanate were
mixed with the Sn-catalyst and stirred at 70 °C for few hours. Afterwards, a
radical inhibitor and the methacrylate were added at lower temperature to
prevent polymerisation (40 °C). The mixture was stirred for almost one day to
complete the reaction (see Figure 42 and also chapter 1.3.1 of the experimental
part).
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Figure 42: Synthesis of C3D1

It has to be mentioned, that – due to the experimental procedure – the shown
structure of C3D1 in Figure 42 is only the idealized one. With addition of the Sncatalyst the primary as well as the secondary IC moiety of IPDI can react with the
primary hydroxy groups of pTHF. Thus, this workflow yields also higher addition
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products and afterwards due to residual IPDI to structures like tBAEMA-IPDItBAEMA. The existence of monomers with different molecular weights was
proved by GPC (Figure 43).

Figure 43: GPC of C3D1

The chromatogram in Figure 43 evidences the presence of several different
reaction products:
•

The main peak at Mn ~ 3.2 kDa corresponds to higher addition products.

•

The visible shoulder at Mn ~ 1.6 kDa fits well to the idealised C3D1
structure with a molecular weight of 1626.33 g/mol.

•

All other peaks are beyond the calibrated range, but indicate structures
like tBAEMA-IPDI-tBAEMA.

However, the crude product was used without any purification for further studies
according to literature [98].
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1.3.2. Synthesis of BICMA1
Synthesis of isocyanurate based BICMA1 was performed according to Cooper et
al. [96]. After IPDI-based isocyanurate was dissolved in THF, the methacrylic
blocking agent and a Sn-catalyst were added. A reaction time of 48 h at room
temperature was necessary to receive complete conversion. Finally, the solvent
was removed under reduced pressure and BICMA1 was obtained as a white
powder (see Figure 44 and also chapter 1.3.2 of the experimental part).
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Figure 44: Synthesis of BICMA1

It has to be mentioned, that commercially available IPDI-based isocyanurate
(Vestanat T1890/100) is not only a trimer (as shown in Figure 40), it also
contains higher oligomers, which is indicated by the broad melting range of
~ 20 °C. Therefore, the used equivalents of all starting materials have been
adjusted according to the previously determined free IC content (compare
chapter 1.2.1.1 and see chapter 1.3.2 of the experimental part).
Furthermore, 1H-NMR and ATR-IR spectra proved quantitative conversion and
also the preservation of the isocyanurate moiety in BICMA1, while no formation
of uretdione, due to the presence of a Sn-catalyst, can be observed [104].
Hence, monomer BICMA1 is also used without further purification.

1.3.3. Synthesis of BICMA2
The synthesis of BICMA2, which contains a C-H acidic BIC, was performed in
accordance to different procedures established in our working group [46, 105].
The reaction scheme is shown in Figure 45.
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Figure 45: Synthesis of BICMA2

Therefore, first IPDI and dry pTHF were mixed in the presence of a catalyst
(Sn(II)-2-ethylhexanoate) under Ar atmosphere as already done for the
syntheses of C3D1 and BICMA1 (see chapter 1.3.1 and 1.3.2). In the meantime
a second flask was charged also under Ar atmosphere with NaH and dry Et 2O
and AAEMA was added slowly while cooling the solution with an ice bath. The
reaction was heated under reflux for 12 h to ensure full deprotonation. After
completion of both reactions, which were monitored with IR (IC peak at
~ 2250 cm-1) and 1H-NMR spectroscopy (protons in α-position to the reactive
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hydroxy and IC moieties at ~ 3.00 – 3.80 ppm), the solutions were mixed and
refluxed overnight. Finally, the crude product was washed with 1 N HCl and with
deionised H2O (2 times each). Unfortunately, the desired product could not be
verified by NMR and IR spectra.
Hence, reaction conditions like equivalents of NaH, amount of solvent,
temperatures, reaction time and extraction procedure were varied. Finally, – after
some tries – it was possible to receive a crude product, which could be the
desired BICMA2. On the other hand, no further purification is possible as the
pTHF block makes already aqueous extraction extremely difficult and time
consuming and also column chromatography or recrystallisation is not possible
due to the high molecular weight of BICMA2.
However, also all previously in our group synthesised BICs with an acidic C-H
moiety as blocking agent had to be purified by recrystallisation or column
chromatography. This drawback is caused by the highly reactive carbanion,
which is formed as intermediate after deprotonation and hence can undergo
several side reactions, which dramatically decreases the obtained purity and
yield.
Furthermore, the other synthesis sequence, which starts with first blocking IC
IPDI with AAEMA followed by the reaction with pTHF, is not possible, because
no regioselectivity is given in the reaction of the carbanion with the two different
IC groups of IPDI. Hence, both IC structures of IPDI would be blocked by
AAEMA.
Consequently, the synthesis of BICMA2 could not be achieved in sufficient purity.
So VIC2 (see chapter 1.2.2), which is also based on a C-H acidic BIC, has to be
used as representative for this class of blocking agents for further studies.
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1.4. Melt viscosity
Melt viscosities of C3D1, BICMA1 and VIC2 are crucial for evaluation of potential
applications to ensure processability. Hence, viscosities were measured at
different temperatures on a rheometer.
For a better comparability of the different monomer systems, they were studied
with their corresponding chain extenders (Figure 46):
•

C3D1 with HMDA

•

BICMA1 with DA as corresponding soft block to C3D1 for comparability of
the monomers

•

VIC2 with HMDA

H2 N

O

O

NH2

11

DA

H2N

NH2
HMDA

Figure 46: Structures of the chain extenders DA and HMDA

Chain extender concentration was calculated that in the resin an equimolar ratio
of BIC moieties to NH2-groups is provided. Therefore, the concentrations shown
in Table 2 were applied in the rheology experiments.
Table 2: Resin composition

Formulation

Monomer [w%] Amine [w%]

C3D1 and HMDA

88.5

11.5

BICMA1 and DA

29.8

70.2

VIC2 and HMDA

75.2

24.8
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So the results shown in Figure 47 and exemplarily given for 80 °C in Table 3
were obtained.

Figure 47: Melt viscosities of C3D1 ( ), BICMA1 ( ) and VIC2 ( ) with corresponding
chain extenders
Table 3: Viscosities of tested formulations

Mixture

Viscosity at 80 °C [Pa s]

C3D1 with HMDA

1.54

BICMA1 with DA

0.22

VIC2 with HMDA

2.79

As can be seen in Figure 47, viscosity of BICMA1 resin is obviously lower than
the comparable mixture with C3D1, which was one important aim of the
isocyanurate approach (see chapter 1.2.1). Additionally, usage of toxic HMDA as
chain extender can be avoided. Furthermore, viscosity of VIC2 resin is very high
due to the absence of a soft and liquid pTHF structure in the monomer.
Moreover, all 3 tested formulations exhibit a viscosity rise at elevated
temperatures (~ 95 – 110 °C). Since the resins were stabilized with high amounts
of an inhibitor (0.5 mg phenothiazine in ~ 85 µL sample) and methacrylates are
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usually thermally stable up to ~ 140 °C, it seems likely, that deblocking of the
isocyanate and consequently reaction with the diamine triggers the viscosity
increase. This observation is in good accordance with results obtained from STA
experiments in chapter 1.2.1.2, which showed an onset of deblocking reaction of
isocyanurate in the presence of an amine at ~ 115 °C. Furthermore, patent
literature claims thermal treatment for deblocking of the BIC moiety in a C3D1based photopolymer at > 105 °C [98].
However, above 65 °C the viscosities of all tested formulations are already
< 5 Pa s and comparable to the reference BIC-amine-system with C3D1 [98].
Thus, a variety of potential applications is enabled with this low viscosity.

1.5. Deblocking reactions in solution
Since threshold temperatures needed for deblocking the different classes of BICs
(Tdb) could be determined in chapter 1.2.1.2 for pure BICs, new experiments with
the synthesised multifunctional methacrylates containing BICs as spacer should
be performed as well. The monomers were studied in solution with an excess of
nucleophile (alcohol or amine) as solvent, because matrix polarity also influences
Tdb [56].
The model compound C3D1 was not tested in these studies, because successful
deblocking of the BIC moiety is already demonstrated in the patent [98]. It is
shown, that thermal treatment (2 – 4 h at 125 °C) of photopolymers containing
BIC C3D1 and amines as chain extenders reduces cross-linking density and thus
a change in network architecture towards a thermoplastic-like behaviour is
achieved.

1.5.1. Deblocking reaction of BICMA1
For a proof-of-concept BICMA1 was dissolved in an excess of a high boiling
alcohol or amine. Therefore, 1-lauryl alcohol and 1-laurylamine were selected.
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The monomer was dissolved in 10 eq. of alcohol or amine and was stirred 5 h
under Ar atmosphere at 125 °C. IR spectra were recorded before and after
thermal treatment (see Figure 48).

Figure 48: ATR-IR spectra of BICMA1 before ( ) and after ( ) thermal treatment in the
presence of amine

In alcoholic solution IR spectra showed no reduction in isocyanurate carbonyl
signal intensity (~ 1690 cm-1). However, tBAEMA blocked IC probably was
released partially, because the signal at ~ 1640 cm-1 originating from urea
carbonyl lost intensity.
In contrast, almost complete deblocking of isocyanurate moiety was observed
with the amine (see Figure 48). This can be attributed to higher nucleophilicity of
amines compared to alcohols. No information can be gained for tBAEMA
deblocking, due to product being also an urea derivative and so carbonyl signals
are not distinguishable. Furthermore, the urea N-H bond (~ 3300 cm-1) is overlaid
with the intense amine N-H signals (~ 3200 – 3350 cm-1), so these peaks cannot
be used for reaction monitoring.
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1.5.2. Deblocking reaction of VIC2
Experiments were conducted in the same way as for BICMA1 before (chapter
1.5.1), to investigate the deblocking reaction of VIC2. The monomer was
dissolved as well in an excess of 1-lauryl alcohol or 1-laurylamine. In contrast,
reaction analysis was performed with NMR spectroscopy, because no significant
carbonyl signals can be observed in IR spectra, due to the structure of the C-H
acidic blocking agent. Additionally, since VIC2 always polymerised under the
used reaction conditions, a shorter reaction time had to be applied, which was
compensated by a slightly increased temperature.
The monomer and phenothiazine were dissolved in 10 eq. of alcohol or amine
and were stirred 15 min under Ar atmosphere at 150 °C. Pure VIC2 was used as
reference system. Samples were taken before and after thermal treatment and
1

H and 13C-NMR spectra were recorded.

Whereas pure VIC2 only polymerised, the solutions containing alcohol or amine
showed bubble formation, which can indicate a reaction of released ICs with
residues of water and hence CO 2 formation. But NMR spectra evidence for the
experiment with alcohol only (thermal) degradation/decarboxylation. In contrast,
when using amine deblocking reaction of the BIC occurs and several new peaks
(e.g. amide, ester, urea) were identified in the

C-NMR spectrum (see

13

Figure 49). Furthermore, biuret formation could not be observed, since
corresponding peaks (~ 155-160 ppm [106-108]) are absent. This lack of side
reactions is expected, because applied IC/amine ratio is low.
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Figure 49: APT NMR spectra of VIC2 before ( ) and after ( ) thermal treatment in the
presence of amine

Thus, also for C-H acidic BIC VIC2 deblocking could be achieved in the
presence of an amine.

1.6. (Thermo)mechanical properties
For a characterisation of the (thermo)mechanical properties of the synthesised
methacrylates containing BICs several studies were performed. In addition,
influence of thermal treatment after UV curing on material properties should be
investigated.
Resins were formulated according to double bond percent (DB%) of the patent
[98] for better comparability (see Table 4, Figure 50).
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Table 4: Patented resin composition REF [98]

Component

w‰ [‰] mol% [%] eq. [-] DB% [%]

C3D1

700

22.5

1.00

43.4

E3MA

206

57.2

2.54

55.2

PEGDMA (Mw = 750 Da)

10

0.7

0.03

1.4

HMDA

74

18.4

0.82

-

Irgacure 819

10

1.2

0.06

-

O

O
O

O

O

O

E3MA

O
n

O

PEGDMA
O

O
P

O

Irgacure 819

Figure 50: Structures of reactive diluent E3MA, cross-linking agent PEGDMA and PI
Irgacure 819

As can be seen in Table 4 an insufficient amount of diamine HMDA is used,
probably to ensure that no toxic residues diffuse out of the cured material.
Nevertheless, formulations containing BICMA1 (RES1) and VIC2 (RES2) were
mixed according to DB% used in C3D1 resin (REF). Only amine DA was used in
an “equimolar” ratio, which means that one amino functionality is taken into
account for each BIC moiety: Table 5.
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Table 5: Resin compositions RES1 and RES2

Component
BICMA1

DB% [%] RES1 [w%] RES2 [w%]
43.4

25.0

-

-

58.4

-

43.4

-

45.5

HMDA

-

-

15.0

E3MA

55.2

14.9

36.7

1.4

0.7

1.8

-

1.0

1.0

DA
VIC2

PEGDMA (Mw = 750 Da)
Irgacure 819

All specimens were cured in transparent silicon moulds for 10 min on each side
in the Lumamat oven (see the general procedure in chapter 1.6 of the
experimental part). Afterwards, half of the samples were stored 14 h at 125 °C,
where all polymers became darker, less sticky and seemed to be harder and
tougher.
Additionally, ATR-IR spectra were recorded before and after annealing, but no
difference could be observed. Furthermore, no NMR spectroscopy is possible,
because cured samples are not soluble (as well as parts without cross-linking
agent PEGDMA).
Finally, annealing temperature for small test samples was raised to 150 and
200 °C, whereby also no difference in ATR-IR spectra can be observed and
polymers are still insoluble.
Nevertheless, DMTA, tensile and Dynstat impact tests were performed to
compare (thermo)mechanical properties of the cured photopolymers without and
with thermal treatment.

1.6.1. DMTA
DMTA studies were performed to estimate thermomechanical material properties
as well as thermal phase transitions (e.g. Tg).
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All DMTA experiments were executed in torsion mode with a heating rate of
2 °C/min and constant normal force.
So data shown in Figures 51-53 was obtained.

Figure 51: Storage modulus ( ) and mechanical loss (···) of pREF before ( ) and after
annealing 14 h at 125 °C ( )

As can be seen in Figure 51 nearly no significant difference in thermomechanical
properties before and after thermal treatment of pREF can be observed. Only
mechanical loss of annealed pREF indicates a second peak (Tg) at ~ 75 °C, that
probably can be attributed to partial deblocking of the BIC and formation of the
desired polyurea phase.

49

General Part

Figure 52: Storage modulus ( ) and mechanical loss (···) of pRES1 before ( ) and after
annealing 14 h at 125 °C ( )

Figure 52 shows that storage modulus in the rubbery-elastic area is higher after
annealing for pRES1, which indicates that cross-linking density raises after
thermal treatment. This effect could be caused by thermal postcuring or reaction
of difunctional amine DA with the ester moiety of E3MA (ester aminolysis), which
yields also in an increased cross-linking density.
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Figure 53: Storage modulus ( ) and mechanical loss (···) of pRES2 before ( ) and after
annealing 14 h at 125 °C ( )

As Figure 53 shows, DMTA curves of pRES2 give very promising results. The Tg
is not changed after thermal curing and the G' in the rubbery-elastic area is
lower, which indicates lower cross-linking density. So deblocking reactions may
occur and would partially break up cross-linking points.
Finally, Figure 54 displays a comparison of the annealed pREF, pRES1 and
pRES2.
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Figure 54: Storage modulus ( ) and mechanical loss (···) of annealed pREF ( ),
pRES1 ( ) and pRES2 ( )

Figure 54 illustrates the difference between pREF, pRES1 and pRES2 polymers
in annealed state. It can be seen, that T g is lowered with an increased amount of
soft pTHF and that G' remains quite high for the pRES1 and especially for the
pRES2 system in rubbery-elastic area. Additionally, it shows that pRES2 exhibits
significant higher storage modulus at room temperature and T g, since no soft
pTHF structure is present in the polymer.

1.6.2. Tensile tests
Furthermore, tensile tests were performed to compare stress-strain curves of the
different BIC systems based on pREF, pRES1 and pRES2.
All tensile tests were executed according to ISO 527 with specimen shape 5B
and a traverse speed of 5 mm/min.
So the results shown in Figure 55 and summarized in Table 6 were obtained.
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Figure 55: Exemplary stress-strain curves of pREF ( ), pREF AN ( ), pRES1 ( ),
pRES1 AN ( ), pRES2 ( ) and pRES2 AN ( )
Table 6: Estimated stress and strain at break of pREF, pRES1 and pRES2

Sample

Stressmax [MPa] StrainBreak [%]
Average s

Average s

pREF

13.8

0.7

244.1 14.2

pREF AN

18.5

2.5

450.1 29.7

pRES1

0.34 0.09

233.0 26.9

pRES1 AN

0.88 0.06

117.2

6.1

pRES2

14.9

0.9

16.7

2.3

pRES2 AN

15.2

0.4

7.5

2.7

Figure 55 and Table 6 show that polymer pREF containing reference monomer
C3D1 dramatically outperforms the BICMA1 (RES1) as well as VIC2 (RES2)
approach regarding tensile properties. One reason is probably the stability of the
isocyanurate ring in BICMA1, whereby cross-links in the polymer network do not
break – and actually even increase with thermal treatment – (see also chapter
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1.6.1), which causes less elastic behaviour. In addition, higher storage modulus
of pRES2 compared to pREF at the annealing temperature (125 °C, see DMTA
curves in chapter 1.6.1) may hinder efficient deblocking reactions.

1.6.3. Impact resistance
Furthermore, impact strengths according to the Dynstat approach of treated and
untreated photopolymerised pREF, pRES1 and pRES2 were measured.
All impact tests were performed according to DIN 51230 with a 20 kpcm
hammer. In addition, measured data was normalised to the cross section of the
corresponding test specimen.
However, untreated pRES1 is too soft and flexible to break, annealed pRES1
and both pREF photopolymers are too tough: they are always kicked out of the
sample mount instead of breaking.
In contrast, for cured pRES2 polymers following values could be calculated:
•

pRES2: 2.3 ± 1.0 kJ/m2

•

pRES2 AN: 1.3 ± 0.6 kJ/m2

Again reference pREF dramatically outperforms isocyanurate based pRES1 and
C-H acidic BIC based pRES2.

1.7. Influence of the matrix on deblocking reactions
One possible explanation for poor results in thermomechanical tests is, that
maybe no or only an insufficient amount of deblocking reactions occur, and thus
no polyurea is formed. Therefore, the influence of the polymer matrix should be
investigated in detail.
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1.7.1. Matrix polarity
Since deblocking of isocyanurate failed in a matrix from literature, which was
chosen for better comparability, a more polar matrix monomer was used,
because a higher polarity of the chemical environment facilitates deblocking
reactions of BICs [56].
Hence, HEMA (Figure 56) was chosen, because matrix polarity is thereby
increased drastically by the presence of hydroxy groups.
O
O

OH

Figure 56: Structure of HEMA

So small samples of a formulation containing 49.5 w% “equimolar” BICMA1 and
DA (like it was used already before in chapter 1.6), 49.5 w% HEMA and 1 w%
Ivocerin were cured in the Lumamat oven.
Finally, also in this very polar matrix no deblocking of the isocyanurate
functionality could be observed after 14 h at 150 °C via ATR-IR spectroscopy,
although polymer feels much more stiffer and tougher. In addition, NMR
spectroscopy is not possible since the samples are insoluble (compare also
chapter 1.6).

1.7.2. Soft matrix
As VIC2 did not give the expected results in the patented formulation (chapter
1.6), a second softer matrix was tested for deblocking VIC2, because lower G'
should facilitate diffusion. Thus, desired polyurea formation in the solid polymer
matrix should be enabled.
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The used composition of resin RES3 is shown in Table 7. Amine HMDA is again
applied in equimolar ratio to BIC VIC2.
Table 7: Composition of formulation RES3

Component
VIC2

DB% [%] w% [%]
10

14.1

HMDA

-

4.6

E3MA

90

80.3

-

1.0

Irgacure 819

Photopolymerisation, thermal curing and specimen preparation for DMTA and
tensile tests were executed under the same conditions as before in chapter 1.6
(see also chapter 1.6 of the experimental part) to get comparable data.

1.7.2.1. DMTA
DMTA measurements were performed again to investigate the influence of matrix
polarity on thermal deblocking reaction and on material properties like T g.
The DMTA experiments were conducted in torsion mode with a heating rate of
2 °C/min and constant normal force.
So the data given in Figure 57 was obtained for pRES3.
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Figure 57: Storage modulus ( ) and mechanical loss (···) of pRES3 before ( ) and after
annealing ( )

As can be seen in Figure 57 almost no change in storage modulus curve and T g
can be observed due to thermal treatment. Similar results were already obtained
for pRES2 (see chapter 1.6.1), where Tg also remains constant but G' drops in
rubbery-elastic area, due to thermal treatment.
So again DMTA curves give no indication of deblocking reaction and urea
formation.

1.7.2.2. Tensile tests
Finally, tensile tests of the soft pRES3 material were performed to check tensile
properties before and after annealing.
Tensile tests were conducted according to ISO 527 with specimen shape 5B and
a traverse speed of 5 mm/min.
Thus, stress-strain curves, which are given exemplarily in Figure 58, were
measured. All results are summarised in Table 8.
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Figure 58: Exemplary stress-strain curves of pRES3 before ( ) and after annealing ( )
Table 8: Estimated stress and strain at break of pRES3

Sample

Stressmax [MPa] StrainBreak [%]
Average s

Average s

pRES3

1.0

0.0

32.8 1.8

pRES3 AN

1.1

0.2

69.1 6.4

As can be seen in Figure 58 and Table 8 annealing increases maximum strain by
a factor of 2, while maximum stress remains constant. This behaviour indicates,
that deblocking reactions and furthermore polyurea formation occur in the soft
matrix and hence the polymer architecture is changed from a network towards
linear chains.

However, in the meantime Covestro [109-110] and Canon [111] patented some
(meth)acrylates containing BICs for lithography based AMT (L-AMT). The
inventions are explicitly described with special blocking agents, which will not be
released into environment after deblocking reaction and thus a lower
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concentration of volatile organic compounds (VOCs) can be achieved. The
claimed blocking agents are cyclic ketones with an ester or nitrile motive in
α-position, glycerine carbonate, lactams and finally isocyanates themselves
(uretdiones or isocyanurates) (see Figure 59).

O

O

O

O

O R

O
O
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HO

cyclopentanone-2-carboxy ester

lactams

O

O
R N

glycerine carbonate

R
N R

O
uretdiones

O

N

N
N
R

R
O

isocyanurates

Figure 59: Structures of blocking agents patented by Covestro

In contrast, all given examples in the patents use HDI-based uretdiones as BICs
and multifunctional amines as chain extenders, although uretdiones are known to
react slowly with amines at room temperature.
For example formulations containing a monomer based on PPG, HDI-based
uretdione, HEMA and multifunctional amines as chain chain extender are
photopolymerised. Afterwards the green bodies are thermally cured at 120 °C for
1 h. For that purpose, a ratio of NH 2-groups to uretdiones of 1 to 5 is used, which
may explain the increased storage stability of the claimed resins. Finally,
polymers with increased maximum stress (11-17 MPa) and strain at break (6585%) are obtained, although only ~ 44% of present uretdione groups are
cleaved.
As a consequence another approach to enhance toughness in photopolymers
should be evaluated.
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2. ABS-like Photopolymers
When talking about toughness of polymers one cannot pass ABS as benchmark
for tough high-performance engineering plastics. So the second tested approach
for toughening of photopolymers is to mimic ABS.

2.1. State of the art
The favourable thermomechanical properties within a broad application range
from -20 – 80 °C, good processability (injection moulding, extrusion) and
versatile post-processing (e.g. bonding, welding, electroplating, printing) enabled
a lot of application fields for ABS. Only some of the most important uses are
household and consumer goods, pipes, toys (Lego), automotive and electrical
industry, all kinds of cases, music instruments and filament for 3D printing (fused
deposition modelling, FDM) [47, 112].
The beneficial characteristics of ABS originate on the one hand from the used
monomers (Figure 60), but also on the morphology of the final material.

CN

acrylonitrile

1,3-butadiene

styrene

Figure 60: Monomers of ABS

In the terpolymer acrylonitrile (15 – 35%) forms strong polar interactions, which
enhance thermomechanical properties, and is also responsible for hardness,
increased heat distortion temperature, weatherability and good chemical
resistance of ABS. In contrast, elastomeric butadiene (5 – 30%) is the soft
component, which yields high elongation and high toughness even at low
temperatures. Lastly, styrene (40 – 60%) gives gloss and stiffness in the final
polymer (and a low price as well) [47].
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As

already

mentioned

before, ABS

is

an

amorphous

heterogeneous

thermoplastic material and thus exhibits opaque and not transparent optical
properties. In addition, morphology has a great influence on the material
properties as well [48]. The heterogeneity of ABS arises from the incompatibility
of polybutadiene and poly(styrene-co-acrylonitrile) (SAN), which is grafted from
the primarily synthesised polybutadiene particles. So phase separation of the
soft elastomeric polybutadiene and the rigid and brittle SAN matrix occurs (see
Figure 61).

Figure 61: SEM pictures of ABS (bulk/suspension polymerisation (a), emulsion
polymerisation (b) or blend type (c)) stained with OsO 4 [113]

As a consequence of the heterogeneous structure crazes form at the interface
layer of the 2 phases already at comparable low strains, when the polymer is
stressed. But the high elasticity of the polybutadiene very efficiently prevents
crack growth. This mechanism can be seen also in macroscopic scale as stress
whitening [52-53, 114].
However, ABS cannot be photopolymerised at room temperature. Although there
are also special applications for photopolymerisation, where increased
temperatures are applied, it is usually utilised at room temperature, since no
need for heating is one of the main advantage of photopolymerisation compared
to conventional polymerisation techniques. So monomer volatility must be
dramatically reduced for polymerisation at elevated temperatures, because
preventing monomer evaporation with increased pressure (e.g. autoclave) is not
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a practicable method for photopolymerisation. In contrast, a second approach is
to circumvent the thermodynamic control by an alternating copolymerisation with
a second monomer and thus enabling polymerisation at room temperature.
Hence, different possible electron rich and electron poor monomers should be
tested to find a suitable highly reactive monomer system for alternating
copolymerisation. Furthermore, toughening agent butadiene should be used
already as polybutadiene and thus have to be soluble in the photopolymerisable
formulation.

2.2. Preliminary experiments
Some preliminary studies were performed for a proof-of-concept and to get more
insights into key monomer properties like volatility, stability and reactivity. So
potential applications for the new monomer systems should be evaluated.
Therefore, a set of different promising imide structures (electron poor double
bonds) was chosen for first tests, because good (thermo)mechanical properties
of the final polymers like a high T g can be expected due to their rigid ring motive
(Figure 62) [115]:
•

Maleimide (MI)

•

Itaconimide (II)

•

Citraconimide (CI)
O
N
O
PrMI

O
N

O
N

O

O

PrII

PrCI

Figure 62: Structures of studied MI PrMI, II PrII and CI PrCI
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In addition, 3 different electron rich double bond moieties were investigated
regarding their copolymerisation behaviour with imides (Figure 63):
•

Vinyl ether

•

Allyl ether

•

Styrene derivative (styrene itself is very volatile)

O

O

11

t-Bu
LVE

ABE

tBuSt

Figure 63: Structures of vinyl ether LVE, allyl ether ABE and styrene derivative tBuSt

Maleimide PrMI and all comonomers are commercially available, so only
itaconimide PrII and citraconimide PrCI had to be synthesised.

2.2.1. Syntheses of itaconimides and citraconimides
In addition to commercially available MI PrMI, also II PrII and CI PrCI should be
tested to study the influence of double bond position on the copolymerisation
behaviour. IIs and CIs are especially interesting and more favourable than MIs,
because they can be obtained from biological resources [116]. Furthermore, IIs
exhibit slightly higher reactivity in radical homopolymerisation than CIs or MIs
[117].

2.2.1.1. Synthesis of PrII and PrCI
Synthesis of II PrII and CI PrCI was performed according to patent WO
2005118537 [118] (Figure 64, see also chapter 2.2.1.1 of the experimental part)
with a Dean-Stark-apparatus and toluene as entrainer. With this synthetic route
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both monomers can be synthesised in one pot, because bases (i.e. starting
material 1-propylamine) catalyse double bond isomerisation. The obtained ratio
of II and CI depends on the basicity of used nucleophile and reaction conditions.
O
O

O
+

NH2

PhMe

O
IA

PrNH2

O
+

N

N

O

O

PrII

PrCI

Figure 64: Synthesis of PrII and PrCI

However, due to high basicity of propylamine (pK a ~ 10.71) double bond
isomerisation is a serious problem. The ratio of isolated II : CI is only 1 : 3.7.
Furthermore, yields are very low (~ 5% of theory), because Michael addition of
the amine to the activated double bonds also occurs very efficiently (Figure 65).
O
NH2

+

O
O

O
N
H

O
O

Figure 65: Side reaction Michael addition

There are several other promising synthesis routes known in literature for IIs like
PrII. Some potential ways are depicted in Figure 66.
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Figure 66: Further possible synthetic routes for PrII with acid catalysis [119-120], lewis
acid catalyst [121], microwave irradiation [122] or with succinimide as starting
material [123]

Synthetic pathways shown in Figure 66 are either known to give low yield or
require sensitive/expensive reactants (e.g. HMDS) and thus are not suitable for
syntheses of big batches.
Additionally, it is possible to protect the anhydride double bond before the
reaction with an amine and afterwards regenerate the methylene group. But this
approach would extend the needed syntheses by two steps.
However, since there is no need to attach exactly a propyl group on the N atom,
it is easier to change the substituent. So benzylamine is used as alternative, due
to its lower basicity (pKa ~ 9.34) compared to propylamine (pK a ~ 10.71). Hence,
double bond isomerisation should be reduced significantly.
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2.2.1.2. Synthesis of BnII and BnCI
Synthesis of II BnII and CI BnCI was conducted again according to patent WO
2005118537 [118] (see Figure 67 and also chapter 2.2.1.2 of the experimental
part). At the same time always corresponding CI will form, because the more
basic the amine is, the more effective is double bond isomerisation [120]. This
also implies, that for syntheses of IIs always isomerisation occurs, if bases as
reagents or catalysts are used.
O

O
O

NH2

+

N
PhMe

O
IA

BnNH2

O
+

N

O

O

BnII

BnCI

22%

21%

Figure 67: Synthesis of BnII and BnCI

However, it was possible to reduce the amount of isomerisation to approximately
equimolar ratio of II and CI. Furthermore, obtained yields are higher due to less
Michael addition. Separation of isomers is easily possible with column
chromatography.
So finally it was possible to get a set of 3 different comparable imides for further
characterisation, since corresponding MI BnMI is commercially available.

2.2.2. Volatility
For some potential applications like Hot-Lithography [124-125] monomers have
to be stable and not volatile over some hours also at elevated temperatures.
Therefore, volatility of used (co)monomers at different temperatures was
measured with STA.
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Methacrylate IBMA was used as a reference, because it is a well-known reactive
diluent in radical photopolymerisation, which is too volatile to be used at elevated
temperatures.
So mass loss of (co)monomers, which are summarised in Figure 68, was
measured for 3 h under N2 atmosphere at 50 or 90 °C with STA. Thus, data given
in Table 9 was obtained.

O
O
IBMA
O
N
O
BnMI

O

O
N

O
N

O

O

BnII

BnCI

O

11

t-Bu
LVE

ABE

tBuSt

Figure 68: (Co)monomer structures
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Table 9: Volatility of used monomers after 3 h

Monomer Mass loss Mass loss
at 50 °C [%] at 90 °C [%]
IBMA

7

10

BnMI

n.d.*

1

BnII

n.d.*

<1

BnCI

n.d.*

1

LVE

10

58

ABE

4

7

tBuSt

5

16**

* not determined
** polymerised

The experiments show that the investigated benzyl imides are not volatile – even
at 90 °C. In contrast, already at 50 °C a significant amount of MA IBMA and of all
3 tested comonomers evaporates after 3 h. Therefore, formulations containing
one of these comonomers can only be used at room temperature.

2.2.3. Comparison of itaconimide, citraconimide and
maleimide
Finally, photo-DSC studies were performed to investigate the influence of double
bond position on the reactivity in (co)polymerisation of obtained imides MI, II and
CI. For a better comparability, all imides were substituted with a benzyl group on
the N atom (MI BnMI, II BnII and CI BnCI, Figure 69). Furthermore, used
comonomers (vinyl ether LVE, allyl ether ABE and styrene derivative tBuSt) are
also shown in Figure 69.
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Figure 69: Structure of imides and used comonomers

Since MI BnMI is solid at room temperature (T m = 69 °C) and not soluble in used
comonomers, an additional second photo-DSC study was performed at 90 °C.
But used comonomers are too volatile for elevated temperatures, thus only a
comparison of the homopolymerisation of different imides BnMI, BnII and BnCI
is possible.
Both photo-DSC studies were performed under following conditions:
•

Equimolar concentration of imide and comonomer

•

Temperature: 25 °C or 90 °C

•

PI: 1 w% Ivocerin

•

Irradiation: 400 – 500 nm

•

1

H-NMR spectroscopy and GPC of each sample

So photo-DSC curves shown in Figure 70 and summarised in Table 10 were
measured at 25 °C.
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Figure 70: Photo-DSC curves at 25 °C of BnII without ( ) and with ABE ( ) or
tBuSt ( ) and BnCI with tBuSt ( ); start of irradiation ( )
Table 10: Results of photo-DSC measurements at 25 °C, NMR spectroscopy and GPC
measurements

Photo-DSC
NMR spectroscopy
GPC
CoImide
Area DBC
DBC coMn
Ð
monomer Peak max t95%
[s]
[s]
[J/g] imide [%] monomer [%] [kDa] [-]
BnII

BnCI

70

35.2 177.7

LVE

85

-

24.7 3.4
6.7 2.1

not miscible

ABE

7.6

77.7 183.0

96

83

tBuSt

19.0

46.1 267.0

75

87 25.5 4.8

-

10.9 186.8

34.4

0

-

-

-

LVE

10.8 166.4

56.7

0

0

-

-

ABE

10.1 157.4

28.0

0

0

-

-

tBuSt

36.8

53.8 259.9

65

BnMI

5.5

solid

LVE

not soluble

ABE

not soluble

tBuSt

not soluble

76 19.3 6.0
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As can be seen in Figure 70 and Table 10 above – and as expected from
literature [119, 126-127] –, II BnII is much more reactive than CI BnCI due to the
less sterically hindered 1,1-disubstituted double bond. Nevertheless, CI BnCI
shows interestingly only a slightly reduced reactivity with St tBuSt. This
behaviour makes the copolymerisation with styrene derivatives a lot more
interesting and promising, because CIs are always formed during the syntheses
of IIs. So it would make separation of the two simultaneously formed imide
isomers unnecessary.
Additionally, homopolymerisation at 90 °C gave the DSC curves shown in
Figure 71 and summarised in Table 11.

Figure 71: Photo-DSC curves at 90 °C of BnII ( ), BnCI ( ) and BnMI ( ); start of
irradiation ( )
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Table 11: Results of photo-DSC experiments at 90 °C, NMR spectroscopy and GPC
measurements

Monomer

Photo-DSC

NMR spectroscopy

Peak max [s] t95% [s] Area [J/g] DBC [%]

GPC
Mn [kDa] Ð [-]

BnII

5.5

22.2

239.1

98

36.1

1.9

BnCI

10.2

57.2

21.2

0

-

-

BnMI

3.2

18.3

455.1

not soluble

Figure 71 and Table 11 underline again, that CI BnCI is less reactive than II BnII.
Furthermore, the tested II BnII offers a high DBC and only a slightly slower
reaction than the MI BnMI. Additionally, it can be seen, that (at least)
homopolymerisation of maleimide BnMI is even faster than of the corresponding
II. Since polymerised BnMI is not soluble any more, only the leachable part was
measured with NMR spectroscopy and GPC to get an idea of minimum DBC and
molecular weight. They showed a DBC of > 97% and a Mn of 42.1 kDa (3.0 PDI)
of the soluble fraction, which is quite good for first preliminary tests.

2.2.4. Comparison of fumaric and maleic acid esters and
maleimide
An additional photo-DSC study was performed to check if the ring structure of
tested imides is needed to obtain high reactivity, because a lot of different
monomers without this moiety (e.g. unsaturated ester) are commercially
available and are also easier to synthesise.
Hence, two different unsaturated esters, which also possess activated double
bonds with comparable structures but without ring strain, were chosen: fumaric
and maleic acid esters (DEF and DEM, Figure 72). So information on the
influence of double bond configuration can be gained at the same time. MI PrMI
(Figure 72) is used for better comparability with studied esters.
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Figure 72: Structures of DEF, DEM and PrMI

Furthermore, copolymerisation with vinyl ether LVE, allyl ether ABE and styrene
derivative tBuSt is investigated as well (compare chapter 2.2.3).
Photo-DSC measurements were performed under following conditions:
•

Equimolar concentration of ester/imide and comonomer

•

Temperature: 25 °C

•

PI: 1 w% Ivocerin

•

Irradiation: 400 – 500 nm

•

1

H-NMR spectroscopy and GPC of each sample

The tests showed that only MI PrMI photopolymerises under these conditions
with all comonomers. Thus, only the PrMI series is presented in Figure 73. In
contrast, all gained data is summarised in Table 12.
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Figure 73: Photo-DSC curves of PrMI without ( ) and with LVE ( ), ABE ( ) and
tBuSt ( ); start of irradiation ( )
Table 12: Results of photo-DSC, NMR spectroscopy and GPC measurements

Photo-DSC
NMR spectroscopy
GPC
CoMonomer
Area DBC DBC coMn
Ð
monomer Peak max t95%
[s]
[s]
[J/g] MI [%] monomer [%] [kDa] [-]
DEF

DEM

PrMI

11.1 110.0

LVE
ABE

56.5

-

2.7 2.3

*

1.6 1.6

not miscible
9.7

63.9

61.8

*

tBuSt

11.8 100.3 152.9

70

-

10.2

27.7

11
97

66.9

92 15.2 5.6
-

0.9 1.5

LVE

9.1

67.8 240.6

ABE

8.5

59.0

36.4

*

*

1.2 1.3

tBuSt

8.8

69.5

27.1

12

22

2.4 3.5

-

3.2

20.9 427.6

not soluble

LVE

2.5

16.2 332.3

not soluble

ABE

5.6

22.7 394.9

not soluble

tBuSt

4.1

15.3 363.4

not soluble

* poor solubility, thus no suitable spectra possible
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As can be seen in Table 12 above, fumaric and maleic esters DEF and DEM
exhibit low reactivity. They yield only high conversions with St tBuSt or vinyl
ether LVE, respectively. All other monomer combinations give some low
molecular weight oligomers. This completely different reaction behaviour likely
originates from their different E/Z-isomerisation and therefore sterical hindrance
at the reaction centres. However, recorded NMR spectra of DEF and DEM
samples are not that reliable due to a lot of overlapping peaks. So photo-DSC
gives a lot more accurate comparison of monomer reactivities, although exact
heats of polymerisation are not known for the different monomer combinations.
In contrast, maleimide PrMI exhibits a high reactivity with all tested comonomers.
Unfortunately, polymers are not completely soluble, so no NMR spectra or GPC
can be measured. Nevertheless, 1H-NMR spectra of the soluble parts show no
remaining MI double bonds, but still a high content of vinyl or allyl ether. On the
other hand, the formulation containing St tBuSt has a significantly more similar
consumption of the two monomers, which indicates better copolymerisation.
So it is demonstrated, that ring strain in the monomers with activated double
bonds is necessary to reach high reactivity in (co)polymerisation. Hence, MIs in
combination with Sts are investigated further, because commercial availability
and also synthetic accessibility of these monomer classes are a lot better than
for vinyl ether and allyl ether. So MI PrMI will be used due to its good miscibility
and St derivative tBuSt is utilised as comonomer for further investigations.

2.2.5. Maleimide-styrene-methacrylate terpolymerisation
Fast and highly exothermic copolymerisation of MI and St monomers was
already

successfully

shown

in

previous

chapters.

However,

common

photopolymer formulations usually consist of MAs, thus terpolymerisation of a
MI-St-system with an MA is of interest as well. So experiments were performed
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to investigate the possibility of terpolymerisation of a MI-St-system with MAs,
because this approach would make an incorporation into common methacrylic
photopolymer resins easily possible.
Hence, RT-NIR-photorheology experiments were performed to study reactivity of
MI-St-MA-terpolymerisation.

Additionally,

online

information

on

the

photopolymerisation reaction is obtained.
For this purpose MI PrMI and St tBuSt were used in equimolar ratio. In addition,
MI-St-mixtures containing different MA BnMA concentrations (Figure 74; 10, 33
and 90 mol%) as well as pure BnMA were tested to check, if there is a threshold
concentration for added monomers, which hinders copolymerisation/chargetransfer complexes of MI PrMI and St tBuSt.
O
O

Figure 74: Structure of BnMA

PI TPO-L (Figure 75) is applied in a concentration of 0.2 w%, because this
amount was estimated as maximum PI concentration for moulding thicker
specimens without bubble formation. So more realistic results regarding potential
applications can be achieved.
O O
P OEt

Figure 75: Structure of TPO-L

As it is not possible to distinguish between different C=C double bond signals in
the MIR (~ 1630 cm-1) and to meet absorption limits when tracking significant
=C-H-absorption bands of MIs (~ 695 cm-1), only NIR region can be used to
76

General Part
monitor the photopolymerisation reaction. But unfortunately NIR peaks
originating from double bond overtones are not fully separated (see Figure 76).
Nevertheless, rheological information and also overall DBCs can be measured.

Figure 76: NIR spectra of an equimolar mixture of PrMI, tBuSt and BnMA before ( )
and after irradiation ( )

The experiments were conducted with following measurements parameters:
•

Equimolar concentrations of MI PrMI and St tBuSt containing 10, 33 or
90 mol% MA BnMA

•

Temperature: 25 °C

•

PI: 0.2 w% TPO-L

•

Irradiation: 320 – 500 nm

So data shown in Figures 77-79 and summarised in Table 13 was obtained.
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Figure 77: DBC of an equimolar mixture of PrMI and tBuSt without ( ) and with 10 ( ),
33 ( ) or 90 mol% ( ) BnMA and pure BnMA ( ); start of irradiation ( )

Figure 78: Storage modulus ( ■ ) and loss modulus ( ▲ ) of an equimolar mixture of
PrMI and tBuSt without ( ) and with 10 ( ), 33 ( ) or 90 mol% ( ) BnMA and pure
BnMA ( ); start of irradiation ( )
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Figure 79: Evolution of shrinkage force of an equimolar mixture of PrMI and tBuSt
without ( ) and with 10 ( ), 33 ( ) or 90 mol% ( ) BnMA and pure BnMA ( ); start of
irradiation ( )
Table 13: Results of photorheology measurements

Formulation [mol%] Rp
tgp
PrMI tBuSt BnMA [%/s] [s]

DBCgp t95%
[%]
[s]

DBCend Shrinkage
[%]
force [N]

50

50

0

1.2 34.1

37 112.0

89

28.6

45

45

10

1.1 39.4

41 102.4

89

27.0

33

33

33

0.8 82.7

64 118.9

87

23.7

5

5

90

0.2

-

- 271.7

23

0.0

0

0

100

0.2

-

- 257.0

26

0.0

As results above show, an increasing MA concentration leads to lower
polymerisation rates and retardation of gelation, but also higher DBC at gel point
can be achieved. However, the equimolar mixture of PrMI and tBuSt containing
90 mol% BnMA and pure MA do not solidify any more and also t 95% and final
DBC decrease dramatically. Furthermore, t 95% and final DBC remain almost
constant, if BnMA content does not get too high.
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Addition of a further reactive monomer induces – as expected – a retardation of
the copolymerisation of MI and St due to probably disturbance of the chargetransfer complexes and furthermore of course also lower concentrations. On the
other hand, storage stability is increased of resins with high MA concentration
(> 3 months), while the pure equimolar mixture of PrMI and tBuSt polymerises
already after few days.
Finally, Figure 76 already indicates, that DBCs of MI and St are higher than MA
DBC. Thus, peak deconvolution was performed and the DBCs, which are listed
in Table 14, were calculated.
Table 14: Peak deconvolution results

Formulation [mol%] DBCphotorheology DBCMI DBCSt DBCMA
[%]
[%]
[%]
PrMI tBuSt BnMA [%]
50

50

0

89

94

88

-

45

45

10

89

93

87

82

33

33

33

87

96

91

67

5

5

90

23

25

22

26

0

0

100

26

-

-

26

As can be seen in Table 14 DBCs determined with peak deconvolution show the
same trends and are approximately in accordance with the overall DBCs
estimated with the IR spectrometer of the NIR-photorheology device. The
obtained results demonstrate once more, that higher additive contents interfere
with the MI-St-copolymerisation, because MI and St DBCs decrease.
Furthermore, BnMA conversion is reduced as well at lower PrMI/tBuSt
concentrations. So MA homopolymerisation seems to be less efficient than
copolymerisation with the MI/St monomers under the applied conditions.
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Since preliminary experiments gave very promising results like high reactivity
and high double bond conversions, a closer look should be taken into resin
characteristics, photopolymerisation reaction and also material properties of a
MI-St-system based on MI PrMI and St tBuSt (→ model MI-St-system MISt1).

2.3. Model maleimide-styrene-system (MISt1)
Preliminary studies showed the high potential of MI-St-copolymerisation (see
chapter 2.2). So further investigations will be conducted to test more chemical
but also (thermo)mechanical properties of this new class of materials.
Therefore, one formulation was selected for an expanded chemical and
(thermo)mechanical study to gain further insights into a model system. Thus, St
derivative tBuSt is used as comonomer with MI PrMI. Both monomers were
always used in equimolar ratio to promote strict alternating copolymerisation
(→ MI-St-system 1, MISt1).
Furthermore, a monofunctional methacrylate (IBMA) will be tested for
comparison with MISt1, because methacrylates are typical monomers for
photopolymerisation for various applications.
Additionally, BUNA CB24 (a > 96% cis-1,4-polybutadiene from Arlanxeo, CB24)
was added as a filler and to increase toughness (compare ABS). CB24 has a
molecular weight (Mn) of 180 kDa and a polydispersity of 2.1.
TPO-L was used again as photoinitiator in a concentration of 0.2 w%, because
higher contents or more reactive photoinitiators (like e.g. Ivocerin) lead to bubble
formation during curing of thicker specimens for mechanical tests.
First of all, the maximum soluble amount of BR CB24 in MI-St-system MISt1 was
estimated. At higher concentrations (> ~ 20 w%) CB24 was swollen with MISt1
monomers instead of rubber being dissolved in the resin. Additionally,
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formulations with a BR content above 50 w% are not processable any more.
Hence, for all experiments MISt1 containing 0, 10, 20, 30 and 50 w% CB24 is
used. Similar mixtures with methacrylate IBMA were tested for comparison.
Following nomenclature for formulations will be used to facilitate reading: resin
“M_x” represents monomer “M” (either MI-St-system MISt1 or reference MA
IBMA), which contains a BR CB24 concentration of x w%.

2.3.1. Volatility
As already mentioned in chapter 2.2.2 before, volatility of monomers is a crucial
property for many applications.
Since used St derivative tBuSt in MISt1 and MA IBMA were already tested
regarding their volatility in chapter 2.2.2, only MI PrMI had to be measured.
So mass loss of MI PrMI was measured for 3 h under N2 atmosphere at 50 or
90 °C with STA.
Thus, data listed in Table 15 was obtained. Furthermore, MA IBMA and
comonomer St tBuSt are also shown.
Table 15: Volatility of used monomers

Monomer Mass loss Mass loss
at 50 °C [%] at 90 °C [%]
IBMA

7

10

PrMI

9

53

tBuSt

5

16*

* polymerised

As can be seen clearly above, MI PrMI, St tBuSt and MA IBMA show significant
mass loss already at 50 °C over 3 h. Therefore, formulations based on MISt1 or
IBMA can be used only at room temperature.
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2.3.2. Storage stability
Storage stability of (photo)polymerisable formulations is not only important for
daily use in research but even more crucial for industrial applications. Hence,
some stability tests of MISt1 were performed.
Therefore, MISt1_0 resin (MISt1 without rubber CB24) was stored without
additional inhibitors under air and under light protection at room temperature.
Stability of the formulation was assessed by periodically recording 1H-NMR
spectra. Reference monomer MA IBMA_0 was not tested, because MAs are
known to be storage stable at room temperature over years.
The spectra do not change over 3 days, but on the 4 th day already some solids
can be seen optically (Figure 80), which are not fully soluble in CDCl 3 any more.
This result is in accordance with previous photo-DSC experiments (compare
chapters 2.2.3 and 2.2.4), where samples containing MIs are also not soluble
after polymerisation.

Figure 80: MISt1_0 formulation after 4 days

So sufficient storage stability of resins based on MISt1 is given for further
experiments. If this instability is too high for a certain application, there is still the
possibility to add stabilizers.
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2.3.3. Viscosity
Another important property of resins is their viscosity, because if it is too high
processing becomes challenging.
Since monomers used in MISt1 and IBMA are highly volatile, viscosities were
only measured at room temperature with a rheometer. Furthermore, it has to be
mentioned, that only resins with a BR CB24 content below 20 w% can be tested,
because higher concentrations give a rubber swollen with monomers instead of a
liquid formulation. Hence, no rheological measurements are possible.
So viscosities given in Table 16 were measured at 25 °C.
Table 16: Viscosities of tested resins

Formulation Viscosity [mPa s]
MISt1_0

1

MISt1_10

5240

MISt1_20

28700

IBMA_0

7

IBMA_10

10790

IBMA_20

33200

As can be seen in Table 16 addition of high molecular weight CB24 induces a
strong increase in viscosity. Nevertheless, viscosity of resins based on MISt1 is
always lower than comparable IBMA-based ones.

2.3.4. Potential self-initiation
First of all, PrMI and MISt1 formulations were tested on a Photo-DSC to exclude
self-initiation under the used irradiation conditions, which is known for exposure
of MIs, MIs combined with photosensitizers and tertiary amines or MI-St-
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complexes to UV-light of a broadband Hg-bulb [128-132]. Therefore, resins
without PI and with a type II PIS BP (without and with MDEA, Figure 81) were
studied.
O
N

HO
BP

OH

MDEA

Figure 81: Structures of BP and MDEA

Photo-DSC experiments were conducted under the following conditions:
•

Temperature: 25 °C

•

PI (and coinitiator) concentration: 1 w%

•

Irradiation: 320 – 500 nm

•

1

H-NMR spectroscopy and GPC of each sample

So results listed in Table 17 were obtained.
Table 17: Results of photo-DSC, NMR spectroscopy and GPC measurements

Photo-DSC
Monomer PI

NMR spectroscopy

Peak t95% Area DBC
max [s] [s] [J/g] MI [%]

DBC
St [%]

GPC
Mn
Ð
[kDa] [-]

PrMI

-

-

-

-

0

-

-

-

PrMI

BP

-

-

-

0

-

-

-

PrMI

BP + MDEA

-

-

-

0

-

-

-

MISt1_0

-

-

-

-

0

0

-

-

The data presented in Table 17 shows, that no photopolymerisation occurs in
PrMI as well as MISt1_0 without PI, with sensitizer BP or with a type II PIS (BP
and MDEA) at the used irradiation conditions. Interestingly, 20 years ago most
prominent Hoyle and Jönsson [128-131] but also others [132-134] always
described MI and MI-comonomer acceptor-donor charge-transfer complexes as
self-initiating monomers or already as PI e.g. for photopolymerisation of
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acrylates. In contrast, these results now support data in a new publication from
Friesen et al. [135], where perfluorated MIs are utilised as self-initiating
monomers also with an Omnicure UV-lamp system. But they had to use
unfiltered UV-light of the Hg-bulb to initiate photopolymerisation. If a filter was
applied, no polymerisation occurred without addition of a radical PI (Darocur
1173).

2.3.5. Photo-DSC
Photo-DSC studies were performed to investigate the reactivity of MISt1
containing different amounts of BR CB24 and to check, if there is a change in
copolymerisation kinetics due to the presence of the rubber. In addition, MA
IBMA was again used as reference methacrylic monomer.
Furthermore, MI PrMI without comonomer was measured as second reference
and for comparison with preliminary studies, where another PI(-concentration)
and irradiation conditions were applied (compare chapter 2.2.4).
Photo-DSC experiments were executed under the following conditions:
•

Temperature: 25 °C

•

PI: 0.2 w% TPO-L

•

Irradiation: 320 – 500 nm

•

1

H-NMR spectroscopy and GPC of each sample

So results depicted in Figures 82-83 and summarised in Table 18 were
measured.
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Figure 82: Photo-DSC curves of PrMI ( ) and MISt1 without ( ) and with 10 ( ),
20 ( ), 30 ( ) or 50 w% ( ) CB24; start of irradiation ( )

Figure 83: Photo-DSC curves of IBMA without ( ) and with 10 ( ), 20 ( ), 30 ( ) or
50 w% ( ) CB24; start of irradiation ( )
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Table 18: Results of photo-DSC, NMR spectroscopy and GPC measurements of PrMI,
MISt1 and IBMA formulations

Photo-DSC
Formulation Peak t95%
max [s] [s]

NMR spectroscopy

GPC

Area DBC
DBC coMn
Ð
[J/g] MI/MA [%] monomer [%] [kDa] [-]

PrMI

12.7

82.3 313.3

not soluble

not soluble

MISt1_0

21.1

41.0 372.2

not soluble

not soluble

MISt1_10

18.7

63.1 306.8

not soluble

not soluble

MISt1_20

14.3

57.9 288.0

not soluble

not soluble

MISt1_30

9.1

53.6 262.5

not soluble

not soluble

MISt1_50

7.2

30.6 183.7

not soluble

not soluble

IBMA_0

11.9 176.9

94.6

47

-

37.4 6.6

IBMA_10

35.4

91.9 101.2

52

-

38.1 8.7

IBMA_20

22.0

92.6

87.8

53

-

43.4 8.1

IBMA_30

14.0 120.5

74.1

55

-

48.7 11.1

IBMA_50

16.0

42.1

31

-

69.6 8.5

84.6

As can be seen in Table 18, MISt1 formulations interestingly show a reduction in
time to reach peak maximum with an increasing polybutadiene content, whereas
t95% is higher with added CB24, but decreases with increasing BR content. These
effects can be attributed to the increased viscosities, which originate from higher
rubber amounts, and also because cross-linking reactions may occur with CB24
double bonds.
In contrast, no tendency can be seen in photo-DSC data of IBMA resins. Only
DBC stays constant, except for the highest CB24 concentration, where it drops
probably due to the high viscosity of the resin. Interestingly, only the formulations
containing 10 w% (and also very weak 20 w%) BR exhibit a Trommsdorff effect
and therefore peak maximum is delayed. On the other hand, molecular weight
increases with higher polybutadiene CB24 content.
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However, insolubility of pMISt1 samples need additional experiments, since as
they should build polymer chains, they should be soluble in suitable solvents.
Nevertheless, studies on the photopolymerisation reaction will be completed,
before polymer insolubility of the model MI-St-system is investigated further.

2.3.6. RT-NIR-photorheology
RT-NIR-photorheology measurements were performed to further characterise
MISt1 resins and to get some more insights into photopolymerisation of MI-StBR-based mixtures.
Additionally, IBMA was again used for comparison with a monofunctional MA,
since this monomer class is the most prominent in industry for radically curable
formulations. Furthermore, MI PrMI without comonomer was measured for
comparison with preliminary studies, where another PI(-concentration) and
irradiation conditions were applied (compare chapter 2.2.4).
Finally, it should be mentioned again, that only resins with a BR CB24 content
below 20 w% could be tested, because higher concentrations give a rubber
swollen with monomers instead of a liquid formulation. Hence, no rheological
measurements are possible (compare also chapter 2.3.3).
The experiments were conducted under standard measurements parameters:
•

Temperature: 25 °C

•

PI: 0.2 w% TPO-L

•

Irradiation: 320 – 500 nm

Furthermore, it has to be mentioned once more, that it is not possible to
distinguish between different double bond signals in the MIR as well as to meet
absorption limits when tracking significant =C-H-absorption bands of MIs
(~ 695 cm-1). So only NIR region can be used to monitor the photopolymerisation
reaction. But IR peaks in the NIR region originating from first DB overtones from
MI (~ 6100 cm-1) and St (~ 6130 cm-1) are not fully separated, due to strong
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overlapping (in contrast signal of polybutadiene CB24 does not intersect):
Figure 84. Nevertheless, rheological information and overall conversion of both
reactive monomers can be measured.

Figure 84: Overlapping of double bond signals of PrMI and tBuSt before ( ) and after
irradiation ( )

So the data presented in Figures 85-87 and summarised in Table 19 was
obtained.
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Figure 85: DBC of PrMI ( ), MISt1 without ( ) and with 10 ( ) or 20 w% ( ) CB24 and
IBMA without ( ) and with 10 ( ) or 20 w% ( ) CB24; start of irradiation ( )

Figure 86: Storage modulus ( ■ ) and loss modulus ( ▲ ) of PrMI ( ), MISt1
without ( ) and with 10 ( ) or 20 w% ( ) CB24 and IBMA without ( ) and with 10 ( ) or
20 w% ( ) CB24; start of irradiation ( )
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Figure 87: Evolution of shrinkage force of PrMI ( ), MISt1 without ( ) and with 10 ( ) or
20 w% ( ) CB24 and IBMA without ( ) and with 10 ( ) or 20 w% ( ) CB24; start of
irradiation ( )
Table 19: Results of photorheology measurements

Formulation Rp [%/s] tgp [s] DBCgp [%] t95% [s] DBCend [%] Shrinkage force [N]
PrMI

1.1

52.4

32 193.3

75

20.2

MISt1_0

1.1

31.2

36 100.9

88

22.9

MISt1_10

1.1

21.2

17 108.5

92

14.6

MISt1_20

1.2

19.3

15 141.0

95

15.5

IBMA_0

0.8 120.5

55 166.6

60

9.1

IBMA_10

0.4

78.5

43 211.2

59

10.5

IBMA_20

0.5

46.5

30 225.0

60

11.8

The conversion curves in Figure 85 support again our approach to use MI-Stcopolymerisation instead of pure maleimide homopolymerisation, because the
copolymerisation is faster (R p, tgp as well as t 95%), due to less retardation and
reaches higher DBCs in the end. On the other hand, produced shrinkage stress
is slightly higher, but it is with ~ 23 N not very high.
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As expected addition of polybutadiene CB24 yields in both systems to faster
gelation at lower DBCs, while the DBC end remains nearly unchanged (and t 95%
little bit increased). Beyond that, it significantly reduces formed shrinkage stress
in MISt1.
A comparison with results of IBMA is not really fair, because the used
photoinitiator concentration is optimised for MISt1 and too low for IBMA, but as
already explained in the beginning higher PI contents give bubbles when curing
thicker samples of MISt1_0. However, a Trommsdorff effect can be observed
again for both formulations containing 10 w% BR and IBMA_20, as it was
already seen in the photo-DSC studies in chapter 2.3.5.
Finally, shrinkage force is measured as well, but the absolute values are quite
low (< 23 N), due to the monofunctionality of the tested monomers and therefore
late gelation at high DBCs.
In addition, peak deconvolution was performed to check literature known very
efficient alternating copolymerisation of MI and St [116, 136-138]. Therefore,
DBCs, which are listed in Table 20, were calculated for each monomer.
Table 20: Results of photorheology measurements and peak deconvolution

Formulation DBCphotorheology [%] MI DBC [%] St DBC [%]
MISt1_0

88

90

87

MISt1_10

92

93

89

MISt1_20

95

97

93

As can be seen in Table 20, DBCs calculated with peak deconvolution show the
same trend and are in accordance with the overall DBCs estimated with IR
spectroscopy

from

NIR-photorheology.

Furthermore,

effective

alternating

copolymerisation of MIs and Sts could be confirmed, since very similar DBCs are
found for both monomers.
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Finally, all polymerised pMISt1 samples cannot be dissolved fully although they
actually should be soluble in suitable solvents. Thus, swellability studies were
performed to clarify this surprising finding.

2.3.7. Swellability
Since all pMISt1-based polymers are only swelling very strongly, but do not fully
dissolve, it seems that cross-linking may occur in the MI-St-system. Polymerised
samples are also not soluble in the monomers PrMI or tBuSt. Furthermore, the
influence of cis-1,4-polybutadiene CB24 double bonds on swellability behaviour
should also be examined. In contrast, all pIBMA samples without and with BR
CB24 are still soluble. So swellability tests were performed to finally clarify, if
cross-linking reactions in the MI-St-BR-system happen.
Therefore, harsh solvents for swellability tests (an apolar and a polar one) were
used to definitely prove insolubility, rather than checking degree of swelling:
CHCl3 and EtOH. Formulations based on IBMA could not be investigated for
comparison, because they are completely soluble in both tested solvents.
So polymerised samples were submerged for 7 d in CHCl3 or EtOH. Sample
mass was recorded before and after swelling and after drying (see chapter 2.3.7
of the experimental part).
Thus, swellability and gel fraction in CHCl 3 (Table 21) and EtOH (Table 22) were
calculated.
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Table 21: Swellability and gel fraction in CHCl3

Sample

Swellability [%] Gel fraction [%]

pMISt1_0

1648

87.5

pMISt1_10

1213

88.6

pMISt1_20

1107

92.5

pMISt1_30

944

95.1

pMISt1_50

962

96.0

Table 22: Swellability and gel fraction in EtOH

Sample

Swellability [%] Gel fraction [%]

pMISt1_0

129.8

93.7

pMISt1_10

125.0

92.6

pMISt1_20

121.8

96.3

pMISt1_30

115.0

98.2

pMISt1_50

109.9

98.9

As can be seen in Tables 21 and 22, swellability tests show, that pure pMISt1_0
swells extremely, but does not dissolve. So interestingly cross-linking in MISt1based systems occurs, which can be supposedly caused by hydrogen
abstraction reactions either next to the N atom of the MI PrMI or maybe from the
MI backbone (Figure 88).

H
O

N

H

O

R

Figure 88: Possible cross-linking mechanisms
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In addition, data shows, that higher BR concentrations give lower degrees of
swelling and higher gel fractions. So network density increases with higher
rubber content. Furthermore, leachable fractions are smaller than BR content.
Hence, these results prove that polybutadiene CB24 is definitely covalently
linked with the pMISt1 matrix.
Finally, higher swellability values in CHCl 3 than EtOH are due to a lower polarity
of the solvent and therefore more efficient swelling of the rather apolar MI-Stmatrix.

2.3.8. (Thermo)mechanical properties
For further characterisation of material properties of MI-St-BR-terpolymers
several studies were performed to also determine (thermo)mechanical properties
of pMISt1 polymers, which contain different amounts of polybutadiene CB24.
Formulations based on IBMA could not be tested, since they do not fully solidify
under used PI concentration. A higher initiator content is not possible, because
then MISt1 formulations would become too hot and give bubbles during curing.
The specimens for all (thermo)mechanical tests were prepared by moulding the
resins according to the general procedure described in chapter 2.3.8 of the
experimental part.

2.3.8.1. DMTA
DMTA studies were performed to estimate thermomechanical properties as well
as thermal phase transitions like glass transition temperature (T g).
All DMTA experiments were executed in torsion mode with a heating rate of
2 °C/min and constant normal force.
So the data shown in Figure 89 was obtained.
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Figure 89: Storage modulus ( ) and mechanical loss (···) of pMISt1 without ( ) and
with 10 ( ), 20 ( ), 30 ( ) or 50 w% ( ) CB24

As can be seen in Figure 89 pMISt1 and CB24 are not fully miscible, because
there are still both peaks of the glass transitions present (peak at ~ -96 °C
corresponds to the BR and ~ 175 °C originates from pMISt1). In addition, Tgs of
the hard phase (pMISt1) are shifted to higher temperatures (161 °C → 192 °C)
with increasing polybutadiene content, which indicates partial compatibility of the
pMISt1-CB24-system. These results are even more surprising since all tested
sample specimens are clear transparent polymers.
The observed peaks at ~ -50 °C in G', which increase with higher CB24
contents, could originate from crystallisation processes of the BR, but DSC
measurements showed no exothermic signals in this temperature range. On the
other hand, also different thermal expansions and thus formation of compression
stress of the MI-St phase and the BR phase could explain the increase of G' and
G''.
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2.3.8.2. Tensile tests
In addition to DMTA studies also tensile tests were performed to further
characterise mechanical properties of the model MI-St-BR-system pMISt1.
Tensile tests were conducted according to ISO 527 with specimen shape 5B and
a traverse speed of 5 mm/min.
So stress-strain curves shown exemplary in Figure 90 and summarised in
Table 23 were obtained.

Figure 90: Exemplary stress-strain curves of pMISt1 without ( ) and with 10 ( ), 20 ( ),
30 ( ) or 50 w% ( ) CB24
Table 23: Results of tensile tests of pMISt1

Sample
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Stressmax [MPa] StrainBreak [%]
Average s

Average s

pMISt1_0

27.5

3.0

4.3

0.7

pMISt1_10

22.0

2.5

45.6

7.0

pMISt1_20

12.4

0.6

54.6

3.9

pMISt1_30

13.1

1.9

182.9 35.0

pMISt1_50

8.4

1.3

389.7 84.4

General Part

Figure 90 shows the brittle behaviour of pMISt1_0, which becomes more and
more ductile with increasing BR content. Additionally, stress-strain curves of
pMISt1_10 and pMISt1_20 exhibit a yield point, whereas higher amounts of
polybutadiene CB24 lead to more elastomer like properties.

2.3.8.3. Impact resistance
Finally, also impact resistance was measured to conclude characterisation of the
model MI-St-BR-system pMISt1. Therefore, Dynstat impact tests were
performed, since they need only very small sample specimens compared to
other impact resistance experiments like Charpy or Izod.
Impact resistance was measured with the Dynstat approach according to DIN
51230.
The

experiments

show,

that

pMISt1_0

specimens

are

quite

brittle

(1.8 ± 0.5 kJ/m2). All specimen containing polybutadiene CB24 do not break even
with the heaviest hammer (40 kpcm). They only get some graces instead of
breaking (Figure 91).

Figure 91: Samples after impact test: pMISt1 without (1.) and with 10 (2.), 20 (3.), 30 (4.)
or 50 w% (5.) CB24

Furthermore, SEM pictures of Dynstat impact test specimen were taken to get
more information on the morphology of the (not) broken samples.
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So the images shown in Figure 92 were obtained for the fracture surface of a
broken pMISt1_0 impact test specimen.

Figure 92: Broken Dynstat impact test specimen of pMISt1_0

As can be seen in Figure 92 pMISt1_0 gives a rather smooth fracture surface,
which explains the low impact resistance.
Furthermore, no phase separation of hard MI-St phase and soft rubber phase,
which can explain the very high impact resistance and that was also seen in the
corresponding DMTA curves (see chapter 2.3.8.1), can be observed in SEM
images in pMISt1 samples containing BR CB24.
Since differentiation of different organic phases in SEM is quite difficult and
staining with Os or Ru-based staining agents is not possible in this case, AFM
measurements were used to visualise phase separation.

2.3.9. AFM
AFM pictures were taken to show the phase separation of the MI-St matrix
pMISt1 and rubber CB24. Therefore, Young's modulus was measured with AFM
on the surface of pMISt1 samples containing rubber, due to the very significant
difference in the moduli of hard and soft domains.
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All AFM experiments were performed in an area of 5*5 µm2 and with a resolution
of 256*256 pixels.
So the images shown in Figure 93 were obtained.

Figure 93: Young's moduli of pMISt1 samples with 10 ( ), 20 ( ), 30 ( ) or 50 w% ( )
CB24

Although sample preparation of materials with phase separation is tricky and it is
in this study also probably not ideal, the pictures in Figure 93 nevertheless nicely
illustrate the separation of the hard MI-St and the soft BR phase in pMISt1based photopolymers, which was already indicated in the DMTA measurements
(compare chapter 2.3.8.1). They show very small areas of the two different
phases (< 50 nm). Therefore, the transparency of the terpolymers can be
explained (see Figure 91), because domain size is significantly lower than the
wavelength of visible light. In contrast, the dimension of the phases is one of the
reasons for the opaque appearance of ABS.
Furthermore, the obtained Young's moduli are in the same order as the moduli
indicated by the tensile tests (chapter 2.3.8.2). However, tensile tests do not yield
Young's moduli due to the applied experimental parameters.
Finally, the pictures become darker (lower moduli) and resolution becomes less
with higher rubber content due to the very small size of the two different phases.
Thus, measurement volume (~ 40 nm depth) is in the same size range than the
domain size and therefore an AFM experiment always measures more than one
domain in a single experiment. So a levelling effect is observed and the
determined moduli seem to be lower with increasing BR concentrations.
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2.3.10. Thermal stability
Finally, thermal stability of model MI-St-BR-terpolymers was tested to conclude
characterisation

of

this

new

class

of

photopolymers.

Therefore,

STA

measurements were performed.
The experiments were conducted under N 2 atmosphere according to DIN EN ISO
11358 on an STA.
So obtained TGA curves are shown in Figure 94 and the estimated temperatures
of beginning mass loss (TA) and the temperatures of the inflexion point (T C) are
summarised in Table 24.

Figure 94: TGA of pMISt1 without ( ) and with 10 ( ), 20 ( ), 30 ( ) or 50 w% ( )
CB24

102

General Part
Table 24: Thermal stability of pMISt1

Sample

TA [°C] TC [°C]

pMISt1_0

418

446

pMISt1_10

431

448

pMISt1_20

434

464

pMISt1_30

435

464

pMISt1_50

436

464

Figure 94 and Table 24 show, that pMISt1 possesses quite high thermal stability,
which increases also slightly with the addition of BR CB24. Compared to ABS
the thermal degradation is ~ 45 °C higher for the MI-St-BR-terpolymer [139].

Hence, already first tested model MI-St-system MISt1 exhibits high reactivity and
good (thermo)mechanical properties such as high T g, high strain at break and
very high impact resistance. Nevertheless, there are still some drawbacks, which
strongly limit their potential applications (e.g. volatility or storage stability).
Nevertheless, first some more basic studies have to be performed to get a better
understanding of MI-St-BR-terpolymers, before optimisation of MI and St
monomers regarding enhanced material properties can be done.
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2.4. Further mechanistic studies on MI-St-copolymerisation
Before optimisation of material properties of MI-St-based photopolymers can be
done, further basic investigations should be performed to clarify some observed
effects in model MI-St-BR-system MISt1:
•

Influence of BR

•

Insolubility due to cross-linking reactions

2.4.1. Influence of polybutadienes on MISt1
Polybutadiene CB24 was already applied successfully to enhance toughness in
brittle model MI-St-system pMISt1. Besides the used CB24, additional
polybutadienes (Table 25, kindly provided by Cray Valley) with lower molecular
weight – but completely different microstructures – were tested to get an idea of
the influence of the rubber component in the MI-St-matrix pMISt1.
Table 25: Used polybutadienes

Trade name

Mn [kDa] Molecular structure Remarks

Krasol
LBH-P 3000

3.2 65% Vinyl

Both ends terminated with
primary hydroxy groups

Krasol
HLBH-P 3000

3.1 65% Ethyl

Hydrogenated BR (HBR);
Both ends terminated with
primary hydroxy groups

Ricon 134

8.0 28% Vinyl

Krasol
LBH 5000 M

5.0 65% Vinyl

Ricon 154

5.2 90% Vinyl

1 end terminated with
primary hydroxy group

a

Incorporation of all these low molecular weight polybutadienes in the pMISt1
matrix will lead to quite brittle polymers (similar to pMISt1 without added rubber),
but the aim of this approach is to understand the effects of different BR
structures on the photopolymer pMISt1 and not to increase toughness.
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DMTA studies were performed to investigate if remaining double bonds of the
polybutadiene have an influence on the material. Therefore, 10 w% Krasol
LBH-P 3000 (BR) or Krasol HLBH-P 3000 (= hydrogenated version of Krasol
LBH-P 3000, HBR) were incorporated into pMISt1.
All specimens for DMTA tests were prepared by moulding the resins according to
the general procedure described in chapter 2.3.8 of the experimental part. The
DMTA experiments were executed in torsion mode with a heating rate of
2 °C/min and constant normal force.
So following DMTA curves were measured (Figure 95). In addition, pMISt1_0
and pMISt1_10 are shown as well for comparison with high molecular weight BR
CB24.

Figure 95: Storage modulus ( ) and mechanical loss (▪▪▪) of pMISt1 without ( ) and
with 10 w% CB24 ( ), HBR ( ) or BR ( )
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As can be seen in Figure 95 the low molecular weight polybutadiene with vinyl
groups (blue curves) interestingly does not drastically change modulus or glass
transition temperature. Furthermore, no phase separation could be observed –
neither in DMTA data nor optically (see also Figure 96).

Figure 96: DMTA specimen of pMISt1 with 10 w% BR (left) or corresponding HBR (right)

In contrast, – as Figure 95 above also shows – addition of the hydrogenated BR
(green curves) leads to 2 glass transitions and a small increase in glass
transition temperature of the MI-St phase similar to high molecular weight BR
CB24, which is covalently bonded with the MI-St matrix. The rise in the polymer
containing HBR is caused probably by incomplete miscibility of the different
phases, because no cross-linking reactions between remaining BR double bonds
and MI/St monomer radicals can occur, which is also underlined by a lower
storage modulus in the rubbery-elastic area. Finally, this approach is further
supported by the observation, that the polymer containing the hydrogenated
rubber is not transparent (see Figure 96 again).
Hence, SEM pictures of the specimens were taken to further prove this theory:
Figures 97 and 98.
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Figure 97: Broken DMTA specimen of pMISt1 with 10 w% BR

Figure 98: pMISt1 with 10 w% BR

SEM images also indicate, that there is only one homogeneous phase present in
the photopolymer containing the polybutadiene with double bonds.
In contrast, a distinct phase separation is present in samples with the
corresponding HBR (Figures 99 and 100).
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Figure 99: Broken DMTA specimen of pMISt1 with 10 w% HBR

Figure 100: pMISt1 with 10 w% HBR

The size of the second minor domains (polybutadiene) is approximately 400 –
700 nm, which is exactly the wavelength of visible light, thus explaining the
opacity of the polymer.
Additionally, SEM pictures prove that addition of HBR Krasol HLBH-P 3000 to
MISt1 leads to polymerisation induced phase separation, since the liquid
formulation is homogeneous and transparent.
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In addition, rubbers with slightly higher molecular weights (compare Table 25)
and with different structures were studied as well according to their effect on
model MI-St-system pMISt1:
•

pMISt1 with 10 w% Ricon 134 (28% vinyl, Mn = 8.0 kDa): White polymer

•

pMISt1 with 10 w% Krasol LBH 5000 M (65% vinyl, M n = 5.0 kDa): Almost
transparent material

•

pMISt1 with 10 w% Ricon 154 (90% vinyl, Mn = 5.2 kDa): Transparent
material

The optical phase separation (shown in Figure 101) of pMISt1 containing Ricon
134 could either be explained due to the higher molecular weight compared to
the other ones or also because of a low vinyl group content (28%).

Figure 101:

Samples

of

pMISt1

with

10 w%

Ricon

134

(left),

Krasol

LBH

5000 M (middle) or Ricon 154 (right)

Furthermore, DMTA was measured again to prove first optical impressions as
well as to investigate the influence of polybutadienes on thermomechanical
properties.
The DMTA experiments were conducted with the same experimental parameters
as before, to obtain comparable results (see chapter 2.4.1).
So DMTA results given in Figure 102 were obtained.
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Figure 102: Storage modulus ( ) and mechanical loss (···) of pMISt1 without ( ) and
with 10 w% Ricon 134 ( ), Krasol LBH 5000M ( ) or Ricon 154 ( )

DMTA demonstrates, that the low molecular weight polybutadienes increase the
Tg slightly with an increasing vinyl content, due to the steric demand of the vinyl
groups and a little bit higher degrees of cross-linking. Furthermore, only the
“high” molecular weight (8 kDa) Ricon 134, which has the lowest vinyl
concentration and also shows optically phase separation, exhibits 2 glass
transitions.
So it seems, that either “high” (> 6 kDa) molecular weight or low content of vinyl
groups trigger phase separation. On the other hand, CB24 with an Mn of 180 kDa
and almost no vinyl groups (> 96% cis-1,4-polybutadiene) yields transparent
polymers when incorporated into MISt1, but still possesses 2 glass transitions
(originating from soft BR phase and hard MI-St phase).

110

General Part

2.4.2. Cross-linking behaviour in MI-St-copolymers
Since insolubility of MI-St-copolymers of pure pMISt1_0 but also pMISt1
containing various different rubbers was observed already several times
(compare e.g. chapters 2.3.7 or 2.4.1), a closer look is necessary to analyse this
unexpected property.
The idea is that either H-abstraction occurs on the MI ring, then all MI-St-based
photopolymers should be insoluble, or a H atom on the substituent next to the N
atom is abstracted, then solubility can be controlled by the choice of the
substituent (see also Figure 88).
Thus, swellability tests with a MI without an α-H atom next to the N atom were
planned in order to investigate the cross-linking reaction. So aromatic substituted
N-phenylmaleimide PhMI was used, because it exhibits – compared to other MIs
– a very low melting point (T m = 88 – 91 °C). Since PhMI is solid and also cannot
be dissolved in St tBuSt, the need is given for a new St comonomer. A key
feature of the new monomer has to be a very high boiling point and additionally
low volatility as well, to make dissolving of MI PhMI at elevated temperatures
possible.
Therefore, a new St derivative (FESt) was introduced, which can be applied in
combination with MI PhMI for MI-St-sytem 2 (MISt2, Figure 103) also at high
temperatures.
Again 0.2 w% TPO-L were always used as PI in all formulations of MISt2.
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PhMI

FESt

Figure 103: Monomers used for MISt2

MI PhMI was kindly provided by HOS-Technik (Homide 105), thus only St
derivative FESt had to be synthesised.

2.4.2.1. Synthesis of FESt
Synthesis of St derivative FESt was performed according to Kobayashi et al.
[140] (Figure 104). It has to be mentioned, that the starting material vinylbenzyl
chloride (VBnCl) is a mixture of m- and p-substituted styrene in an approximately
equimolar ratio (51 : 49 according to GC-MS chromatogram).

+

HO

DMF

O

70%

Cl
VBnCl

NaH

Fenchol

FESt

Figure 104: Synthesis of FESt

The synthesis was also conducted in THF instead of DMF, because this solvent
would be easier to remove, but then conversion dropped to ~ 10% (according to
1

H-NMR spectrum) after 24 h compared to 78% isolated product in DMF with a

reaction time of ~ 16 h. The low conversion may be optimised with even longer
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reaction times or elevated temperatures. However, St monomer FESt could be
successfully synthesised with the known procedure in big batch sizes (> 35 g),
which is a sufficient amount for all planned studies.

2.4.2.2. Volatility of FESt
First of all, volatility of St FESt was checked, as it is a main drawback of the
previous applied St derivative tBuSt, which was used in MISt1 resins.
Furthermore, this property is crucial for the utilisation in combination with MI
PhMI in MI-St-system MISt2.
In addition, the results were compared to MA IBMA (as industrial relevant
monofunctional monomer) and to the former used St tBuSt as well (compare
also chapter 2.3.1).
Therefore, mass loss was measured again with STA at 90 °C for 3 h under N2
atmosphere.
So the data summarised in Table 26 was obtained:
Table 26: Volatility at 90 °C after 3 h

Monomer Mass loss [%]
IBMA

10

tBuSt

16*

FESt

<1

* polymerised

Table 26 shows, that the new St moiety FESt exhibits only an mass loss of < 1%
after 3 h at 90 °C. Additionally, no homopolymerisation or solidification can be
observed.
This result makes St FESt perfectly suitable for dissolving MI PhMI at elevated
temperatures, which are necessary, because they are not miscible at room
temperature.
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2.4.2.3. Swellability
Swellability tests of pMISt2 samples without and with rubber CB24 were
performed to further investigate the reaction of the MI-St-systems with
polybutadiene and also to prove the proposed cross-linking mechanism of
pMISt1 in chapter 2.3.7.
Therefore, samples were moulded at 100 °C, because MISt2 formulations are
not homogeneous at room temperature and PhMI precipitates again during
cooling. Polymerised samples were submerged for 7 d in CHCl3. Sample mass
was recorded before and after swelling and after drying (see chapter 2.4.2.3 of
the experimental part).
So swellability and gel fraction were calculated: Table 27.
Table 27: Swellability and gel fraction of pMISt2

Sample
pMISt2_0

Swellability [%] Gel fraction [%]
-*

0*

pMISt2_10

1314

76.5

pMISt2_20

1270

77.8

pMISt2_30

1208

78.7

pMISt2_50

1033

83.7

* completely soluble

As can be seen in Table 27, pure pMISt2 is completely soluble in CHCl 3. This
behaviour proves the theory of H-abstraction next to the N atom of MI PrMI in
MISt1 (Figure 105, compare also chapter 2.3.7), since PhMI in MISt2 exhibits no
abstractable H atom in α-position and therefore gives an uncross-linked soluble
polymer.
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Figure 105: Cross-linking mechanism of PrMI

The swellability experiments further show similar findings as model system
pMISt1: covalent cross-linking of the MI-St-system with BR CB24 and a very
high

amount

of

swelling,

which

decreases

with

higher

polybutadiene

concentration.
Finally, pMISt2_0 is completely soluble and thus conversions were calculated
with 1H-NMR spectroscopy and molecular weight was measured with GPC. So
following results were obtained:
•

DBCPhMI: 98%

•

DBCFESt: 96%

•

Mn = 182.5 kDa

•

Ð = 6.3

These outcomes show again the high reactivity and also underline the high
potential of MI-St-copolymers for application in photopolymerisation.

Hence,

some

interesting

effects

and

influences

on

reactivity

and

(thermo)mechanical properties of aliphatic model MI-St-system MISt1 and
aromatic substituted MI containing MISt2 could be elucidated. With this improved
knowledge on MI-St-BR-terpolymerisation optimisation of material properties can
be started.
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2.5. Variation of MI substituent
Model MI-St-system MISt1 containing BR CB24 exhibits very promising chemical
as well as (thermo)mechanical properties (see chapter 2.3) and a better
understanding of the MI-St-BR-based photopolymers is also already obtained
(chapter 2.4). Nevertheless, there are still some challenges such as high volatility
of the used monomers, which have to be solved.
Since MISt1 resin consists of highly volatile monomers and in MISt2 formulation
the MI PhMI precipitates during cooling, new MI moieties are needed. In
contrast, already introduced St monomer FESt will be used again in equimolar
concentration as St component, due to its low volatility and easy synthesis.
Additionally, PI TPO-L (0.2 w%) is applied in all formulations to preserve
comparability of gained results. Finally, polybutadiene CB24 is applied only in
contents below 20 w% as toughening agent, because higher concentrations give
a rubber swollen with monomer instead of a liquid formulation (compare MISt1 in
chapter 2.3.3). Furthermore, material properties suffer as well from the high BR
amount (see pMISt1 in chapter 2.3.8).
Thus, MI-St-systems 3-5 (MISt3-5) were studied regarding the optimisation of
material properties and therefore also identifying potential applications of this
new material class:
•

Maleimide-styrene-system 3 (MISt3):

A meradimate substituted maleimide (MMI, Figure 106) was chosen as new MI
compound, because in our working group already good results for reactive
diluents with other menthyl esters could be obtained [51]. Furthermore, the
additional cycloaliphatic structure of meradimate should dramatically increase
solubility compared to MI PhMI, which is the main issue of MISt2.
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Figure106: Used monomers for MISt3

•

Maleimide-styrene-system 4 (MISt4):

Since aromatic substituted MIs exhibit reduced reactivity and thus maybe do not
yield desired material properties, a MI with an aliphatic substituent on the N atom
was used for MI-St-system MISt4. Hence, MI CHMI is applied (Figure 107) as a
representative for cycloaliphatic substituted MIs. Furthermore, a high Tg of the
polymers should be obtained due to the rigid cyclohexyl ring structure.

O

N

O
O

CHMI

FESt

Figure 107: Used monomers for MISt4

A drawback of CHMI is, that it is solid at room temperature (T m = 87 – 90 °C) and
so MISt4 (with and without BR CB24) gives completely homogeneous
formulations only at temperatures > 75 °C. So all experiments with MISt4-based
resins were performed at 80 °C to ensure a homogeneous resin. However, it
takes quite some time (> 2 min) until it crystallises again, thus giving enough time
for moulding specimen at room temperature for (thermo)mechanical tests.
Nevertheless, this strongly limits comparability with other investigated MI-Stsystems, which were tested always at 25 °C.
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•

Maleimide-styrene-system 5 (MISt5):

A further aliphatic substituted MI was chosen, since it was shown already with
model system MISt1, that linear aliphatic groups yield good material properties.
So EHMI was used as MI component with St FESt for MI-St-system 5 (MISt5,
Figure 108), because the higher molecular weight of EHMI compared to PrMI in
MISt1 should significantly decrease monomer volatility (compare chapter 2.3.1).

O

N

O
O

EHMI

FESt

Figure 108: Used monomers for MISt5

2.5.1. Monomer syntheses
First of all, desired MI monomers MMI and EHMI had to be synthesised. In
contrast, MI CHMI is commercially available.

2.5.1.1. Synthesis of MMI
MI MMI had to be synthesised, since it is not commercially available. This was
conducted with a standard procedure for the synthesis of MIs with sodium
acetate and acetic anhydride (e.g. according to McLeod et al. [141], Figure 109).
So MMI was obtained as a slightly yellow-orange highly viscous monomer in
80% yield in batch sizes of > 35 g (see chapter 2.5.1.1 of the experimental part).
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O
O

+

O

NH2

Ac2 O

O

O
MA

O
O

NaOAc

N

O

O

79%
meradimate

MMI

Figure 109: Synthesis of MMI

Additionally, it has to be mentioned, that no information on the stereochemistry of
the menthyl structure is available. However, since the starting material
meradimate is quite cheap (100 mL ~ 62 €1), it can be supposed, that it is
enantiomerically pure, because only one enantiomer of meradimate is FDA
approved as a UV filter in sunscreens.
It was also tried to synthesise MMI like the IIs and CIs before with toluene in a
Dean-Stark-apparatus [118] (see chapter 2.2.1) or also in neat at high
temperatures [142-143], but both approaches yielded only corresponding
maleamic acid (Figure 110). Hence, usage of acetic anhydride and sodium
acetate could not be avoided to obtain MI MMI.
O
O
O

NH OH

O

Figure 110: Intermediate product maleamic acid

Finally, it has to be mentioned, that harsh conditions are necessary to remove
residual solvent from the product. Hence, phenothiazine has to be added to
prevent polymerisation during work-up.

1 January 2019, Sigma-Aldrich
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2.5.1.2. Synthesis of EHMI
At the beginning the synthesis of EHMI was conducted according to patent WO
2005118537 [118] like itaconimides and citraconimides before using toluene and
a Dean-Stark-apparatus (Figure 111). Unfortunately, obtained yield of MI EHMI
was only 20%.
O

O

O

+

H2N

O
MA

N

PhMe
20%

EHNH2

O
EHMI

Figure 111: Low yield synthesis of EHMI

Therefore, another (more complex) procedure had to be applied to yield sufficient
quantities of the desired monomer. Hence, the synthetic approach according to
McLeod et al. [141] was used, which was already exploited for the synthesis of
aromatic substituted MI MMI for MISt3 (chapter 2.5.1.1). Thereby, the cyclisation
reaction of the corresponding maleamic acid is promoted with Ac 2O (Figure 112;
see chapter 2.5.1.2 of the experimental part). So the yield of MI EHMI could be
raised successfully to 46% in batch sizes of more than 50 g.
O
O

+

i) Et2O
ii) NaOAc, Ac2 O
N

H2N

46%

O
MA

EHA

Figure 112: Synthesis of EHMI
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2.5.2. Volatility
First of all, again volatility of used MIs MMI, CHMI and EHMI had to be
measured, since this is very important for further measurements and handling of
MISt3-5 formulations. Especially volatility of CHMI is crucial, because MISt4based resins have to be polymerised at elevated temperatures, which are
needed to obtain homogeneous mixtures.
Volatility measurements were performed on the STA in the same way than with
all monomers before for 3 h under N2 atmosphere (compare also chapter 2.3.1).
Furthermore, the results were compared to MA IBMA as industrial relevant
monofunctional monomer and additionally to the formerly used components in
MISt1.
So the data summarised in Table 28 was obtained at 90 °C:
Table 28: Volatility at 90 °C after 3 h

Monomer Mass loss [%]
IBMA

10

PrMI

53

tBuSt

16*

FESt

<1

MMI

<1

CHMI

8

EHMI

6

* polymerised

Table 28 shows, that MI MMI only looses < 1% mass over 3 h at 90 °C, which is
comparable to St derivative FESt. Additionally, no homopolymerisation or
degradation could be observed. Hence, MISt3 formulations can be used with its
non-volatile MI and St components also at high temperatures.
Furthermore, MIs CHMI and EHMI exhibit a slightly too big mass loss at 90 °C.
So they were tested at lower temperatures as well: Table 29.
121

General Part

Table 29: Volatility after 3 h

Temperature Mass loss of Mass loss of
[°C]
CHMI [%]
EHMI [%]
90

8

6

80

1

5

60

<1

3

50

n.d.*

2

* not determined

As can be seen in Table 29, MI CHMI is quite non-volatile and suitable to be
utilised for some hours at higher temperatures up to 80 °C.
Volatility of MI EHMI is on an acceptable level at 50 °C. Thus, MI EHMI is an
option also for applications, where only slightly increased temperatures or short
heating times are used.

2.5.3. Storage stability
After promising volatility studies on used monomers, storage stability of resins
was investigated, since it is a crucial property for applications in industrial scale.
Hence, it was tested with MISt3-5-based formulations as well.
Therefore, MISt3-5 resins without added polybutadiene CB24 were chosen,
because they would yield cross-linked polymers, which are not soluble any more
and therefore no NMR spectroscopy is possible. The samples were stored under
air and under light protection at room temperature. Furthermore, no additional
inhibitors were added to the final resin. Evaluation of storage stability was done
periodically by optical assessment and recording of 1H-NMR spectra.
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Interestingly, MISt3-based resin does not gel/polymerise – even after 7 months,
whereas MISt1 formulations solidify already after few days. This good storage
stability can be attributed to the reduced reactivity of the MI due to the aromatic
substituent on the N atom [116].
In MI-St-system MISt4_0 no polymerisation and no change in 1H-NMR spectra
could be observed after over 4 months.
Finally, also MISt5_0 does not show polymerisation or a change in 1H-NMR
spectra after over 6 months.

2.5.4. UV-Vis absorbance
Since MI MMI has a slightly yellow to orange colour (see Figure 113) UV-Vis
absorption spectra were measured to ensure, that no interference with the used
PI TPO-L occurs.

Figure 113: Flask containing MMI

Furthermore, MI EHMI strangely is a brownish liquid (which is in accordance with
literature [144]; purity confirmed with TLC, 1H and 13C-NMR spectroscopy, HPLC
and GC-MS). Hence, also a UV-Vis absorption spectrum of EHMI was recorded.
So UV-Vis absorption spectra were measured of both MIs and PI TPO-L in 1 mM
DCM solutions: Figure 114.
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Figure 114: UV-Vis absorption spectra of TPO-L ( ), MMI ( ) and EHMI ( )

Spectra in Figure 114 show, that MMI absorbs until ~ 400 nm, whereas TPO-L
runs out until ~ 415 nm. In addition, MI EHMI exhibits almost no overlapping with
the n-π*-absorbance of TPO-L (~ 380 nm). Thus, molar extinction coefficients
were calculated for different wavelengths according to Lambert-Beer law
(equation 2) for a closer look: see Table 30.
A... Absorbance [-]
ε... Molar extinction coefficient [L mol-1 cm-1]
(2)
c... Concentration [mol/L]
d... Optical path length [cm]

A = ε∗ c ∗ d

Table 30: Molar extinction coefficients of TPO-L, MMI and EHMI

ε420 nm
Molecule ε365 nm
ε385 nm
ε400 nm
-1
-1
-1
-1
-1
-1
[L mol cm ] [L mol cm ] [L mol cm ] [L mol-1 cm-1]

124

TPO-L

232

220

120

12

MMI

114

49

24

7

EHMI

52

6

2

1
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As can be seen in Table 30 above, slight absorption interference of the MIs and
PI has to be expected during polymerisation, since in final photopolymerisable
formulations monomer concentrations are considerably higher than PI content.
However, for L-AMT – a potential application of MI-St-based photopolymers – the
addition of a light absorber can possibly be avoided due to self absorbance of
monomers.

2.5.5. Melt viscosity
As already mentioned several times before, viscosity of resins is an important
property, because many application processes need a specific range of viscosity.
Since formulations based on MI-St-system MISt3-5 can be applied also at higher
temperatures, melt viscosity was measured on a rheometer to further
characterise the MI-St-systems and to evaluate potential fields of usage.
So the results depicted in Figure 115 and summarised in Table 31 were gained
for formulations based on MISt3.
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Figure 115: Melt viscosity of MISt3 formulations without ( ) and with 10 ( ) or
20 w% ( ) CB24
Table 31: Viscosity of tested MISt3 formulations at 60 °C

Resin

Viscosity [mPa s]

MISt3_0

41

MISt3_10

115

MISt3_20

169

As expected and shown in Table 31 addition of high molecular weight rubber
CB24 induces an increase in viscosity. Interestingly, – and not fully understood
yet – a very strong viscosity decline can be observed in all 3 formulations with
increasing temperature.
Measurements of MISt4-based resins were started at 70 °C to ensure
homogeneous resins. The obtained melt viscosity curves are presented in
Figure 116 and viscosities at 80 °C are listed in Table 32 for comparison.
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Figure 116: Melt viscosity of MISt4 formulations without ( ) and with 10 ( ) or
20 w% ( ) CB24
Table 32: Viscosity of tested MISt4 formulations at 80 °C

Resin
MISt4_0

Viscosity [mPa s]
4

MISt4_10

6050

MISt4_20

26000

Results above again show a dramatic increase in viscosity when adding BR
CB24, which was already observed in previous MI-St-systems, due to the high
molecular weight of the rubber. Although MISt4_20 is already very viscous,
viscosity of MISt4_10 is still on an acceptable level for many applications.
The results of MISt5 are given in Figure 117 and summarised in Table 33 for
50 °C, which is the maximum working temperature for several hours of MISt5based formulations.
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Figure 117: Melt viscosity of MISt5 formulations without ( ) and with 10 ( ) or
20 w% ( ) CB24
Table 33: Viscosity of tested MISt5 formulations at 50 °C

Resin
MISt5_0

Viscosity [mPa s]
7

MISt5_10

5212

MISt5_20

13031

Determined viscosities of tested MISt5 formulations are as well high, but on a
level, which still allows processing.

As can be seen in Figures 115-117 and Tables 31-33 addition of high molecular
weight rubber CB24 to MI-St monomers induces a strong increase in viscosity.
Nevertheless, viscosity of the resins is low especially at elevated temperatures
and comparable to e.g. MA IBMA containing polybutadiene CB24 at room
temperature (see chapter 2.3.3).
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2.5.6. Photo-DSC
Since already performed preliminary experiments on the MI-St formulations give
very promising results regarding resin properties, also photo-DSC studies were
conducted to evaluate the photopolymerisation reaction of the different MI-Stsystems.
Additionally, the influence of polybutadiene CB24 content on polymerisation
kinetics should be tested. Furthermore, a first comparison to model MI-St-system
MISt1 can be performed, to check the expected lower reactivity of MI MMI
compared to PrMI, which was already indicated by the storage stability tests
(chapter 2.5.3).
Photo-DSC experiments were conducted at 25 °C (MISt3 and MISt5) or for
MISt4 formulations at 80 °C to ensure homogeneous resins. Samples were
irradiated with a wavelength of 320 – 500 nm, since 0.2 w% TPO-L are applied
as PI in all formulations. Additionally, 1H-NMR spectroscopy and GPC of MISt3_0
were performed. No NMR spectra and GPC of all the other tested samples were
measured, because they are insoluble, which further underlines the proposed
theory of cross-linking in MI-St-copolymers (see chapter 2.4.2).
Results of the photo-DSC study for MI-St-system MISt3 are given in Figure 118
and summarised in Table 34.
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Figure 118: Photo-DSC curves of MISt3 without ( ) and with 10 ( ) or 20 w% ( )
CB24; start of irradiation ( )
Table 34: Results of photo-DSC, NMR spectroscopy and GPC measurements of MISt3based formulations

Photo-DSC
Formulation Peak t95%
max [s] [s]

NMR spectroscopy

Area DBC
[J/g] MI [%]

MISt3_0

14.1 63.8 142.0

MISt3_10

21.5 92.8 133.9

MISt3_20

14.0 98.3 122.5

DBC
St [%]
62

not soluble

GPC
Mn
Ð
[kDa] [-]

61 100.0 6.9
not soluble

The data given in Table 34 shows that the addition of CB24 to MISt3 raises the
necessary time to reach peak maximum and time to get 95% of conversion. But
it has to be mentioned, that the variation of measured values is quite high.
Additionally, the amount of generated heat is reduced with increasing rubber
concentration, due to decreased volume of reactive double bonds in the
formulation.
In contrast, photo-DSC curves of MISt1 resins show faster polymerisation
reactions with increasing BR content (see chapter 2.3.5). This occurs due to a
much higher reaction heat and thus a much more distinct Trommsdorff effect
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compared to MISt3 formulations. In addition, DSC curves in Figure 118 exhibit a
few seconds inhibition time until photopolymerisation reaction is initiated. This
can be attributed to dissolved O2 or more probably to the higher inhibitor
concentration in MISt3 formulations (compare chapter 2.5.1.1). Furthermore,
absorption of irradiation by the aromatic substituted MI MMI in MISt3 may hinder
efficient photopolymerisation as well (see chapter 2.5.4). So higher PI
concentration or more reactive PIs would avoid this effect, but then comparison
of different MI-St-systems and also the fabrication of thick specimens for
mechanical testing would not be possible due to the high reaction heat (compare
chapter 2.3).
As already known from MI-St-system MISt2 (chapter 2.4.2), cross-linking of the
MI-St-system with polybutadiene CB24 occurs and therefore the samples are not
soluble anymore. Since NMR spectroscopy and GPC are only possible in
solution, only pMISt3_0 can be analysed with these 2 techniques. So DBC was
calculated with 1H-NMR spectra and showed relatively low MI and St conversion
of 62% and 61%, respectively. These results are in accordance with literature,
that aromatic MIs are less reactive than aliphatic ones [116]. Additionally,
measured molecular weights and DBCs are not as high as in previously tested
pMISt2_0, where also an aromatic substituted MI (PhMI) is used, because it was
photopolymerised at 100 °C (see chapter 2.4.2.3).
Furthermore, MISt4 formulations were investigated as well. Results are depicted
in Figure 119 and listed in Table 35.
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Figure 119: Photo-DSC curves of MISt4 without ( ) and with 10 ( ) or 20 w% ( )
CB24; start of irradiation ( )
Table 35: Results of photo-DSC studies of MISt4-based formulations

Formulation Peak max [s] t95% [s] Area [J/g]
MISt4_0

12.2

28.4

312.3

MISt4_10

11.8

32.4

290.9

MISt4_20

10.8

36.4

275.9

Obtained data of MISt4 formulations above shows the same trends as the
already investigated MISt1 system, where also an aliphatic MI (PrMI) is used
(chapter 2.3.5). Time to reach peak maximum is reduced and t 95% is increased
with higher rubber concentrations, due to increased viscosity of the formulations.
However, although MI-St-system MISt4 reacts a lot faster than model system
MISt1, it can hardly be compared, because they were tested at 25 °C and not at
80 °C and an increased temperature also enhances the reaction rate. Finally, a
similar DBC can be assumed for all resins as heat of polymerisation (peak area)
decreases approximately by the weight percent of polybutadiene content.
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Finally, results of photo-DSC experiments of MISt5-based resins are given in
Figure 120 and Table 36.

Figure 120: Photo-DSC curves of MISt5 without ( ) and with 10 ( ) or 20 w% ( )
CB24; start of irradiation ( )
Table 36: Results of photo-DSC studies of MISt5-based formulations

Formulation Peak max [s] t95% [s] Area [J/g]
MISt5_0

17.6

32.9

303.3

MISt5_10

17.3

38.0

273.8

MISt5_20

16.9

42.9

264.0

Photo-DSC data shows – as expected – again high reactivity for MISt5, which is
similar to model MI-St-system MISt1 (chapter 2.3.5) and MISt4, since they all
contain aliphatic substituted MIs (PrMI or CHMI). Polymerisation is faster with
increasing BR content and formulations without and with 10 w% CB24 exhibit a
Trommsdorff effect. Finally, similar DBCs can be assumed, due to comparable
polymerisation heat, which decreases approximately according to their rubber
concentration.
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The photo-DSC results for MISt3-based resins verified the expected lower
reactivity caused by the aromatic substituent on the MI compound. In addition,
determined molecular weights and DBCs of pMISt3_0 are also not as high as in
pMISt2_0, due to a lower reaction temperature.
Furthermore, although MI-St-system MISt4 reacts a lot faster than model system
MISt1 and also MISt5, it can hardly be compared, because of the needed
elevated

measurement

temperature

and

thus

enhanced

reaction

rate.

Nevertheless, both monomer generations MISt4 and MISt5 show promising
results in the photo-DSC study.
So experiments on the photopolymerisation reaction of the monomer generations
MISt3-5 will be completed with RT-NIR-photorheology studies to determine also
DBCs of the insoluble polymers.

2.5.7. RT-NIR-photorheology
RT-NIR-photorheology

measurements

were

performed

for

further

characterisation of the photopolymerisation reaction of MI-St-systems MISt3-5.
Furthermore, rheological informations on the curing reaction can be gained on
the rheometer device.
It should be mentioned once more, that NIR double bond signals from MI and St
could not be distinguished due to strong overlapping of the peaks (compare
Figure 84). Since effective alternating copolymerisation of MI and St was already
elucidated in chapter 2.3.6, the following DBCs always refer to an overall
conversion of both monomers.
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The experiments were conducted at 25 °C (MISt3 and MISt5) and for MISt4
formulations at 80 °C to ensure homogeneous resins. Since 0.2 w% TPO-L are
applied as PI, samples were irradiated with a wavelength of 320 – 500 nm.
The results of the MI-St-system MISt3 are presented in Figure 121 and
summarised in Table 37. Furthermore, diagrams of the storage and loss modulus
and the evolution of shrinkage force during polymerisation are given in the
appendix (Figures 150 and 151).

Figure 121: DBC of MISt3 formulations without ( ) and with 10 ( ) or 20 w% ( ) CB24;
start of irradiation ( )
Table 37: Results of photorheology experiments of MISt3

Formulation Rp [%/s] tgp [s] DBCgp [%] t95% [s] DBCend [%] Shrinkage force [N]
MISt3_0

2.1

MISt3_10
MISt3_20

-

-

201.3

67

9.0

2.2 45.1

27 203.0

81

11.8

2.2 43.0

22 195.3

83

12.4
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As can be seen in results above, higher BR concentration in MISt3 resins slightly
increases polymerisation rate, reduces time needed to reach the gel point and
also the DBC at this point. Nevertheless, in the end a higher DBC is obtained.
The formed shrinkage force is a little bit increased with higher CB24 content
supposable due to higher conversion and/or degree of cross-linking.
When compared to model MI-St-system MISt1, where the aliphatic substituted
MI PrMI is used, MISt3 resins show the same trends with increasing rubber
CB24 concentration but photopolymerisation is much more retarded and less
final conversion is reached. This effect can be explained again by the lower
reactivity of aromatic substituted MI MMI in MISt3 [116].
Finally, the absence of an intersection point of G' and G'' curves (gel point) for
MISt3_0 is probably produced due to a very high viscous part and no crosslinking in pMISt3_0.
Furthermore, data of the monomer generation MISt4 are given in Figure 122 and
listed in Table 38. Diagrams of the storage and loss modulus and the evolution of
shrinkage force during polymerisation are again shown in the appendix in
Figures 152 and 153.
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Figure 122: DBC of MISt4 without ( ) and with 10 ( ) or 20 w% ( ) CB24; start of
irradiation ( )
Table 38: Results of photorheology experiments of MISt4

Formulation Rp [%/s] tgp [s] DBCgp [%] t95% [s] DBCend [%] Shrinkage force [N]
MISt4_0

3.8 33.7

79

79.0

93

11.4

MISt4_10

3.7 18.3

24

67.3

95

20.4

MISt4_20

4.5 16.1

24

63.7

97

20.2

MISt4-based formulations exhibit the same trends like previously tested MI-Stsystem MISt3 before. Additionally, shrinkage force decreases somewhat already
during the experiment due to the high temperature during the measurement,
which makes stress relaxation in the material possible. Again the higher reactivity
of MISt4 can be attributed to the elevated measurement temperature, which is
needed to guarantee a homogeneous formulation.
Finally, MISt5-based formulations were studied as well. So results illustrated in
Figure 123 and summarised in Table 39 were gained. Diagrams of the storage
and loss modulus and the evolution of shrinkage force during polymerisation are
depicted in the appendix (Figures 154 and 155).
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Figure 123: DBC of MISt5 without ( ) and with 10 ( ) or 20 w% ( ) CB24; start of
irradiation ( )
Table 39: Results of photorheology experiments of MISt5

Formulation Rp [%/s] tgp [s] DBCgp [%] t95% [s] DBCend [%] Shrinkage force [N]
MISt5_0

3.1 45.3

73

90.5

95

18.5

MISt5_10

3.2 35.5

33 107.2

95

19.2

MISt5_20

3.4 30.1

27 103.1

97

19.9

Results for MISt5 resins in Table 39 show, that tgp and also DBCgp again become
lower with higher rubber CB24 content, due to significant higher viscosities and
therefore earlier gelation. In contrast, increasing BR concentration exhibits
almost no influence on polymerisation rate, t 95%, final DBC and shrinkage force.
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RT-NIR-photorheology experiments evidence the lower reactivity of MISt3
formulations once more.
Results of MISt4 and MISt5 are comparable to monomer generation MISt1,
which can be expected, because monomers with similar structures are utilised.
While measurements with MISt4 were always performed at 80 °C and thus are
hardly comparable with other experiments due to higher reactivity at elevated
temperatures, the main difference of the MI-St-systems MISt1 and MISt5 is, that
MISt5 formulations need longer time to gel and so higher DBC gps are gained.
This effect is probably attributed due to less cross-linking reactions during the MISt-copolymerisation of MISt5 monomers caused by a more sterically hindered
CH2 group in α-position in MI EHMI than PrMI. Hence, a swellability study will
clarify this idea.

2.5.8. Swellability
Swellability studies of pMISt3-5 without and with BR CB24 were performed to
prove again (in)solubility and thus occurrence of the suggested cross-linking
mechanism in the MI-St-BR-terpolymer (compare also swellability studies of
pMISt1 and pMISt2 photopolymers in chapters 2.3.7 and 2.4.2.3). Furthermore,
it should be tested, if retarded gelation of MISt5 compared to MISt1 in RT-NIRphotorheology experiments (chapter 2.5.7) originates from less cross-linking
reactions.
Therefore, polymerised samples were submerged for 7 d in CHCl3. Sample mass
was recorded before and after swelling and after drying (see also chapter 2.5.8
of the experimental part).
So swellabilities and gel fractions of the different MI-St-system pMISt3-5, which
are listed in Tables 40-42, were calculated.
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Table 40: Swellability and gel fraction of pMISt3

Sample
pMISt3_0

Swellability [%] Gel fraction [%]
-*

0*

pMISt3_10

1840

10.6

pMISt3_20

1600

53.0

* completely soluble
Table 41: Swellability and gel fraction of pMISt4

Sample

Swellability [%] Gel fraction [%]

pMISt4_0

28700

18.0

pMISt4_10

1240

78.1

pMISt4_20

900

85.1

Table 42: Swellability and gel fraction of pMISt5

Sample

Swellability [%] Gel fraction [%]

pMISt5_0

16000

22.7

pMISt5_10

1770

81.9

pMISt5_20

1140

91.9

Results shown in Table 40 support again the proposed theory of cross-linking of
the MI-St system by abstractable H atoms next to the N atom of the MI
component, because pMISt3_0 is soluble – like pMISt2_0 before – as there is
no possibility for H-abstraction next to a N atom. In contrast, pMISt4_0 and
pMISt5_0 are insoluble due to cross-linking reactions of the MIs CHMI and
EHMI. Additionally, also the low conversion (compare chapter 2.5.7) of the
pMISt3-based polymers can be seen as the gel fraction is really low.
Furthermore, swellability values of pMISt4_0 and pMISt5_0 are a lot higher than
pMISt1_0, which is caused by the sterical hindrance of the bulky side groups for
H-abstraction in α-position next to the N atom. Swellabilities of pMISt4 and
pMISt5 containing BR are lower compared to corresponding pMISt2 and pMISt3
polymers due to cross-linking reactions on the aliphatic substituted MIs CHMI
and EHMI, which further underlines the theory of less cross-linking reactions
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because MI EHMI exhibits an increased steric hindrance for H-abstraction in αposition due to the ethyl group in β-position compared to cyclohexyl substituted
MI CHMI.
In addition, – as known from previous experiments on MI-St-systems – higher
rubber concentrations yield higher conversion, which can be seen at increased
gel fractions. Furthermore, denser networks are obtained caused by more crosslinking reactions of the MI/St with the polybutadiene double bonds and thus less
swelling occurs. As this reaction is more frequently with higher rubber
concentrations, it leads to higher network densities. Therefore, the same trends
as before for MI-St-systems pMISt1 and pMISt2 can be observed as well for
pMISt3-5.

So pMISt3-based photopolymers were not studied further, because low
reactivity, low conversion and low molecular weights will not yield suitable
materials. Hence, only pMISt4 and pMISt5 without and with 10 or
20 w% rubber CB24 are investigated regarding their (thermo)mechanical
properties.

2.5.9. (Thermo)mechanical properties
In addition to physical and chemical properties of MISt4 and MISt5 resins the
final photopolymers should also be tested regarding their (thermo)mechanical
properties to complete studies on MI-St-BR-systems pMISt4 and pMISt5.
The specimens for all (thermo)mechanical tests were prepared by moulding the
resins according to the general procedure described in chapter 2.3.8 of the
experimental part or for MISt4 samples according to chapter 2.5.9 of the
experimental part.
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2.5.9.1. DMTA
DMTA measurements were performed to estimate thermomechanical properties
as well as thermal phase transitions like Tg.
All DMTA experiments were conducted in torsion mode with a heating rate of
2 °C/min and constant normal force.
The obtained results of the DMTA studies are depicted in Figure 124 (pMISt4)
and Figure 125 (pMISt5).

Figure 124: Storage modulus ( ) and mechanical loss (▪▪▪) of pMISt4 without ( ) and
with 10 ( ) or 20 w% ( ) CB24

Figure 124 shows interestingly quite high compatibility of rubber CB24 and MI-St
phase in pMISt4, which can be seen in the small glass transition peak in loss
factor of the rubber (~ -95 °C) and the occurrence of a new peak at ~ 70 °C at
higher BR concentrations. Additionally, – as expected – T gs reach a very high
level of > 170 °C, which are almost the same values like pMISt1.
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Figure 125: Storage modulus ( ) and mechanical loss (▪▪▪) of pMISt5 without ( ) and
with 10 ( ) or 20 w% ( ) CB24

Interestingly, also pMISt5 matrix exhibits quite high compatibility with BR CB24.
This behaviour can be attributed to the aliphatic 2-ethyl hexyl side chain of MI
EHMI, which can be seen at the very small peak of the loss factor of the rubber
glass transition at ~ -95 °C. Nevertheless, G' at room temperature decreases
dramatically with increasing polybutadiene concentration. Furthermore, T g of
hard MI-St phase in pMISt5-based polymer is quite low (~ 90 °C) compared to
the other tested MI-St-systems, because the long aliphatic substituent of the
used MI EHMI acts as plasticiser.

In comparison of the 2 investigated MI-St-systems again the strong influence of
the substituents on the utilised MI structure can be observed. The rigid
cyclohexyl moiety in pMISt4 increases glass transition temperature and yields
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also a high modulus at room temperature. In contrast, pMISt5, which contains
EHMI with a 2-ethyl hexyl structure, exhibits a dramatic loss of Tg and G' due to
the long aliphatic side chain.

2.5.9.2. Tensile tests
Additionally, tensile tests of pMISt4 and pMISt5 with various BR concentrations
were conducted to gain further insights into mechanical properties of these MISt-BR-terpolymers.
All tensile tests were performed according to ISO 527 with specimen shape 5B
and a traverse velocity of 5 mm/min.
So stress-strain curves given exemplary in Figures 126-127 and summarised in
Tables 43-44 were obtained for pMISt4-5.

Figure 126: Stress-strain curves of pMISt4 without ( ) and with 10 ( ) or 20 w% ( )
CB24
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Table 43: Results of tensile tests of pMISt4

Sample

Stressmax [MPa] StrainBreak [%]
Average

s

Average s

pMISt4_0

3.0 0.2

1.3 0.3

pMISt4_10

5.0 0.2

1.9 0.2

pMISt4_20

6.4 0.4

6.2 1.6

Figure 127: Stress-strain curves of pMISt5 without ( ) and with 10 ( ) or 20 w% ( )
CB24
Table 44: Results of tensile tests of pMISt5

Sample

Stressmax [MPa] StrainBreak [%]
Average

s

Average s

pMISt5_0

8.0

1.1

1.1

0.3

pMISt5_10

9.4

0.4

6.0

0.0

pMISt5_20

6.5

0.6

122.9 31.7

Tensile tests of pMISt4 and pMISt5 show the same trends as in model MI-Stsystem pMISt1: low concentrations of polybutadiene CB24 increase σmax and
εbreak, before at higher rubber contents the rubbery behaviour dominates the
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material properties. Furthermore, the influence of the rigid cycloaliphatic
structure of MI CHMI in pMISt4 can be observed again, since it causes the low
stress and strain at break compared to pMISt5.
Nevertheless, pMISt1 exhibits still higher values than pMISt4 and pMISt5 (~ 3 –
4 times higher maximum stress) due to more cross-linking reactions, whereby
higher network densities are achieved. Additionally, these low values may be
attributed to higher brittleness compared to pMISt1-based polymers. Thus,
impact resistance was tested as well.

2.5.9.3. Impact resistance
Finally, impact resistance of the pMISt4/pMISt5-CB24-terpolymers were
measured to finalise characterisation of mechanical properties.
Impact resistance was determined with the Dynstat approach according to
DIN 51230.
So results presented in Figures 128-129 and Tables 45-46 were calculated.

Figure 128: Dynstat impact resistance of pMISt4 without ( ) and with 10 ( ) or
20 w% ( ) CB24
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Table 45: Results of Dynstat impact tests of pMISt4

Sample

Impact resistance [kJ/m2]
Average

s

pMISt4_0

0.5

0.2

pMISt4_10

1.4

0.5

pMISt4_20

15.9*

6.4*

* hinge break

Figure 129: Dynstat impact resistance of pMISt5 without ( ) and with 10 w% ( ) CB24
Table 46: Results of Dynstat impact tests of pMISt5

Sample

Impact resistance [kJ/m2]
Average

s

pMISt5_0

0.4

0.2

pMISt5_10

6.8*

1.9*

pMISt5_20

- **

- **

* hinge break
** does not break

As can be seen in Tables 45 and 46, pMISt4 is more brittle than pMISt5 and thus
needs higher BR concentrations to obtain specimen that do not break anymore
(compare also Figures 130 and 131). This behaviour can be attributed – as
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assumed before – to the substituents of the applied MIs: the cycloaliphatic ring
structure (cyclohexyl moiety) in MI CHMI, which is applied in pMISt4, enhances
rigidity but also brittleness.

Figure 130: pMISt4 specimen after impact test without (left) and with 10 (middle) or
20 w% (right) CB24

Figure 131: pMISt5 specimen after impact test without (left) and with 10 (middle) or
20 w% (right) CB24

However, even impact resistance of pMISt5 is not as high as in pMISt1 polymers
(already pMISt1_10 does not break), but still a BR CB24 content of 20 w% is
sufficient to obtain specimens, which do not fracture (compare also Figure 131).
This drawback of pMISt5 can be attributed to less effective phase separation of
MI-St and BR phase, which was already observed in the DMTA measurements
(compare chapter 2.5.9.1). Nevertheless, determined impact resistances are
very high.

2.5.10. AFM
AFM experiments were performed again to visualise the phase separation and to
measure the size of hard and soft domains in pMISt4 and pMISt5 containing
rubber CB24.
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All AFM experiments were performed in an area of 5*5 µm2 and with a resolution
of 256*256 pixels.
So the images shown in Figures 132 and 133 were obtained from AFM
measurements.

Figure 132: Young's moduli of pMISt4 samples with 10 ( ) or 20 w% ( ) CB24

Figure 133: Young's moduli of pMISt5 samples with 10 ( ) or 20 w% ( ) CB24

Although sample preparation was not perfect for these phase separated
photopolymers, it still can be seen in Figures 132 and 133, that higher BR
concentrations decrease the Young's moduli of the pMISt4-5-based terpolymers,
which was already expected from the tensile tests (chapter 2.5.9.2) and previous
investigated MI-St-BR-system pMISt1 (see chapter 2.3). In addition, the lower
moduli of pMISt4-based photopolymers are shown in the AFM pictures as well,
since the rigid and brittle MI CHMI is used in MISt4. Furthermore, good
compatibility of MI-St matrix and rubber phase is verified, which was observed in
the DMTA curves of pMISt4-5 terpolymers (see chapter 2.5.9.1). Finally, a more
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effective phase separation in pMISt4 compared to pMISt5-based polymers is
indicated as well due to smaller domains in the picture. Thus, AFM
measurements further confirm previous experiments.

2.5.11. Thermal stability
Finally, pMISt4-5 terpolymers were also investigated regarding their thermal
stability in order to conclude studies on these monomer generations.
The measurements were conducted on the STA under N 2 atmosphere according
to DIN EN ISO 11358.
So the results shown in Figures 134-135 and summarised in Tables 47-48 were
gained for pMISt4 and pMISt5.

Figure 134: TGA of pMISt4 without ( ) and with 10 ( ) or 20 w% ( ) CB24
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Table 47: Thermal stability of pMISt4

Sample

TA [°C] TC [°C]

pMISt4_0

395

432

pMISt4_10

419

444

pMISt4_20

424

454

Figure 135: TGA of pMISt5 without ( ) and with 10 ( ) or 20 w% ( ) CB24
Table 48: Thermal stability of pMISt5

Sample

TA [°C] TC [°C]

pMISt5_0

403

433

pMISt5_10

420

444

pMISt5_20

429

457

As expected – and also as already observed in former MI-St-BR-systems –
higher

polybutadiene

CB24

concentrations

increase

thermal

stability.

Nevertheless, stabilities of pMISt4-5-based photopolymers are again very high
and only slightly reduced compared to pMISt1, which could be expected due to
their similar monomer structures.
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2.5.12. Conclusion
Formulations based on MISt3 monomers are not volatile and also storage
stability is very high, but reactivity and thus DBC and obtained molecular weights
are

low

compared

to

model

MI-St-system

MISt1.

Hence,

also

(thermo)mechanical properties suffer from the lowered reactivity, which is caused
by the aromatic substitution of the utilised MI MMI. On the other hand, higher
reaction temperatures (compare MISt2 in chapter 2.4.2.3) or an increased PI
concentration would maybe enhance the reactivity, but then a comparison of the
different MI-St-systems is not possible. Therefore, aliphatic MIs have to be
applied to yield good material properties under used reaction conditions.
MI-St-system pMISt4 exhibits good thermomechanical properties (e.g. high Tg)
like pMISt1 before, but in addition utilised monomers are offering also low
volatility – even at higher temperatures. However, these elevated temperatures
are needed to obtain homogeneous resins. On the other hand, the cyclohexyl
moiety of the used MI CHMI is very rigid and hence tensile properties and
toughness are reduced compared to MI PrMI in MISt1. So increased contents of
toughening agent BR CB24 are needed in pMISt4-based photopolymers to yield
high toughness, which consequently lead also to a strong softening of the
polymer.
MISt5 formulations again exhibit low volatility and viscosity as well as high
reactivity, while a good storage stability is maintained. On the other hand, some
(thermo)mechanical properties of pMISt5 – especially a low Tg – limit the area of
application for this MI-St-system.
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2.6. Potential applications
After successfully studying several different MI-St-systems with a variety of
characteristics a set of resins/photopolymers with a wide range of properties is
received. Hence, some typical applications for photopolymerisable monomers
were tested with an introduced MI-St-BR-terpolymer, which fits with its qualities
at the best for each different task.

2.6.1. Reactive diluent (RD)
Many conventional (meth)acrylates, which yield good material properties (e.g.
toughness) due to their high molecular weight, cannot be processed because of
their high viscosities. So the monomers are mixed with reactive diluents to tune
the viscosity of the final resin to the desired level. Unfortunately, most RDs are
small molecules and thus are volatile and/or reduce glass transition temperature
dramatically.
The most common RD for photopolymer resins is isobornyl methacrylate (IBMA,
compare chapter 2.3, where it was used for comparison as monofunctional MA).
However, IBMA lacks applicability at elevated temperatures, since it is too
volatile. Thus, a need for new non-volatile and high T g RDs is given.
Since this specification profile perfectly fits to MI-St-system MISt4 – and radical
terpolymerisation of MI, St and MA was already successfully proven in chapter
2.2.5 – some studies were performed to test the potential application of a MI-Stsystem as RD for industrial high molecular weight methacrylic resins.
So the commercially available difunctional polyester urethane methacrylate
Bomar XR-741MS (Bomar) was chosen as high molecular weight methacrylic
monomer (Mw ~ 1000 g/mol), which cannot be processed at room temperature
without the addition of RDs. Therefore, Bomar formulations containing 80 mol%
IBMA (for comparison as reference RD) or an equimolar ratio of MI CHMI and St
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FESt (MISt4) were prepared and investigated. Ivocerin was used as PI
(0.75 w%) [115, 145]. Both mixtures containing Bomar and one RD are given in
Tables 49 and 50.
Table 49: Compositions of Bomar resin with IBMA as RD

Component DB% [%] mol% [%] w% [%]
Bomar

33.3

20

52.53

IBMA

66.6

80

46.72

-

-

0.75

Ivocerin

Table 50: Compositions of Bomar resin with MISt4 as RD

Component DB% [%] mol% [%] w% [%]
Bomar

33.3

20

52.26

CHMI

33.3

40

18.73

FESt

33.3

40

28.26

-

-

0.75

Ivocerin

2.6.1.1. Melt viscosity
First of all, melt viscosity was measured, because viscosity reduction is the main
aim of a RD.
So results depicted in Figure 136 and listed in Table 51 were obtained.
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Figure 136: Melt viscosity of Bomar without ( ) and with 80 mol% IBMA ( ) or
MISt4 ( )
Table 51: Viscosity of tested Bomar formulations

Resin

Viscosity at Viscosity at Viscosity at
40 °C [Pa s] 60 °C [Pa s] 80 °C [Pa s]

Bomar

660

33

3.9

Bomar, 80 mol% IBMA

0.73

0.17

0.06

Bomar, 80 mol% MISt4

1.55

0.29

0.09

It can be seen above, that MA IBMA is slightly more powerful in viscosity
reduction than MI-St-system MISt4. Nevertheless, both resins exhibit really low
viscosity values.

2.6.1.2. DMTA
A further important property of RDs is their influence on (thermo)mechanical
properties like Tg. Hence, DMTA was measured to determine the effect of the two
different RDs on the pBomar matrix.
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All DMTA experiments were executed in torsion mode with a heating rate of
2 °C/min and constant normal force.
The results of the DMTA study are given in Figure 137.

Figure 137: Storage modulus ( ) and mechanical loss (▪▪▪) of pBomar without ( ) and
with 80 mol% IBMA ( ) or MISt4 ( )

Figure 137 shows, that both RDs raise the T g of the polymer to higher values due
to their rigid ring structures. Unfortunately, MA IBMA (Tg = 139 °C) is slightly
more powerful than MI-St-system MISt4 (Tg = 127 °C). Finally, also G' at the
rubbery plateau indicates, that the network density is reduced to a similar level
with both added RDs.

2.6.1.3. Tensile tests
In addition to DMTA studies tensile tests were performed to further characterise
MI-St-system MISt4 as RD and compare its properties in the pBomar matrix with
MA IBMA.
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All tensile tests were executed according to ISO 527 with specimen shape 5B
and a traverse velocity of 5 mm/min.
Hence, results depicted exemplary in Figure 138 and summarised in Table 52
were gained.

Figure 138: Stress-strain curves of pBomar without ( ) and with 80 mol% IBMA ( ) or
MISt4 ( )
Table 52: Results of tensile tests of pBomar

Sample
pBomar

Stressmax [MPa] StrainBreak [%]
Average

s

Average s

73.9* 3.2*

13.1 2.3

pBomar, 80 mol% IBMA

75.7

2.6

6.8 0.6

pBomar, 80 mol% MISt4

68.3

6.9

6.1 0.8

* yield point

As can be seen in the obtained data above, no significant difference of MA and
MI-St RDs can be measured. Both RDs reduce strain at break with their rigid ring
structures, which probably increase brittleness.
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2.6.1.4. Impact resistance
Finally, impact resistance was measured to conclude the evaluation of MI-Stsystem MISt4 as RD.
Impact resistance was measured with the Dynstat approach according to
DIN 51230.
So results shown in Figure 139 and listed in Table 53 were calculated.

Figure 139:

Dynstat

impact

resistance

of

pBomar

without

80 mol% IBMA ( ) or MISt4 ( )
Table 53: Results of Dynstat impact tests of pBomar

Sample

158

Impact resistance [kJ/m2]
Average

s

pBomar

9.0

2.3

pBomar, 80 mol% IBMA

6.0

3.0

pBomar, 80 mol% MISt4

5.4

1.4

( )

and

with
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Again no significant difference in the influence of MA IBMA and MI-St-system
MISt4 can be observed. Furthermore, both RDs decrease impact resistance of
pBomar due to their rigid (side) groups. This effect was already indicated in the
tensile tests by the lower values for strain at break for photopolymers containing
a RD (chapter 2.6.1.3).

So MI-St-system MISt4 is definitely a promising alternative for MA IBMA as
standard RD. Resin viscosities as well as (thermo)mechanical properties of a
pBomar photopolymer containing 80 mol% of the MI-St-system are similar or
only slightly worse compared to the MA as RD. In contrast, volatilities of MI CHMI
and St FESt are dramatically lower than IBMA (see chapters 2.2.2, 2.4.2.2 and
2.5.2), which open a completely new area of applications, which deal with
elevated temperatures.

2.6.2. Frontal polymerisation (FP)
Photopolymerisation is always limited by the penetration depth of light, which is
needed to initiate the polymerisation reaction by generating reactive species
from a PI. Thus, a strong limitation is given, when thick samples – or filled
systems – should be cured. One approach to circumvent this drawback is to use
FP [10-11, 146-148].
In UV-initiated thermal FP the reaction is started locally by light (or heat) and the
so produced reaction heat induces cleavage of a thermal initiator, which again
starts polymerisation in the surrounding monomer formulation. Thus, monomers
are converted into a polymer in a localised self propagating thermal reaction
zone, which moves through the whole resin (see Figure 140).
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Figure 140: Scheme of light initiated FP [149]

For a proof-of-concept if production of composites is also possible with MI-Stsystems, a MI-St-copolymer filled with carbon fibres (CF) should be fabricated by
FP. CFs were used, because the black fibres usually allow photopolymerisation
only on the surface due to their very efficient light absorption over a wide
wavelength range.
So a resin based on the liquid and low volatile MI-St-system MISt5 was filled with
20 w% CF. Irgacure 819 (1 w%, Figure 50) was applied as PI for starting the
polymerisation and benzoyl peroxide (BPO, 5 w%, Figure 141) was utilised as
thermal initiator, which is responsible for front propagation.
O
O

O
O

Figure 141: Structure of BPO

FP experiments were conducted with a set-up, which was developed previously
in our group: Figure 142 [149].
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Figure 142: Experimental set-up for FP [149]

Further experimental parameters of the FP experiments are given in chapter
2.6.2 of the experimental part. Additionally, it has to be mentioned, that the length
of the mould was reduced with a plasticine plug to minimise the amount of
required resin for an experiment.
So following FP could be achieved with the CF-filled MISt5 resin (Figure 143). In
addition, the obtained sample is shown in Figure 144.

Figure 143: FP of MISt5 containing 20 w% CF
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Figure 144: CF-filled pMISt5 sample

Although there is still some room for optimisation of the FP (e.g. bubble formation
probably caused by the high concentration of thermal initiator BPO), it can be
claimed, that fabrication of CFR MI-St composites by FP could be established
successfully.

2.6.3. 3D printing
Since the FP technology requires special (combinations of) initiators and
monomers, the applicability is limited in some areas. Therefore, 3D printing as a
second approach to fabricate bigger and/or filled parts with photopolymers was
investigated as well to further underline the potential of the introduced MI-St-BRterpolymers. So a photopolymerisable MI-St-system was tested for usage in
lithography based additive manufacturing technologies (L-AMT).
Amongst other AMTs for polymers like fused deposition modelling (FDM) or
selective laser sintering (SLS), L-AMTs experienced a tremendous growth over
the last years and are nowadays very popular in industry as well as in the private
sector [14, 150-151]. The key feature of these technologies is the layer-by-layer
production of a part based on a computer model thereof (Figure 145).
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Figure 145: Principle of L-AMT [152]

L-AMTs utilise photopolymerisable resins and a spatially controlled light source
to trigger solidification of monomers only in the desired areas. Thus, gelation
occurs only where light meets the photopolymerisable resin in the vat. So a 3
dimensional structure is obtained by irradiating layer by layer. Furthermore,
L-AMT was extended previously via “Hot-Lithography” by a heated vat, thus
enabling processability of a huge variety of new monomers [124-125].
There are two different possibilities to initiate the photopolymerisation reaction
only in the desired spots, either with a laser (SLA) or an LED light source with a
digital micro mirror device chip (DLP) (see Figure 146).
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Figure 146: Scheme of SLA (a) and DLP (b) [12]

Whereas in SLA a laser is scanning very rapidly over the layer, in DLP higher
exposure times are common. Thus, a DLP printer was used for a proof-ofconcept towards transparent ABS-like photopolymers for L-AMT, since it is
known from the reactivity studies of MI-St-based formulations, that they exhibit
high reaction times (compare chapters 2.3-2.5).
Again the MI-St-BR-terpolymer with the most suitable properties was applied for
the proof-of-concept of 3D printability. Thus, MI-St-system MISt5_10 was
chosen, due to a good balance between chemical reactivity and final
thermomechanical properties.
First of all, some preliminary studies had to be performed to adjust the MISt5_10
resin composition, since the set-up of the used DLP printer is fixed and therefore
irradiation wavelength and intensity cannot be changed. After some exposure
studies suitable experimental parameters like PI (concentration), light absorber
(concentration), irradiation time and layer thickness could be determined. So
following MISt5_10* formulation was optimised regarding given DLP printer and
process parameters:
•

PI: 1 w% Ivocerin

•

Light absorber: 0.1 w% Sudan Yellow 177

•

Layer thickness: 50 µm

•

Irradiation time of each layer: 40 s
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It has to be mentioned, that interestingly addition of cross-linkers (difunctional
styrene moieties) is not necessary and even more does not yield in enhanced
mechanical integrity of test specimens, due to increased brittleness.
For 3D printing a structure was chosen, which is tough to manufacture with
traditional methods like milling or casting. Hence, the cube shown in Figure 147
was printed with the experimental parameters given in chapter 2.6.3 of the
experimental part.

Figure 147: Pictures of 3D printed pMISt5_10*

So another proof-of-concept of a possible application for MI-St-BR-terpolymers
was successfully demonstrated. Thus, in the end three different potential uses
could be presented for this new class of photopolymers, where the MI-St-system
is equal or even superior to traditionally applied monomers.
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1. UV-Curable (Meth)Acrylates containing Blocked
Isocyanates
1.2. Model compounds
1.2.1. Model isocyanurates
1.2.1.2. Determination of deblocking temperature
In addition to a blank sample a BIC was dissolved as well in an excess (10 eq.)
of 1-laurylamine to check, if a deblocking reaction occurs in the presence of an
amine.
STA measurements were performed with the following experimental parameters
to determine the deblocking temperature of used BICs and BIC-amine-mixtures:
•

Temperature: 25 – 300 °C

•

Heating rate: 10 K/min

•

Atmosphere: N2 (flow rate of 40 mL/min)

ATR-IR spectra were recorded before and after thermal treatment of a sample in
an Al-block for 1 h at 160 °C under Ar atmosphere. Due to comparison of taken
spectra information on deblocking reactions can be obtained.
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1.3. Syntheses of methacrylates containing BICs
1.3.1. Synthesis of C3D1

O

HO

H

11

NCO

+

NH
t-Bu

O

NCO
pTHF,1k
C44H90O12
811.21

O

+

IPDI
C12H18N2O 2
222,29

tBAEMA
C10 H19NO2
185.27

Sn(II)-2-ethylhexanoate

O
O

t-Bu
H
N
N
O

O
N
H

H
N

O

O

11

O

O
N
H

N
t-Bu

O
O

C3D1

Synthesis of C3D1 was performed according to literature [98].
pTHF,1k (11.36 g, 14 mmol, 1 eq.), IPDI (6.24 g, 28 mmol, 2 eq.) and Sn(II)-2ethylhexanoate (8 µL) were mixed under Ar atmosphere and stirred at 70 °C for
3 h. After cooling the reaction mixture to 40 °C, phenothiazine (1.8 mg, 100 ppm)
and tBAEMA (5.19 g, 28 mmol, 2 eq.) were added slowly. Finally, the reaction
was stirred 21 h at 50 °C to complete the reaction. The obtained high viscous
clear liquid was used without any further purification.
Rf = 0.71 (PE : EE = 1 : 1)
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1

H-NMR (400 MHz, CDCl3, FID JST019/2): δ = 6.11-6.08 (m, 2 H, CH 2-DB), 5.61-

5.53 (m, 2 H, CH2-DB), 4.24-4.13 (m, 4 H, CH2-O), 4.05-4.02 (m, 4 H), 3.43-3.34
(m, 44 H, CH2-pTHF), 3.04-2.83 (m, 6 H), 1.94-1.89 (m, 6 H, CH 3-MA), 1.62-1.58
(m, 46 H, CH2-pTHF), 1.40-1.37 (m, 14 H), 1.10 (s, 6 H, CH 3-IPDI), 1.06-1.04 (m,
18 H, CH3-t-Bu), 0.90-0.84 (m, 12 H, CH3-IPDI) ppm.
13

C-NMR (100 MHz, CDCl3, FID JST019/3): δ = 167.8-167.4 (s, CO-MA), 159.5-

159.2 (s, CO-urethane/urea), 158.7 (s, CO-urethane/urea), 157.2 (s, COurethane/urea), 156.1 (s, CO-urethane/urea), 136.4 (s, C-DB), 136.0 (s, C-DB),
135.9 (s, C-DB), 126.7-126.2 (t, CH 2-DB), 125.7 (t, CH2-DB), 70.8-70.7 (t, CH2pTHF), 70.4 (t), 65.3 (t), 64.8-64.4 (t, CH 2-O), 56.2-55.1 (t), 54.8 (t), 54.4 (t), 50.6
(s, C-t-Bu), 47.7-46.3 (t), 44.8-43.9 (d), 43.5-43.2 (t), 42.6 (t), 42.2 (t), 41.4 (t,
CH2-N), 36.8-36.5 (t), 35.4-35.2 (d), 32.2-32.0 (t), 29.8-29.5 (q), 29.0 (q, CH 3t-Bu), 27.9-27.8 (q), 26.7 (t, CH2-pTHF), 26.4 (t), 26.0 (t), 23.8-23.5 (q, CH 3IPDI), 18.5-18.4 (q, CH3-MA) ppm.

1.3.2. Synthesis of BICMA1

O
O

IPDI based
NH + isocyanurate
t-Bu

O

Sn(II)-2-ethylhexanoate

tBAEMA
C1 0H19NO2
185.27

abs. THF

O
O

N
N
H
t-Bu

isocyanurate

BICMA1

Synthesis of BICMA1 was performed according to Cooper et al. [96].
Vestanat T1890/100 (IPDI-based isocyanurate) (9.786 g, 0.916 free IC/IPDI,
1.09 eq.) was dissolved in 20 mL dry THF. Then Sn(II)-2-ethylhexanoate (8 µL)
and tBAEMA (7.416 g, 40 mmol, 1 eq.) were added. After 48 h stirring at room
temperature phenothiazine (17 mg, 1000 ppm) was added. Finally, the solvent
was removed under reduced pressure and the obtained white powder was used
without any further purification.
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Tm = 91-100 °C
1

H-NMR (400 MHz, CDCl3, FID JST018/13): δ = 6.13-6.08 (m, 1 H, CH2-DB),

5.63-5.60 (m, 1 H, CH2-DB), 5.22-4.99 (m, 1 H, CH-IPDI), 4.26-4.12 (m, 2 H,
CH2-O), 3.92-3.88 (m, 1 H), 3.73-3.63 (m, 1 H), 3.46-3.39 (m, 2 H), 3.09-2.87 (m,
1 H), 2.19-2.11 (m, 1 H), 1.96-1.92 (m, 3 H, CH 3-MA), 1.70 (bs, 1 H), 1.40 (s,
9 H, CH3-t-Bu), 1.24-0.82 (m, 15 H, CH3-t-Bu) ppm.
13

C-NMR (100 MHz, CDCl3, FID JST018/14): δ = 167.8 (s, CO-MA), 159.5 (s,

CO-urea), 158.7 (s, CO-urea), 150.7 (s, CO-isocyanurate), 149.8 (s, COisocyanurate), 136.1 (s, C-DB), 126.7 (t, CH 2-DB), 65.1-64.3 (t, CH2-O), 56.2 (s,
C-t-Bu), 48.5-27.7 (m), 23.5 (q, CH3-IPDI), 18.5 (q, CH3-MA) ppm.

1.5. Deblocking reactions in solution
A BIC was dissolved in an excess (10 eq.) of alcohol 1-lauryl alcohol or amine
1-laurylamine to check if a deblocking reaction occurs in solution. Furthermore,
5 mg phenothiazine were added.
Sampling was performed before and after thermal treatment for 5 h at 125 °C
(BICMA1) or 15 min at 150 °C (VIC2) under Ar atmosphere. ATR-IR (BICMA1) or
1

H and

C-NMR spectra (VIC2) of the samples were recorded. Due to

13

comparison of taken spectra information on deblocking reactions can be
obtained.

1.6. (Thermo)mechanical properties
All resins were formulated according to DB% in literature (Table 54 [98] and
Table 55). However, amine DA was used in an “equimolar” ratio for formulations
based on BICMA1 and VIC2, which means that one amino functionality is taken
into account for each BIC moiety.
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Table 54: Composition of REF [98]

Component

w‰ [‰] mol% [%] eq. [-] DB% [%]

C3D1

700

22.5

1.00

43.4

E3MA

206

57.2

2.54

55.2

PEGDMA (Mw = 750 Da)

10

0.7

0.03

1.4

HMDA

74

18.4

0.82

-

Irgacure 819

10

1.2

0.06

-

Table 55: Compositions of RES1 and RES2

Component
BICMA1

DB% [%] RES1 [w%] RES2 [w%]
43.4

25.0

-

-

58.4

-

43.4

-

45.5

HMDA

-

-

15.0

E3MA

55.2

14.9

36.7

1.4

0.7

1.8

-

1.0

1.0

DA
VIC2

PEGDMA (Mw = 750 Da)
Irgacure 819

General procedure for moulding specimens: All samples were cured in
transparent silicon moulds (Wacker Elastosil RT 601) 2 times 10 min in the
Lumamat oven. Afterwards, half of the samples was stored over night (14 h) at
125 °C, where all specimens became darker, less sticky and seemed to be
harder and tougher. Finally, the obtained polymer sticks were sanded to ensure a
parallel shape.
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1.7. Influence of the matrix on deblocking reactions
1.7.2. Soft matrix
The components used in resin RES3 are shown in Table 56. Furthermore,
difunctional amine HMDA is again applied in equimolar ratio to BIC VIC2.
Table 56: Composition of RES3

Component
VIC2

DB% [%] w% [%]
10

14.1

HMDA

-

4.6

E3MA

90

80.3

-

1.0

Irgacure 819

General procedure for specimen preparation: Photopolymerisation and thermal
curing were performed at the same conditions as stated in chapter 1.6 to obtain
comparable results. The samples were polymerised 2 times 10 min in a
Lumamat oven. Afterwards, thermal treatment of the specimens was done for
14 h at 125 °C.
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2. ABS-like Photopolymers
2.2. Preliminary experiments
2.2.1. Syntheses of itaconimides and citraconimides
2.2.1.1. Synthesis of PrII and PrCI
O
O

O
+

NH2

O
IA
C5 H4 O3
112.08

PhMe

N
O

PrNH2
C3 H9 N
59.11

PrII
C8 H11NO2
153.18

O
+

N
O
PrCI
C8 H1 1NO2
153.18

Synthesis of N-propyl itaconimide (PrII) and N-propyl citraconimide (PrCI) was
performed according to patent WO 2005118537 [118].
Itaconic anhydride IA (10.08 g, 90 mmol, 1 eq.) was dissolved under Ar
atmosphere in 450 mL dry toluene. Subsequently, propylamine (5.33 g, 90 mmol,
1 eq.) and phenothiazine (55 mg, 3000 ppm) were added. The solution was
stirred over night at 35 °C and then heated under reflux for 5 d in a Dean-Stark
apparatus. Afterwards, the mixture was washed 3 times with 450 mL 2 M NaOH
and once with 450 mL brine. After drying over Na 2SO4 the solvent was removed
under reduced pressure. Finally, 0.21 g (1.5% theoretical yield) of PrII and 0.73 g
(5.3% theoretical yield) of PrCI were obtained as yellowish liquids after column
chromatography (213 g silica, 17% EE in PE, 60 mL/min).
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PrII:
Rf = 0.25 (PE : EE = 5 : 1)
1

H-NMR (400 MHz, CDCl3, FID JST031/10): δ = 6.34 (t, J = 2.4 Hz, 1 H, CH2-

DB), 5.61 (t, J = 2.1 Hz, 1 H, CH2-DB), 3.54 (t, J = 7.4 Hz, 2 H, CH2-N), 3.31 (t,
J = 2.3 Hz, 2 H, CH2-CO), 1.63 (sext, J = 7.4 Hz, 2 H, CH2-CH3), 0.91 (t,
J = 7.5 Hz, 3 H, CH3) ppm.
13

C-NMR (100 MHz, CDCl3, FID JST031/11): δ = 174.1 (s, CO), 169.7 (s, CO),

133.5 (s, C-DB), 120.5 (t, CH2-DB), 40.6 (t, CH2-N), 33.9 (t, CH2-CO), 21.3 (t,
CH2-CH3), 11.5 (q, CH3) ppm.
PrCI:
Rf = 0.58 (PE : EE = 5 : 1)
1

H-NMR (400 MHz, CDCl3, FID JST031/8): δ = 6.30 (d, J = 1.8 Hz, 1 H, CH-DB),

3.45 (t, J = 7.3 Hz, 2 H, CH2-N), 2.07 (d, J = 1.8 Hz, 3 H, CH3-DB), 1.60 (sext,
J = 7.3 Hz, 2 H, CH2-CH3), 0.89 (t, J = 7.5 Hz, 3 H, CH3) ppm.
13

C-NMR (100 MHz, CDCl3, FID JST031/9): δ = 172.2 (s, CO), 171.2 (s, CO),

145.6 (s, C-DB), 127.4 (d, CH-DB), 39.7 (t, CH2-N), 22.1 (t, CH2-CH3), 11.4 (q,
CH3), 11.1 (q, CH3-DB) ppm.

2.2.1.2. Synthesis of BnII and BnCI
O

O
O

+

NH2

O

O
IA
C5 H4 O3
112.08

N
PhMe

BnNH2
C 7H 9N
107.16

BnII
C12 H11NO2
201.23

O
+

N
O
BnCI
C12H11NO2
201.23

Synthesis of N-benzyl itaconimide (BnII) and N-benzyl citraconimide (BnCI) was
performed according to patent WO 2005118537 [118].
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Itaconic anhydride IA (7.33 g, 65 mmol, 1 eq.) was dissolved under Ar
atmosphere in 325 mL dry toluene. Afterwards, benzylamine (7.01 g, 65 mmol,
1 eq.) and phenothiazine (40 mg, 3000 ppm) were added. Then the solution was
heated under reflux for 24 h in a Dean-Stark apparatus. The next day the mixture
was washed 3 times with 325 mL 2 M NaOH and once with 325 mL brine. After
drying over Na2SO4 the solvent was removed under reduced pressure. Finally,
2.86 g (21.7% theoretical yield) of BnII and 2.73 g (20.7% theoretical yield) of
BnCI were obtained as yellowish liquids after column chromatography (213 g
silica, 10% EE in PE, 60 mL/min).
BnII:
Rf = 0.42 (PE : EE = 2 : 1)
1

H-NMR (400 MHz, CDCl3, FID JST029/8): δ = 7.42-7.25 (m, 5 H, CH-Ar), 6.35

(t, J = 2.6 Hz, 1 H, CH2-DB), 5.62 (t, J = 2.1 Hz, 1 H, CH2-DB), 4.74 (s, 2 H, CH2N), 3.32 (t, J = 2.3 Hz, 2 H, CH2-CO) ppm.
13

C-NMR (100 MHz, CDCl3, FID JST029/7): δ = 173.6 (s, CO), 169.3 (s, CO),

135.8 (s, C-Ar), 133.4 (s, C-DB), 129.1 (d, CH-Ar), 128.8 (d, CH-Ar), 128.1 (d,
CH-Ar), 121.0 (t, CH2-DB), 42.6 (t, CH2-N), 34.0 (t, CH2-CO) ppm.
BnCI:
Rf = 0.68 (PE : EE = 2 : 1)
1

H-NMR (400 MHz, CDCl3, FID JST029/4): δ = 7.34-7.22 (m, 5 H, CH-Ar), 6.31

(q, J = 1.8 Hz, 1 H, CH-DB), 4.64 (s, 2 H, CH2-N), 2.06 (d, J = 1.8 Hz, 3 H,
CH3) ppm.
13

C-NMR (100 MHz, CDCl3, FID JST029/5): δ = 171.7 (s, CO), 170.6 (s, CO),

145.9 (s, C-DB), 136.6 (s, C-Ar), 128.8 (d, CH-Ar), 128.5 (d, CH-Ar), 127.9 (d,
CH-Ar), 127.5 (d, CH-DB), 41.6 (t, CH2-N), 11.1 (q, CH3) ppm.
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2.3. Model maleimide-styrene-system (MISt1)
2.3.7. Swellability
Three samples of each formulation were polymerised in the UV-chamber (5 min
on each side with 100% intensity) as small discs (diameter 4 mm, thickness
2 mm, ~ 35 mg) for swellability studies. Then they were submerged for 7 d in
CHCl3 or EtOH (solvents were changed after 3 d). Sample mass was recorded
before and after swelling and after drying in a vacuum oven at 60 °C until
constant mass.
Swellability (S) and gel fraction (G) were calculated according to equations 3
and 4.

S=

m swollen
∗100
mdry

G=

mdry
∗100
mstart

S... Swellability [%]
mswollen... Mass in swollen state [mg]
mdry... Mass after drying [mg]

(3)

G... Gel fraction [%]
mdry... Mass after drying [mg]
mstart... Original mass [mg]

(4)

2.3.8. (Thermo)mechanical properties
General procedure for moulding specimens: All samples were cured in
transparent silicon moulds (Wacker Elastosil RT 601) 2 times 5 min (100%
intensity) in the UV-chamber. Finally, the obtained polymer sticks were sanded to
ensure parallel shape.
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2.4. Further mechanistic studies on MI-St-copolymerisation
2.4.2. Cross-linking behaviour in MI-St-copolymers
2.4.2.1. Synthesis of FESt

+

HO

NaH
O

DMF

Cl
VBnCl
C9H9Cl
152.62

Synthesis

of

Fenchol
C10H18O
154.25

FESt,

a

vinylbenzyl)oxy)bicyclo[2.2.1]heptane

FESt
C19H26O
270.42

mixture
and

of

1,3,3-trimethyl-2-((31,3,3-trimethyl-2-((4-

vinylbenzyl)oxy)bicyclo[2.2.1]heptane, was performed according to Kobayashi et
al. [140].
NaH (60 w% in paraffin; 7.81 g, 195 mmol, 1.5 eq.) was dispersed in 250 mL dry
DMF and cooled to 0 °C. Afterwards, fenchol (24.09 g, 156 mmol, 1.2 eq.) was
added and the solution was stirred for 15 min at 0 °C. Then VBnCl (19.86 g,
130 mmol, 1 eq.) was added slowly without heating the solution above 5 °C. After
stirring over night at room temperature the reaction was diluted with 300 mL EE
and quenched with 150 mL saturated aqueous NH4Cl solution. The aqueous
phase was diluted with deionized water until all precipitate was dissolved and
then extracted 3 times with 200 mL EE. The combined organic phases were
dried over anhydrous Na2SO4 and the solvent was evaporated under reduced
pressure. Finally, the crude product was dissolved in 200 mL PE, washed with
200 mL deionized water and filtrated over 350 g silica. After removal of the
solvent under reduced pressure, 27.55 g (78.3% theoretical yield) of FESt were
obtained as a colourless liquid.
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Rf = 0.33 (PE : DCM = 9 : 1)
1

H-NMR (400 MHz, CDCl3, FID JST043/4): δ = 7.40-7.24 (m, 8 H, CH-Ar), 6.76-

6.68 (m, 2 H, CH-DB), 5.75 (dd, J1 = 6.9 Hz, J2 = 17.6 Hz, 2 H, CH2-DB), 5.23
(dd, J1 = 8.4 Hz, J2 = 10.7 Hz, 2 H, CH2-DB), 4.62-4.41 (m, 4 H, CH2-Bn), 3.02 (d,
J = 4.6 Hz, 2 H, CH-O), 1.86-1.78 (m, 2 H), 1.75-1.68 (m, 2 H), 1.64 (bs, 2 H),
1.46-1.36 (m, 4 H), 1.10-0.98 (m, 22 H) ppm.
13

C-NMR (100 MHz, CDCl3, FID JST043/5): δ = 140.0 (s, C-Ar), 139.3 (s, C-Ar),

137.6 (s, C-Ar), 137.1 (d, CH-DB), 136.8 (d, CH-DB), 136.7 (s, C-Ar), 128.5 (d,
CH-Ar), 127.7 (d, CH-Ar), 127.0 (d, CH-Ar), 126.2 (d, CH-Ar), 125.3 (d, CH-Ar),
113.9 (t, CH2-DB), 113.6 (t, CH2-DB), 92.7 (d, CH-O), 92.6 (d, CH-O), 73.5 (t,
CH2-Bn), 73.3 (t, CH2-Bn), 49.4 (s, C-CH3), 49.4 (s, C-CH3), 49.0 (d, CH), 41.6 (t,
CH2), 39.7 (s, C-(CH3)2), 39.7 (s, C-(CH3)2), 31.8 (q, CH3), 26.4 (t, CH2), 26.2 (t,
CH2), 21.0 (q, CH3), 21.0 (q, CH3), 20.3 (q, CH3), 20.3 (q, CH3) ppm.

2.4.2.3. Swellability
Swellability studies of pMISt2 samples without and with BR CB24 were
conducted in CHCl3 with the procedure given in chapter 2.3.7 of the experimental
part to obtain comparable data.
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2.5. Variation of MI substituent
2.5.1. Monomer syntheses
2.5.1.1. Synthesis of MMI

O
O

+

O
O

O
MA
C 4H 2O 3
98.06

meradimate
C17H2 5NO2
275.39

NH2

O
O

NaOAc
Ac2 O

N

O

O
MMI
C2 1 H2 5NO4
355.43

Synthesis of 2-isopropyl-5-methylcyclohexyl 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol1-yl)benzoate (MMI) was performed according to McLeod et al. [141].
MA (9.83 g, 100 mmol, 1 eq.) and menthyl anthranilate (meradimate) (27.55 g,
100 mmol, 1 eq.) were dissolved in 400 mL dry Et2O under Ar atmosphere. After
stirring 5 h at room temperature the solvent was decanted off and the white
precipitate was dried under reduced pressure. Then anhydrous NaOAc (3.29 g,
40 mmol, 0.4 eq.), phenothiazine (60 mg, 3000 ppm) and 400 mL freshly distilled
Ac2O were added. Afterwards, the solution was stirred 5 h at 90 °C under Ar
atmosphere. Then approximately 350 mL of the solvent were removed under
reduced pressure. Subsequently, saturated aqueous NaHCO 3 solution was used
to quench and neutralise the reaction mixture under ice cooling. The aqueous
phase was extracted 3 times with 250 mL DCM. The combined organic phases
were dried over anhydrous Na 2SO4 and the solvent was removed under reduced
pressure. Finally, the crude product was dissolved in DCM and filtrated over
silica. After evaporation of the solvent under high vacuum at 60 °C 28.56 g
(80.3% theoretical yield) of MMI were obtained as yellow-orange very high
viscous liquid.
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Rf = 0.51 (PE : EE = 4 : 1)
1

H-NMR (400 MHz, CDCl3, FID JST050/12): δ = 8.10 (d, J = 8.2 Hz, 1 H, CH-Ar),

7.64 (t, J = 7.6 Hz, 1 H, CH-Ar), 7.52 (t, J = 7.5 Hz, 1 H, CH-Ar), 7.30 (d,
J = 7.9 Hz, 1 H, CH-Ar), 6.88 (s, 2 H, CH-DB), 4.83 (dt, J1 = 10.8 Hz, J2 = 4.3 Hz,
1 H, CH-O), 2.04-2.01 (m, 1 H, CH), 1.92-1.84 (m, 1 H, CH), 1.71-1.68 (m, 2 H,
CH2), 1.54-1.38 (m, 2 H, CH2), 1.12-0.96 (m, 2 H, CH2), 0.91-0.88 (m, 7 H,
CH3/CH-i-Pr), 0.74 (d, J = 7.0 Hz, 3 H, CH3) ppm.
13

C-NMR (100 MHz, CDCl3, FID JST050/11): δ = 169.9 (s, CO-MI), 164.5 (s, CO-

ester), 134.7 (d, CH-DB), 133.2 (d, CH-Ar), 131.8 (d, CH-Ar), 131.3 (s, C-Ar),
130.6 (d, CH-Ar), 129.3 (d, CH-Ar), 129.0 (s, C-Ar), 75.4 (d, CH-O), 47.3 (d, CHi-Pr), 40.9 (t, CH2), 34.4 (t, CH2), 31.6 (d, CH-CH3), 26.3 (d, CH-i-Pr), 23.5 (t,
CH2), 22.1 (q, CH3), 20.9 (q, CH3-i-Pr), 16.3 (q, CH3-i-Pr) ppm.

2.5.1.2. Synthesis of EHMI
O
O

+

i) Et2 O
ii) NaOAc, Ac2 O

O
N

H2N
O

O
MA
C4 H2 O3
98.06

EHA
C8H19N
129.25

EHMI
C1 2H19NO2
209.29

Synthesis of 1-(2-ethylhexyl)-1H-pyrrole-2,5-dione (EHMI) was performed like
the synthesis of MI MMI (chapter 2.5.1.1 of the experimental part) according to
McLeod et al. [141].
MA (18.83 g, 192 mmol, 1 eq.) and freshly distilled EHA (84-85 °C at 60 mbar,
24.82 g, 192 mmol, 1 eq.) were dissolved in 500 mL dry Et2O under Ar
atmosphere. After stirring 5 h at room temperature, the solvent was removed
under reduced pressure. Then anhydrous NaOAc (6.31 g, 76.8 mmol, 0.4 eq.),
phenothiazine (115 mg, 3000 ppm) and 500 mL Ac2O were added. Afterwards,
the solution was stirred again 5 h at 90 °C under Ar atmosphere. Then,
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approximately 450 mL of the solvent were removed under reduced pressure at
70 °C. Subsequently, saturated aqueous NaHCO 3 solution was used to quench
and neutralise the reaction mixture under ice cooling. The aqueous phase was
extracted 3 times with PE. The combined organic phases were dried over
anhydrous Na2SO4 and the solvent was removed under reduced pressure.
Finally, the crude product was filtrated over silica (eluent PE : Et2O = 9 : 1). After
evaporation of the solvent 18.36 g (45.7% theoretical yield) of EHMI were
obtained as slightly brownish liquid.
Rf = 0.43 (PE : EE = 10 : 1)
1

H-NMR (400 MHz, d6-DMSO, FID JST077/3): δ = 7.02 (s, 2 H, CH-DB), 3.28 (d,

J = 7.1 Hz, 2 H, CH2-N), 1.60 (sept, J = 6.3 Hz, 1 H, CH), 1.24-1.15 (m, 8 H,
CH2), 0.86-0.81 (m, 6 H, CH3) ppm.
13

C-NMR (100 MHz, d6-DMSO, FID FID JST077/4): δ = 171.3 (s, CO-MI), 134.4

(d, CH-DB), 40.8 (t, CH2-N), 37.7 (d, CH), 29.9 (t, CH2), 27.9 (t, CH2), 23.3 (t,
CH2), 22.4 (t, CH2), 13.9 (q, CH3), 10.3 (q, CH3) ppm.

2.5.8. Swellability
Swellability studies of pMISt3-5 without and with rubber CB24 were performed in
CHCl3 with the procedure given in chapter 2.3.7 of the experimental part to
obtain comparable data.

2.5.9. (Thermo)mechanical properties
General procedure for moulding specimens of MISt4-based resins: The
formulations were homogenised at elevated temperatures and afterwards cooled
down to room temperature. Then the samples were cured in transparent silicon
moulds (Wacker Elastosil RT 601) 2 times 5 min (100% intensity) in the UVchamber before precipitation of MI CHMI started. Finally, the obtained polymer
sticks were sanded to ensure parallel shape.

180

Experimental Part

2.6. Potential applications
2.6.1. Reactive diluent (RD)
General procedure for moulding specimens: All samples were cured in
transparent silicon moulds (Wacker Elastosil RT 601) 2 times 10 min in the
Lumamat oven. Finally, the obtained polymer sticks were sanded to ensure
parallel shape.

2.6.2. Frontal polymerisation (FP)
FP experiments were performed in a Teflon mould with a sample size of 3 g. The
used CF exhibit a Köper texture and a weight of 245 g/m2. An Omnicure lamp
(320 – 500 nm) with 3 W/cm2 at the light guide tip was applied for irradiation.

2.6.3. 3D printing
The 3D printing experiments were performed on a self made DLP printer
equipped with a diamond-WXGA light engine (460 nm, 6 mW/cm2 intensity at
sample surface). Each layer of 50 µm thickness was irradiated for 40 s at room
temperature and a contact pressure of 60 N.
Afterwards, the printed parts were post-cured in the UV-chamber for 5 min at
100% intensity.
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Materials, Devices and Analyses
Reagents and solvents
All commercial reagents and solvents were used without further purification, if
not mentioned explicitly in a different way.
Dry solvents were taken from a PURESOLV-system from it-innovative
technology inc. or were bought already in anhydrous form (e.g. EtOH, DMF).

Orange light laboratory
Handling of light sensitive substances/reactions/resins was carried out in an
orange light laboratory, where windows were laminated with an Asmetec
metolight SF-UV-filter foil (type ASR-SF-LY5) and Osram lumilux bulbs with chipcontrol (litght colour 62) were used instead of common fluorescent tubes.

Light sources
According to the used photoinitiator different (UV-)light sources were applied to
irradiate the sample:
•

UV-chamber: Uvitron International INTELLI-RAY 600 with Hg broad band
UV-bulb (600 W; UV-A: 125 mW/cm2; Vis: 125 mW/cm2)

•

Light oven: Lumamat 100 (400-500 nm) from Ivoclar Vivadent AG with 6
Osram Dulux L Blue 18 W bulbs

•

Omnicure-system: Omnicure Series 2000 EXFO with a 200 W Hg-bulb
and according to used filter 320 – 500 nm or 400 – 500 nm
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TLC
Silica gel 60 F254 TLC-aluminium foils from Merck were used for thin layer
chromatography.

Column chromatography
For column chromatography a Büchi Sepacore Flash System with following parts
was used:
•

Büchi control unit C-620

•

Pump system: 2 Büchi pump moduls C-605

•

Detector: Büchi UV-photometer C-635 and Büchi RI-detector Refractom

•

Collector: Büchi fraction collector C-660

The columns were filled with silica gel 60 (Merck, 40 – 63 µm). The exact
process parameters (solvents, flow rates, etc.) were given in each case.

GPC
All GPC measurements were conducted at 40 °C on a Malvern Viscotek
GPCmax VE2001 system equipped with a Malvern Viscotek TDA, Malvern
Viscotek SEC-MALS 9 and RI detector VE3850. Three Waters Styragel HR 0.5,
3 and 4 THF columns were used with dry THF as mobile phase (1 mL/min).
Calibration was performed with PS standards (0.370 – 177 kDa). The software
OmniSEC 5.12 was used for data acquisition and analyses.

GC-MS
For GC-MS measurements a system from Thermo Scientific was used:
•

Autosampler: AS 3000

•

GC: Trace GC Ultra with a BGB-5 column (30 m length)

•

MS: ITQ 1100 with an ion trap detector and EI ionisation
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Melting points
Melting points were measured with an OptiMelt automated melting point system
from SRS Stanford Research Systems.

NMR spectroscopy
NMR spectra were recorded at 20 °C on a Bruker DPX-200 with 200 MHz for 1H
(50 MHz for
13

C), a Bruker Avance DRX-400 with 400 MHz for 1H (100 MHz for

13

C) or a Bruker Avance IIIHD with 600 MHz for 1H (150 MHz for

C). If not

13

mentioned otherwise, CDCl3 was used as solvent. Data was recorded and
evaluated with Topspin software.
The results of 1H and 13C spectra were given as follows:
•

Chemical shifts are given in ppm and are referred to tetramethylsilane
(TMS, δ = 0 ppm). The actual values are corrected according to the used
solvent (1H: CDCl3 δ = 7.26 ppm, d6-DMSO δ = 2.50 ppm;

13

C: CDCl3

δ = 77.1 ppm, d6-DMSO δ = 39.5 ppm).
•

All multiplicities are stated as follows: 1H: s = singlet, bs = broad singlet,
d = doublet, t = triplet, q = quartet and m = multiplet; 13C: s = quaternary C,
d = CH, t = CH2, q = CH3; assignment of signals via APT, COSY or/and
HSQC spectra.

ATR-IR spectroscopy
All ATR-IR spectra were recorded on a PerkinElmer 65 FT-IR spectrometer with
a golden-gate diamond ATR unit. No ATR correction was done.
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UV-Vis absorption
UV-Vis absorption spectra were recorded on a Lambda 950 device from
PerkinElmer equipped with a PMT detector.
For measuring an UV-Vis absorption spectrum the substances were dissolved in
a defined concentration (1 mM) in dry DCM. After filtering the solutions through a
syringe filter, spectra were recorded from 250 – 800 nm.

STA
All STA experiments were performed on a Netzsch STA 449 F1 Jupiter.
The volatility measurements were done for 3 h at various temperatures with
following conditions:
•

Sample size: 10 ± 1 mg

•

Crucibles: Al with Al lid (with a hole)

•

Atmosphere: N2 (flow rate of 40 mL/min)

Sample mass loss was calculated after preheating phase, when the constant
target temperature was reached.
Thermal stability of the photopolymers was measured on the STA according to
DIN EN ISO 11358 with following experimental parameters:
•

Sample size: 10 ± 1 mg

•

Crucibles: Al, with Al lid (with a hole)

•

Atmosphere: N2 (flow rate of 40 mL/min)

•

Temperature: 25 – 500 °C

•

Heating rate: 10 K/min

The temperatures of beginning mass loss (TA) and the temperatures of the
inflexion points (TC) were determined from the TGA curve.

185

Materials, Devices and Analyses

Thermal DSC
For thermal DSC measurements a Shimadzu DSC-50 was used.

Photo-DSC
A Netzsch DSC 204 F1 coupled with an Omnicure lamp for irradiation of the
sample was used.
All photo-DSC studies were performed under following conditions:
•

Sample size: 10 ± 0.5 mg

•

Crucibles: Al (at elevated temperatures with glass lid)

•

Atmosphere: N2 (flow rate of 20 mL/min)

•

Light source: Omnicure lamp, depending on used PI either 320 – 500 nm
or 400 – 500 nm

•

Irradiation intensity: 1 W/cm2 at the light guide tip

•

Irradiation time: 2*5 min exposure to UV-light after flushing the sample
chamber 4 min with inert gas

Each formulation was tested 3 times. Additionally, a 1H-NMR spectrum and a
GPC of each polymer were recorded.

RT-NIR-photorheology [153]
RT-NIR-photorheology measurements were performed on an Anton Paar MCR
302 WESP equipped with a (quartz) glass plate and a PP25 measuring system.
Furthermore, Peltier elements around the plate (Anton Paar P-PTD200/GL) and
a heating hood (Anton Paar H-PTD200) were used as temperature control
system. The rheometer device was combined with a Bruker Vertex 80 FTIR
spectrometer. An Omnicure lamp was used for irradiation of the sample (see
Figure 148). The light intensity was adjusted with an Ocean Optics USB 2000+
spectrometer on the surface of the optical window. The software Anton Paar
Rheoplus V3.62 and OPUS 7.0 were used for data recording and analyses.
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Figure 148: RT-MIR/NIR-photorheology set-up

The experiments on the RT-NIR-photorheology device were conducted under
following experimental conditions:
•

Sample size: 140 µL

•

Measurement device: PP25

•

Frequency: 1 Hz

•

Amplitude: 1%

•

Gap: 200 µm

•

Optical window: Glass plate protected with a PE tape (tesa extra power
transparent)

•

Light source: Omnicure lamp with 320 – 500 nm

•

Irradiation intensity: 10 mW/cm2 at sample surface

•

Irradiation time: 5 min

Each formulation was tested 3 times.
Double bond conversion (DBC) was calculated with IR spectroscopy via the drop
of peak area during polymerisation of the first overtone vibration of the C=C
double bond in the NIR at ~ 6100 cm-1. Additionally, shrinkage force (FN), storage
(G') and loss modulus (G'') were measured with the rheometer device.
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Viscosity
Viscosity was measured on an Anton Paar MCR 300 rheometer with a Peltier
PTD 150 system.
All viscosity measurements were conducted with following experimental
parameters:
•

Sample size: 80 µL

•

Temperature: 25 °C

•

Measuring system: CP25-1

•

Gap: 48 µm

•

Shear rate: 100 s-1

Melt viscosity
Measurements were performed on an Anton Paar MCR 301 rheometer with a
CTD 450 oven.
All melt viscosity measurements were conducted with following parameters:
•

Sample size: ~ 85 µL with additional 0.5 mg phenothiazine

•

Measuring system: CP25-1 with 48 µm gap between tip and plate

•

Shear rate: 100 s-1

•

Temperature: 25 – 120 °C

•

Heating rate: 3 °C/min

Measurements were stopped manually, when a start of thermal polymerisation
was observed.
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DMTA
DMTA measurements were performed on an Anton Paar MCR 301 rheometer
with a CTD 450 oven and a SRF 12 measuring system.
All DMTA experiments were conducted with rectangular shaped specimens
(~ 5*2*40 mm3) in torsion mode with constant normal force and following
experimental parameters:
•

Frequency: 1 Hz

•

Amplitude: 0.1%

•

Constant normal force: -1 N

•

Temperature: -100 – 200 °C or -130 – 250 °C for MISt-based polymers

•

Heating rate: 2 °C/min

Tensile tests
Tensile tests were performed on a Zwick Z050 with a force sensor with a
maximal force of 1 kN. TestXpert II was used for recording and evaluation of
measured data.
All tensile tests were executed according to ISO 527 with specimen shape 5B
(Figure 149) and a traverse speed of 5 mm/min. At least 5 specimen were tested
for each photopolymer.

Figure 149: Scheme of specimen shape 5B [154]
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Specimen shape 5B, which is shown in Figure 149, exhibits following
dimensions:
•

Overall length l3: ≥ 35 mm

•

Width at the ends b2: 6 ± 0.5 mm

•

Length of the narrow parallel part l1: 12 ± 0.5 mm

•

Width of the narrow part b1: 2 ± 0.1 mm

•

Small radius r1: 3 ± 0.1 mm

•

Big radius r2: 3 ± 0.1 mm

•

Clamp starting distance L: 20 ± 2 mm

•

Measuring length L0: 10 ± 0.2 mm

•

Thickness h: 1 ± 0.1 mm

Dynstat impact resistance
A Karl Frank GmbH Dynstat device (type 573) with 5, 10, 20 or 40 kpcm
hammers was used.
Dynstat impact resistance was always measured according to DIN 51230. An
appropriate hammer was applied for breaking the test pieces. Additionally,
measured data was normalised to the real cross section of the corresponding
sample. At least 4 specimens (~ 10*4*15 mm3) were tested for each
photopolymer.

SEM
SEM measurements were performed on a FEI Philips XL 30. Sample edges were
coated with a conducting Ag-based paint. Additionally, samples were sputtered
with a thin layer of Au.
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AFM
AFM experiments were performed on a NanoWizard ULTRA SpeedA AFM
system from JPK Instruments AG, which was equipped with an Axio
Observer.D1 inverted optical microscope from ZEISS. Samples for AFM
measurements were cut from the edge of tensile test specimens with a sharp
scalpel, polished with sand paper and glued on a glass slide with commercial 2K
epoxy glue.
The following parameters were applied in all nanoindentations experiments:
•

4XC-NN-17 rectangular cantilever with a tip with nominal radius of 10 nm

•

The spring constant was calibrated with the thermal noise method

•

The deflection sensitivity was determined by measuring 16 force
measurements on the glass slide

•

Quantitative imaging mode with a maximum applied force of 20 nN

•

Measurement area: 5*5 µm2

•

Resolution: 256*256 pixels

The Young's moduli were calculated according to the Hertz analysis method.
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The aim of this thesis was to investigate approaches for toughening of
photopolymers to enable possible new fields of application. Therefore, an
extended literature search in scientific publications as well as patents was
performed. Since a lot of research was conducted in the last decades and thus
various concepts for enhancing toughness were developed, two different
independent plans were pursued and studied in detail.
First, an approach based on changing the polymer architecture of photopolymers
was investigated. Therefore, blocked isocyanates were incorporated into the
spacer between the methacrylate moieties of a multifunctional methacrylate.
Thus, thermally induced cleavage of cross-links in a polymer network is enabled.
Additionally, a difunctional amine is added to the photopolymer resin and
integrated into the polymer. After heating and regeneration of the isocyanate
motive, the chain extender can react and a linear polyurea is formed. Hence,
degradation of the highly cross-linked thermoset (methacrylic photopolymer) to a
thermoplastic material (linear polymethacrylate and linear polyurea) can be
accomplished.
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So two commercially available different isocyanurate model compounds based
on difunctional isocyanates HDI and IPDI were chosen and tested regarding their
capability of isocyanate liberation at suitable temperatures:
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Deblocking reactions and regeneration of the isocyanate structures could be
achieved successfully in preliminary experiments in the presence of an amine
with an onset temperature of ~ 120 °C. Hence, a methacrylic monomer based on
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the IPDI isocyanurate model compound was synthesised (BICMA1). In addition,
a literature known monomer (C3D1) and a monomer based on a C-H acidic
blocking reagent (VIC2) were used for comparison.
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The synthesised methacrylates containing blocked isocyanates were formulated
either with a high molecular weight and flexible difunctional diamine DA or with
the rigid cycloaliphatic diamine HMDA.
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Unfortunately, synthesised monomers showed a thermally induced deblocking
reaction in the presence of an amine only in solution at 125 °C and not in bulk
after polymerisation. Thus, the formulation, which was mixed in accordance with
literature, was modified to a softer and more polar matrix. Since these resin
alterations facilitate isocyanate regeneration, deblocking reactions and polyurea
formation could be achieved and finally proved by tensile tests.

The second pursued concept is based on mimicking structure and morphology of
ABS. Since ABS cannot be synthesised via photopolymerisation, the monomers
(acrylonitrile, butadiene and styrene) were substituted to circumvent this issue.
After some syntheses and preliminary photo-DSC studies suitable monomers
were found, which exhibit an acceptable low degree of volatility and high
reactivity: maleimides, styrene derivatives and polybutadiene.
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A first model system MISt1 was selected and formulation characteristics,
reactivity as well as material properties thereof were tested. While monomer
volatility and storage stability are not ideal, fast photopolymerisation and high
conversions (> 87%) could be achieved. In addition, pMISt1 polymers exhibit a
high Tg (> 160 °C), good tensile properties (e.g. a stressmax of 28 MPa and a
strainbreak of 46%) and superior toughness (calculated Dynstat impact resistance
of > 100 kJ/m2).
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With these very promising results of the first monomer generation further
experiments were conducted and a better understanding and more insights into
maleimide-styrene-polybutadiene terpolymers were obtained:
•

Factors triggering phase separation

•

Occurrence of cross-linking reactions of the maleimide substituent

•

Cross-linking due to copolymerisation with polybutadiene double bonds

•

Terpolymerisation behaviour of the

maleimide-styrene-system

with

methacrylates
Moreover, different substituted monomer systems (MISt2-5) were tested to
further optimise resin attributes such as volatility (< 1% after 3 h at 90 °C) and
storage stability (> 4 m), while maintaining fast photopolymerisation with high
double bond conversions (> 90%) and superior material properties (e.g.
pMISt4-based terpolymers exceed Tgs of 170 °C).
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Thus, a broad variety of different formulation and material properties can be
covered with this new photopolymer class.
Finally, 3 different potential applications for maleimide-styrene copolymers
without and with butadiene rubber addition were shown:
•

Reactive diluent for highly viscous methacrylic resins

•

Frontal polymerisation

•

3D printing

First, monomer system MISt4 was successfully applied as non-volatile reactive
diluent for a commercial highly viscous urethane methacrylate, which cannot be
processed without heating or adding diluents. Additionally, formulation as well as
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final photopolymer properties were compared to the very popular reactive diluent
isobornyl methacrylate (IBMA), which is known to be too volatile for application
at elevated temperatures.

O

N

O
O

MISt4

O

O

IBMA

Both reactive diluent approaches result in low resin viscosities (< 1 Pa s at
45 °C). Furthermore, the obtained polymer characteristics are similar such as
high glass transition temperatures (> 125 °C). However, the properties such as
stress and strain at break suffer due to the rigid cycloaliphatic ring structures of
the additive systems yielding materials with low impact resistance (~ 6 kJ/m2).
In addition, fabrication of photopolymer parts with several millimetres thickness
of a carbon fibre filled maleimide-styrene copolymer (20 w% fibres in MISt5) was
achieved successfully via frontal polymerisation.
Lastly, feasibility of 3D printing (DLP) of a maleimide-styrene-polybutadiene
terpolymer (MISt5 with 10 w% rubber) was proven as well, which enables new
fields of application for this new ABS-inspired photopolymer class in industry and
research.
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Abbreviations
acrylonitrile butadiene

IC

isocyanate

styrene terpolymer

II

itaconimide

ACN

acetonitrile

IR

infrared spectroscopy

AFM

atomic force microscopy

MA

methacrylate

AMT

additive manufacturing

MI

maleimide

technology

MIR

mid-infrared

ATR

attenuated total reflectance

MISt

maleimide styrene copolymer

BIC

blocked isocyanate

MS

mass spectrometry

BR

butadiene rubber

NIR

near-infrared

CI

citraconimide

NMR

nuclear magnetic resonance

DBC

double bond conversion

PE

petroleum ether

DMF

dimethylformamide

PI

photoinitiator

DMTA

dynamic mechanical thermal Rp

polymerisation rate

analysis

RT

real time

differential scanning

s

standard deviation

calorimetry

SEM

scanning electron

ABS

DSC
EtOH

ethanol

G

shear modulus

St

styrene

G'

storage modulus

STA

simultaneous thermal

G''

loss modulus

GC

gas chromatography

tan δ

mechanical loss

GPC

gel permeation

Tdb

deblocking temperature

chromatography

Tg

glass transition temperature

hydrogenated butadiene

THF

tetrahydrofuran

rubber

TLC

thin layer chromatography

HBR
HMDS
200

hexamethyldisilazane

microscopy

analysis
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Appendix
1. RT-NIR-photorheology

Figure 150: Storage modulus ( ) and loss modulus (···) of MISt3 without ( ) and with
10 ( ) or 20 w% ( ) CB24; start of irradiation ( )
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Figure 151: Evolution of shrinkage force of MISt3 without ( ) and with 10 ( ) or
20 w% ( ) CB24; start of irradiation ( )

Figure 152: Storage modulus ( ) and loss modulus (···) of MISt4 without ( ) and with
10 ( ) or 20 w% ( ) CB24; start of irradiation ( )
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Figure 153: Evolution of shrinkage force of MISt4 without ( ) and with 10 ( ) or
20 w% ( ) CB24; start of irradiation ( )

Figure 154: Storage modulus ( ) and loss modulus (···) of MISt5 without ( ) and with
10 ( ) or 20 w% ( ) CB24; start of irradiation ( )
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Figure 155: Evolution of shrinkage force of MISt5 without ( ) and with 10 ( ) or
20 w% ( ) CB24; start of irradiation ( )
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