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Abstract
Liquid crystal elastomers (LCEs) are elastic materials that combine the elastic properties of
polymers with the mesogenic interactions of liquid crystals (LCs). If the LCEs are incorporated with
aligned photochromic LCs such as azobenzene, light-driven, macroscopic deformation can be obtained
because of E/Z isomerization of the azobenzene. Such light-induced movement can be used in
applications such as sensors, actuators or even artificial muscles. The challenge with these kind of
materials is to obtain the right amount of elasticity and to properly align all the mesogenic groups for
the correct type of movement. The alignment is important for nanoscale ordering because the disruption
of this nanoscale ordering is what causes the light-induced macroscopic deformation.
The aim of this work is to improve the mechanical properties of discrete hydrazone-oligo(dimethylsiloxane) block molecules as they lacked elasticity which is useful for applications in
materials. Additionally, the goal is to obtain a liquid crystal elastomer that is non-covalently crosslinked
by hydrazones to produce a recyclable photothermal-active material. Therefore, poly(dimethyl siloxane)
(PDMS) was grafted with hydrazones as side-chain. Four different polymers with varying molecular
weights (Mw‘s) and varying amount of hydrazones were successfully synthesized (P1-P4) in a threestep synthesis. Free-standing films could be obtained from the two polymers with the highest Mw‘s (P3
= 26.000‒31.00 g/mol, P4 = 62.000‒72.000 g/mol) and the lowest amount of hydrazone (P3 = 5.5 %,
P4 = 4.7 %) proved to have elastic properties and could easily be drop casted.
Phase-segregation of the PDMS and hydrazone occurred for all the polymers with P1 having a
lamellar morphology while P2-P4 ordered in hexagonally packed cylinders, similar to the hydrazone
block molecules. The reason for P1 forming lamellae is due to the high volume faction of hydrazone
(fhydz = 0.38) while for P2-P4 even at fhydz < 0.17, the interactions of the hydrazone result in hexagonally
packed cylinders. These interactions of hydrazones comprise dipole-dipole interactions to form
antiparallel dimers in combination with π-π stacking to form columnar phases. The domain spacings for
the four polymers ranged between 4.6 to 5.9 nm with P1 having a double domain spacing that is induced
by Z-hydrazones.
The mechanical properties of P3 and P4 showed elastic properties with P3 being more though and
less elastic compared to P4 due to the higher amount of hydrazones. The elastic properties were not only
the result of entanglements but also due to the interactions of the hydrazones which likely resulted in
the formation of non-covalent crosslinks. In a world of plastic pollution, the formation of non-covalent
crosslinks is useful since it allows the materials to be recycled and easily reformed in any shape possible.
Lastly, films of P3 and P4 were irradiated with UV-light to induce macroscopic movement. Before
the irradiation, the films were stretched to align the polymer chains and the hydrazone side-chains. This
alignment due to stretching was successful and P4 showed macroscopic deformation due to the light
irradiation while P3 did not due to a lack of elasticity and permanent deformation. The deformation of
P4 is most likely the result of a photothermal effect. The macroscopic movement consists of a
contraction along the line of stretching due to the relaxation of the stretched polymer chains and a
rotational movement likely due to E/Z isomerization of the hydrazones.
v
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Introduction

Chapter 1
Introduction
1.1 Block copolymers
One material that is known for phase-segregation in particular, are block copolymers (BCPs) in
which the phase-segregation is driven mainly by unfavorable mixing enthalpic forces.1–3 This phasesegregation in combination with small feature sizes is what resulted in many applications in research
fields such as for plastics4, solar cells5,6 and lithography7–9. BCPs can self-assemble in various
morphologies such as spheres, cylinders and lamellae with extremely small feature sizes.2 If the BCPs
can be functionalized with moieties that respond to external stimuli such as pH or light and the
advantages of both systems can be combined, this gives opportunities towards new high-end
applications. Examples of such applications are targeted photo- or pH-responsive BCP materials for
drug-delivery systems10–13.
The phase-segregation and phase behavior of BCPs is well studied and understood both theoretically
and experimentally for simple systems. The simplest example of BCPs are linear diblock copolymers
(AB) that are covalently connected. When these polymers are incompatible, phase-segregation occurs
with a certain morphology as result. The morphology can be predicted quite well and is dependent
mainly on three parameters according to the mean-field theory (MFT). The first parameter is the FloryHuggins parameter denoted as χ, which specifies the degree of incompatibility between the two different
blocks of polymers. When χ > 0, a decrease in segment-segment contact between A-B chains results in
the lowering of the systems enthalpy which is what drives the phase-segregation. The second and third
parameters are the degree of polymerization (N) and the volume fraction of the different blocks (fA and
fB with fA + fB = 1).1–3 When χN >> 10.5, the polymers are above the strong segregation limit, enthalpic
terms dominate and different morphologies can be obtained by varying fA (Figure 1.1).14 By varying fA,
morphologies such as spheres, hexagonally packed cylinders, gyroids and lamellae can be obtained. The
scope of the MFT can be extended to more complicated BCP systems such as triblock (ABC) or grafted
polymer systems.15–18 However, χ becomes dependent on more factors and becomes increasingly more
complicated in such systems with increasing amount of polymer blocks.16 The disordered phase in BCP
systems is obtained when the volume fraction of one of the two blocks becomes too low or when χN <
10.5. Additionally, upon increasing temperature, enthalpic mixing forces are overcome and the systems
also enters a disordered phase. The temperature at which this order-disorder transition occurs, is called
TODT. Logically, after the temperature decreases, the energy of the system will decrease and phasesegregation will occur reversibly.
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Figure 1.1: (a) Morphologies in bulk for linear AB diblock copolymers: S and S’ are spheres, C and C’ are
hexagonally packed cylinders, G and G’ are gyroids while L are lamellae. (b) Theoretical phase diagram using the
mean-field theory. (c) Experimental phase diagram of polyisoprene-polystyrene block copolymers with fA =
polyisoprene.14

1.2 Smaller domain sizes with high χ-low N and block molecules
With the ever growing demand for faster and smaller electronic chips, the search for materials having
smaller feature sizes continues in the nanoscale region. It has only been a couple of years since ASML
introduced its new extreme ultraviolet lithography method that uses light of 13.5 nm which can reach
resolutions below 10 nm.19 However, the search for smaller feature sizes goes on according to Moore’s
law. Instead of using so called ‘top-down’ processes in which materials are being etched or chemically
treated to remove layers and features, a new method known as the ‘bottom-up’ approach may provide
the solution to smaller domain sizes.7 The ideal candidates for such a bottom-up approach are the phasesegregated BCPs. To obtain the smallest domain sizes in BCP systems, the length of the polymers (N)
cannot be too high while the requirement of χN > 10.5 needs to be met in order for phase-segregation to
occur.
Siloxanes are a type of polymer that is incompatible with many organic blocks and therefore it was
used in our group to couple several ‘hard’ semi-crystalline aromatic blocks onto. The combination
between a ‘soft’ flexible linker as oligo(dimethylsiloxane) (oDMS) and hard aromatic end groups such
as napthalenediimides (NDIs)20, azobenzenes21 (Figure 1.2) and ureidopyrimidinone (UPys)22 are now
known as block molecules. The supramolecular crystalline interactions of these aromatic groups such
as hydrogen-bonding or interactions via π-π stacking provide an additional driving force for phasesegregation. Having such small molecules on the periphery in combination with phase-segregation and
crystalline interactions, these block molecules obtained domain sizes down to 1.7 nm.22 Functionality
was incorporated in the semi-crystalline block molecules via a light-driven E/Z-isomerizable
azobenzene on the periphery, giving a photoswitchable material. This block molecule was able to be
reversibly switched between an adhesive wax or lubricant upon irradiation of blue light of 365 and 455
nm (Figure 1.2).21
2
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Figure 1.2: (left) Schematic overview of azobenzene-functionalized block molecules. (right) 4-HOMAZOSi16
(A) before and (B) after E/Z-isomerization due to irradiation with light of 365 nm.21

1.3 Mesogenic interactions result in liquid crystals
Another material containing semi-crystalline matter are liquid crystals (LCs) with their most wellknown application in liquid crystal displays.23,24 However, additional applications can be found in the
field of photovoltaic cells and biomedicines.25,26 The LC state is being described as a phase similar to a
crystal which can flow like a viscous liquid with molecular orientational or positional long-range order.
In these materials, the self-assembly is determined by the shape and directionality of the LC group. The
most common low-molar-mass LCs comprise rod-, board- or disc-like shapes. If the order of these LCs
is only orientational, the phase is called nematic while with additional long-range order, layered smectic
and columnar phases can be obtained (Figure 1.3).27
Just as with block molecules, the ordering of LCs can be controlled by supramolecular interactions
to add complexity or functionality to the material.28 Examples of these interactions are hydrogen bonds
and ionic interactions of which functional columnar liquid crystals can be made.29,30

Figure 1.3: Liquid crystal phases with molecules having a rod-, a board- or a disc-like shape.27
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1.4 High molar mass liquid crystal systems
The low-molar-mass LCs can be combined with polymers to obtain high-molar-mass LC systems.
Via this way, specific characteristics such as the elasticity of the polymers and the oriental ordering of
the mesogenic groups can be combined in one material (Figure 1.4)31. The idea of this combination was
first raised by de Gennes in 1975.32 The names of such molecules are called liquid crystal polymer
networks and were first synthesized by Finkelmann in 1981.33 In the case of for example nematic liquid
crystal polymer networks, it has been shown that mechanical strain can acts as a force to align the
mesogenic groups while the orientational order of LCs can lead to elastic strain.34

Figure 1.4: (left) Various ways of incorporating mesogenic groups on- and into a polymer chain. (right) The result
of the combining characteristics of polymers and mesogenic groups. 31

The mesogenic groups can be incorporated in the polymer backbone in various ways which greatly
determines the mechanical properties of the resulting material. If the mesogenic group is incorporated
into the polymer backbone, the material is called a LC main-chain polymer (LCP). In general, these
LCPs are not crosslinked and exhibit very stiff and though mechanical properties due to rod-like
molecular conformation and intermolecular interactions. If such LCPs are crosslinked, liquid crystal
networks (LCNs) are formed which maintain some of the LCP high-performance properties with an
increase in elasticity. If a flexible polymer backbone in combination with low crosslink density is used,
liquid crystal elastomers (LCEs) are obtained. Unlike LCPs and LCNs, LCEs can possess high elastic
properties. These elastic properties can be adjusted by for example using side-chain mesogenic groups
or by varying the crosslink density. A flexible backbone that is often used in LCEs is polysiloxane. Not
only are polysiloxanes flexible, their incompatibility with organic aromatic groups, results in an
additional driving force, i.e. phase segregation, for the LCs to order. Examples of the structural and
mechanical characteristics of these high-molar-mass liquid crystal polymers networks are shown in
Figure 1.5.35 The remainder of this chapter will mainly focus on LCEs but examples of other LC systems
can be added.
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Figure 1.5: Examples of various structural and mechanical properties between (a) LCPs, (b) LCNs and (c) LCEs. 35

The method to orient the LCs in LCEs generally requires a two-step crosslinking reaction. First, the
polymers are slightly crosslinked after which the material is stretched. This stretching results in the
alignment of the polymer chains in line with the applied force. If the mesogenic groups are incorporated
in the main chain, the mesogenic groups will also align in the same line as the stretching occurs. If the
mesogenic groups are incorporated as side-chains, the groups will align perpendicular to the line of
stretching. After or during the stretching, the polymers are crosslinked for the second time which holds
the mesogenic groups in place and assures alignment stays.36 Using this method, reported by Finkelman
et al., they were able to obtain highly elastic LCEs. The Young’s moduli (E) of these LCEs are in the
order of 10 kPa and strain at break up to 400 %.37 In addition to the two-step crosslinking reaction, a
one-step crosslinking method has also been reported which makes use of in-situ photopolymerization of
macroscopically oriented liquid crystal networks.38

1.5 Dynamic and non-covalent crosslinked liquid crystal elastomers
Although the crosslinks make sure that the mesogenic groups remain aligned, the problem with
covalent crosslinks is that, as soon as the crosslinks are in place, the polymer chains are physically
connected and the resulting material is more difficult to be further processed. Hence, the material has to
be heated to the glass transition temperature (Tg) or melting temperature (Tm) to be processed and cannot
be dissolved anymore. Therefore it is interesting to attach side-chains with supramolecular interactions
in order to form non-covalent crosslinks. It has been known for quite some time that hydrogen bonds
aid in stabilizing LCEs possibly as non-covalent crosslinks.39,40 One example comprises a polyacrylate
side-chain combined with a trans-stilbazole ester that has a nitrogen at its para/end position and proved
to form hydrogen bonds with the mesogenic group aligning in a nematic rod-like shape.39 Additionally,
elastic properties have been shown to occur when grafting disperse poly(dimethylsiloxane) (PDMS)
with crystalline blocks such azobenzenes,41 ureas and bis-ureas42 as side-chain into non-covalent
crosslinks. This last research reported the synthesis and tensile properties of various bis-urea derivatives
5
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as grafts onto an originally liquid linear PDMS backbone. The PDMS grafted with around 15 wt% bisurea obtained drastically increased mechanical properties with stress levels at break up to 4.3 MPa or
strain at break up to 1800 %. Recently, this problem of covalent crosslinks in liquid crystal networks
has been handled by functionalizing the material with dynamic covalent bonds. The dynamic bonds can
undergo exchange reactions upon temperature increase similar to vitrimers with transesterification43,44
or with exchangeable disulfide bonds45,46. One example that uses transesterification, incorporates a
liquid crystal network with epoxy-terminated biphenyl mesogens and decanedioic acid in combination
with a catalyst. When the temperature is low and under the topology-freezing transition temperature, the
transesterification takes place at such low rates that the crosslinks can be regarded as covalent crosslinks.
As soon as the temperature increases above the topology-freezing temperature, the transesterification
takes place at a much higher rate and the material can be reshaped. The report even shows that two
different LCE pieces could be molded together because of the dynamic crosslinks.47 Thus, these reports
prove that supramolecular interactions could solve the processability problem of covalent crosslinks
with non-covalent crosslinks.

1.6 Macroscopic deformation of liquid crystal elastomers due to heat or light
In addition to the elastic properties obtained in the LCE example of Finkelman et al., a significant
contraction was observed when the material was heated.37 The reasons for this contraction are because
of the unique properties of the LCE such as the elastic nature in combination with the alignment of the
mesogenic groups. Upon heating an aligned LCE, the mesogenic to isotropic phase transition
temperature is reached. During this transition, the ordering of the material disappears and the material
contracts while it may expand in other directions. The direction of the contraction generally occurs along
the line the mesogenic groups are aligned in. Hence, mesogenic groups incorporated as side- or mainchain can result in perpendicular contractions. The contraction is reversible as the material elongates to
its original length when the temperature of the material decreases below the mesogenic to isotropic
temperature. This reversible macroscopic behavior has greatly increased the attention of LCEs because
of the possible application as artificial muscle.37,48,49
Instead of using heat, light has been successfully used as an external stimulus for macroscopic
movement in LCEs. The requirement for the use of light is the addition of photochromic moieties to the
LCEs. An entire field has been dedicated to light-responsive LCPs and LCEs for applications such as
sensors or actuators.35,50,51 The photochromic group that has been researched most extensively is
azobenzene, but other examples such as spirobenzopyran52 and the photoinduced [2+2] cycloaddition of
cinnamic acid groups53 have been reported. The reason for using mainly azobenzene as photoresponsive
chromophore is because the molecule can undergo E/Z isomerization upon light irradiation and
possesses a rod-like motif that allows for mesogenic interactions.54 Due to these mesogenic interactions,
the azobenzenes determine a certain molecular alignment in the material. If only a small portion of
azobenzenes change their alignment into the bent Z-azobenzene, the rest of the azobenzenes are likely
to also change their alignment. This means that only a small portion of energy is required to change the
alignment of an entire system which can result in macroscopic deformation (Figure 1.6).55
6
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Figure 1.6: Schematic illustration of the growth of alignment change due to E/Z isomerization of azobenzene in a
liquid crystal network.55

Numerous examples of liquid crystal polymer networks containing azobenzene showing lightdriven macroscopic behavior exist.34,43,55–71. These examples can be somewhat categorized by the way
the azobenzenes are incorporated in the network and what the resulting deformation is. The first way of
incorporation is via the use of functionalized azobenzene crosslinks to form LCNs in combination with
additional mesogenic groups. Irradiation of these LCNs generally results in the isotropic bending
towards the light.55,57,59,61,62 The second interesting method is by coupling the azobenzene as side-chain
onto a siloxane backbone. In this case, the azobenzene can be added end-on or side-on/mesogen-jacketed
which results in perpendicular alignments. For both these methods, contraction and/or elongation or
bending is observed depending on the layer thickness (Figure 1.7).43,60,64–70 The coupling of the
mesogenic groups onto the siloxane backbone generally occurs via a platinum catalyzed hydrosilylation
reaction.

Figure 1.7: Photoinduced bending of PDMS with azobenzene side-chain after UV irradiation of 365 nm and relaxation
after illumination with visible light.43

1.7 Hydrazone instead of azobenzene as stable chromophore
Although the azobenzene mesogenic group has proved successful for light-driven macroscopic
deformation, the azobenzene has some disadvantages. These disadvantages are due to the fact that the
Z-azobenzene is relatively stable compared to its E-isomer. This means that after illumination and E/Z
isomerization has taken place, the deformed material will stay in the same shape. To transform back to
its original shape, often a second external stimulus such as heat or light of a different wavelength is
required (Figure 1.7).43 For certain applications in sensors, actuators or artificial muscles this second
stimulus is unfavorable and the material is required to relaxate back to its original state without a second
stimulus. To overcome this disadvantage, a photochromic molecule that is able to undergo E/Z-
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isomerization while having a relatively unstable Z-isomer, is required. An example of a such a possible
molecule is a hydrazone of which the E/Z isomerization of an acylhydrazone is depicted in Figure 1.8.72

Figure 1.8: The E/Z-isomerization of acylhydrazones that is induced by light irradiation with the hydrazone
relaxating back to the ground E-isomer when irradiation is stopped.72

In the case of a hydrazone, the E/Z isomerization results in an out of plane rotation around the imine
C=N double bond. Therefore, similar to azobenzenes, the E-hydrazone has a rod-like motif while the Zhydrazone is bend. Several types of hydrazones such as acylhydrazones have an additional C=O donor
site increasing the flexibility and versatility of the molecules.72–76 Because of the metal-binding complex
formation of hydrazones, the molecules have found its way in the application of chemosensing. 72,74–77
Additionally, hydrazones are often reported for their use as photoswitch.73,75,76,78–80 In these researches,
the R-groups of the hydrazones are often modified and varied to change the stability of either the E- or
Z-hydrazone. Examples of changing stability are H-bonding interactions or the inducement of
strain.78,79,81

1.8 Versatility of 2,4-dinitrophenylhydrazone
The hydrazone that is researched in our group consists of a 2,4-dinitrophenylhydrazone. One of the
special characteristics of this hydrazone is the combination of the NH and o-NO2 group. As the Ehydrazone these two groups form an intramolecular hydrogen bond that results in a quasi-aromatic πelectron system. If the hydrazone is in its Z-isomer, this hydrogen bond is not present and thus the Eisomer is favored to the Z-isomer due to stability. Not only does the hydrogen bond stabilize the Eisomer, it also results in the hydrazone being flat and rigid which is a requirement for the molecule to
have mesogenic properties.
The mesogenic property of this 2,4-dinitrophenylhydrazone and the stability of E-hydrazone
compared to Z-hydrazone was used as an advantage in a hydrazone LCN reported by Vantomme et al.80
This research describes the synthesis of a hydrazone-based LCN that is aligned via a splay configuration
and is able to bend under light irradiation. Such macroscopic behavior has been reported before and is
the result of anisotropic deformation. However, the interesting characteristic of the hydrazone-based
LCN is the fact that the irradiated, bend film quickly relaxates when illumination of the film is stopped.
Since the E/Z isomerization is reversible, oscillatory behavior is obtained after the illuminated film
bends in the light and unbends in the darkness. This oscillatory behavior was used in the formation of a
light-driven plastic mill (Figure 1.9).
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Figure 1.9: Photographs of the light-driven mill containing a LCN with 2.5 wt% of 2,4-dinitrophylhydrazone while
illuminated with 405 nm light.80

Finally, the hydrazone has been connected to a discrete oDMS linker forming hydrazone di- and
triblock block molecules, similar to the block molecules described in paragraph 1.2. The morphology of
the hydrazone block molecules generally results in only hexagonally packed cylinders, even at fhydz ≤
0.17 (Figure 1.10a-b).82 This morphological behavior has not been seen with other block molecules and
is the result of the interactions of the hydrazones. The hydrazones possess a strong dipole moment such
that the molecules form antiparallel dimers giving a disc-like formation of two rods. In addition to this,
the hydrazones have interactions due to π-π stacking. Therefore, the dimer hydrazones stack in a
columnar fashion to result in highly aligned hexagonally packed cylinders inside a polymer matrix
(Figure 1.10a-b).83,84 This hydrazone material is fast thermally switched between the solid and liquid
phase. Macroscopically, a drop in viscosity of 2 orders of magnitude can occur in 7 seconds and 0.2 °C
(Figure 1.10c).85 Polarized optical microscopy (POM) showed the growing of a spherulite within one
second. Differential scanning calorimetry (DSC) additionally shows the temperature difference between
the transition from the mesogenic to isotropic phase upon heating and vice versa upon cooling to be 0.4
°C. This type of crystallization and fast thermally switched phase behavior has not been observed in
such type of molecules.82,85,86

Figure 1.10: Schematic representation of (a) the stacking of hydrazone dimers in a polymer matrix and (b)
hexagonally packed cylinders formed by hydrazone-oDMS block molecules. (c) Complex viscosity measurement of
hydz-oDMS16-hydz as a function of temperature (2 K/min).82

1.9 Aim and outline
From a material point of view, the drawback of the current hydrazone block molecule as bulk
material is the lack of elasticity. This means that the material is too brittle or too soft depending on the
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length of the oDMS linker. However, as explained, elasticity is a requirement for the material to be used
in further applications such as a photoswitchable, free-standing films. Therefore, we aim to investigate
the mechanical and material properties of PDMS grafted with hydrazones (PDMS-g-hydz). This allows
us to directly compare these properties to the discrete hydrazone block molecules.

Figure 1.11: Targeted molecule that comprises a PDMS backbone grafted with hydrazones with varying m and n.

The coupling of the hydrazones onto the PDMS backbone will be performed via a platinum catalyzed
hydrosilylation. Four polymers with different molecular weights (Mw) and different amount of hydrides
will be used (Figure 1.11).87 By varying these parameters, we can directly compare the influence of Mw
and percentage of hydrazones to the elasticity and mechanical behavior of the material. Therefore, the
phase behavior of the polymers will be measured by differential scanning calorimetry (DSC), polarized
optical microscopy (POM) and X-ray scattering. Furthermore, the polymers are molded into films to
obtain the mechanical properties via dynamic mechanical analysis (DMA) and tensile tests. Finally, the
polymers are tested for light-driven macroscopic deformation via UV-VIS and light-irradiation
experiments.

1.10 References
(1)

Leibler, L. Macromolecules 1980, 13 (6), 1602–1617.

(2)

Bates, F. S. Science (80-. ). 1991, 251, 898–905.

(3)

Schulz, M. F.; Bates, F. S.; Förster, S.; Almdal, K.; Mortensen, K.; Rosedale, J. H.; Khandpur,
A. K. Faraday Discuss. 1994, 98, 7–18.

(4)

Ruzette, A.-V.; Leibler, L. Nat. Mater. 2005, 4, 19–31.

(5)

Sun, S.-S. Sol. Energy Mater. Sol. Cells 2003, 79 (2), 257–264.

(6)

Topham, P. D.; Parnell, A. J.; Hiorns, R. C. J. Polym. Sci. Part B Polym. Phys. 2011, 49 (16),
1131–1156.

(7)

Hawker, C. J.; Russell, T. P. MRS Bull. 2005, 30 (12), 952–966.

(8)

Tang, C.; Lennon, E. M.; Fredrickson, G. H.; Kramer, E. J.; Hawker, C. J. Science (80-. ). 2008,
322 (5900), 429–432.

(9)

Park, M. Science (80-. ). 1997, 276 (5317), 1401–1404.

(10)

Rwei, A. Y.; Wang, W.; Kohane, D. S. Nano Today 2015, 10 (4), 451–467.
10

Introduction
(11)

Tomatsu, I.; Peng, K.; Kros, A. Adv. Drug Deliv. Rev. 2011, 63 (14–15), 1257–1266.

(12)

Guo, X.; Wang, L.; Wei, X.; Zhou, S. J. Polym. Sci. Part A Polym. Chem. 2016, 54 (22), 3525–
3550.

(13)

Doppalapudi, S.; Jain, A.; Domb, A. J.; Khan, W. Expert Opin. Drug Deliv. 2016, 1–19.

(14)

Bates, F. S.; Fredrickson, G. H. Phys. Today 1999, 52 (2), 32–38.

(15)

Gehlsen, M. D.; Almdal, K.; Bates, F. S. Macromolecules 1992, 25 (2), 939–943.

(16)

Epps, T. H.; Cochran, E. W.; Hardy, C. M.; Bailey, T. S.; Waletzko, R. S.; Bates, F. S.
Macromolecules 2004, 37 (19), 7085–7088.

(17)

Matsen, M. W. Macromolecules 2012, 45 (4), 2161–2165.

(18)

Epps, T. H.; Cochran, E. W.; Bailey, T. S.; Waletzko, R. S.; Hardy, C. M.; Bates, F. S.
Macromolecules 2004, 37 (22), 8325–8341.

(19)

Wagner, C.; Harned, N. Nat. Photonics 2010, 4 (1), 24–26.

(20)

Berrocal, J. A.; Zha, R. H.; De Waal, B. F. M.; Lugger, J. A. M.; Lutz, M.; Meijer, E. W. ACS
Nano 2017, 11 (4), 3733–3741.

(21)

Zha, R. H.; Vantomme, G.; Berrocal, J. A.; Gosens, R.; De Waal, B.; Meskers, S.; Meijer, E. W.
Adv. Funct. Mater. 2018, 28 (1), 1–8.

(22)

Zha, R. H.; De Waal, B. F. M.; Lutz, M.; Teunissen, A. J. P.; Meijer, E. W. J. Am. Chem. Soc.
2016, 138 (17), 5693–5698.

(23)

Scheffer, T. J.; Nehring, J. Appl. Phys. Lett. 1984, 45 (10), 1021–1023.

(24)

Bremer, M.; Kirsch, P.; Klasen-Memmer, M.; Tarumi, K. Angew. Chemie Int. Ed. 2013, 52 (34),
8880–8896.

(25)

Schmidt-Mende, L.; Fechtenkötter, A.; Müllen, K.; Moons, E.; Friend, R. H.; MacKenzie, J. D.
Science (80-. ). 2001, 293, 1119–1122.

(26)

Woltman, S. J.; Jay, G. D.; Crawford, G. P. Nat. Mater. 2007, 6, 929–938.

(27)

Tschierske, C. Angew. Chemie - Int. Ed. 2013, 52 (34), 8828–8878.

(28)

Kato, T. Science (80-. ). 2002, 295 (March), 2414–2419.

(29)

Zhang, L.; Yu, K.; Eisenberg, A. Science (80-. ). 1996, 272, 1777–1779.

(30)

Kato, T.; Yasuda, T.; Kamikawa, Y.; Yoshio, M. Chem. Commun. 2009, 729–739.

(31)

Zentel, R. Adv. Mater. 1989, 101, 1437–1445.

(32)

De Gennes, P.-G. C. R. Acad. Sci. 1975, 281, 101–103.

(33)

Finkelmann, H.; Kock, H.; Rehage, G. Makromol. Chem., Rapid Commun. 1981, 2, 317-322.

(34)

Camacho-Lopez, M.; Finkelmann, H.; Palffy-Muhoray, P.; Shelley, M. Nat. Mater. 2004, 3 (5),
307–310.

(35)

White, T. J.; Broer, D. J. Nat. Mater. 2015, 14 (11), 1087–1098.

(36)

Küpfer, J.; Finkelmann, H. Makromol. Chem., Rapid Commun. 1991, 12, 717–726.

(37)

Wermter, H.; Finkelmann, H. e-Polymers 2001, 13, 1–13.

(38)

Broer, D. J.; Finkelmann, H.; Kondo, K. Makromol. Chem. 1988, 189 (1), 185–194.
11

Chapter 1
(39)

Kato, T.; Frechet, J. M. J. Macromolecules. 1989, 22 (9), 3818-2819.

(40)

Kumar, U.; Kato, T.; Frechet, J. M. J. J. Am. Chem. Soc. 1992, 114 (17), 6630–6639.

(41)

Zhang, L.; Wang, D.; Hu, P.; Zha, J. W.; You, F.; Li, S. T.; Dang, Z. M. J. Mater. Chem. C 2015,
3 (19), 4883–4889.

(42)

Colombani, O.; Barioz, C.; Bouteiller, L.; Chanéac, C.; Fompérie, L.; Lortie, F.; Montés, H.
Macromolecules 2005, 38 (5), 1752–1759.

(43)

Ube, T.; Kawasaki, K.; Ikeda, T. Adv. Mater. 2016, 28, 8212–8217.

(44)

Hanzon, D. W.; Traugutt, N. A.; Mcbride, M. K.; Bowman, C. N.; Yakacki, C. M.; Yu, K. Soft
Matter 2018, 6, 951–960.

(45)

Li, Y.; Zhan, Y.; Rios, O.; Keum, J. K.; Kessler, M. R. Soft Matter 2017, 13, 5021–5027.

(46)

Wang, Z.; Tian, H.; He, Q.; Cai, S. ACS Appl. Mater. Interfaces 2017, 9, 33119–33128.

(47)

Pei, Z.; Yang, Y.; Chen, Q.; Terentjev, E. M.; Wei, Y.; Ji, Y. Nat. Mater. 2014, 13 (1), 36–41.

(48)

Li, M.-H.; Keller, P. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2006, 364 (1847), 2763–
2777.

(49)

Tian, H.; Wang, Z.; Chen, Y.; Shao, J.; Gao, T.; Cai, S. ACS Appl. Mater. Interfaces 2018, 10
(9), 8307–8316.

(50)

Ikeda, T.; Mamiya, J. I.; Yu, Y. Angew. Chemie - Int. Ed. 2007, 46 (4), 506–528.

(51)

Ohm, C.; Brehmer, M.; Zentel, R. Adv. Mater. 2010, 22 (31), 3366–3387.

(52)

Smets, G.; de Blauwe, F. Pure Appl. Chem. 1974, 39 (1–2), 225–238.

(53)

Lendlein, A.; Jiang, H.; Junger, O.; Langer, R.; Jünger, O.; Langer, R. Nature 2005, 434, 879–
882.

(54)

Henzl, J.; Mehlhorn, M.; Gawronski, H.; Rieder, K.-H.; Morgenstern, K. Angew. Chemie Int. Ed.
2006, 45 (4), 603–606.

(55)

Sung, J.; Hirano, S.; Tsutsumi, O.; Kanazawa, A.; Shiono, T.; Ikeda, T. Chem. Mater. 2002, 13,
385–391.

(56)

Dawson, N. J.; Kuzyk, M. G.; Neal, J.; Luchette, P.; Palffy-Muhoray, P. J. Opt. Soc. Am. B 2011,
28 (9), 2134.

(57)

Yu, Y.; Nakano, M.; Shishido, A.; Shiono, T.; Ikeda, T. Chem. Mater. 2004, 16 (9), 1637–1643.

(58)

Finkelmann, H.; Nishikawa, E.; Pereira, G. G.; Warner, M. A Phys. Rev. Lett. 2001, 87 (1), 1–4.

(59)

Yu, Y.; Nakano, M.; Ikeda, T. Nature 2003, 425 (6954), 145–145.

(60)

Wang, M.; Guo, L. X.; Lin, B. P.; Zhang, X. Q.; Sun, Y.; Yang, H. Liq. Cryst. 2016, 43 (11),
1626–1635.

(61)

Ikeda, T.; Nakano, M.; Yu, Y.; Tsutsumi, O.; Kanazawa, A. Adv. Mater. 2003, 15 (3), 201–205.

(62)

Lee, K. M.; Koerner, H.; Vaia, R. A.; Bunning, T. J.; White, T. J. Soft Matter 2011, 7 (9), 4318–
4324.

(63)

Yamada, M.; Kondo, M.; Mamiya, J. I.; Yu, Y.; Kinoshita, M.; Barrett, C. J.; Ikeda, T. Angew.
Chemie - Int. Ed. 2008, 47 (27), 4986–4988.
12

Introduction
(64)

Tanchak, O. M.; Barrett, C. J. Macromolecules 2005, 38 (25), 10566–10570.

(65)

Hogan, P. M.; Tajbakhsh, A. R.; Terentjev, E. M. Phys. Rev. E - Stat. Physics, Plasmas, Fluids,
Relat. Interdiscip. Top. 2002, 65 (4), 10.

(66)

Garcia-Amorós, J.; Finkelmann, H.; Velasco, D. J. Mater. Chem. 2011, 21 (4), 1094–1101.

(67)

Ube, T.; Yoda, T.; Ikeda, T. Liq. Cryst. 2018, 45 (13–15), 2269–2273.

(68)

Wang, M.; Sayed, S. M.; Guo, L. X.; Lin, B. P.; Zhang, X. Q.; Sun, Y.; Yang, H. Macromolecules
2016, 49 (2), 663–671.

(69)

Yang, H.; Liu, M. X.; Yao, Y. W.; Tao, P. Y.; Lin, B. P.; Keller, P.; Zhang, X. Q.; Sun, Y.; Guo,
L. X. Macromolecules 2013, 46 (9), 3406–3416.

(70)

Cviklinski, J.; Tajbakhsh, A. R.; Terentjev, E. M. Eur. Phys. J. E 2003, 434 (2002), 427–434.

(71)

de Haan, L. T.; Schenning, A. P. H. J.; Broer, D. J. Polymer (Guildf). 2014, 55 (23), 5885–5896.

(72)

Hall, K. C.; Franks, A. T.; Mcatee, R. C.; Franz, K. J.; Wang, M. S.; Lu, V. I. Photochem.
Photobiol. Sci. 2017, 1604–1612.

(73)

Dijken, D. J. Van; Kovaricek, P.; Ihrig, S. P.; Hecht, S. J. Am. Chem. Soc. 2015, 137, 14982–
14991.

(74)

Avaji, P. G.; Vinod Kumar, C. H.; Patil, S. A.; Shivananda, K. N.; Nagaraju, C. Synthesis, Eur.
J. Med. Chem. 2009, 44 (9), 3552–3559.

(75)

Vantomme, G.; Jiang, S.; Lehn, J. M. J. Am. Chem. Soc. 2014, 136 (26), 9509–9518.

(76)

Ratjen, L.; Lehn, J.-M. RSC Adv. 2014, 4 (92), 50554–50557.

(77)

Hu, S.; Song, J.; Zhao, F.; Meng, X.; Wu, G. Sensors Actuators B. Chem. 2015, 215, 241–248.

(78)

Ryabchun, A.; Li, Q.; Lancia, F.; Aprahamian, I.; Katsonis, N. J. Am. Chem. Soc. 2019, 141,
1196–1200.

(79)

Qian, H.; Pramanik, S.; Aprahamian, I. J. Am. Chem. Soc. 2017, 139, 9140–9143.

(80)

Vantomme, G.; Gelebart, A. H.; Broer, D. J.; Meijer, E. W. Tetrahedron 2017, 73 (33), 4963–
4967.

(81)

Li, Q.; Qian, H.; Shao, B.; Hughes, R. P.; Aprahamian, I. J. Am. Chem. Soc. 2018, 140, 11829–
11835.

(82)

Lamers, B. A. G. Quarterly reports MST 23-1. 2018, 16–17.

(83)

Szczesna, B.; Urbanczyk-Lipkowska, Z. New. J. Chem. 2002, 26, 243–249.

(84)

Paulus, W.; Ringsdorf, H.; Diele, S.; Pelzl, G. Liq. Cryst. 1991, 9 (6), 807–819.

(85)

Lamers, B. A. G. Quarterly reports MST 22-3. 2017, 16–17.

(86)

Lamers, B. A. G. Quarterly reports MST 22-4. 2017, 16–17.

(87)

Ślęczkowski, M. L.; Meijer, E. W.; Palmans, A. R. A. Macromol. Rapid Commun. 2017, 38 (24),
1–5.

13

Synthesis of poly(dimethylsiloxane)-g-hydrazone

Chapter 2
Synthesis of poly(dimethylsiloxane)-g-hydrazone
2.1 Introduction
Silicones are broadly applied in daily life in e.g., contact lenses, breast implants and other cosmetic
procedures.1–3 The most well-known siloxane is poly(dimethylsiloxane) (PDMS) which consists of
siloxane monomeric units having methyl groups coupled as side groups. PDMS possesses high
biocompatibility and has other favorable physicochemical properties such as high hydrophobicity,
flexibility and transparency for applications in for example analytical chemistry.4,5 The biocompatibility
and these applications have resulted in a growing interest in siloxane chemistry. Recent research efforts
have been dedicated into investigating new catalytic reactions to form siloxane bonds compared to
classical condensation reactions.6 Examples of such reactions are cross-couplings between silanols and
vinylsilanes catalyzed by a ruthenium complex or between silanols and hydrosilanes catalyzed by an
Au-catalyst.7,8 The hydrosilane group, in particular, is an interesting synthetic handle because the bond
is relatively weak compared to a siloxane bond (Si-H ≈ 330-380 kJ/mol, Si-O ≈ 530 kJ/mol). This group
can react with various functionalized siloxanes catalyzed by a Lewis acid such as the ‘Piers-Rubinsztajn’
catalyst (B(C6F5)3).9 The advantage of such catalytic cross-couplings is that they are highly selective
and normally result in high yields. Another metal that is frequently being used as a catalyst in siloxane
reactions is platinum, which in combination with divinyl-siloxane ligands, is better known as the
Karstedt catalyst. The catalyst is named after Bruce D. Karstedt who developed the catalyst in 1973 for
General Electric. The Karstedt catalyst is able to form carbon-silicon bonds by a selective coupling of a
hydrosilane with an olefin via hydrosilylation.

Figure 2.1: Mechanism of the Karstedt catalyzed hydrosilylation10
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The mechanism for the hydrosilylation reaction was already proposed in 1965 by Chalk and Harrold
(Figure 2.1).11 The first step of the catalytic cycle is an oxidative addition of Pt(0) (I) with a hydrosilane
into a platinum hydride complex (II). This complex then coordinates with an olefin to produce
intermediate III. Via a 1,2-migratory insertion, III is then converted into IV. Next, Pt(0) (I) is regained
by reductive elimination. The reductive elimination results in the formation of the hydrosilylated product
(V). During the hydrosilylation with a Karstedt catalyst, side reactions can occur such as isomerization
and hydrogenation of the olefin group.10 In order to prevent byproducts, the amount of solvent, water
and catalyst are kept at a minimum to obtain the least amount of side products. The hydrosilylation with
the Karstedt catalyst is highly selective and normally results in high yields (> 95 %). The catalyst is used
as a homogenous catalyst and only small amounts of catalyst are required < 0.1 mol%, making the
catalyst a viable option for hydrosilylation reactions. These advantages resulted in interest in using the
Karstedt catalyst for this work, because it provides a facile and highly selective synthetic route to connect
any organic group onto any siloxane. Previous work in our group reported the use of this hydrosilylation
method

to

couple

various

groups

such

as

naphthalenediimides

(NDIs),

azobenzenes,

ureidopyrimidinones (UPys) and oligolactic acid (oLA) to discrete oligo(dimethylsiloxanes).12–15
Ślȩczkowski et al. described the use of the Karstedt catalyst to graft benzene-1,3,5-tricarboxamides
(BTAs) to a PDMS backbone.16 PDMS with various molecular weights (Mw’s) and varying amounts of
hydrosilanes were used.
In this chapter, we describe the synthesis of 2,4-dinitrophenylhydrazones (hydz) and their coupling
to a PDMS backbone. The route to synthesize the olefin functionalized hydrazone is described by
Lamers et al.17 The coupling onto the siloxane backbone using the Karstedt catalyst is followed via the
procedure described by Ślȩczkowski et al.16. The PDMS grafted with hydrazones (PDMS-g-hydz) are
prepared with various Mw’s and varying amounts of hydrazones. Afterwards, the products are fully
characterized using 1H, 29Si and 13C NMR, size exclusion chromatography (SEC) and light scattering.

2.2 Synthetic route towards poly(dimethylsiloxane) grafted with hydrazones
2.2.1 Olefin functionalized hydrazone synthesis
The synthesis started with 4-hydroxybenzaldehyde (1), which was reacted with 5-bromo-1-pentene
(2) into p-(4-pentenyloxy)benzaldehyde (3) (78%) via a Williamson ether synthesis (Scheme 2.1).
Subsequently, the product was condensed with 2,4-dinitrophenylhydrazine (4) and a small amount of
sulfuric acid to result in (2,4-dinitrophenyl)-p-(4-pentenyloxy)benzylhydrazone (5) which is now
referred to as hydrazone. After the reaction, the hydrazone was dried and dissolved in dichloromethane
(DCM) and washed with water. The washing step is to remove acidic residue which is undesirable when
using the product in combination with siloxanes in further reactions. After washing, 5 was dried and the
high purity of 5 was confirmed by 1H NMR (Figure 2.2). The peaks at δ = 5.8 and δ = 5.2 ppm represent
the olefin group required for the hydrosilylation reaction.
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Scheme 2.1: Reaction scheme towards hydrazone (5). Reaction conditions: (a) K 2CO3, acetone, 65 °C, 20 h; (b) H2SO4,
ethanol, 80 °C, 2h.

2.2.2 Coupling of hydrazone onto hydride functionalized PDMS
The next step of the synthesis was the coupling of the olefin functionalized hydrazone to the PDMS
backbone using the Karstedt catalyst. For this reaction, four different hydride functionalized PDMS
samples were used with various Mw’s and varying amounts of hydride. The four polymers were obtained
from Gelest® with the characteristics of the polymers shown in Table 2.1. Note that the difference
between chain lengths and percentage of methylhydroxysiloxane can vary significantly per polymer.
These differences can possibly result in high polydispersities and unfortunately no control over this
property is possible.

Figure 2.2: 1H NMR spectrum (400 MHz, CDCl3) of hydrazone (5)
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Table 2.1: polymer characteristics provided by manufacturer Gelest ®

Entry
1
2
3
4

Product name
HMS-151
HMS-082
HMS-053
HMS-064

Mw [g/mol]
1.900‒2.000
5.500‒6.000
20.000‒25.000
50.000‒60.000

Methylhydrosiloxane [%]
15‒18
7‒9
4‒6
4‒8

Viscosity [cSt]
25‒35
110‒150
750‒1.000
6.000‒9.000

The procedure to couple the hydrazone to the various polymers comprised a Karstedt catalyzed
hydrosililation reaction (Scheme 2.2). The synthesis started with hydrazone (5), which was reacted with
the various (methylhydrosilane)-dimethylsiloxane polymers (Table 2.1, entry 1-4) in combination with
the Karstedt catalyst. The resulting products are referred to as PDMS-g-hydz polymers (P1-P4) (Table
2). The reaction temperatures and reaction times varied significantly per polymer which was caused by
the viscosity of the polymer. Reactants 1 and 2 had lower viscosities and dissolved well in DCM at room
temperature whereas reactants 3 and 4 needed heating before the mixtures became less turbid. The lower
percentages of methylhydrosiloxane in combination with the higher viscosities and longer polymer
chains were assumed to decrease the hydrosilylation reactivity resulting in longer reaction times (3-4
days) for P3 and P4. Products P3 and P4 were produced twice because more product was required for
making thicker and larger films for mechanical testing. These products are called P3 upscale and P4
upscale. Polymers P1-P4 had no unreacted hydride left, except for P4 upscale which had 20 % of
unreacted hydride left. Extra catalyst and dry solvent were added during this reaction but did not aid in
increasing the conversion. It is still unknown why this reaction did not progress any further. The
purification of P1 was performed via automated column chromatography and precipitation, while the
purification of the other products (P2-P4) were performed via dialysis and precipitation. The resulting
yields were 43% for P1, 76% for P2, 68% for P3 and P3 upscale, 60% for P4 and 40% for P4 upscale.
The low yield of P1 is the result of the product being stuck in the silica column during automated column
chromatography. Next time this synthesis is done, all products need to be purified using dialysis or
precipitation since the size of the polymer P1 was too large for column chromatography. Yields for P2,
P3, P3 upscale, P4 and P4 upscale were lower because product was lost during the dialysis in
tetrahydrofuran (THF). THF was used as solvent because it was the only solvent that was able to dissolve
both the product and the unreacted hydrazone. However, the dialysis tubes used for the dialyses in THF
are normally used for dialysis in water. It is possible that THF dissolves the plasticizers in the dialysis
tubes and alters the pore size resulting in product diffusing into the solvent. Therefore, next time dialysis
is performed with these reactions, smaller pore size dialysis tubes < 12‒14kD or dialysis tubes specially
designed for THF, should be used.
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Scheme 2.2: Reaction scheme towards hydrazone functionalized PDMS. Reaction conditions: (a) Karstedt, dry DCM,
argon, varying temperatures & reaction times; P1: RT, 23 h, P2: RT, 2h, P3: 40 °C, 3 h or 3 days, P4: 40 °C, 4 days.

After dialysis and washing of the product, some unreacted hydrazone was left < 2% in the polymers.
A representative 1H NMR of P3 is shown in Figure 2.3. The multiplicity from the peaks representing
the hydrazone as seen in Figure 2.2, are disappeared in the 1H NMR spectrum of PDMS-g-hydz. This
loss of multiplicity is characteristic for polymers because the mass of the molecules generally is high
which leads to slower relaxations. The peak at δ = 5.3 ppm corresponds to unreacted hydrazone. The
peaks at δ = 5.8 and δ = 5.2 ppm of the olefin group disappeared with the peak at δ = 0.6 ppm appearing
which is characteristic for the newly formed CH2-CH2-Si(CH3)O2 bond. Furthermore, the percentage of
hydrazone on the siloxane backbone could be calculated from the 1H NMR spectra. This calculation was
performed by using the integration value of the peak at δ = 0.45 to -0.5 ppm (Equation 1). This peak
between δ = 0.45 to -0.5 ppm resembles the protons of the methyl groups on the siloxane backbone. The
silicon that is attached to the hydrazone also contains another methyl group, indicated with A in Scheme
2.2. The three protons from this methyl group are on the same silicon atom and need to be subtracted
from the integrated value. The resulting value was then divided by 6, as six protons represent the two
methyl groups on the silicon atoms of the siloxane polymer without a hydrazone. This value now
corresponds to the number of siloxane units of which one has a hydrazone coupled. The obtained number
can then be used to calculate the percentage of siloxanes that have a hydrazone coupled. The six extra
protons from the methyl groups present on the end of the siloxane backbone were ignored. With this
calculated percentage, the total amount of hydrazones added to siloxane backbone, could be calculated.
This increase in Mw of P1-P4 due to the reaction, could therefore be used to obtain a calculated Mw of
the final products (Table 2.2).

Si-hydz [%] =

1
((𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 (𝑚 + 𝑛 + 𝑜) − 3) / 6)
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Figure 2.3: 1H NMR spectrum of P3 (400 MHz, THF). *Impurity most likely from THF-d8.

Table 2.2: composition of siloxane backbone for P1-P4
Sample
Si-Hydz [%](a)
m(b)
n(c)
P1
20
~5
~22
P2
7.0
~5
~75
P3
5.5
~17
~290
P3 upscale
5.5
~17
~290
P4
4.7
~35
~720
P4 upscale
3.3
~25
~730
(a)Determined

Mw [g/mol](d)
3.750‒3.850
7.350‒8.350
26.000‒31.000
26.000‒31.000
62.000‒72.000
59.000‒69.000

by 1H NMR; (b)m is the number of siloxane units in the backbone with a hydrazone
connected; (c)n is the number of siloxane units in the backbone without a hydrazone calculated
via the average Mw provided by the manufacturer; (d)calculated by adding the amount of
hydrazones to the mass of the siloxane backbone (see eq 1).

In order to investigate whether the siloxane chains are not crosslinked, 29Si NMR was performed.
Of the three isotopes of silicon present in nature (28Si 92%, 29Si 5% and 30Si 3%), only 29Si has a magnetic
moment with a spin of 1/2. A common problem with 29Si NMR is that the glass NMR tubes can saturate
the signal. A solution to this problem is addition of shiftless relaxation reagents. The most common
relaxation agent used in 29Si NMR is chromium(III) acetylacetonate (Cr(acac)3). This reagent was added
in a concentration of 10-2 mol/L to the samples measured by 29Si NMR in our work.18 The disadvantage
of adding this agent is that the agent is hard to separate from the measured sample which makes the
sample contaminated and useless afterwards. The 29Si spectra of the starting polymer of P1 and the four
products P1-P4 are shown in Figure 2.4. The reactant of P1 is added as reference because it has the
shortest polymer chain in combination with the highest amount of Si-H. Products of P3 upscale and P4
upscale are measured instead of P3 and P4 because more product was available. The 29Si spectra show
three main peaks that agree with literature.18,19 The peak at δ = 8 ppm (peak a) resembles the end capped
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silicon atoms of the backbone of which the concentration becomes too low to measure in the spectra of
P3 upscale and P4 upscale because the concentration of the siloxane backbone is too high. Peak c at δ
= -18 – -22 ppm shows additional peaks slightly shifted downfield, most clearly visible in the P1 reactant
sample. These shifted peaks resemble silicon atoms close to the end of the chain or close to
hydrosiloxanes. In addition, when a hydrazone is attached to silicon after the reaction, it is observed that
this silicon atom with a methyl and alkyl chain have a similar chemical shift as main peak c. Hence,
there is no difference for the silicon atom whether a methyl or alkyl chain is attached. Peak b at δ = -38
ppm resembles silicon atoms containing a hydride. As expected, this peak disappears in the reacted
products while P4 upscale has some hydride left and thus this peak partially remained for this polymer.
This leftover hydride was also confirmed by 1H NMR. Tetramethylsilane (TMS) was added in the
product samples P3 upscale and P4 upscale to investigate whether TMS improves the accuracy of the
chemical shifts. It can be concluded that the addition of TMS does not make a difference in accuracy
and does not have to be added in the future. The most important observation of the 29Si spectra is that
no additional peaks that may resemble crosslinking are observed. Examples of such peaks are tri- and
quadruply-oxygen-bonded Si which show chemical shifts of δ = -55 to -66 ppm or δ = -99 to -115 ppm
according to literature.18,19 Therefore, we conclude that no crosslinks are present in all the four reacted
polymers by the absence of these peaks.

Figure 2.4: 29Si NMR spectrum (80 MHz, CDCl3 or THF + Cr(acac)3) of P1 reactant and P1, P2, P3 upscale and P4
upscale.
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2.3 Molar mass distributions of PDMS-g-hydz
The molecular weight of P1-P4 was calculated using information obtained from the manufacturer
of the reactants. However, when using polymers, information of the molar mass distribution is important
because these characteristics often influence macroscopic behavior. Examples of such behavior is the
influence of Mw on transitions such as glass transition temperatures (Tg), melting transition temperatures
(Tm) or properties such as the critical entanglement molecular weight (Mc). The molar mass distributions
of PDMS-g-hydz are measured with size exclusion chromatography (SEC) in THF (Figure 2.5). In
general, the retention times of the samples decrease with increasing Mw, as expected. However, the
distributions also become broader with increasing Mw and binomial distributions can be seen for P3 and
P4 indicating less defined polymer chains. At retention times around 16.5 to 17.5 minutes, small peaks
are observed which can be assigned to unreacted hydrazone and butylhydroxytoluene (BHT) that is a
stabilizer in THF and remains in the product after dialysis. The SEC trace of P3 upscale is not shown
because it closely resembles the SEC trace of P3. The SEC trace of P4 upscale is slightly shifted towards
higher retention times since not all the hydride reacted with hydrazones resulting in a lower Mw.
However, the distribution of P4 upscale is very similar compared to the distribution of P4. Overall,
broad distributions are obtained, which is also given by the manufacturer.

Figure 2.5: SEC traces (PDA, 254 nm) in THF for P1-P4.

The molar mass distributions of P1-P4 can be calculated using a calibration curve that converts
retention time to Mw (Table 2.3). It is clear that the Mw’s obtained by SEC are not in compliance with
the manually calculated Mw’s. In all cases the Mw obtained by SEC is two to four times higher compared
to the manually calculated Mw. There are two possible explanations for this difference in Mw. The first
explanation is the possible difference in hydrodynamic radius between polystyrene, that is used for
calibration, compared to the hydrodynamic radius of PDMS. If the hydrodynamic radius of PDMS is
larger compared to polystyrene, lower retention times are obtained which results in higher molar masses.
The other explanation for these high Mw values might be because the chains aggregate and form particles
due to the interactions between the hydrazones. These hydrazone interactions can be inter- or
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intramolecular meaning particles can form consisting of more than one chain. This particle formation is
confirmed via dynamic light scattering (DLS) which showed particles present in THF solution for all
the polymers (Appendix Figure 1.1 and Figure 1.2).
Additionally, high polydispersities (PDIs) were observed by SEC which probably are the result of
how the polymers are produced by the manufacturer and because of particle formation. Another reason
for the higher PDIs, are the small peaks between 16.5 to 17.5 minutes, which also contributed to the
calculations using the calibration curve. Furthermore, the obtained SEC values for P3 compared to P3
upscale and P4 compared to P4 upscale are similar.
Table 2.3: estimated and calculated molar distributions of P1-P4 followed from SEC

Sample

P1
P2
P3
P3 upscale
P4
P4 upscale

(a)calculated
(b)obtained

Calculated Mw
[g/mol](a)
3.750‒3.850
7.350‒8.350
26.000‒31.000
26.000‒31.000
62.000‒72.000
59.000‒69.000

Mn [g/mol](b)

Mw [g/mol](b)

8.000
12.500
16.500
17.000
44.000
34.500

12.000
27.500
61.500
59.500
181.500
130.000

Polydispersity
Mw/Mn [-](b)
1.5
2.2
3.7
3.5
4.1
3.8

by adding the amount of hydrazones to the mass of the siloxane backbone using 1H NMR;
from SEC using the polystyrene calibration curve.

2.4 Conclusion
In this chapter, we have shown the successful synthesis of four PDMS-g-hydz polymers. The
hydrosilylation reaction proved to be efficient in functionalizing a hydride functionalized PDMS
polymer with hydrazones with no chemical crosslinks between the chains. These characteristics are
confirmed by using 1H,

Si and
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C NMR. The four different products have varying chain lengths

ranging from ~30 to ~750 repeating siloxane units (P1 ~27, P2 ~80, P3 ~300 and P4 ~750) with Mw’s
between 3.750 to 72.000 g/mol (P1 = 3.750‒3.850, P2 = 7.350‒8.350, P3 = 26.000‒31.000 and P4 =
62.000‒72.000). Finally, the four polymers also contain vary by having 3.3% to 20% hydrazones
coupled (P1 = 20%, P2 = 7.0%, P3 = 5.5% and P4 = 4.7%). These characteristics have been obtained
by NMR and SEC with NMR results being the most accurate.

2.5 Experimental section
2.5.1 Materials
All solvent used were purchased from Biosolve and all deuterated solvents were purchased from
Cambridge Isotope Laboratories. Dry solvents were acquired from a MBraun solvent purification system
(MB SPS-800). All reagents were purchased from TCI, Aldrich, VWR, Acros and Gelest. Thin layer
chromatography (TLC) was used using 60-F254 silica gel plates from Merck. Dialysis was performed
using Spectra/Por® dialysis tubes which were purchased from Spectrum.

2.5.2 Methods
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H NMR, 13C NMR and 29Si NMR were performed using a Bruker Ultrashield 400 MHz. The proton,

1

carbon and silicon chemical shifts are reported in ppm (δ) downfield or upfield from TMS. The
resonance frequency of the deuterated solvents were used as internal standard. Peak multiplicity used in
proton NMR is abbreviated as s: singlet; d: doublet; t: triplet; q: quartet; p: pentet; m: multiplet; dd:
double doublet; ddt: double doublet of triplets. Automated column chromatography was performed on
a Biotage Isolera Spektra One Flash Column Chormatrography using KP-Sil Silica gel SNAP columns.
Gel permeation Chromatography (GPC) was performed on a Shimadzu Prominence-i LC-2030C 3D
instrument equipped with a Shimadzu RID-20A refractive index detector. For these measurements a
THF flow of 1 mL/min was used while using a polystyrene standard for the calibration which relates
retention time to molecular weight. Light scattering experiments were performed on an ALV Compact
Goniometer System (CGS-3) Multi-detector (MD-4) equipped with an ALV-7004 Digital Multiple Tau
Real Time correlator with a laser of 532 nm.

2.5.3 Synthetic procedure
p-(4-Pentenyloxy)benzaldehyde (3)
4-Hydroxybenzaldehyde (1) (3.02 g, 24.6 mmol, 1 eq) was dissolved in 50 mL of acetone in a 100
mL round-bottom flask. Potassium carbonate (K2CO3, 5.09 g, 36.9 mmol, 1.5 eq) was added and the
mixture was stirred for 1 hour at room temperature. Using a syringe, 3.2 mL 5-bromo-1-pentene (2)
(27.0 mmol, 1.5 eq) was added to the solution and stirred overnight for 24 hours under reflux. The
conversion during the reaction was checked by TLC analysis (hept/EtOAc 80:20). After full conversion,
the solution was cooled and poured into a separation funnel containing water (50 mL). The product was
extracted with diethyl ether (3 x 40 mL) and the organic layers were separated and dried with MgSO4.
Subsequently, the solution was filtered to remove excess MgSO4 and the solvent was removed by rotary
evaporation. Purification was performed by automated column chromatography (80 g column,
hep/EtOAc 90:10). Solvent was again evaporated which yielded a slightly yellow, transparent, viscous
liquid (3.67 g, 78%).
H-NMR (400 MHz, CDCl3-d) δ=9.88 (s, 1H, O-CH-Ar), 7.83 (d, 3J = 8.8 Hz, 2H, CHO-C-CH-CH),

1

6.99 (d, 3J = 9.0 Hz, 2H, CHO-C-CH-CH), 5.85 (ddt, 3J = 16.9, 2J = 10.2, 1J = 6.6 Hz, 1H, CH2-CH2CH-CH2), 5.13 – 4.98 (m, 2H, CH2-CH2-CH-CH2), 4.06 (t, 3J = 6.4 Hz, 2H, O-CH2-CH2), 2.26 (q, 3J =
7.2 Hz, 2H, CH2-CH2-CH-CH2), 1.93 (p, 3J = 7.2 Hz, 2H, O-CH2-CH2-CH2). 13C-NMR (100 MHz, Chlfd) δ=190.80, 164.15, 137.44, 131.99, 129.84, 115.50, 114.76, 67.54, 29.98, 28.19.
(2,4-Dinitrophenyl)-p-(4-pentenyloxy)benzylhydrazone (5)
In a 250 mL round-bottom flask, 2.03 g of p-(4-pentenyloxy)benzaldehyde (3) (10.5 mmol, 1 eq)
was added and dissolved in ethanol (130 mL) and concentrated sulfuric acid (1 mL). The solution was
stirred and 5.27 g of 2,4-dinitrophenylhydrazine (4) (26.6 mmol diluted in ~50% water, 2.5 eq) was
added. A reflux condenser was installed and the reaction was heated to reflux for 2 hours. During the
reaction, the product precipitates as an orange solid . Full conversion of the reaction was confirmed by
TLC analysis (hept/EtOAc 80:20). The mixture was cooled down and purified by filtering using a
büchner funnel. The residue was washed with ethanol and dried in vacuo overnight at 40 °C. To remove
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acid traces, the product was dissolved in DCM (300 mL) and washed with water (300 mL). The orange
organic layer was collected and dried with MgSO4. After filtration, the solvent was removed under
vacuum leaving a bright orange solid. Again, the product was dried in vacuo overnight at 40 °C, yielding
an orange powder (3.40 g, 87%).
H-NMR (400 MHz, CDCl3-d) δ=11.27 (s, 1H, NH), 9.13 (s, 1H, C(NO2)-CH-C(NO2)), 8.33 (dd, 3J =

1

9.6, 2.6 Hz, 1H, C(NO2)-CH-CH-C), 8.07 (s, 1H, N-CH-Ar), 8.06 (d, 3J = 8.0 Hz, 1H, C(NO2)-CH-CHC), 7.70 (d, 3J = 8.8 Hz, 2H, C(CHN)-CH-CH-C), 6.97 (d, 3J = 8.4 Hz, 2H, C(CHN)-CH-CH-C), 5.87
(ddt, 3J = 16.9, 10.1, 6.6 Hz, 1H, CH2-CH2-CH-CH2), 5.14 – 4.99 (m, 2H, CH2-CH2-CH-CH2), 4.04 (t,
J = 6.4 Hz, 2H, O-CH2-CH2), 2.27 (q, 3J = 6.7 Hz, 2H, CH2-CH2-CH-CH2), 1.93 (p, 3J = 7.2 Hz, 2H,

3

O-CH2-CH2-CH2).

13

C-NMR (100 MHz, Chlf-d) δ=161.55, 147.92, 144.82, 137.89, 137.56, 129.94,

129.32, 129.07, 125.61, 123.59, 116.67, 115.41, 115.02, 67.41, 30.04, 28.29.
((2,4-Dinitrophenyl)-p-(4-pentyloxy)benzylhydrazone)methylsiloxane)(poly)dimethylsiloxane (P1)
(Methylhydrosilane)-dimethylsiloxane copolymer (Table 2.1, entry 1) (0.56 g, 0.29 mmol, 1 eq)
and 0.54 g of (2,4-dinitrophenyl)-p-(4-pentenyloxy)benzylhydrazone (5) (1.45 mmol, 5 eq) were added
in a dry Schlenk tube (25 mL) which was flushed with argon. Dry DCM (2 mL) was added and the
Schlenk tube was closed using a septum. The mixture was stirred for half an hour at room temperature
when the first three drops of Karstedt were added via a syringe. Three more drops of Karstedt were
added after two and five hours, after which the reaction was stirred overnight at room temperature. After
full conversion, a dark red solution was obtained and solvent was removed by rotary evaporation. The
product was purified using automated column chromatography (50 g column, hept/DCM/EtOAc
50:50:0, 0:100:0 and 0:0:100) and was further purified by precipitation in pentane (250 mL) to remove
the last traces of unreacted hydrazone. The red precipitate stuck together and was collected by pouring
off the pentane and was dried in vacuo overnight at 40 °C. Some unpurified product was stuck on the
column, therefore it was sawed in half and the red silica powder was removed and stirred in THF (300
mL) over the weekend. The orange THF solution was filtered and the filtrate was dried using rotary
evaporation. The resulting product was also precipitated in pentane, collected and the residue was dried
in vacuo at 40 °C. 370 mg of product was obtained from the automated column purification while 100
mg of product was obtained from the material stuck in the column. Both products were combined,
yielding a red product (470 mg, 41%).
1

H-NMR (400 MHz, THF-d8) δ=11.20 (s, 1H, NH), 8.85 (s, 1H, C(NO2)-CH-C(NO2)), 8.18 (s,

1H, C(NO2)-CH-CH-C), 8.18 (s, 1H, C(NO2)-CH-CH-C), 7.94 (s, 1H, N-CH-Ar), 7.57 (s, 2H,
C(CHN)-CH-CH-C), 6.83 (s, 2H, C(CHN)-CH-CH-C), 3.90 (s, 2H, O-CH2-CH2), 1.70 (s, 2H,
O-CH2-CH2-CH2), 1.42 (s, 2H, CH2-CH2-CH2-Si), 1.42 (s, 2H, CH2-CH2-CH2-Si), 0.52 (s, 2H,
CH2-CH2-CH2-Si), 0.28 – -0.34 (m, 32H, O-Si(CH3)2-O).

13

C-NMR (100 MHz, THF-d8)

δ=161.95, 149.04, 145.21, 138.08, 129.78, 129.71, 129.43, 126.94, 123.20, 116.77, 115.07,
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68.36, 30.17, 29.55, 23.46, 17.87, 1.49, 1.00. 29Si NMR (80 MHz, THF-d8) δ=7.18 (Si(CH3)3-O), 21.30 – -23.25 (O-Si(CH3)2-O).
((2,4-Dinitrophenyl)-p-(4-pentyloxy)benzylhydrazone)methylsiloxane)(poly)dimethylsiloxane (P2)
In a dry Schlenk tube (25 mL) which was flushed with argon, 0.24 g of (methylhydrosilane)dimethylsiloxane copolymer (Table 2.1, entry 2) (0.042 mmol, 1 eq) and 0.11 g of (2,4-dinitrophenyl)p-(4-pentenyloxy)benzylhydrazone (5) (0.29 mmol, 7 eq) were added. Dry DCM (1 mL) was used to
dissolve the reactants and the Schlenk tube was sealed with a septum. The reaction mixture was stirred
for half an hour at room temperature when three drops of Karstedt catalyst were added via a syringe.
The mixture was allowed to stir for two hours at room temperature when a color change from orange to
dark red was witnessed which indicated full conversion. Subsequently, the mixture was removed from
the Schlenk tube and solvent was removed using rotary evaporation. The resulting dark red product was
dissolved in 10 mL THF and put in a dialysis bag (3.5–5.0 kD) and was dialyzed for three days in 500
mL THF. The product was removed from the dialysis bag and THF was evaporated under vacuum. To
remove BHT, the product was again dissolved in DCM (5 mL) and precipitated in acetonitrile (600 mL).
The precipitate stuck together and was obtained by pouring off the acetonitrile. The precipitate was then
dried overnight in vacuo at 40 °C, yielding a red product (250 mg, 76%).
H-NMR (400 MHz, THF-d8) δ=11.21 (s, 1H, NH), 8.87 (s, 1H, C(NO2)-CH-C(NO2)), 8.21 (s, 1H,

1

C(NO2)-CH-CH-C), 8.18 (s, 1H, C(NO2)-CH-CH-C), 7.96 (s, 1H, N-CH-Ar), 7.58 (s, 2H, C(CHN)-CHCH-C), 6.85 (s, 2H, C(CHN)-CH-CH-C), 3.89 (s, 2H, O-CH2-CH2), 1.70 (s, 2H, O-CH2-CH2-CH2), 1.41
(s, 2H, CH2-CH2-CH2-Si), 1.41 (s, 2H, CH2-CH2-CH2-Si) 0.52 (s, 2H, CH2-CH2-CH2-Si), 0.26 – -0.28
(m, 89H, O-Si(CH3)2-O).

C-NMR (100 MHz, THF-d8) δ=161.98, 149.11, 145.25, 138.08, 129.79,

13

129.71, 129.42, 126.93, 123.19, 116.79, 115.07, 68.35, 30.14, 29.52, 23.45, 17.85, 1.49, 1.01. 29Si NMR
(80 MHz, THF-d8) δ=7.17 (Si(CH3)3-O), -21.48 – -22.90 (O-Si(CH3)2-O).
((2,4-Dinitrophenyl)-p-(4-pentyloxy)benzylhydrazone)methylsiloxane)(poly)dimethylsiloxane (P3)
(Methylhydrosilane)-dimethylsiloxane copolymer (Table 2.1, entry 3) (0.82 g, 0.036 mmol, 1 eq)
and 0.27 g of (2,4-dinitrophenyl)-p-(4-pentenyloxy)benzylhydrazone (5) (0.73 mmol, 20 eq) were added
in a dry Schlenk tube (25 mL) which was purged with Argon. Dry DCM (2 mL) was added and the tube
was closed with a septum. The reaction mixture was stirred and heated to 35 °C for half an hour in order
to dissolve the reactants. Three drops of Karstedt were added via a syringe and the reaction was left to
react for three hours while remaining at 35 °C while stirring. After full conversion, the mixture was
removed from the Schlenk tube and solvent was removed using rotary evaporation. The resulting red
product was dissolved in THF (25 mL) and put in a dialysis tube (12‒14 kD) to be dialyzed for one week
in THF (1000 mL). The THF solvent was refreshed two times during this week. After dialysis, the
product was removed from the dialysis tube and solvent was removed under vacuum. To remove BHT,
the product was dissolved in DCM (15 mL) and precipitated in acetonitrile (800 mL). The precipitated
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product stuck together and was obtained by pouring off the solvent. The precipitate was dried over the
weekend in vacuo at 40 °C, yielding a red product (700 mg, 68%).
H-NMR (400 MHz, THF-d8) δ=11.22 (s, 1H, NH), 8.88 (s, 1H, C(NO2)-CH-C(NO2)), 8.22 (s, 1H,

1

C(NO2)-CH-CH-C), 8.19 (s, 1H, C(NO2)-CH-CH-C), 8.00 (s, 1H, N-CH-Ar), 7.60 (s, 2H, C(CHN)-CHCH-C), 6.86 (s, 2H, C(CHN)-CH-CH-C), 3.90 (s, 2H, O-CH2-CH2), 1.70 (s, 2H, O-CH2-CH2-CH2), 1.41
(s, 2H, CH2-CH2-CH2-Si), 1.41 (s, 2H, CH2-CH2-CH2-Si) 0.51 (s, 2H, CH2-CH2-CH2-Si), 0.33 – -0.36
(m, 99H, O-Si(CH3)2-O).

C-NMR (100 MHz, THF-d8) δ=161.99, 149.12, 145.26, 138.10, 129.82,
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129.72, 129.43, 126.95, 123.20, 116.79, 115.09, 68.35, 30.15, 29.52, 23.41, 17.86, 1.27, 1.01.
Upscale P3
The reaction procedure for the upscale reaction of P3 (upscale P3) is the same as the procedure for
P3 already described. Differences in the procedure in combination with 29Si NMR of upscale P3 are
added for clarity. (Methylhydrosilane)-dimethylsiloxane copolymer (Table 2.1, entry 3) (3.82 g, 0.17
mmol, 1 eq) in combination with 1.30 g of (2,4-dinitrophenyl)-p-(4-pentenyloxy)benzylhydrazone (5)
(3.51 mmol, 21 eq) and dry DCM (15 mL) were used. The temperature was increased to reflux increasing
solubility and a total of twelve drops of Karstedt catalyst were added while stirring. This time, the
reaction required four days of heating and stirring to be completed. Dialysis was completed in two days,
yielding a red product (3.31 g, 68%).
Si NMR (80 MHz, THF-d8) δ=-21.47 – -22.71 (O-Si(CH3)2-O).
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((2,4-Dinitrophenyl)-p-(4-pentyloxy)benzylhydrazone)methylsiloxane)(poly)dimethylsiloxane (P4)
In a dry Schlenk tube purged with argon, 0.77 g of (methylhydrosilane)-dimethylsiloxane copolymer
(Table

2.1, entry 4) (0.014

mmol, 1 eq)

with 0.31 g of

(2,4-dinitrophenyl)-p-(4-

pentenyloxy)benzylhydrazone (5) (0.84 mmol, 60 eq) were added. Dry DCM (3 mL) was added to the
tube which was sealed with a septum. The mixture was stirred at 35 °C for half an hour before two drops
of Karstedt catalyst were added via a syringe. An hour later, three more drops of Karstedt were added
to the mixture which was reacted over the weekend for three days at 35 °C. Full conversion was obtained
and the mixture was collected with solvent being evaporated using rotary evaporation. The resulting red
product was dissolved in THF (30 mL) and put in dialysis tubes (12‒14 kD). Dialysis was performed
for eight days in THF (1000 mL) during which the solvent was refreshed three times. The product was
removed from the dialysis tubes and rotary evaporated to remove solvent. To remove BHT, the dry
product was dissolved in DCM (15 mL) and precipitated in acetonitrile (800 mL). The precipitate stuck
together and was collected by pouring off the acetonitrile. The precipitate was dried in vacuo overnight
at 40 °C, yielding a red product (560 mg, 60%).
H-NMR (400 MHz, THF-d8) δ=11.22 (s, 1H, NH), 8.88 (s, 1H, C(NO2)-CH-C(NO2)), 8.20 (s, 1H,

1

C(NO2)-CH-CH-C), 8.20 (s, 1H, C(NO2)-CH-CH-C) 7.99 (s, 1H, N-CH-Ar), 7.61 (s, 2H, C(CHN)-CHCH-C), 6.86 (s, 2H, C(CHN)-CH-CH-C), 3.90 (s, 2H, O-CH2-CH2), 1.70 (s, 2H, O-CH2-CH2-CH2), 1.42
(s, 2H, CH2-CH2-CH2-Si), 1.41 (s, 2H, CH2-CH2-CH2-Si), 0.52 (s, 2H, CH2-CH2-CH2-Si), 0.25 – -0.42
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(m, 131H, O-Si(CH3)2-O). 13C-NMR (100 MHz, THF-d8) δ=161.99, 149.12, 145.27, 138.09, 129.81,
129.71, 129.43, 126.95, 123.19, 116.79, 115.08, 68.35, 30.15, 29.53, 23.41, 17.85, 1.27, 1.01.
Upscale P4
The reaction procedure for the upscale reaction of P4 (upscale P4) is the same as the normal
procedure for P4 already described. Differences in the procedure in combination with

29

Si NMR of

upscale P4 are added for clarity. (Methylhydrosilane)-dimethylsiloxane copolymer (Table 2.1, entry
4) (3.71 g, 0.067 mmol, 1 eq) and 1.51 g of (2,4-dinitrophenyl)-p-(4-pentenyloxy)benzylhydrazone (5)
(4.08 mmol, 61 eq) were dissolved in dry DCM (15 mL). The reaction temperature was also increased
to reflux for increasing solubility while the reaction was reacted for four days while stirring. In total
twelve drops of Karstedt were added and after two days, 10 mL of extra dry DCM was added because
some DCM had already evaporated. The reaction resulted in a red product (1.91 g, 40%).
H-NMR (400 MHz, THF-d8) δ=0.25 – -0.42 (m, 187H, O-Si(CH3)2-O).

1

Si-NMR (80 MHz, THF-d8) δ=-22.06 (O-Si(CH3)2-O), -37.75 (O-Si(CH3)H-O).
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Chapter 3
Phase behavior of poly(dimethylsiloxane)-g-hydrazone
3.1 Introduction
In chapter 2, the synthesis of four different poly(dimethylsiloxane) (PDMS) polymers containing
varying amounts of hydrazone (P1-P4) were described (Scheme 3.1). With structural characteristics of
these polymers being obtained, characteristics such as morphology and phase transitions will be
described in this chapter.
The hydrazone is an interesting crystalline block regarding phase behavior, because it combines the
directionality of mesogenic groups with supramolecular interactions. The hydrazones stack via π-π
stacking and dimerizes in an antiparallel manner due to dipole-dipole interactions.1,2 This ordering
resulted in the formation of hexagonally packed cylinders in previous hydrazone block molecule
research.3 Furthermore, the hydrazones can undergo E-Z isomerization due to light irradiation which is
possible to disrupt the strict ordering of the material.4
The bulk material of P1-P4 can behave as block copolymers (BCPs), liquid crystals (LCs) or a
combination of these two.5–7 Examples of such combinations are liquid crystals combined with polymers
such as liquid crystal polymer networks (LCNs) or liquid crystal elastomers (LCEs).8,9 Polymers that
behave via the rules of BCPs possess thermal transitions that are classified as order-disorder transitions.
Additionally, the ordered phases show nanostructural features that are dependent on the Flory-Huggins
segment-segment interaction parameter (χ), the degree of polymerization (N) and the volume fractions
of the blocks (f). When Nχ ≥ 10, BCPs phase segregate into morphologies such as gyroids, lamellae or
cylinders that can be varied by varying f of one of the blocks.6
The phase behavior of polysiloxane LCEs have been reported for various mesogenic side groups.10–
17

In general, all the thermal transitions are reported as mesogenic-isotropic transitions that vary between

30 and 270 °C. The mesogenic phase is a LC ordered phase, depending on the shape and interactions of
the mesogenic group. The most common used LC groups onto a siloxane backbone are diacrylate-like
moieties that can be used as side-chain or crosslinker which can order in smectic or nematic mesogenic
phases.11–13,16 The azobenzene group has also been used as LCE side group, which resulted in nematic
and cholesteric mesogenic phases that additionally depend on other side groups.14,17 However, the LCE
nanostructural morphologies often did not show clear ordered structures by absent higher-ordered Bragg
reflections. The reason for this might be because the siloxane polymers are often crosslinked and thus
lack the freedom of movement required for efficient ordering.
In order to evaluate the morphology of the P1-P4 and the related phase behavior, we study the
polymers on a microscopic and nanoscopic length scale. For that we use differential scanning
calorimetry (DSC), polarized optical microscopy (POM) and X-ray scattering. Finally, we relate all
these results, in combination with variable temperature medium angle X-ray scattering (MAXS)
measurements, in order to obtain a better understanding into the influence of structural properties onto
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thermal and morphological phase behavior of P1-P4. These structural properties are characteristics such
as varying molecular weight (Mw) and percentage of hydrazone on the siloxane backbone. Furthermore,
the results can be directly compared to the phase behavior of hydrazone block molecules. With this
comparison, the influence of using the hydrazone as graft instead of end block can be elucidated.

Scheme 3.1: Molecular structure of P1-P4 including backbone composition.

3.2 Mesogenic phase transitions
DSC measurements were performed to provide information into the phase transitions of P1-P4
(Figure 3.1). The results are summarized in Table 3.1. For the heating curve we observe a transition
between 85 to 125 °C for every polymer. Upon cooling, the DSC traces show transitions in a similar
temperature range as for heating between 94 and 125 °C, except for P4. For all these transitions, we
observe a low enthalpic energy change (ΔHfus ≤ 1.0 J/g) in combination with transitions temperatures
that differ less than 2 °C upon heating or cooling within each sample. These low enthalpic transitions
can be characteristic for order-disorder transitions in BCPs, yet, since the molecular structure of PDMSg-hydz resembles more that of a LCE, we report them as isotropisation transition temperatures (Tiso) and
mesogenic ordering transition temperatures (Tmes). When analyzing the Tiso and Tmes of P1-P4, a trend is
observed, the transition temperatures become lower with increasing Mw and lower percentage of
hydrazone. The reason for this trend must be related to the percentage of hydrazone since these are the
origin of the mesoscopic ordering. The only exception to this trend are the Tiso and Tmes of P2 and P3
which are virtually the same, while there is a difference in percentage hydrazone (7.0 % for P2, 5.5 %
for P3). Although this difference seems small, P4, which has a Si-hydrazone percentage of 4.7 %, has a
10 °C lower Tiso. A possible explanation for the observations in these transitions is the additional
influence of Mw. Research into the influence of Mw on Tiso and Tmes has not been found because research
rather reports the use of various side groups instead of changing Mw and percentage of side-chain.
Despite this fact, it is possible that the increase in Mw from P2 (~7.350‒8.350 g/mol) to P3 (~26.000‒
31.000 g/mol) results in a slight increase of Tiso and Tmes, while the lower percentage of Si-hydrazone (7
% for P2, 5.5 % for P3) evens this temperature difference.
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Figure 3.1: DSC traces of P1-P4 from -50 °C to 180 °C with a rate of 10 K/min for (a) heating and (b) cooling. The
data is shifted vertically for clarity.

A Tg was observed for P1 at 66 °C upon heating (Figure 3.1a). The reason for not observing the Tg
for P2-P4 is that the Tg of these polymers might be too low to be measured by DSC. This is because the
Tg for the linear ungrafted PDMS is -150 to -123 °C depending on the Mw.18 The DSC measuring limit
is -50 °C and is not capable of reaching these temperatures. However, it has been shown that side-groups
instead of methyl groups, can influence the Tg and melting behavior of polysiloxanes.19 The general
trend is that, the more bulky the group is and the more interactions the groups possess, the higher the Tg
and other transitions temperatures become. Examples of PDMS polymers grafted with mesogenic side
groups have been reported with Tg’s up to 156 °C.10,11 However, these grafted PDMS chains contain a
mesogenic side group on every siloxane unit while the concentration of hydrazones on the siloxane
backbones of P1-P4 are lower (4.7‒20.0 %). Therefore, it is possible that the lower amount of
hydrazones for P2-P4 (4.7‒7.0 %) does not have enough influence to dictate the large-scale motions of
the chains in amorphous regions. In contrast, the higher amount of hydrazones of P1 (20.0 %) actually
does influence the large-scale motions of the siloxane chains as a Tg of 66 °C is observed. A solution to
the DSC measuring limit to obtain the Tg for P2-P4 is to measure the polymers with dynamic mechanical
analysis (DMA) which can reach temperatures as low as -140 °C with higher measuring sensitivity. The
results of these DMA measurements will be discussed in chapter 4. Additionally, DSC measurements
with heating and cooling rates up to 40 K/min were performed to possibly obtain the Tg’s of P2-P4,
however, no Tg was observed for any of these polymers. Finally, the cooling trace of P1 shows an extra
transition at 14 °C of which the origin remains unknown.
Table 3.1: Structural characteristics and phase transitions of P1-P4 measured by DSC at 10 K/min.
Polymer Calculated Mw Polydispersity
Tg [°C](d)
Tiso [°C](e)
Tmes [°C](f)
Si-Hydz
(a)
(b)
(c)
(ΔHfus)[J/g]) (ΔHfus) [J/g])
[g/mol]
Mw/Mn [-]
[%]
P1
P2
P3
P4

(a)calculated

3.750‒3.850
7.350‒8.350
26.000‒31.000
62.000‒72.000

1.5
2.2
3.7
4.1

20
7.0
5.5
4.7

66
n.o
n.o.
n.o.

125 (0.6)
95 (0.1)
94 (0.1)
85 (0.1)

123 (1.0)
94 (0.15)
94 (0.2)
n.o.

by adding the amount of hydrazones to the mass of the siloxane backbone using 1H NMR; (b)obtained from SEC
using the polystyrene calibration curve; (c)Determined by 1H NMR; (d)glass transition temperature determined by DSC;
(e)mesogenic to isotropic phase transition temperature and the enthalpy of fusion; (f)isotropic to mesogenic phase transition
temperature and the enthalpy of fusion; n.o. = not observed.
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3.3 Microstructures of the mesogenic phase
To obtain more information about the phase transitions and analyze the microstructure of the
polymers, POM images were taken (Figure 3.2 and Figure 3.3). All the samples were heated above Tiso
and cooled with a rate of 5 K/min, showing an intense red birefringence below their clearing
temperature. The micrographs of P2 and P3 were similar so only micrographs of P3 are shown (Figure
3.2), while the transition of P1 was different and is depicted in Figure 3.3. POM images of P4 are not
shown as no birefringent structure is observed after cooling from the isotropic state.
All the POM images comprised small domains that are similar to fine grained textures with varying
intensity of red. The fine grained texture shown in Figure 3.2 and Figure 3.3a and Figure 3.3c, are all
similar. For polymer P3, after heating and surpassing the Tiso at 100 °C, represented by a non-birefringent
image, the sample was cooled and shows a transition to the mesogenic phase at 97 °C. The transitions
for P2 are similar and occur at a temperature of 99 °C for the Tiso and 97 °C for the Tmes. These transition
temperatures are slightly higher compared to the results obtained from DSC. This difference is due to
the inaccuracy of the heating element connected to the POM and thus the results from DSC are
considered more accurate.

Figure 3.2: POM (crossed polarizers) images of P3 at (a) 60 °C upon heating and (b) 97 °C upon cooling. Heating
and cooling rates of 5 K/min were used.

Compared to the phase behavior of P2 and P3 observed by POM, polymer P1 shows a more gradual
transition between the mesogenic and isotropic phase (Figure 3.3). While heating and surpassing the Tiso
at 125 °C, the fine grained textures slowly start to disappear (Figure 3.3a). However, the sample needs
to be heated to 145 °C until all the domains have completely disappeared and the sample was isotropic,
consistent with a non-birefringent image. During cooling, the fine grained textures seemed to elongate
in one direction to the bottom-left. After cooling to 120 °C, well beneath Tmes, the same fine grained
textures are obtained that were observed in the micrographs of P2-P3. This means all the elongated
cylindrical like structures have disappeared. The broad temperature range of 25 °C between the Tiso (145
°C) and Tmes (120 °C) is in contrast to the temperature range of 2‒3 °C of P2 and P3. However, this
broad temperature range is also seen in the DSC trace of P1 in the form of a broad Tiso peak. The reason
for this broad temperature range is elaborated later in this chapter.
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Figure 3.3: POM (crossed polarizers) images of P1 at (a) 128 °C upon heating, (b) 125 °C upon cooling and (c) 120
°C upon cooling.

3.4 Nanostructural ordering and phase behavior of PDMS-g-hydz
Complementary to the microstructure, we evaluated the nanostructure by medium and wide angle
X-ray scattering (MAXS/WAXS). The samples of P1-P4 have been annealed prior to the X-ray
scattering measurements for 6 hours at 140 °C after which the samples were slowly allowed to cool
overnight. The results of the MAXS/WAXS measurements are shown in Figure 3.4 and combined with
volume fractions of hydrazone (fhydz) in Table 3.2. The volume fractions of the hydrazones in P1-P4 are
obtained via a simple calculation. The density that is used in these calculations for the hydrazone is
1.565 g/ml while the density of the PDMS backbone is 0.97 g/ml which is supplied by the manufacturer
and corresponds well to literature.2,20 Every polymer sample shows a nanostructured morphology with
domain spacings (d*) ranging between 4.6 to 5.9 nm.
Polymers P2, P3 and P4 showed the formation of a hexagonally cylindrical structure because of the
Bragg reflections observed at √3q* and √4q* of the principle scattering peak q* (Figure 3.4).
Interestingly, only P1 formed a lamellar structure evidenced by the presence of the Bragg reflections at
2q*, 3q* and 4q* of the principle scattering peak q*. Most likely, this is the result of the relatively high
volume fraction of hydrazone (fhydz = 0.38) resulting in phase segregation into lamellar morphologies. In
general, conform to BCP phase segregation rules, the formation of hexagonally packed cylinders occurs
upon lowering the volume fraction of the crystalline block up to 0.34 ≥ fA ≥ 0.17.6 Surprisingly, the
ordering and formation of cylinders occurred even at volume fractions of hydrazones lower than 0.17
for P2-P4. Usually, such low volume fractions lead to disordered structures or spherical morphologies
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conform BCP phase-segregation.21 Probably, the fact that the hydrazones want to order in columnar
phases due to other interactions than (only) phase-segregation. In the WAXS region (q > 5 nm-1), peaks
are shown for all samples that indicate π-π stacking. The presence of these peaks are important because
it proves the hydrazones interact due to π-π stacking. These interactions in combination with dipoledipole interactions are likely the reason for the formation of hexagonally packed cylinders at fhydz ≤ 0.17.
The formation of these cylindrical morphologies at low fhydz have also been reported for hydrazone block
molecules and is also ascribed to the antiparallel dimerization of the hydrazones and π-π stacking.3 The
reason for P1 having a lamellar morphology instead of hexagonally packed cylinders is still unkown.
However, there likely exists a balance between the directionality of phase-segregation in combination
with the interactions of the hydrazones.
Table 3.2: Bulk morphology of annealed P1-P4 combined with the volume fraction of hydrazone in the polymers.

Polymer Appearance(a)
fhydz [-](b)
Phase(c)
d* [nm](d)
P1
Brittle solid
0.38
Lamellar
4.6, (d2* = 9.1)(e)
P2
Waxy solid
0.17
Colhex
5.2
P3
Elastic solid
0.15
Colhex
5.1
P4
Elastic solid
0.13
Colhex
5.9
(a)
Physical appearance at room temperature; (b)Obtained using a density of
1.565 g/mol for hydrazone and 0.970 g/mol for the PDMS backbone 2,20;
(c)
Bulk morphology at room temperature determined by MAXS using the
higher order Bragg reflections; Colhex = hexagonally packed cylinders;
(d)
Domain spacing, calculated via d* = 2π/q*; (e)Second domain spacing
observed by X-ray scattering at room temperature.

More observations can be made from the MAXS results which concern the domain spacings and the
broadness of the peaks. The trends that can be seen, is that the higher the Mw and polydispersity of the
polymers, the larger the domain spacings and the broader the peaks. These trends are in line with
expectations since discrete versus disperse block copolymers always result in less defined morphologies
for the disperse variants.22 The only exception to these trends in our data is the comparison between the
MAXS results of P2 and P3. The trend suggests P2 would have a smaller domain spacing and also more
narrow peaks compared to P3. It is still unknown why P2 has a less defined ordering and a slightly
larger domain spacing. However, again the phase behavior between P2 and P3 is very similar as was
also confirmed with DSC and POM.
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Figure 3.4: 1D X-ray scattering plot (MAXS and WAXS) for P1-P4 after annealing at 140 °C for 24 hours including a
cartoon of the morphologies. The data is shifted vertically for clarity.

Furthermore, a double domain spacing (q2*) is observed for P1. The origin of q2* was further
investigated using variable temperature MAXS (VT MAXS) (Figure 3.5). The sample of P1 is annealed
under the same circumstances (140 °C for 6 hours and slowly cooled overnight) as the samples measured
at room temperature shown in Figure 3.4. For the data, only the MAXS region is shown because the
WAXS region did not show any relevant information regarding a change in the morphology. The sample
was heated to 150 °C and cooled to 0 °C. Peak q2* of P1 is still visible in the VT MAXS measurement
in the heating cycle at 20 and 70 °C. Upon further heating, the double domain peak disappears at 100
°C and does not reappear upon cooling down to 0° C. Additionally, peak q* becomes more narrow after
peak q2* disappears meaning that we obtain better defined morphologies. The fact that the double domain
morphology does not form upon cooling during the VT MAXS cooling cycle is an interesting
observation, especially since the polymer has been annealed before the measurement. Therefore, it is
highly probable that the double domain morphology is the result of external conditions that are present
during annealing and are different during the VT MAXS measurement. One condition is the presence
of normal ambient light during the annealing in the oven, which is absent during the VT MAXS
measurement. It is known that the hydrazone is able to undergo an E/Z isomerization when exposed to
light of a certain wavelength (~365 to ~405 nm).4,23 Presence of Z-hydrazones will likely disrupt the
strict ordering of the material which could result in the formation of the q2* peak and the broader peaks
observed for P1. In fact, the formation of the double domain morphology has been reported before for
triblock azobenzene block molecules which also show E/Z isomerization due to light irradiation. The
image depicted in Figure 3.6 is obtained from the supporting information of the paper described by Zha
et al. and clarifies the origin of the q2* peak.24 Additionally, increasing temperature has been shown
before to induce the relaxation of the Z-hydrazone into E-hydrazone.25,26 This is the reason for q2* to
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disappear upon heating above 70 °C. Combining all these results, it is safe to conclude that the double
domain morphology observed in the MAXS measurement of P1 is the result of Z-hydrazone disrupting
the ordered lamellar morphologies. More evidence for this conclusion can be obtained by illuminating
P1 with light of wavelengths between 365 to 405 nm during the VT MAXS measurement to allow the
formation of Z-hydrazone. Unfortunately, this is not possible within the MAXS setup that was used for
the VT MAXS measurement.

Figure 3.5: VT MAXS data of P1 with (a) upon heating from 20 °C to 150 °C and (b) cooling from 150 °C to 0 °C.
A heating and cooling rate of 5 K/min was used.

Upon comparing the DSC trace of P1 to the VT MAXS measurement, additional information
about the phase behavior of P1 was obtained. During the DSC measurement, the sample normally
first experiences a heating and cooling cycle before the actual accurate measurement starts. The
aluminum cup that holds the sample during the DSC measurement is closed and obstructs light from
reaching the sample. Additionally, the sample first undergoes a heating and cooling cycle before the
actual measurement starts. The temperature in this heating cycle is increased above 70 °C which
means the Z-hydrazone is able to relaxate back to E-hydrazone. These circumstances combined are
the reason why the mesogenic-mesogenic transition is not observed in the DSC trace but actually is
observed in the VT MAXS measurement.
Finally, the additional transition of P1 at 14 °C observed in DSC upon cooling (Figure 3.1b) is
discussed due to additional information of the VT MAXS measurement. It is possible that this
transition is a mesogenic-mesogenic transition because the peak has a similar shape compared to the
peak of the Tmes at 123 °C and a low enthalpic change (ΔHfus= 0.1 J/g). However, if this would be the
case then this transition would have been observed during the VT MAXS measurement of P1 (Figure
3.5b). However, no change in morphology is observed between cooling from 20 to 0 °C. This
observation leads to the conclusion that it is still unknown what this transition of P1 at 14 °C upon
cooling in DSC is.
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Figure 3.6: Schematic representation of lamellar morphology with double domain spacing due to presence of Zazobenzene.24

3.5 Conclusions
The phase behavior and morphologies of P1-P4 have been investigated via DSC, POM and (VT) Xray scattering. From these results we conclude that the phase behavior of the polymers are similar to that
of side-chain LCEs. A Tg at 66 °C is observed for P1 while P2-P4 did not show a Tg. Most likely, this
was due to the fact that their Tg is under the measuring limit of DSC (≤ -50 °C). Furthermore, low
enthalpic mesogenic (Tmes) and isotropic (Tiso) transitions were observed between 85 and 125 °C. A
general trend was observed in which higher Mw and lower percentages of Si-hydrazone resulted in lower
transition temperatures. DSC and POM confirmed small temperature differences between Tiso and Tmes
(≤ 3 °C) which are characteristic for LCEs. The morphologies of P1-P4 were obtained with X-ray
scattering which showed a lamellar morphology for P1 and a hexagonally packed cylindrical
morphology for P2-P4. The domain spacings (d*) of these morphologies ranged between 4.6 to 5.9 nm.
The hexagonally packed cylinder morphology for P2-P4 at low fhydz is similar to hydrazone block
molecules. Hence, the balance between phase segregation and hydrazone ordering is very important
towards nanostructure formation. A double domain peak was observed for P1 which we assigned to the
presence of Z-hydrazones in combination to E-hydrazones that disrupt the ordering of the lamellar
structures. Removal of light during heating and cooling in the VT MAXS proved to prevent the
formation of Z-hydrazones and the double domain peak.

3.6 Experimental section
Differential Scanning calorimetry (DSC) traces were obtained via a DSC Q2000 from TA
Instruments that used an indium standard for calibration. The samples were heated to 180 °C (10 K/min),
cooled to -50 °C (10 K/min) after which two cycles of heating to 180 °C and cooling to -50 °C (10
K/min) were used for measuring. For the Tiso and Tmes, the peak maximum was used while for the Tg the
mid-point of the transition was used. Polarized Optical Microscopy (POM) micrographs were made
using a Jeneval polarization microscope with crossed polarizers. This microscope is equipped with a
Linkam THMS 600 to control temperature and a Lumenera Infinity1 camera to obtain the images. Bulk
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medium and wide angle X-ray Scattering (MAXS/WAXS) was performed on an instrumental setup from
Ganesha Lab. The sample holder and flight tube were brought under high vacuum in a single housing.
The X-ray source is a GeniX-Cu ultra-low divergence X-ray generator that produces X-rays with a single
wavelength of 0.154 nm and a flux of 1 x 108 ph/s. The scattered X-rays were collected on a 2dimensional Pilatus 300K detector that has a 476 x 619 pixel resolution. The solid samples were put in
small glass capillaries with a diameter of 1 mm. The instrument was calibrated with diffraction patterns
from a single silver behenate crystal. The sample-to-detector distance for the WAXS mode was 0.084
m and for the MAXS mode 0.431 m.
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Chapter 4
Mechanical properties of poly(dimethylsiloxane)-ghydrazone
4.1 Introduction
The mechanical properties of solid polymers are important characteristics. The properties relate
macroscopic behavior to chemical and structural characteristics when the polymers are exposed to forces
such as compression, tension or shear. Typical mechanical properties are characteristics such as
deformation at break, yield strength and elasticity (Young’s modulus). In this research, we are especially
interested in the elasticity of our compounds because elasticity in a material allows for macroscopic
reversible behavior. Examples of Young’s moduli for elastic materials related to our products are, 1‒50
MPa for silicone rubber, 0.1‒5 MPa for liquid crystal elastomers and 0.01‒3 MPa for crosslinked
poly(dimethylsiloxane) (PDMS).1,2 Additionally, elasticity in the polymeric material can result in large
macroscopic reversible responses upon photo-isomerization of the hydrazone. These large macroscopic
responses have been seen before in materials containing mesogenic groups such azobenzenes and
hydrazones.3–5

Scheme 4.1: Molecular structure of P1-P4 including backbone composition.

There are two general methods to induce elasticity into a polymeric material. The first method is by
creating entanglements in the polymer matrix. Entanglements can be explained in great detail by
reptation and the tube theory but in essence are no more than long polymer chains being curled around
each other forming knots and other intertwined structures.6 In theory, every polymer can form
entanglements as long as the degree of polymerization (N) or molecular weight (Mw) of the polymers is
high enough. A more accurate definition to describe this feature is the critical molecular weight for the
onset of entanglements (Mc). An example of Mc for linear PDMS is around 33.000 g/mol, which
corresponds to roughly 450 monomeric siloxane units and is reached for P3 and P4 for our samples
(Scheme 4.1).7 The second method to induce elasticity is via crosslinks. Comparable to entanglements,
crosslinks are covalent connections between polymer chains. For liquid crystal (siloxane) polymers,
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introducing crosslinks is a common method to induce and increase elasticity. Most common are covalent
crosslinks which can be introduced by functionalizing the mesogenic group with two (or more) reactive
groups.8–11 Another method is to add small linear chains or blocks of the polymer backbone that have
multiple crosslink points.12,13 Properties such as the amount of crosslinks, the flexibility of the polymer
backbone or whether the mesogenic group is incorporated as side- and/or main-chain then determine the
elasticity of the liquid crystal polymer.1 Examples of the effect of these properties are depicted in Figure
4.11.
The problem with covalent crosslinks is that, as soon as the crosslinks are in place, the polymer
chains are physically connected and the resulting material is more difficult to be further processed.
Hence, the material has to be heated to the glass transition temperature (Tg) or melting temperature (Tm)
to be processed and cannot be dissolved anymore. Therefore, it would be interesting to use non-covalent
interactions as weaker crosslinks or to extend the siloxane chains in order to form entanglements.
Examples of improved elastic behavior of PDMS by non-covalent side-chain crosslinks have been
investigated.14–16 The polymers synthesized in this study only contain physical crosslinks produced by
the hydrazones. In this chapter we evaluate the mechanical properties and elastic behavior of the noncovalently crosslinked PDMS-g-hydz. Before the mechanical properties of P1-P4 can be measured, freestanding films of these products are made. These free-standing films then allow tensile tests on a tensile
bench and dynamic mechanical analysis (DMA) to obtain the mechanical properties. When the
mechanical properties are obtained, they can directly be compared to mechanical properties of
crosslinked LCEs and crosslinked PDMS. During the production of these free-standing films it was soon
recognized that P1 was too brittle while P2 showed some increased elasticity but was still too brittle to
be put in clamps. Therefore, the results of the mechanical testing will focus only on P3 combined with
P3 upscale and P4 combined with P4 upscale which are denoted as P3 and P4.

Figure 4.1: The effect of various properties to influence the elasticity of liquid crystal polymers.1
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4.2 Free-standing elastic films by drop casting
Before any mechanical testing can be performed, polymers P3-P4 need to be casted or molded in
such a way that uniform films are produced. The procedure was started by dissolving the products (2.0
g) in tetrahydrofuran (THF, 10 mL) and manually shaking for 10 minutes. After the products were
completely dissolved, the obtained red solution was slowly dropped in a Teflon mold. The dimensions
of the two cavities in the mold are 20x10x3 mm. The molds were entirely filled with solution after which
the solvent was left to evaporate for 2‒3 hours. To ensure this evaporation did not progress too fast and
thereby possibly creating air bubbles, a beaker was put on top of the mold. After most of the THF had
evaporated, this procedure was repeated with dissolved product that did not fit in the mold the first time.
After the molds were filled for the second time and all the dissolved product was in, the solvent was left
to evaporate overnight. To ensure all the solvent was completely removed, the mold with samples was
put in an oven at 40 °C for 24 hours. Afterwards, the products were removed from the mold by first
loosening the sides of the product before the films could be carefully removed from the mold. Via this
procedure, elastic, dark-red, free-standing films of P3 and P4 were obtained with a thickness of around
0.8 mm (Figure 4.2a-b).

Figure 4.2: Free-standing films of P4 obtained via drop casting in a Teflon mold.

4.3 Introduction to dynamic mechanical analysis
The first method to obtain mechanical properties of the free-standing films of P3 and P4 is with
dynamic mechanical analysis (DMA). DMA differs from traditional mechanical tensile and compression
tests by applying an oscillating force to a sample and analyze the material’s response to that force.
Although stress/strain results obtained from using this oscillating force differ from traditional
stress/strain measurements, additional material information can be acquired. Namely, phase transitions
or characteristics that depend on the frequency of the applied force. These characteristics are often
related to the property of a material to lose energy as heat (damping) and the property to recover from
deformation (elasticity). In essence, these properties come down to how polymer chains relaxate to the
applied oscillatory force.17
Two important properties are the storage (E′) and the loss (E″) modulus. This storage modulus is
also referred to as elastic modulus and is relatable to the Young’s modulus. However, these two
properties cannot be directly compared because they are obtained via two different methods. Hence, the
amount of energy is E″, also known as the viscous modulus, has also to be taken into account. The last
property is the tangent of the phase angle (tan δ) which is obtained by dividing E″ by E′. Tan δ is related
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to the damping of the material and serves as an indicator for the efficiency of the material to lose energy
due to internal friction and molecular rearrangements. Because tan δ is the ratio between E″ and E′, it is
independent of geometry and any inaccuracies that come with this factor.17 The tan δ is a property of
interest especially during the variable temperature DMA test in which phase transitions such as the Tg
of P3 and P4 can be investigated.
Setting up a stress-controlled DMA experiment, a lot of parameters can be varied which matter
substantially for the accuracy of the measurement. The sample procedure is explained in the
experimental procedure at the end of this chapter. Only the tightening of the clamps is discussed here
because this procedure requires some elaboration. The force that is required to fasten the clamps to hold
the film in place during measuring is dependent on the type of material. For soft polymers, this force
normally is between 1 and 3 N. However, because our samples are too soft, even when applying a force
of 1 N, the samples of P3 and P4 began to buckle. Therefore, the tightening of the clamps was done
carefully and the tightening was stopped after the first resistance was felt. Tightening via this way proved
to be sufficient in holding the samples in place between the clamps during the measurements. The results
of the tightening on the DMA samples after measuring can be seen in the appendix in Figure 1.3, while
the DMA setup containing a sample is shown in appendix Figure 1.4.

4.4 Linear elastic regime
The first results that will be discussed, are the dynamic stress/strain measurements of P3 and P4 at
room temperature (Figure 4.3). In such a measurement, the amplitude of the sine wave is increased
which is analogous to an increase in stress during a normal stress/strain measurement. Such a dynamic
stress/strain measurement is normally the first measurement that is performed on a new material. This
is because the measurement indicates between what percentage of oscillation strain the elastic behavior
of the material is linear or non-linear. This is useful in further measurements, where measuring in the
linear regime is always required. It has to be noted that the oscillation strain at which the measurements
stop, are not the strain percentages at which the samples broke. These strains are the values at which the
clamp of the DMA could not extend any further and the measurement was stopped.
The stress that follows from the strain during the measurement results in an E′ and E″ calculated by
the machine (Figure 4.3). All the measurements were performed three times which resulted in similar
results. For both samples, E′ is higher compared to E″, which means both materials behave more as an
elastic material compared to a viscous one. At low oscillation strains (< 0.1 %) an E′ of 3.0 MPa and E″
of 1.8 mPa were found for P3 while for P4 E′ is 2.0 MPa and E″ is 0.7 MPa. The difference between E′
and E″ for both samples is similar (1.2‒1.3 MPa).
The oscillation strain at which both polymers show linear or non-linear elastic behavior was obtained
by using the onset between the horizontal and decreasing part of E′. The obtained values are shown in
the picture with vertical lines and respond to 3.2 % for P3 and 4.1 % for P4. This means that at lower
oscillation strains than these values, the material’s elastic response is linear while it is non-linear above
these values. As mentioned before, these are the maximum strain values for further measurements. These
values also suggest that, upon oscillation strain increase, P3 is less elastic compared to P4. In compliance
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to this, both E′ and E″ are higher for P3 (E′ ~ 3 MPa, E″ ~ 1.8 MPa) in the linear elastic regime compared
to P4 (E′ = 2 MPa, E″ = 0.7 MPa). These higher values mean P3 is more stiff compared to P4. This
increase in stiffness of P3 compared to P4 is likely due to the higher amount of hydrazones in P3,
because the lower Mw of P3 would normally result in lower stiffness.18

Figure 4.3: E′ and E″ versus oscillation strain of P3 (red) and P4 (black) at room temperature obtained via DMA. The
vertical lines are added to guide the eye and represent the oscillation strain % at which the elastic behavior changes
from linear to non-linear.

4.5 Phase transitions and polymer properties at various temperatures
The dynamic stress/strain measurement provided the oscillation strain percentage at which P3 and
P4 show linear elastic behavior at room temperature (P3 ≤ 3.2% and P4 ≤ 4.1 %). Next, the variable
temperature DMA measurements are discussed requiring these oscillation strain values. During this
measurement, the samples are cooled quickly to -140 °C and are heated to 20 °C (room temperature)
with 3 K/min while an oscillating load of 1 Hz is applied. This oscillating load requires further attention
since this load needs to be low enough so that the samples stay in their linear elastic regime, even at 140 °C. Therefore, the same dynamic stress/strain measurement was performed on the samples at -140
°C. Both the samples became very though and quickly broke at an oscillation strain below 0.1 %. Thus,
the oscillation strain that was set for the variable temperature measurement was set at the lowest value
possible: 0.1 %. During the measurement, E′, E″ and tan δ are obtained at every temperature which are
depicted in Figure 4.4.
The data from P3 and P4 show classical mechanical response due to an oscillatory force at variable
temperature. At low temperatures, the materials are very stiff and brittle (P3 E’ = 4.0 GPa, P4 E’ = 3.8
GPa). As the temperature starts to increase, the polymer chains start to gain more energy, their free
volume increases and the Tg is reached. This is the temperature where the material transforms from a
glassy material into a rubbery state which is seen by the sigmoidal drop in E’ and the increase of E” and
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tan δ. With this method, we could obtain the Tg by taking the maximum of tan δ (P3 = -105 °C, P4 = 111 °C). As the temperature increases above Tg, the loss of E’ stagnates to a certain level (P3 E’ = 26
MPa, P4 E’ = 10 MPa) which resembles the rubbery plateau. These moduli of the rubbery plateau are
relatable to the amount of crosslinks in a sample with the higher amount of crosslinks, the higher the
modulus.17 The elastic modulus of the rubbery plateau for P3 is 26 MPa and is higher compared to P4
of which the elastic modulus is 10 MPa which suggests P3 has more crosslinks compared to P4. This
difference in crosslinks is possible if the hydrazones are behaving as non-covalent crosslinks (percentage
hydrazones P3 = 5.5 %, P4 = 4.7 %). At further loss of E’ after the rubbery plateau, the values of E″
and tan δ start to increase which is characteristic for the flowing of the polymer (Tflow, P3 = -1 °C, P4 =
-3 °C). The increase of E′ and E″ of P4 around 75 °C is discussed later.

Figure 4.4: Temperature scan of (a) P3 and (b) P4 measured by DMA from -140 to 20 °C with a heating rate of 3
K/min, an oscillation strain of 0.1 % and a frequency of 1 Hz.

The Tg for linear ungrafted PDMS is -150 to -123 °C depending on the Mw.19 Thus, the Tg of -105
°C for P3 and -111°C for P4 is slightly higher compared to non-crosslinked PDMS. The reason for this
increase in Tg must be due to the hydrazones, that, due to their interactions and/or bulkiness, restrict the
polymer chains in the amorphous regions from moving at lower temperatures. Hence, they act as
physical crosslinks. The fact that P3 has a higher percentage of hydrazones compared to P4 (P3 = 5.5
%, P4 = 4.7 %) confirms this theory by the higher Tg found for P3. The influence of Mw on Tg has been
reported and could also explain the difference in the Tg for our polymers.19 However, the increase of Tg
on increasing Mw is only seen for Mn’s up to 4.000 g/mol after which a threshold is reached. This
threshold is surely reached for our polymers (Mw P3 = 26.000‒31.000 g/mol, P4 = 62.000‒72.000 g/mol)
so Mw will likely have no effect on the Tg between P3 and P4. In chapter 3 the influence of hydrazones
on the Tg has been observed before in for P1 (20.0 % hydrazone) which showed a Tg at 66 °C by DSC.
With these DMA results, we could show that the Tg’s of P3 and P4 could be measured well below the
DSC measuring limit of -50 °C. However, the requirements for the DMA measurements are that the
material needs to be strong enough to form free-standing films at room temperature while not becoming
brittle which was the case for P2.
The variable temperature measurement of P4 (Figure 4.4b) shows an additional increase in E′ and
E″ around 75 °C while tan δ remains decreasing. This observation is interesting because normally,
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increasing the temperature would result in weakening of the material. Bosq et al. report on a similar
increase in E′ at T ˃Tg in crosslinked PDMS strengthened with silica nanoparticles.20 Here, they relate
the increase of E′ to glass crystallization that occurs when the polymer chains have acquired enough
mobility. This glass crystallization is only observed when the samples are cooled quickly. They showed
that slow cooling and heating during the measurement (1 K/min) of the samples removes the glass
crystallization.20 To test the disappearance of this glass crystallization, slow cooling (approximately 2
K/min upon -40 °C) and heating (1 K/min) have been performed on P4 during the variable temperature
analysis which resulted in the disappearance of the peak. The result of this measurement is shown in
Figure 4.5. Unfortunately, during this measurement, the sample slipped from the clamp at 70 °C which
stopped the measurement. Still, the formation of the increase in E′ and E″ did not occur below this
temperature while it did with the rapid cooled sample.

Figure 4.5: Variable temperature DMA measurement of P4 while being slowly cooled (2 K/min upon -40 °C) and
measured while slowly heating (1 K/min) with an oscillation strain of 0.1 % and a frequency of 1 Hz. At 70 °C the
sample slipped from the clamp which stopped the measurement.

4.6 Elastic behavior accompanied with high elongation
The DMA machine was not sufficient to break the samples, so in order to evaluate the elongation at
break, we performed tensile tests. The results from the tensile tests of three samples of P3 and P4 under
linear increasing load are shown in Figure 4.6 with summarized results in Table 4.1. From the material
obtained out of the mold shown in Figure 4.2a, two dog bone samples could be obtained per mold. The
dimensions of the dog bones comprise a gage length of 12 mm, a width of 2 mm and a thickness of 0.8
mm. The samples were elongated with a strain rate of 100 mm/min. The choice for this strain rate
requires some elaboration. The load cell used was able to withstand 500 N which is low enough to
measure elastomers. However, our material is relatively soft and thus a higher strain rate, which is
complementary to a higher load, resulted in more accurate results. Additionally, a measurement of P3
at a strain rate of 10 mm/min proved this rate was too low because the sample was able to relaxate and
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became so thin it collapsed under its own weight. After a literature search, we chose a strain rate of 100
mm/min in order to compare to similar reported polymers.2,14,21,22

Figure 4.6: Stress/strain measurements of P3 and P4 with a strain rate of 100 mm/min and a load cell of 500 N. The
three red lines represent the results from P3 while the three black lines represent the results from P4.

The results from the tensile tests represented in Figure 4.6 show inaccuracies in the measurements.
The lines of the data points are not fluent which normally is the case with such tensile tests. The reason
for this inaccuracy is due to the load cell. A load cell which can handle smaller forces will probably
result in improved accuracy. However, such load cells were not available for the tensile bench used for
these measurements and therefore we continued with the 500 N load cell. A higher strain rate above 100
mm/min did also not result in a significant increase of accurate data.
The first characteristic that is discussed, is the Young’s modulus (E) of P3 and P4, which vary
slightly due to slight inaccurate data points but on average result in 3 MPa for P3 and 2 MPa for P4.
The linear region for both polymers is up to a strain of 40‒50 % after which the plastic region starts and
the materials start to deform. At this point, P3 reaches its maximum in stress with a tensile strength of
~0.37 MPa and quickly goes down in strength with increasing strain. In contrast, P4 is able to handle
more stress with increasing strain reaching a tensile strength of 0.50 MPa just before breaking. Upon
further increase of the strain, the materials break and their strain at break is obtained. The strain at break
varies significantly per sample but on average P3 breaks around 500 % while P4 breaks at 800 %. The
mechanical behavior seen in the plastic region for both samples differs significantly. The stress for P3
goes down while going up for P4. The origin for this difference is because of necking and crazing.
During the elongation of P4, the stress is evenly spread through the elongated sample and necking takes
places gradually. For P3, the elongation occurs in the same way, but now the stress is not evenly spread
through the sample. Therefore, stress can accumulate in certain points of the material which results in
small cracks or voids known as crazing. An indication for this difference in behavior is shown in Figure
4.7. This figure shows a picture of both broken samples after the tensile tests and indicates that P4 had
shrunk back to almost its original size before the measurement while P3 does not. Hence, P4 is able to
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relaxate better which is in compliance with the increased spreading of stress and necking behavior. The
difference in necking and crazing behavior of P3 and P4 is interesting because normally this is seen
between very different polymers (polystyrene versus polycarbonate) instead of P3 and P4 which only
differ in Mw and percentage of hydrazones.
Table 4.1: Mechanical properties obtained via linear load of P3 and P4.
Sample and entry Young’s modulus (E) [MPa](a) Tensile strength [MPa](b)
P3-1
3.5
0.39
P3-2
3.0
0.36
P3-3
2.9
0.37
P4-1
1.9
0.50
P4-2
1.5
0.50
P4-3
2.4
0.50

(a)Calculated

Strain at break [%]
390
670
460
710
920
800

by dividing stress by strain at the lowest strain obtained; (b)maximum obtained stress during the tensile
measurement

The higher Young’s modulus for P3 compared to P4 confirms that P3 is more stiff compared to P4.
Although E and the storage modulus E’ generally cannot be compared, the values are exactly the same
(P3 E = 3 MPa, E’ = 3 MPa, P4 E = 2 MPa, E’ = 2 MPa). These similar values confirm and validate the
results regarding accuracy. Additionally, because E obtained via the tensile tests, which varied within
each sample, we can conclude that the DMA measurements are more accurate. The higher stiffness of
P3 additionally results in a less elastic material because of the lower strain at break (P3 = 500 %, P4 =
800 %). This observation is in line with classical mechanical behavior meaning P3 is a more brittle
material compared to P4.

Figure 4.7: Broken samples of P3 and P4 after tensile tests at 100 mm/min strain rate and a load cell of 500 N.

4.7 Comparing mechanical properties with materials from literature
Now that the mechanical properties have been analyzed with DMA and tensile tests, the results can
be compared with other materials found in literature. An important example is a siloxane grafted with
urea and bis-urea groups which we can directly compare to our materials. The Mw of the PDMS polymers
used in this research vary between 14.500 and 130.000 g/mol with 1.4 to 5.0 % side-chain.14 A similar
trend is observed that, the shorter Mw polymers are brittle, while the longer samples start to show
increased elastic behavior. The E values obtained from these materials range from 6 to 11 MPa with
strain at break around 350 %. One sample, however, had an outstanding strain at break of 1800 % and
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an E of 1 MPa. The interactions of urea and bis-urea groups are stronger compared to the interactions
of the hydrazones. Therefore, it is no surprise that these materials are more stiff compared to P4. The
polymer with the high strain at break is proof that incorporating side-chains with strong interactions can
greatly enhance the elastic properties of siloxane-based polymers.
For polysiloxane LCE’s with LC side-chains, E varies and ranges from 0.01 MPa to 10 MPa with
strain at break ranging from 100 % to 400 %.1,9,10,23 However, these materials are all in some way
covalently crosslinked and generally contain shorter siloxane chains. Therefore, it is interesting to
additionally mention the mechanical properties of crosslinked PDMS. The most used and well-known
commercially available crosslinked PDMS is Sylguard 184 of which the crosslink density/curing time
can be varied to tune the mechanical properties. For Sylguard 184 the Young’s modulus ranges from
0.01 to 3.0 MPa with strain at break ranging from 80 to 200 % with tensile strengths as high as 8 MPa.2,21
Compared to polysiloxane LCE’s, the mechanical properties of P3 and P4 are similar with P4 having
an improved strain at break. This similarity is also observed when comparing P3 and P4 to Sylguard
184. Again, P3 and P4 show higher strains at break, but have lower tensile strengths of only 0.5 and 0.3
MPa. However, the main improvement compared to these covalent polymers is the processability which
is what makes our materials special. Due to the non-covalent interactions of the hydrazones, P3 and P4
can be easily dissolved in THF which provides an excellent way to recycle and remold the products in
any shape possible.

4.8 Conclusions
For P3 and P4 we were able to produce free-standing films of which the mechanical properties have
been successfully measured with DMA and tensile tests. Several measurements and results confirm P3
is stiffer and less elastic compared to P4 which is likely partially due to entanglements but mainly due
to the higher amount of hydrazones on the siloxane chains of P3. Oscillating stress/strain measurements
by DMA at room temperature showed the linear elastic regime for P3 to be under 3.2 % oscillation strain
while for P4 below 4.1 %. These measurements also showed the higher E’ and E” for P3 (E′ = 3.0 MPa,
E″ = 1.8 MPa) compared to P4 (E′ = 2.0 MPa, E″ = 0.7 MPa). Additionally, tensile tests resulted in E =
3 MPa for P3 and E = 2 MPa for P4, hence similar moduli were found with DMA and tensile testing
giving a clear indication the increased moduli for P3 compared to P4 correlate to lower elasticity. The
strain at break was 500 % for P3 and 800 % for P4. The Tg’s (P3 = -105 °C, P4 = -111 °C) and Tflow’s
(P3 = -1 °C, P4 = -3 °C) were successfully obtained via variable temperature DMA tests showing higher
transition temperatures compared to linear PDMS, again due to the influence of physical crosslinking
by the hydrazones. Finally, the obtained mechanical properties of P3 and P4 were compared to
mechanical properties of siloxane LCE’s and crosslinked PDMS. This comparison resulted in the
conclusion that hydrazones can act as non-covalent crosslinks and can highly improve the elastic
behavior of PDMS, depending on the amount of hydrazones. Additionally, these non-covalent
hydrazone crosslinks mean P3 and P4 can be easily recycled and remolded in any desired shape.
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4.9 Experimental section
Dynamic mechanical analysis (DMA) was measured on a DMA 850 from TA instruments that is
stress controlled. For all the measurements, flat clamps were used that were tightened to the point the
first resistance was felt. The frequency of oscillation comprised 1 Hz for every measurement. For the
variable temperature measurements, the temperature range was -140 to 20 °C with a heating rate of 3
K/min. The slower cooling and heating measurement of P4 was performed by quickly cooling to -40 °C
after which the temperature was decreased by -10 °C every 5 minutes corresponding to a cooling rate of
approximately 2 K/min followed by a heating rate of 1 K/min. For the Tg’s and Tflow’s of tan δ and E”,
the maximum of the peaks were used while for E’ the mid-point of the transitions were used. Setting up
a stress-controlled DMA experiment, a lot of parameters can be varied which matter substantially for
the accuracy of the measurement. The samples during the DMA are clamped between two clamps
comparable to a general tensile test. The samples are cut from the free-standing films with a width of
5.3 mm and a thickness of around 0.8 mm. This thickness of 0.8 mm was necessary for an accurate
measurement. Thinner films were tested as well but proved to be too soft to be measured. The distance
between the clamps is the length of the measured sample which could vary between 6.0 to 7.5 mm. The
force required to fasten the clamps to hold the film in place during measuring is dependent on the type
of material. For soft polymers, this force normally is between 1 and 3 N. However, because our samples
are too soft, even when applying a force of 1 N, the samples of P3 and P4 began to buckle. Therefore,
the tightening of the clamps was done carefully and the tightening was stopped after the first resistance
was felt. Tightening via this way proved to be sufficient in holding the samples in place between the
clamps during the measurements.
The tensile tests were performed on an EZ 20 tensile bench from Lloyd instruments. The load cell
comprised a LC 500 N from Lloyd instruments with a grade of 0.5%. The clamps used had a rough
surface for extra grip and were tightened manually. A strain rate of 100 mm/min was used for all the
measurements.
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Chapter 5
Macroscopic light-driven deformation of a liquid
crystal elastomer
5.1 Introduction
The movement of materials due to external stimuli such as light, electricity or heat has interested
researchers for a long time. Such materials can be used for several applications including actuators,
sensors and artificial muscles.1–3 Numerous liquid crystalline materials that respond to light have been
designed and researched with such applications in mind.4 For most of these applications, elastic behavior
is required. Therefore, an entire field exists that researches the mechanical properties of liquid crystal
elastomers (LCEs) that respond to light.2,5 Many examples of such light responding LCEs exist, but for
this chapter the focus will be on LCEs with polysiloxane backbones because of their similarity to our
products. Poly(dimethylsiloxane) (PDMS) is often used as the backbone for LCEs because it provides a
flexible chain that is easily functionalized to couple mesogenic groups onto.
The mesogenic group that is most often used in combination with PDMS in light-responsive
materials, is azobenzene.1 It can undergo E/Z isomerization upon light irradiation and possesses a rodlike motif that allows for mesogenic interactions and alignment. Only a small portion of energy is
required to change the alignment of an entire system which can result in macroscopic deformation which
was briefly discussed in the introduction. The macroscopic deformation of PDMS LCEs functionalized
with azobenzene, results in various movements depending on how the azobenzene is incorporated. All
the movements are related to the expanding and compression of the material due to the E/Z isomerization
of the azobenzene. Examples of such macroscopic changes are reversible contraction/elongation of a
material6–8, the bending of films9 and even the ‘swimming’ in water10.
So far, this report has shown that, especially polymers P3 and P4 (Scheme 5.1), possess most of the
characteristics required for macroscopic deformation due to light irradiation. Chapter 3 has shown the
interactions of the hydrazones resulting in nano- and microstructural ordering. Chapter 4 confirmed that
P3 and P4 possess elastic properties due to phase segregation with the hydrazones acting as
supramolecular crosslinks. Furthermore, the hydrazones are very similar to azobenzenes and are also
able to undergo E/Z isomerization due to light irradiation.11,12 Therefore, if the hydrazones can be aligned
in the polymer matrix, there is a possibility of obtaining photoinduced macroscopic deformation.
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Scheme 5.1: Molecular structure of P1-P4 including backbone composition.

In this chapter, the light-driven macroscopic deformation of P3 and P4 is investigated. This research
will be performed by first studying the UV-VIS spectra of all the polymers in solution and when
spincoated on glass substrates to find the absorption maxima and probe the E/Z isomerization.
Additionally, thin films of P3 and P4 are made which will be manually stretched in order to try to align
the hydrazone side-chains. Polarized optical microscopy (POM) and X-ray scattering will be used to
analyze the effectiveness of manually stretching on the alignment. Finally, the stretched films will be
irradiated with UV light of 365 or 405 nm to induce E/Z isomerization. Possible macroscopic
deformation will be visualized and measured including changes in temperature, reversibility and
relaxation.

5.2 Varying absorption spectra in solution and bulk of PDMS-g-hydz
The most facile method to measure E/Z photoisomerization is via the absorption spectra in the UVVIS region. Previous research has shown that absorption spectra of hydrazones change after illumination
with light between 365 or 405 nm.11 These changes in spectra could be an absorption intensity
change11,13 or a combination between the shift of absorption maxima and an intensity change.14,15 First,
the absorption spectra of P1-P4 are measured in solution as a reference for the bulk experiments and to
obtain the wavelength of maximum absorption. The polymers were dissolved in unstabilized THF at a
concentration of 10-5 M. The absorption spectra of all the polymers in solution are the same and all
polymers show an intense peak with an absorption maximum (λmax) at 390 nm and additional absorption
in the region between 450 and 525 nm (Figure 5.1). This absorption can be attributed to the π-π*
transitions of the hydrazone moiety.16 The yellow color is the result of the wavelengths absorbed around
400 nm complementary to violet.
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Figure 5.1: UV-VIS spectra of P1-P4 with a hydrazone concentration of 10-5 M in unstabilized tetrahydrofuran.

Next, we measured the UV-VIS spectra of spincoated samples. To obtain enough material on the
glass substrates, a higher concentration of polymers in THF was used. For P1, 50 mg was dissolved in
1 mL THF, this solution comprises 0.07 M hydrazone. The solutions of P2-P4 were spincoated with the
same molar concentration of 0.07 M hydrazone. These solutions were spincoated at 800 rpm for one
minute. The higher the Mw of the polymers, the more even polymeric films were obtained. The
spincoated were annealed for 24 hours at 120 °C. The absorption spectra of the films are shown in Figure
5.2. The absorption spectrum of P4 in solution added for clarity. It has to be noted that, although the
concentration of the solutions before spincoating are the same, the layer thickness and thus an estimate
on the total amount of product and hydrazone on the glass substrates are unknown.
The first thing that is observed, is the difference in the spectra between P1-P4 while this was not
observed in the UV-VIS spectra in solution. The trend seen is that, the higher the concentration of
hydrazone, the more the maxima of the absorption peaks shift to higher wavelengths with a broader
absorption band (λmax, P1 = 405 nm, P2 = 387 nm, P3 = 380 nm and P4 = 379 nm). Interestingly, the
absorption spectrum of P4 in solution has an absorption maximum between that of the spincoated
samples at 390 nm. Parameters such as layer thickness and annealing have been investigated by
additional measurements (Appendix Figure 1.5 and 1.6). Only when the sample was not annealed, a
slight absorption shift towards higher wavelengths was observed. Although this last observation
suggests otherwise, we believe the reason for the variations in the absorption spectra can be related to
the interactions of the hydrazones. We hypothesize this because the spincoated samples show that with
lower hydrazone content in the polymer, the absorption shifts to lower wavelengths. In this case, it is
possible that, the more dilute the hydrazones are on the polymer backbone, the further the hydrazones
are apart and the less interactions are present. Similar results were found for hydrazone organic
frameworks in which an absorption change was observed due to an increase in interactions of
hydrazones in the absence of light irradiation.17 However, we have no further prove that the hydrazone
interactions are the reason for the absorption maxima shift of the polymer films compared to solution.
Finally, the spincoated samples have an additional, lower intensity peak at higher absorption between
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the range of 450 to 600 nm. The reason for this increased absorption is likely the result of agglomeration
and reflection within the spincoated polymer sample.

Figure 5.2: UV-VIS spectra of P1 (blue), P2 (green), P3 (red), P4 (black) spincoated on glass substrates with P4
solution (gray) added as reference for clarity. The spincoated samples were annealed for 24 hours at 120 °C.

After these results, the spincoated samples were irradiated for 5 minutes with light of 365 or 405 nm
similar to the procedure reported by Vantomme et al. regarding the E/Z isomerization of a hydrazone
liquid crystal network.11 The E/Z isomerization of spincoated P1-P4 was followed over time by
measuring the absorption at the wavelength of the maximum of absorbance per polymer sample (P1 =
405 nm, P2 = 387 nm, P3 = 380 nm, P4 = 379 nm). However, no change in absorption was observed in
any of the measurements (Appendix Figure 1.7 for irradiation with 405 nm). The reason for not
observing any change in absorption might be because the change in absorption is too small to be
measured. However, it is also possible that, when spincoated, the mobility of the hydrazones and the
polymers is restricted which inhibits possible hydrazone E/Z isomerization.

5.3 Manually aligned thin elastic films for light irradiation
Before any light irradiation on films can be performed, polymers P3-P4 need to be casted or molded
in such a way that uniform films are produced. The procedure is similar to that described in chapter 4
only this time, thinner films are produced. The polymers (0.25 g) were dissolved in tetrahydrofuran
(THF, 1 mL) and manually shaken for 10 minutes. After the products were completely dissolved, the
obtained red solution was slowly applied into a Teflon mold. The dimensions of the two cavities in the
mold are 20x10x3 mm. The molds were entirely filled with solution after which the solvent was left to
evaporate for 2‒3 hours. To ensure this evaporation did not progress too fast and thereby possible
creating air bubbles, a beaker was put on top of the mold. The solvent was left to evaporate overnight.
To ensure all the solvent was completely removed, the mold with samples was put in an oven at 40 °C
for 24 hours. Afterwards, the products were removed from the mold by first loosening the sides of the
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product before carefully removing the films from the mold. Via this procedure, elastic, transparent
orange/red films of P3 and P4 were obtained with a thickness of approximately 0.25 mm.
After the thin films were produced, the polymers and hydrazones had to be aligned before irradiation.
This alignment was performed by manually stretching the thin films. This aligning due to stretching has
been reported often for LCEs.2,18 Because the thin films of P3 and P4 are very soft, they can be easily
stretched manually. Due to the stretching, the alignment of the domains, polymers and hydrazones
should be increased. This increase can be measured by POM and X-ray scattering. Figure 5.3 shows the
POM images of the stretched film op P4 under the angle of 0 and 45 degrees. The defects in the structure
are dust particles that entered the polymer during film formation. It can be clearly observed that the
domains have aligned by the intensity contrast between the two images.

Figure 5.3: POM (crossed polarizers) images of P4 after manual stretching and aligning with (a) under 45 degree
angle and (b) under 0 degree angle.

In Figure 5.4, the X-ray scattering profiles (MAXS and WAXS) of the stretched and non-stretched
films of P4 are depicted. The 1D plots of the two samples are similar, except for the slightly increased
π-π peak at q = 11 nm-1 for the stretched sample (black line).

Figure 5.4: 1D X-ray scattering plot (MAXS and WAXS) of P4 non-stretched (red) versus stretched (black). The
data is shifted for clarity.

The 2D WAXS data in combination with a schematic view of the effect of aligning due to
stretching, provide additional information (Figure 5.5). The stretched sample of P4 shows oriented
cylinders and increased π-π stacking perpendicular to the cylinders. Such a 2D WAXS plot of the
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stretched P4 sample is similar to X-ray scattering data obtained for hydrazone block molecules and
concludes the stretched samples have been aligned significantly.19

Figure 5.5: (a) Schematic of the alignment of the polymer chains and hydrazones due to stretching followed by the
E/Z isomerization of the hydrazones due to irradiation and heat. The red ellipsoids represent the E-hydrazone
while the distorted blue ellipsoids represent the Z-hydrazone. Below, 2D X-ray scattering data (WAXS) of P4 (b)
non-stretched and (c) stretched. The X-ray beam in these images goes into the paper while the elongation in (c) is
vertical.

5.4 Macroscopic deformation due to light irradiation
So far, the optimal conditions for possible light-driven macroscopic deformation have been met for
P3 and P4. Thin films were made with the domains and hydrazones successfully aligned due to manually
stretching. Next, the samples could be irradiated with light to induce macroscopic deformation. The
result of the irradiation of P4 is shown in Figure 5.6 with macroscopic deformation taking place. In the
case of Figure 5.6, the irradiation was performed with 365 nm while the maximum of the absorption
peaks are closer to 405 nm. The reason for using this different wavelength irradiation is temperature
related and is discussed later. The film, having a length of approximately 20 mm, is stretched to roughly
60 mm when it is released from load and relaxates back to 35 mm in size. Upon illumination, the film
further contracts to approximately 25 mm in size. With this contraction comes a rotational movement
that occurs in less than a second at where the focus point of the light hits the film. This movement proves
our material is able to show light-driven macroscopic deformation.
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Figure 5.6: Illumination with 365 nm of a P4 film with a thickness of 0.25 mm for 10 seconds at
different areas of the film.

Now, more experiments have been performed to gain insight into the characteristics of this
macroscopic movement. First of all, the same stretching and illumination procedure was performed on
P3. However, the stretching resulted in permanent deformation and no contraction and macroscopic
movement was observed. This permanent deformation upon stretching was similar to the observation
after the tensile tests described in chapter 4. Additionally, no macroscopic deformation was observed
for thicker films of 0.8 mm of P4 that were produced for mechanical testing in chapter 4.
Continuing on P4, the film can be stretched and illuminated repeatedly showing similar macroscopic
behavior up to five times. However, each time the stretching results in less relaxation and the contraction
decreases. After five times, the decreased relaxation inhibits further elastic behavior and macroscopic
movement. If the film is left for 24 hours, the film relaxates to its original state before illumination,
similar to the first image in Figure 5.6. Then, when the film is stretched and illuminated again, some
contraction and rotational movement is observed, but not as clear as the first time of illumination. After
illumination, the film was measured with POM to determine changes is alignment. The same images
comparable to Figure 5.3 were obtained with a change in intensity between 0 and 45 degrees. This
suggests that still some alignment is left even though macroscopic deformation has taken place.
Two different samples of P4 were illuminated with irradiation of 365 or 405 nm. Both times,
macroscopic movement was observed. However, the movement of the sample irradiated by 405 nm was
slower, approximately 2‒3 seconds and less defined compared to the movement of the film irradiated
by 365 nm which occurred in less than 1 second. The reason for this increased movement speed at 365
nm could be due to the film becoming warmer due to the higher intensity of light provided by the 365
irradiation. To test this theory, the temperature of the films were measured during the irradiation with
an infrared thermometer. The results are shown in Figure 5.7 which clearly indicate the 365 nm
irradiation increases the temperature from the film to 70 °C while the 405 illumination heats the film to
50 °C.
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Figure 5.7: IR picture of P4 film irradiated with (a) 365 nm reaching a maximum temperature of 70 °C and (b) 405
nm reaching a maximum temperature of 50 °C.

To determine if heat alone induces macroscopic movement, one film was heated with a heat gun
after stretching while another film was put on a hot plate and heated to 50 °C. In both cases, the heat did
not seem to induce any contraction or rotational movement. However, this heat is not applied as local
as the irradiation which means it is hard to distinguish if heat alone induces the macroscopic
deformation. Irradiation in air without heating the film has, so far, not been possible.
Literature suggests the reason for the macroscopic deformation can be found in the nano- and
microscopic order changes of the material due to light irradiation and heating. 2 When the hydrazones
are in their E-form, the hydrazones have a stiff rod-like shape that stabilize the ordered phase because
of the mesogenic properties and the non-covalent interactions. If the E-hydrazone changes to Zhydrazone due to light irradiation, the hydrazone bends, which destabilizes the ordering of the material.
This destabilization due to Z-hydrazones results in the lowering of the mesogenic to isotropic phase
transition temperature (Tiso) which was described to be 85 °C for P4 in chapter 3. When the concentration
of Z-hydrazones increases, Tiso decreases further up to a point the same temperature is reached due to
the heating of the irradiation. At this point, the transition from the mesogenic to the isotropic phase takes
place which results in a drastic change in ordering and thereby macroscopic deformation. This process
is reversible because over time the Z-hydrazones relaxate back to E-hydrazone and the material enters
the initial mesogenic phase.2
The macroscopic deformation of P4 films consist of two different movements, the contraction and
the rotational movement. The rotational movement likely is the result of anistropic contraction in the
surface layer where the irradiation enters the film. Contraction, by shrinking or bending, is almost always
observed in light-driven macroscopic deformation and occurs in the uniaxial line in which the mesogenic
groups are aligned. For P4, this anisotropic contraction occurs in the same line as the hydrazones due to
stretching of the film. The mechanism of this uniaxial anistropic bending is clarified in Figure 5.8.20 The
contraction, on the other hand, must have a different reason for occurring because the movement is
perpendicular to the alignment of the hydrazones. The reason is likely related to the alignment of the
polymers chains. The stretching unwinds but stresses the polymer chains and aligns them in line with
the applied force. After stretching, the polymers relaxate partially with the film partially contracting
before irradiation. In this state it is possible the polymer chains still experience some stress due to the
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stretching. This stress can then be relieved due to the material going into the isotropic phase due to light
irradiation. This isotropic state then allows for further relaxation and contraction.

Figure 5.8: Schematic illustration of the anisotropic bending of an azobenzene liquid crystal network due to light
irradiation.20

5.6 Conclusions
The samples of P1-P4 have been measured with UV-VIS in solution and when spincoated on glass
substrates. In solution, the absorption spectra of P1-P4 are the same due to π-π* transitions of the
hydrazone moiety with a maximum absorption at 390 nm. In contrast, the absorption spectra for the
spincoated samples varied with absorption maxima for P1 at 405 nm, for P2 at 387 nm, for P3 at 380
nm and for P4 at 379 nm. We hypothesize that the variation in absorption spectra could be related to the
concentration of hydrazones on the polymers backbone and the amount of interactions. Light irradiation
with 365 or 405 nm on the spincoated samples did not provide an absorption change due to E/Z
isomerization of the hydrazone.
Thin films of about 0.25 mm thickness were produced for P3 and P4 via drop casting. Stretching
these films resulted in highly increased alignment of the hydrazones and polymer chains which was
confirmed via POM and X-ray scattering (MAXS and WAXS). After the stretching, the films were
irradiated with UV-light of 365 or 405 nm. In both cases, light-driven macroscopic deformation was
observed for P4 in the form of contraction and rotational movement. This deformation was not observed
for P3 because of a lack of relaxation and elasticity after stretching. The reason for the macroscopic
deformation of P4 stretched films probably is because of E/Z isomerization of the hydrazones. This E/Z
isomerization results in a lower mesogenic to isotropic transition temperature which is reached by the
heating due to the irradiation. The anisotropic bending due to hydrazone E/Z isomerization of the surface
layer results in the rotational movement while the contraction is the result of stress relief by the polymer
chains. The stretching, illumination and deformation procedure can be repeated up to five times during
which the deformation decreases and eventually stops. After 24 hours, the film relaxates and the
macroscopic deformation can be repeated but only slightly. Heat alone does not seem to induce the
deformation so it is assumed the deformation is photo-thermally induced.
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5.7 Experimental section
UV-VIS solution and spincoated absorption measurements were performed on a V-650 UV-VIS
spectrophotometer from Jasco. The spectrum range was 320 to 600 nm measured with medium speed
using a data interval of 0.5 nm, a band width of 1 nm and a scan speed of 100 nm/min. For UV-VIS
measurements in solution, the products were dissolved in 10 mL unstabilized tetrahydrofuran (THF).
The amount of product that was dissolved depended on the amount of hydrazone present in the polymer
and was targeted at 10-5 M hydrazone for each sample. The UV-VIS absorption measurements with
light-irradiation of spincoated samples were performed on a different UV-VIS spectrophotometer. The
UV-VIS spectrophotometer comprised a UV-3102 PC by Shimadzu while the irradiation was performed
in a MPC-3100 also by Shimdazu. The irradiation was done for 5 minutes at 365 or 405 nm after which
the measurement was performed at medium speed with a slid width of 2 nm. Polarized Optical
Microscopy (POM) micrographs were made using a Jeneval polarization microscope with crossed
polarizers. This microscope is equipped with a Lumenera Infinity1 camera to obtain the images. Medium
and wide angle X-ray Scattering (MAXS/WAXS) was performed on an instrumental setup from
Ganesha Lab. The thin stretched film was placed on the sample holder with tape and combined in the
flight tube that was brought under high vacuum in a single housing. The X-ray source is a GeniX-Cu
ultra-low divergence X-ray generator that produces X-rays with a single wavelength of 0.154 nm and a
flux of 1 x 108 ph/s. The scattered X-rays were collected on a 2-dimensional Pilatus 300K detector that
has a 476 x 619 pixel resolution. The instrument was calibrated with diffraction patterns from a single
silver behenate crystal. The sample-to-detector distance for the WAXS mode was 0.084 m and for the
MAXS mode 0.431 m. The UV irradiation was performed using collimated light emitting diode (LED)
light from 365 nm produced by a Thorlabs M365L2-C1 and 405 nm produced by a Thorlabs M455L3C1. The samples were placed at the collimator focal point that resulted in irradiation with an intensity
between 105 mW/cm2 and 210 mW/cm2. During the irradiation, the temperature increase of the films
was measured using a Fluke TI32 infrared camera.
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The aim of this work was to improve the mechanical properties of discrete hydrazone-oligo(dimethylsiloxane) block molecules as they lacked elasticity which is useful for applications in
materials. Additionally, the goal was to obtain a liquid crystal elastomer that is non-covalently
crosslinked by hydrazones to produce a recyclable photothermal-active material. The elasticity has been
successfully enhanced by coupling the hydrazones as grafts/side-chains onto four different
poly(dimethylsiloxane) (PDMS) backbones with varying molecular weight (Mw) and amount of
hydrazone (P1-P4). The percentage of hydrazone coupled onto the PDMS backbone was obtained via
H nuclear magnetic resonance (1H NMR) and the of the final products Mw’s were calculated using this

1

percentage. 29Si NMR was used to determine that no crosslinks between the PDMS chains are present.
Polymers P1 and P2 were obtained as brittle materials while P3 and P4 were very elastic. All
polymers exhibit mesogenic to isotropic phase transitions which range between 85 to 125 °C. The trend
was observed that the higher amount of hydrazone resulted in higher phase transition temperatures. The
difference between the transition temperatures upon heating or cooling were less than 2 °C within each
sample. The nanoscale morphology for P1 is a lamellar morphology while P2-P4 order as hexagonally
packed cylinders. The reason for P1 ordering as lamellae is due to the high volume fraction of hydrazone
(fhydz = 0.38) while the hexagonally packed cylinder morphologies for P2-P4 even at very low volume
fractions (fhydz ≤ 0.17) due to hydrazone interactions. These interactions comprise dipole-dipole
interactions such that the hydrazones prefer forming antiparallel dimers in combination with π-π
stacking to form columnar phases. The domain spacings for the four polymers ranged between 4.6 to
5.9 nm with P1 having a double domain spacing that is induced by Z-hydrazones.
Free-standing films of P3 and P4 could be obtained via drop casting. Dynamic mechanical analysis
of these films resulted in the observation of a Tg at -105 °C and Tflow at -1 °C for P3 and was overall
stronger compared to P4 which had a Tg of -111 °C, a Tflow of -3 °C. These differences are due to the
increased amount of hydrazones in P3. Complementary to this, the elastic modulus (E’) and the Young’s
modulus (E) of P3 at room temperature were also higher compared to P4 with E’ = 3 MPa and E ≈ 3
MPa for P3 and E’ = 2 MPa and E ≈ 2 MPa for P4. However, the strain at break for P3 is 500 % while
for P4 it is 800 %. All these properties result in P3 being less elastic compared to P4 due to the higher
amount of hydrazone that acts as non-covalent crosslinks and the lower amount of entanglements.
Hence, we can conclude that if the molecular weight of the PDMS is high enough, entanglements will
form and combined with hydrazones, that act as non-covalent crosslinks, results in a liquid crystal
elastomer. The advantage of these non-covalent crosslinks is that the material can be recycled and
reformed in any shape possible.
Photothermal macroscopic deformation was obtained for P4 with irradiation of UV-light of 365 nm
or 405 nm. The hydrazone side-chains were aligned via stretching of the thin films. This alignment due
to stretching was successful for P4. The deformation of P4 consisted of a contraction due to the
relaxation of the stretched polymer chains and a rotational movement likely due to E/Z isomerization of
the hydrazones. We could not find proof for E/Z isomerization during UV-VIS measurements after light67
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irradiation. Therefore, to conclude whether the light-driven macroscopic deformation is a thermal or
photo-thermal effect, additional measurements such as light irradiation during X-ray scattering
measurement could be performed.
The material could be further optimized by varying the amount of hydrazone coupled to the polymers
backbone to obtain the preferred elasticity. However, this will require new synthesis while another
option is to add unreacted hydrazones to the polymer matrix that will interaction with the hydrazones
already present. In this case, a higher amount of hydrazones will result in a higher amount of noncovalent crosslinks which normally results in a more stiff and less elastic material. Hence, the material
is very versatile and you can tune the mechanical properties upon addition or removal of hydrazone. As
the light-driven motion is quite uncontrolled it could be interesting to research the influence of
incorporating the hydrazone as main-chain or as side-chain crosslink. Hence, the macroscopic motion
can possibly be more controlled, yet, the material properties can be very different.
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Figure 1.1: Complex correlation function of P2 in THF via DLS at 90° angle.

Figure 1.2: DLS particle size distribution of P2 in THF at 90° angle.
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(a)

(b)

Figure 1.3: (a) P3 samples clamped in the DMA with too high tightening force after DMA
measurement, (b) P4 samples clamped in DMA with correct tightening force after DMA
measurement.

Figure 1.4: Thin P4 sample during DMA measurement after the clamp has reached its lower limit.

Figure 1.5: UV-VIS spectra of P4 being spincoated once or three times on a glass substrate. Both samples were
annealed for 24 hours at 120 °C.
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Figure 1.6: UV-VIS spectra of spincoated P3 being annealed and not being annealed on a glass substrate. The
annealed sample was annealed for 24 hours at 120 °C.

Figure 1.7: Kinetic study of irradiated spincoated samples with light of 405 nm for 5 minutes, measured at the
wavelengths of maximum absorption. The lamp is turned off at 10 seconds.
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