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Chapter 1

Introduction

The efficient testing of the mechanical properties of materials has a long
tradition in science and materials research. Conventional testing is mostly
based on standardized tensile tests, rheology or indentation techniques.!**
These methods are usually destructive techniques and/or require large
amounts of material or significant efforts in sample preparation, which limit
their routine applicability, in particular for a fast screening or high-throughput
experimentation approach. The mechanical properties of materials depend on a
large variety of parameters which have a tremendous influence on the
material’s characteristics. This holds, in particular, for polymer materials, which
can be tuned to cover a broad range of mechanical materials properties,-!
e.g., by the introduction of side chain functionalization, fine-tuning of the
degree of crystallinity or by varying the composition of copolymers*® and blend
systems.'!' 121 The investigation of structure-property relationships to predict
the resulting materials properties has therefore gained strong interest,*3! in
particular, as significant improvements in the synthesis of polymer materials
have been made due to the introduction of controlled and living polymerization
techniques.™ These permit the synthesis of well-defined polymers and co-
polymers with low polydispersity index (PDI) values. Thus, it is nowadays
possible to correlate the molecular properties and the influences of the polymer
architecture independently of uncertainties which arise from the variation of
the molar masses within the sample system. However, frequently the synthesis
of such polymer systems is in the first instance performed in lab-scale
quantities, i.e., the available material for mechanical testing is small (typically
100 to 500 mg). While traditionally employed characterization techniques
require rather large amounts of sample material, e.g., dog-bone shaped
samples for tensile testing, alternative characterization tools are highly desired

which require only small quantities of material.



Depth-sensing indentation (DSI) was introduced in the 1970s''® and was
developed as a measurement technique for small volumes of material, but it
was not until the ground-breaking publication by Oliver and Pharr that it
became commonly used.!*® The authors developed an analysis method that
allows, under certain assumptions, the simultaneous measurement of the
elastic modulus and hardness of small samples with the same device setup.
The elastic modulus is regarded as a true material property which enables the
direct comparison of the tested materials independent of the measurement
parameters. Thus, the contribution by Oliver and Pharr is regarded as a
milestone for the development of indentation analysis which opened the field
of indentation to the wide range of materials testing applications, mainly
because of the low requirements towards the test specimens. In this respect
depth-sensing indentation (DSI) is a non-destructive, high-throughput capable
testing method, that requires only very small quantities of material (for soluble
materials, usually a few tens of milligrams are sufficient). However, it is still not
a routinely employed method as no standardized testing conditions exist.
Furthermore, it was originally designed for hard materials, like metals or
ceramics, and the developed models for the material's behavior are frequently
not directly applicable for polymers and other soft (bio-)materials.!”]

The goal of this thesis is to determine the critical parameters for the
investigation of soft polymer samples by DSI and complementary techniques,
the correlation of molecular architectures and intermolecular interactions to
develop structure-property relationships as well as to evaluate the applicability
of DSI for the monitoring of kinetic processes and the high-throughput
characterization of polymer libraries. These investigations include first an
introduction to the investigation of soft (bio-)materials with an in-depth
discussion of the uncertainties which arise for soft sample systems. In the
course of this discussion the verification of key parameters of the commonly
utilized analysis model by Oliver and Pharr for the investigation of soft
polymers is introduced (Chapter 2). This study defines a set of measurement
conditions which can be applied for the investigation of soft sample systems, in



particular, of poly(2-oxazoline)s. This polymer class has recently received
significant attention for biomedical applications*®2°! due to their structural
similarities with polypeptides, their high biocompatibility and thermo-
responsiveness which make them ideal compounds for potential drug delivery
and biotechnological applications,!” 2! where the mechanical properties are of
importance, e.g., to stimulate cell devision in cell culturing, etc..’?>?4 A library
of poly(2-oxazoline)s, which are facilitated with different side chains was
chosen and was utilized to study the influence of the molecular architecture of
the polymers on the mechanical properties. The introduction of side chains
manipulates the mechanical properties and fundamental structure-property
relationships could be elucidated by combining depth-sensing indentation,
DSC, FT-IR and TGA measurements (Chapter 3). Finally, the implementation of
DSI for the investigation of the time-dependent crosslinking of
polystyrene/polybutadiene (PS/PB) and the high-throughput analysis of the
mechanical properties of semi-industrially synthesized polyurethane
elastomers (PUE) was performed (Chapter 4).

As such, the presented studies evaluate the applicability of DSI as a valuable,
easily accessible and fast analysis tool in polymer science. The individual
contributions are summarized in Figure 1-1 and highlight the significance of the
individual studies in the context of this thesis; ranging from the determination
of fundamental parameters up to the integration of DSI in a high-throughput
experimentation approach of industrially relevant polymer formulations.
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Figure 1-1: Applications of depth-sensing indentation as discussed within this
thesis.



Chapter 2

Depth-sensing indentation: Examples, theory and limitations

Parts of this chapter have been or will be published: P1) E. F.-J. Rettler, S. Hoeppener,
B. W. Sigusch, U. S. Schubert, “Mapping the mechanical properties of biomaterials on
different length scales: Depth sensing indentation and AFM based nanoindentation”, J.
Mater. Chem. B 2013, 1, 2789-2806. P2) E. Rettler, J. M. Kranenburg, S. Hoeppener, R.
Hoogenboom, U. S. Schubert, “Verification of key assumptions for the analysis of
depth-sensing indentation data”, Macromol. Mater. Eng. 2013, 298, 88-89.

Originally, depth-sensing indentation techniques have been developed for the
investigation of the mechanical properties of hard materials like metals or
ceramics, which behave either fully plastic or elastic.!?> 26! While data analysis
for hard samples is well understood and reliable models have been developed,
the situation becomes more complex if soft samples, i.e., polymers and
biological materials, are measured. As a main criterion for the applicability of
DSI on soft materials the development of consistent analysis models is required
that take into account the specific characteristics of this class of samples. In
practice, the classical models for the materials behavior start to fail if, e.g., the
investigated materials become too soft for indentation measurements or show
unexpected behavior during the experiment, i.e., viscoelastic creep or adhesion
or the material becomes inhomogeneous, which is frequently observed for
biological samples as well as for polymers.?”? Such materials cover a wide
range of mechanical properties from brittle to viscous and, therefore, show a
different behavior under the application of load compared to metals or
ceramics. There are examples where depth-sensing indentation is utilized to
directly investigate the viscoelastic and viscoplastic behavior, e.g., to study the
response of biomaterials. In such experiments long loading times have been
applied to investigate the creep behavior to determine the properties of, e.g.,
human enamel.!?®’ As a result the indentation creep rate sensitivity could be
determined and it can be demonstrated that a similar viscoelastic and

viscoplastic behavior of enamel as well as of bone are observed.?®’ The analysis



of the indentation creep at maximum load and the creep recovery at the
minimum load are in this case measured and fitted to a double-exponential
function which can be compared to classic viscoelastic models. These results
can explain the excellent wear and crack resistance of natural tooth structures.

However, when testing polymer materials, these effects may invalidate the
measurements of the mechanical properties, e.g., of the hardness and Young’s
modulus. For softer materials the tip/sample adhesion can also result in an
additional load, pulling the indenter probe onto the material, as described for
various conditions by the Derjaguin-Muller-Topov model or the Johnson-Kendall-
Roberts model.B3% 31 Moreover, the adhesion may result in friction, which may
also influence the load-displacement response obtained by indentation. 32! |to
et al'®33 also showed the dependence of the mechanical properties of dental
resins on the hydrophilicity of the respective materials. Thus, different models
and analysis techniques are required to be applied for the characterization of
such materials.B

In standard polymer analysis, the classical Oliver and Pharr model is

conventionally applied, which is based on three key assumptions:

1. the unloading is predominantly elastic (which implies that the time-
dependent displacement of the tip into the sample material due to
creep is small),

2. the tip/sample adhesion and friction are so small that they do not

influence the load-displacement response,
3. no cracks are formed around the indent or at the indent corners.

The verification of these key assumptions represents an important step to
ensure reliable data analysis as well as to define suitable measurement
parameters for polymeric samples. Validation tests were performed on poly(2-
oxazoline)s to determine the limitations of the Oliver and Pharr model and to

optimize the investigation conditions for this special class of polymers.
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The first and the second assumption listed above have been investigated using
copolymers of 2-ethyl-2-oxazoline (Et) and 2-(3-ethylheptyl)-2-oxazoline (EHe).
It was shown that amorphous, non-crosslinked polymers of relatively low molar
mass close to their glass transition may give rise to unreliable results when the
unloading responses are analyzed using the protocol proposed by Oliver and
Pharr. Due to substantial time-dependent deformation, the assumption that the
unloading is predominantly elastic can be violated. Increasing the unloading
rate improved the reliability of the analysis results. It could be demonstrated
that an unloading displacement rate exceeding the creep rate by a factor of
five is suitable to minimize the influence of creep on the obtained reliable £
values. Moreover, the pull-off force, where the indenter probe breaks loose
from the sample surface, indicates that the extent of adhesion is no longer
negligible for materials close to their glass transition. Therefore, apart from the
creep, also the increased adhesion and tip-sample friction reduces the
accuracy of the analysis results for such copolymers tested very close to, or
above, their Ty. The second assumption is usually met for glassy polymers, like
polycarbonate (PC) or polymethylmethacrylate (PMMA), as evidenced by the
good agreement between modeling and experimental results ignoring adhesion
and friction.[3!
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Figure 2-1: Representative indentation curves of experiments with a
loading/unloading/reloading pattern on copolymers with different 2-(3-
ethylheptyl)-2-oxazoline (EHe) content. Material creep is visualized by the
continuing penetration of the tip into the material during the hold period and
adhesion by the negative force on the tip at the end of the unloading segment.

Compliance with the third assumption can be ensured by imaging some of the
indents on materials that may behave brittle. For indentation depths well in the
micrometer range, optical imaging can be applied,’®® while for shallower
indents, topographic imaging is most suitable. As polystyrene (PS) is well-
known for its (macroscopic) brittleness, compliance with the last assumption
was investigated using polystyrene. The PS sample was subjected to several

heating/cooling cycles to increase its brittleness for this study.

Cracks could be visualized by imaging with a Berkovich tip even though the

cracks resulted in only modest changes in the load-displacement response.
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Figure 2-2: In-situ imaging with the (Berkovich) indenter tip after making
indents in polystyrene at high force. a) Severe cracking occurred at the corners
of the indent. b) Only minor cracks are found.

It shall be noted that no cracking was observed in any other of the investigated

systems within this thesis.

These fundamental studies of the key assumption verification represent
important tests of the polymer systems, which have been studied in the
following investigations, and essentially define the parameters which can be
applied during the depth-sensing indentation measurements. For all
subsequent studies data analysis could be performed utilizing the Oliver and
Pharr method taking into account the parameters determined in the validation

study.
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Chapter 3

Mechanical properties and water uptake behavior of polyoxazolines

Parts of this chapter have been or will be published: P3) K. Kempe, E. F.-). Rettler, R. M.
Paulus, A. Kuse, R. Hoogenboom, U. S. Schubert, “A systematic investigation of the
effect of side chain branching on the glass transition temperature and mechanical
properties of aliphatic (co-)poly(2-oxazoline)s”, Polymer 2013, 54, 2036-2042. P4) E.
F.-J. Rettler, M. V. Unger, R. Hoogenboom, H. W. Siesler, U. S. Schubert, “Water uptake
of poly(2-N-alkyl-2-oxazoline)s: Temperature-dependent FTIR spectroscopy and two-
dimensional correlation analysis”, Appl. Spectrosc. 2012, 10, 1145-1155. P6) E. F.-).
Rettler, H. M. L. Lambermont-Thijs, J. M. Kranenburg, R. Hoogenboom, M. V. Unger, H.
W. Siesler, U. S. Schubert, “Water uptake of poly(2-N-alkyl-2-oxazoline)s: Influence of
crystallinity and hydrogen-bonding on the mechanical properties”, J. Mater. Chem.
2011, 21, 17331-17337. P8) E. F-J. Rettler, J. M. Kranenburg, H. M. L. Lambermont-
Thijs, R. Hoogenboom, U. S. Schubert, “Thermal, mechanical, and surface properties of
poly(2-N-alkyl-2-oxazoline)s”, Macromol. Chem. Phys. 2010, 211, 2443-2448.

Poly(2-oxazoline)s have been chosen as a suitable system to investigate
structure-property relationships in systematically varied polymer libraries
because their synthesis via a living cationic polymerization method allows a
good control over the main chain length and the introduction of side groups.™3
Earlier work on 2-oxazoline copolymers showed that the mechanical properties
strongly depend in particular on the side chains;®”! e.qg., the type of side chain
governs the glass transition temperature of the polymer,™® as well as the
presence of crystallinity, and, therefore, the modulus of elasticity of the
resulting material.*®*2! Furthermore, the mechanical properties also depend on
the humidity of the surrounding atmosphere.®® %3 For some poly(2-oxazoline)s,
small amounts of water still present in the samples at low humidity induce
hydrogen bonding and/or polar interactions between the polymer chains,

resulting in relatively high elastic moduli.

To investigate these influences in more detail the thermal, mechanical and
water-uptake behavior was investigated for a library of poly(2-oxazoline)s,
where the linear side chains have been systematically varied. Two different
series prepared with monomer over initiator (M/I) ratios of 60 and 100 were
investigated.
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This investigation has been extended on copolymers with different ratios of
poly(2-ethyloxazoline) (EtOx) content to obtain information on the effect of
branching in the side chain functionalization. Investigations were performed in
a high-throughput fashion and only small amounts of sample material of ~50

mg were utilized to complete the studies.

Table 3-1: Schematic representation of the chemical structures of the
investigated poly(2-oxazoline) homopolymers and their abbreviations used in
the text.

OH
N
/K n=60, 100 Abbreviation
R 0
R=
-CH; MeOx
-C3Hs EtOx
-CsH5 PropOx
-CsHq ButOx
-CsHny PentOx
-CeH13 HexOx
-C7H1s HeptylOx
-CoH1o NonOx
-CH(CHs), -PrOx
-CH,-CH(CH3), i-ButOx

As summarized in Figure 3-1, glass transition temperatures are observed for
the MeOx up to the PentOx linear side chain functionalized samples. For ButOx
up to the NonOx, endothermal peaks around 150 °C were found. Since these
peaks only occur within the polymers with longer side chains, they are
attributed to side chain crystallization. While the glass transition temperatures
constantly decrease with increasing length of the side chain (MeOx through

16



PentOx), the melting temperatures of the semicrystalline polymers (ButOx to
NonOx) stay constant at around 150 * 10 °C, indicating that T is independent
of the side chain length. Up to the PropOx sample no melting peaks were
observed, reflecting the fact that a minimum length of the side chain is
required to induce crystallization. From these results, it was concluded that
MeOx, EtOx, and PropOx side chain functionalized samples are completely
amorphous, while the rest of the library is semi-crystalline.

150 - i__-;——i——g—————!
o
o 100 m 7, ,MI=60
% a. ® T,MI=60
5 o \\O\ O T, M/I=100
g. 50 — ~ O Ty M/I=100
] o~
- ~
C-TTETT IR -~ =—¢ ==—==|room temperature 24+1 °C
O
0— S oL
I I I [ I I I I
Me Et Prop But Pent Hex Heptyl Non

Increasing number of carbon atoms in linear side-chain —

Figure 3-1: Thermal properties of the investigated poly(2-oxazoline)s with linear
side chains prepared with M/l ratios of 60 and 100 respectively.

Water-uptake causes a swelling of the polymers, thus increasing the interchain
volume which results in a higher flexibility of the polymer chains. As a result
the elastic modulus of the hygroscopic materials is significantly decreased.
Under ambient conditions, the indentation moduli drop by almost 50% for the
hygroscopic materials compared to the dried state, while for the semi-
crystalline materials, the decrease is very small up to negligible. As can be
seen in Figure 3-2, the indentation moduli linearly decrease with increasing

17



length of the side chain until the 7, is below room temperature. After that the
values stay more or less constant. This trend holds true for both testing
conditions at low and ambient humidity. As the measurements have been
performed at room temperature, MeOx up to PropOx are still in the glassy
state, while the 7, of the rest of the library is at (for ButOx) or below room
temperature.

\ u  Low humidity
4 Ambient humidity

E.[GPa]
D
]
/

1 2 3 4 5 6 7 8 9
Increasing number of carbon atoms in linear side-chain —

Figure 3-2: Indentation moduli of the investigated poly(2-oxazoline)s with linear
side chains at ambient (~40% r.h.) and dry conditions (~5% r.h.).

For comparison of the hygroscopicity of the different polyoxazolines,
thermogravimetric analysis (TGA) has been performed on water-saturated
samples from the M/I=60 series. For MeOx, EtOx, and /-PrOx, smaller mass
losses were observed due to the evaporation of water. This confirms earlier
water-uptake measurements® that also showed these samples to be

hygroscopic.

18
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Figure 3-3: TGA analysis of the water-saturated polyoxazolines prepared with a
M/l ratio of 60. The inset shows an enlarged view of the most hygroscopic
samples.

Temperature-dependent IR-measurements have proven to be a more precise
indicator for crystallinity as well as hygroscopicity than DSC or TGA
measurements and were utilized to reveal the underlying molecular processes.
The full width at half-maximum (FWHM) values of the C=0 peak are highly
sensitive towards changes in the material upon variation of the temperature,
thus, crystalline behavior could even be detected for the PropOx sample, where
neither DSC showed a melting peak, nor a water loss could be detected by
TGA. However, the standard analysis of the spectra did not reveal water-uptake
in the PropOx. By using advanced analysis techniques (2-dimensional
correlation analysis (2DCOS) and perturbation-correlation moving-window 2-
dimensional (PCMW2D) correlation) also the weak interaction of water with the
C=0 functionality of the polymer could be detected. This is shown by the
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correlation of the water and polymer peaks in the synchronous as well as the
asynchronous spectrum (Figure 3-4 A and B). The water loss can also be
followed in the PCMW2D spectrum by the negative peak around ~1625 cm*
which disappears with increasing temperature and the corresponding
strengthening of the C=0 peak at ~1660 cm™.!*4

1 4
Wavenumber v4 [cm ] Wavenumber v, [cm ]
1700 1680 1660 1640 1620 1600 1580

1650 1600 1550

-1
Wavenumber v, [cm ]

Wavenumber v, [cm_1]
1700 1680 1660 1640 1620 1600 1580 1560

150 —

Temperature [°C]

100 —

1720 1700 1680 1660 1640 1620 1600 1580 1560
Wavenumber [cm'1]

Figure 3-4: A) Synchronous and B) asynchronous correlation spectra of the
PropOx v(C=0) region calculated from the FT-IR spectra in the temperature
range 30 to 170 °C. C) Synchronous PCMW2D correlation spectrum in the
temperature range 30 to 200 °C. Red color indicates positive, blue color
indicates negative peak intensities.
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At ambient conditions, the water-saturated samples exhibit lower moduli in
depth-sensing indentation than under dry conditions due to a plasticising effect
of the incorporated water.1** The water molecules are hydrogen-bonded to the
polymer as shown by FTIR-spectroscopy, thus increasing the interchain volume.
Furthermore, crystalline behavior of the carbonyl-band was observed for
poly(2-oxazoline)s with a linear side chain of at least three carbon atoms in
length. Both effects can be studied by the observation of the C=0 stretching
vibration which is the dominant feature of the spectrum and represents the
“junction point’”” between the side chains and the polymer backbone.
Therefore, it can be concluded that the crystalline behavior found for the C=0
vibration results from side chain crystallization for ButOx and longer side chains
(which correlates with the melting peaks found in the DSC), whereas for shorter
side chains, the crystalline behavior is dominated by an alignment of the
polymer backbones.

Next to poly(2-oxazoline)s which are functionalized with linear side chains also
branched side chains can be introduced into the polymers.“5%¢! As industrially
produced polymers usually exhibit branching, this effect is of significant
importance for practical applications. As shown above, the homo poly(2-
oxazoline)s with longer side chains (allowing branching) all exhibit glass
transition temperatures below room temperature, aggravating the mechanical
characterization and comparison of samples with each other. Therefore,
copolymers of different branched poly(2-oxazoline)s with decremental amounts
of EtOx have been investigated. Figure 3-5 shows the schematic representation
of these copolymer systems and the resulting moduli. These copolymers can be
seen as hard/soft composite materials, where the EtOx always represents the
“hard” component. The thermal properties of the homopolymers as well as of
the copolymer series were determined by DSC and were compared to the
known PEHOx and P(EHOx-r-EtOx) system. PEPOx and P3EPOx exhibit the same
number of carbon atoms in the side chain and the same branching group but

different branching positions. Both polymers were found to be amorphous, i.e.,
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revealing only a glass transition and no melting point. In a similar fashion as for
the PEHOx homopolymer the crystallinity of the polymers is suppressed in
comparison to their linear analogs with the same number of carbon atoms in
the side chain. Thus, the incorporation of branching points in the side chain
changes the thermal behavior from semi-crystalline to amorphous.
Furthermore, the position of the branching point and the length of the side
chain influence the 7, values significantly.
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Figure 3-5: Indentation moduli of the different copolymer systems with
decreasing EtOx content.

Within each library, the moduli linearly decrease with increasing comonomer
content as reflected by the linear decrease in the glass transitions. When
comparing the different libraries with each other, it is observed that upon
changing the position of the ethyl-group in the side chain from the 1- to the 3-
position, the effect on the mechanical properties is more prominent than upon
elongation of the main side chain by another ethyl-unit as it is also observed in
the T, values. As a possible reason for this behavior the steric hindrance of the
branched side chain structure can be assumed. Considering the number of stiff
‘junction” points per repeating unit, the P(EPOx-stat-EtOx) only has one
connection point between the main chain and the two side chains (considering
one ethyl- and one butyl-side chain starting from the branching point), while
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the P(3EPOx-stat-EtOx) has two junction points, one between main and side
chain and one where the side chain branches.

When comparing the P(3EPOx-stat-EtOx) with the P(EHOx-r-EtOx), the moduli
do not significantly differ, contrary to the difference in the glass transition
temperatures. As the steric hindrance is already high due to the second
junction point, an increase in one of the secondary side chains does not
significantly increase the interchain distance any further. The unexpectedly
lower modulus of the pure EtOx is thus a result of the hygroscopicity of that
particular sample as discussed above.

By utilization of a combination of DSI, TGA, DSC and advanced FT-IR
spectroscopic techniques it was possible to relate the changes of the
mechanical properties within libraries of systematically varied poly(2-
oxazoline)s to intermolecular processes, such as crystallization and
hygroscopicity. It could be explained how water incorporated in the material
decreases the mechanical properties. Furthermore it was shown that branching
also has a strong effect on the mechanical properties and that changing the
branching point from the 1- to the 3-position has a stronger effect than the

elongation of the branched chain.
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Chapter 4

Application of depth-sensing indentation to crosslinking studies and
industrial polymers

Parts of this chapter have been published: P5) E. Rettler, T. Rudolph, A. Hanisch, S.
Hoeppener, M. Retsch, U. S. Schubert, F. H. Schacher: “UV-induced crosslinking of the
polybutadiene domains in lamellar polystyrene-block-polybutadiene block copolymer
films - An in-depth study”, Polymer 2012, 53, 5641-5648. P7) L. |l. Majoros, B.
Dekeyser, N. Haucourt, P. Castelein, J. Paul, J. M. Kranenburg, E. F-]). Rettler, R.
Hoogenboom, U. S. Schubert, “Preparation of polyurethane elastomers (PUEs) in a
high-throughput workflow”, J. Polym. Sci. Part A: Polym. Chem. 2011, 49, 301-313.

The main advantages of depth-sensing indentation (DSI) investigations are in
particular the low amount of material and the fact that essentially no
demanding sample preparation is required. These features make DSI

interesting not only for kinetic but also for screening applications.

The possibility to investigate time-dependent processes, i.e., polymerizations,
crosslinking and vulcanization processes, was demonstrated on a polystyrene /
polybutadiene (PS / PB) 50:50 copolymer, where the crosslinking of the PB
domains was triggered by UV light irradiation in the presence of different
amounts of a crosslinking initiator (Scheme 4-1).
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Scheme 4-1: Schematic representation of the crosslinking of the PB domains in
films of PSsi-b-PB4o’3? induced via photolysis of an UV-photoinitiator, Lucirin-
TPO®.

The phase separation observed in this system exhibits a periodicity of
approximately 50 nm, which is far smaller than the typical indentation size,
thus, it is validated that a combined elastic modulus for the material is
obtained.*”! Moreover, the system permits to follow the crosslinking process
not only by DSI, as mechanical hardening of the samples will occur, but can be
also spectroscopically monitored by Raman spectroscopy, analyzing the ratio of
the C=C stretching vibrations and the aromatic C-H signals. Both

measurements were performed in an ex-situ, step-wise fashion in time intervals
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of 1 h. Exemplarily DSC measurements were added into the analysis cycle for
20 wt% initiator addition. Figure 4.1 depicts the DSI data for systems with

different initiator concentrations.
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Figure 4-1: Development of the crosslinking process over time followed by
depth-sensing indentation for different amounts of crosslinking agents.

For low initiator concentrations a slow crosslinking is found which reflects the
formation of radicals in the initial stage of irradiation. However, no essential
change of the mechanical properties of the polymer is observed.*85% After the
initiation period, the material undergoes a transition in which crosslinks are
formed. The radicals then migrate until they react with a double bond in one of
the polymer chains, forming a larger macro-radical. These macro-radicals can
either undergo recombination reactions or lead to intra- or interchain
crosslinking. In this stage changes of the mechanical properties can be
observed, which are mainly attributed to interchain crosslinking, as a dense
polymer network with lower degrees of freedom is formed. This model was
confirmed by the in-depth investigation of a 20 wt% initiator system, which is
depicted in Figure 4-2.
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Figure 4-2: The crosslinking process of a sample containing 20 wt.% crosslinker
followed by DSI, Raman spectroscopy and DSC.

Raman and 7, data indicate the start of the crosslinking after 1 h, whereas the
mechanical hardening can be observed only after 3 h of UV-irradiation until
after 8 hours a complete crosslinking of the polymer is observed. Thus, it could
be demonstrated that the time-dependent investigation of the crosslinking of
PS-PB copolymer could in principle be easily analyzed in a time-resolved
fashion with a low amount of material as well as without excessive sample
preparation. The combination with complementary investigation techniques,
moreover, confirmed the underlying network formation.
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The ease of analysis represents moreover an attractive feature for the
integration of depth-sensing indentation into high-throughput workflow
schemes. Also the amount of material which is required is much lower as it
would be necessary for, e.g., tensile testing, where the samples have to be cut
into standardized shapes of defined size. An example for such a high-
throughput characterization approach was implemented on semi-industrially
produced PUEs which were synthesized in a high-throughput synthesis
approach (see Scheme 4-2).
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Scheme 4-2: Implementation of depth-sensing indentation into a high-
throughput experimentation workflow.

A set of 40 PUEs with different compositions was synthesized. The final goal
was here to implement DSI as a high-throughput characterization tool to allow
the efficient screening of structure-property relationships as well of an

economic way of integrating quality control.
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The sample preparation for the indentation as well as the measurement itself
could be carried out in 12 h in an automated fashion for all 40 PUEs prepared in
the workflow, demonstrating that such mechanical tests will not be a
bottleneck in the complete high-throughput workflow.

Conventional physical testing vs
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Figure 4-3: Comparison of mechanical properties determined by conventional
mechanical analysis and depth-sensing indentation.

First of all it is observed that values differ by an order of magnitude from those
measured by the conventional testing method (see also Figure 4-3). In general,
the values obtained from indentation experiments were found to be higher than
those obtained from bending tests. This is probably due to material creep and
to pile-up around the indent.

The reduced modulus is calculated from the unloading stiffness S and the
contact area A (which is a function of the contact depth h.) via:

_ym_S

"2 Jaln]
where B is a coefficient for the indenter geometry with a value slightly larger
than 1.

(4.1)
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Creep results in an overestimated stiffness obtained from the unloading
response of the indenter, while pile-up additionally results in an increased
contact area. As the values for the contact area are used from a reference
material, the values obtained from a measurement where pile-up occurs will
always underestimate the contact area. Therefore, the resulting reduced
modulus is overestimated. These obstacles in the analysis routine limit the
significance of the quantitative values of the obtained material properties. In
addition, the surface roughness might influence the results. Careful
optimization of the sample surface is not compatible with the targeted high-
throughput experimentation approach, thus, only a qualitative screening was
obtained. However, the uncertainties in data analysis do not obscure the
observed trends. In general, the indentation data represented the same trends
as the results obtained by conventional physical testing for the modulus. Even
small deviations in the macroscopic properties, for example, PUE2 vs PUE4
could be detected with this technique. Therefore, it could be demonstrated that
for a qualitative evaluation of structure property relationships depth-sensing
indentation can be integrated into high-throughput experimentation workflows
as an additional high-value investigation tool.
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Summary

The advantages and current limitations of depth-sensing indentation (DSI) as a
characterization tool for polymer materials are discussed throughout this
thesis. It could be demonstrated that depth-sensing indentation studies of soft
polymers are still a challenging field which is up to now only in its infancy.
Within the summarized studies a base for the reliable characterization of
mainly poly(2-oxazoline) libraries was created. This included a careful
verification of suitable indentation parameters, a cross-evaluation of the
obtained results with complementary techniques, i.e., Fourier-transform
infrared spectroscopy (FTIR), differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA) and Raman spectroscopy, which ultimately
allowed not only to determine the underlying intermolecular changes of the
sample system, which are responsible for the macroscopic mechanical
properties of the sample systems, but also verified the level of precision which

can currently be obtained by DSI.

Particular problems arise for soft sample systems due to the material behavior
that does not comply with the typical characteristics of hard samples, like
metals or ceramics, for which DSI was originally used. Problems resulting from
unexpected material behavior have been discussed in the context of this
thesis. The application of DSI to soft polymers requires new analysis models to
represent the specific material's properties of soft polymers. While metals or
ceramics behave mostly elastic-plastic, polymers frequently show
(visco-)elastic behavior, meaning they deform nonlinearly under the applied
load. This material creep may significantly influence the measured properties,
thus falsifying the obtained results. Furthermore, during contact, the material
can create pile-up around the indenter tip. This leads to an underestimation of
the contact area and, therefore, the calculated modulus is overestimated.

In Chapter 2 practical solutions for the investigation of soft polymers are
provided. In particular the adjustment of the unloading cycle turned out to be
sufficient to improve the data integrity significantly. In general for soft

33



polymers, a long hold segment and a high unloading rate are recommended.
The long hold at the maximum load allows the material to equilibrate itself to
the applied force and the quick unloading minimizes the effect of creep on the

measurement.

The determined measurement protocol was applied in Chapter 3 to a polymer
library consisting of poly(2-oxazoline)s with different molecular architecture.
The aim of this study was to generate structure-property relationships which
ultimately allow the tailor-made synthesis of polymer systems with predefined
mechanical signatures. Different aspects which influence the mechanical
properties could be determined: The crystallinity, branching and the influence
of adsorbed water molecules. The indentation measurements provided valuable
information in addition to the thermal properties investigated by DSC and TGA,
which showed a linear dependence of the mechanical properties on the
distance of the individual polymer Ty to room temperature. Furthermore, with
the help of temperature-dependent FT-IR spectroscopic techniques, the
processes of crystallization and hydrogen-bonding could be followed. This study
was performed on a systematically varied library, where only small quantities
(~50 mq) of the individual samples were available. As the polymers could all be
prepared similarly, the fabrication of a library of samples on a microscopy glass
slide allowed a consecutive measurement in an automated run. This enabled a
quick comparison of the samples and resulted in the extraction of structure-
property relationships.

However, as demonstrated in Chapter 4 it turned out that reliable quantitative
mechanical data can only be obtained on optimized material systems - a
prerequisite which is hardly achievable, in particular in semi-industrial high-
throughput experimentation, where the preparation of the individual samples
cannot be adapted each time. In this particular case only a qualitative
correlation of the mechanical properties is possible. Therefore, an additional

standardized preparation routine is highly advised for larger sample batches.
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As shown in Chapter 4, creep and pile-up influences may falsify the obtained
values by one order of magnitude and should therefore be avoided where
possible. However, it could be demonstrated that DSI can be implemented in
the high-throughput workflow as a primary evaluation tool which provides
clearly the qualitative trends of the mechanical properties and even small
changes can be tracked. These possibilities are frequently sufficient during
industrial quality control applications.

Additionally, it was demonstrated in Chapter 4 that DSI can also be used to
investigate time-dependent processes, like UV-induced crosslinking. A
polystyrene / polybutadiene (PS/PB) copolymer system with varying amounts of
crosslinking agent was used to investigate this process by a stepwise
irradiation/measurement cycle. It was shown that the optimum amount of
crosslinker is approximately 10 wt.% of the crosslinkable PB amount. The
crosslinking starts after around 3 hours of irradiation and is completed after
about 7 to 8 hours for sample films with a thickness of approximately 200 pm.
Here, DSI was the main investigation tool for following this process. The results
were confirmed by Raman spectroscopy which showed the decrease of the
corresponding C=C bands from the PB block which are consumed during
crosslinking.

The presented studies clearly show that DSI on soft sample systems inherently
suffers from non-ideal sample behavior and future work has to focus on a
better understanding of these influences. A standardized application of DSI will
certainly rely on an implementation of refined models to extract the
mechanical properties. Nonetheless, it can be expected that DSI will gain more
importance as can be clearly seen also in the large research interest which is
strongly accelerating during the last years. In particular the possibility to obtain
quantitative material parameters in a local fashion with micrometer resolution,
the small sample area and amount of material which is required as well as the
ease and speed of data acquisition make DSI a promising tool for materials
research.
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Zusammenfassung

Die Vorteile und gegenwartigen Limitierungen von Nanoindentations-
messungen als Werkzeug fur die Polymeranalyse werden in dieser Arbeit
diskutiert. Es konnte gezeigt werden, dass Nanoindentationsstudien an sehr
weichen Polymeren ein herausforderndes Forschungsgebiet darstellen, welches
immer noch in den Kinderschuhen steckt. Mit den hier zusammengefassten
Studien wurde eine solide Basis fur die weitere Erforschung von Poly-2-
oxazolinen gelegt. Dies wumfasst eine vorsichtige Validierung der
Messparameter, einen Vergleich der Ergebnisse mit komplementaren
Techniken, wie z. B. Fourier-Transformations Infrarotspektroskopie (FTIR),
Differentialthermoanalyse (DSC), Thermogravimetrie (TGA) und Raman
Spektroskopie, erlaubt schlieBlich nicht nur die Bestimmung von
intermolekularen Anderungen innerhalb des betrachteten Probensystems, die
letztendlich fur die makroskopischen mechanischen Eigenschaften der Probe
verantwortlich sind, sondern zeigt weiterhin die derzeitige Genauigkeit von
Nanoindentationsmessungen.

Indentationsmessungen an weichen Polymeren stellen eine besondere
Herausforderung dar, da deren Verhalten nicht dem Schema harter Materialien,
wie z. B. Metallen oder keramischen Werkstoffen, folgt, fur die diese Methode
ursprunglich entwickelt wurde. Einige Probleme die aus unvorhergesehenen
Materialeigenschaften resultieren werden in dieser Arbeit diskutiert. Die
standardisierte Anwendung von Nanoindentations-messungen in der
Polymeranalytik erfordert neue Analysemodelle, die das tatsachliche Verhalten
der Materialien beschreiben. Wahrend Metalle und Keramiken elastisch-
plastische verformt werden, zeigen Polymere haufig visco-elastisches
Verhalten, was bedeutet, dass ihre Verformung unter Druck nicht linear
verlauft. Dieses Verhalten kann die gemessenen Eigenschaften in hohem Mal3e
beeinflussen und die Messergebnisse somit verfalschen. Des Weiteren kann
sich die Polymeroberflache im Kontakt mit der Indenterspitze nach Aulien
wolben, was eine grollere Kontaktflache gegenuber der Kalibration zur Folge
hat. Die fUhrt wiederum zu einem verfalschten Wert fur den E-Modul.

In Kapitel 2 werden praktische Losungen fur die angesprochenen Probleme bei
Indentationsmessungen an Polymeren vorgestellt. Die Anpassung des
Ruckzugssegmentes der Messung hat sich als besonders geeignet
herausgestellt, um Mel3fehler zu minimieren. Im allgemeinen wird fur weiche
Materialien ein Indentationsmuster mit langer Halteperiode bei maximaler Kraft
und einer hohen Ruckzugsrate der Spitze empfohlen. Die lange Halteperiode
erlaubt es dem Werkstoff, sich der aufgebrachten Kraft anzupassen und der
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schnelle Ruckzug der Spitze minimiert zusatzlich den Effekt des Kriechens des
Materials.

Das entwickelte MelBprotokoll wurde in Kapitel 3 an einer Probenbibliothek von
Poly-2-oxazolinen mit unterschiedlichen molekularen Strukturen angewandt.
Das Ziel dieser Studien war es, Struktur-Eigenschafts-Beziehungen ableiten zu
konnen, was es zukinftig erlauben soll, Polymere mit maligeschneiderten
mechanischen Eigenschaften herzustellen. Verschiedene Aspekte mit Einfluss
auf die mechanischen Eigenschaften konnten identifiziert werden: Kristallinitat,
Verzweigungsgrad und die Anlagerung von Wassermolekulen. Die
Indentationsmessungen lieferten zusatzlich zu den thermischen Eigenschaften,
die mittels DSC und TGA bestimmt wurden, wertvolle Informationen. Diese
zeigten einen linearen Zusammenhang zwischen mechanischen Eigenschaften
und der jeweiligen GlaslUbergangstemperatur. Des Weiteren konnte mit
temperaturabhangigen FT-IR Messungen die Kristallisation sowie der Einfluss
von Wasserstoffbruckenbindungen verfolgt und aufgezeigt werden. Diese
Studie wurde an einer Probenbibliothek mit systematischer Variation der
Seitenkettenlange durchgefuhrt, fur die nur sehr geringe Mengen an Material
(jeweils ca. 50 mg) zur Verfugung standen. Da die Probenpraparation fur alle
Polymere ahnlich erfolgen konnte, war es maoglich, alle Proben automatisiert zu
messen. Dies ermoglichte einen schnellen Vergleich der Proben untereinander
und die Extraktion von Struktur-Eigenschaftsbeziehungen.

Wie Kapitel 4 jedoch zeigt, ist es nur moglich quantitative mechanische Daten
zu sammeln, wenn ein optimiertes Probensystem zur Verfligung steht. Dies ist
im allgemeinen nur unter hohem Aufwand zu erreichen und limitiert daher die
Anwendung der Methode fur (semi-)industrielle Hochdurchsatzanwendungen.
Im gezeigten Beispiel war nur ein qualitativer Vergleich der mechanischen
Eigenschaften maoglich. Daher ist ein zusatzlicher, standardisierter
Praparationsschritt flir grolRere Proben-mengen unabdingbar.

Zudem konnte gezeigt werden, das die Messergebnisse durch Kriechen und
Adhasion sogar um eine Zehnerpotenz verfalscht werden kdénnen. Trotzdem
lassen sich Nanoindentationsmessungen leicht in ein Hochdurchsatzschema
integrieren und bilden sowohl die mechanischen Trends als auch sehr kleine
Variationen innerhalb der Probenbibliothek korrekt ab. Diese Mdglichkeit sollte
meist schon ausreichend fur die Anwendung in der industriellen
Qualitatskontrolle sein.

Zusatzlich konnte in Kapitel 4 gezeigt werden, dass Nanoindenations-
messungen ebenso verwendet werden kdnnen, um zeitabhangige Prozesse, wie
z. B. die UV-induzierte Quervernetzung von Polymeren, zu untersuchen. Ein
Copolymersystem aus Polystyrol und Polybutadien mit variierendem Anteil an
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Vernetzungsreagenz wurde fur diese Studie verwendet. Die Proben wurden
zyklisch wechselweise belichtet und gemessen. Es konnte gezeigt werden, dass
die optimale Menge an Vernetzungsreagenz bei etwa 10 Gewichtsprozent liegt,
bezogen auf den Anteil an Polybutadien. Die Vernetzung startet nach ca. 3
Stunden Belichtungszeit und wird nach 7 bis 8 Stunden vervollstandigt bei den
gemessenen Probenfilmen von ca. 200 um Dicke. Nanoindentation diente hier
als hauptsachliche Charakterisierungsmethode um den Prozess anhand der
Anderung der mechanischen Eigenschaften zu verfolgen. Die Ergebnisse
wurden mit Hilfe der Ramanspektroskopie bestatigt. Diese Messungen zeigten
die Verringerung der Intensitat der C=C Doppelbindung des Polybutadien-
Blocks, welche im Verlauf der Vernetzung zu Einfachbindungen reduziert
werden.

Die prasentierten Studien zeigen klar, dass Nanoindentationsmessungen an
sehr weichen Proben durch Abweichungen vom idealen Verhalten erschwert
werden, und dass weitere Studien fur ein besseres Verstandnis dieser
Abweichungen notig sind. Eine zukunftige standardisierte Anwendung der
Nanoindentation wird wahrscheinlich auf neuen Modellen zur Extraktion der
mechanischen Eigenschaften basieren. Trotz alledem ist zu erwarten, dass der
Nanoindentationstechnik kunftig eine groflere Rolle bei der Messung von
mechanischen Eigenschaften zukommt, was auch dem stark wachsenden
Forschungsinteresse in den letzten Jahren geschuldet ist. Von besonderem
Interesse ist hier die Modglichkeit, quantitativ die Materialeigenschaften mit
einer lokalen Aufléosung im Mikrometerbereich bestimmen zu kdnnen, sowie
allgemein die geringe Menge an bendtigtem Probenmaterial und die
Moglichkeit zur Automatisierung der Messung. All diese Eigenschaften machen
die Nanoindentationstechnik zu einem wertvollen und vielversprechenden
Werkzeug fur die Materialforschung.
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Mapping the mechanical properties of biomaterials on
different length scales: depth-sensing indentation and
AFM based nanoindentation

Erik Rettler®® Stephanie Hoeppener,*2¢ Bernd W. Sigusch® and Ulrich 5. Schubert®®*

The mige- and nanomechanical properties of biomaterials are of central importance as surface elasticity,
surface elastic response and adhesion play a central role in a large number of biological processes. They
influence, eg. morphogenesis, self-healing abilities and restoration processes, focal adhesion, maotility,
mechano-transduction, metastasis and are important for drug delivery applications, and others. These
processes address fundamental questions in bialogy, medicine and diagnostics, pharmaceutical research,
archaeology, dental as well as cosmetic applications. With nanoindentation as well as AFM force
spectroscopic technigues suitable investigation toolk are at hand, which can provide mechanical
information on different length scales. The development of both technigues resulted in a broad
applicability and the number of examples where both techniques have been used to study (soft)
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Introduction

The mechanical properties of materials represent essential
parameters for their applicability as their hardness, next to their
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biomaterials rapidly increased during the last years.

chemical composition and surface topography, has a significant
impact on many different research directions. Biological systems
frequently consist [partially] of soft matter materials, such as
hydrogels, polymers, nanocomposites, eic., which impose
demanding requirements on the utilized analysis tools. The role
of mechano-responsive and -stimulated responses of biological
tissues is an area of growing interest and it was discovered that
the mechanical properties, e.g., of cells, play a crucial role in
biological processes.”™ In addition, changes of the mechanical
properties of cells can be regarded as characteristic signatures of
ill-regulated biochemical and biophysical processes.** These
fields of research represent an active area where recently the
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implementation of different technologies has become an
important issue to investigate, eg., the local mechanical prop-
erties of biomaterials. Other applications relate to the mechan-
ical and surface properties of biomaterials, eg, for their
application as bone replacement or dental implant materials.*
In clinical studies biocompatibility of replacement materials,
their stability with respect to the biological environment (pH,
temperature stability, etc.), their ability to facilitate cell growth
around or even into the material are subject of investigation.
Recently, the utilization of mechanical properties as a tool for
diagnosis has been increasingly discussed. The early stage diag-
nosis of osteoporosis, e g, can be related to a change of the
mechanical properties of the bone material; however, with
commonly applied diagnostic tools, a severe decrease of the bone
density has to have taken place already, before significant
changes can be measured. Guglielmi et al ** recently reviewed the
maost common diagnostic techniques and explicitly pointed out
the necessity of a more accurate and early diagnostic instrument.
New research strategies therefore try to relate local micro- and
nanomechanical changes of the properties of the bone to the
early stage diagnosis and progression of osteoporosis.™

In particular, for biomaterials it has been observed that the
mechanical performance of materials depends on properties of
very different length scales, ranging from the micrometer to the
nanometer range. By integrating Atomic Force Microscopy
(AFM) and depth-sensing indentation (DSI) investigations the
micro- and nanomechanical properties can be obtained. In
particular, biological sample systems resemble complex
biochemical and biophysical architectures.

This review article summarizes recent research develop-
ments with the main focus being placed on the testing of
mechanical properties of biomaterials and biological systems
by DSI and AFM spectroscopy in different ranges of dimension.
Applications as well as fundamental questions for the investi-
gation of biological processes are highlighted. These studies are
frequently complemented by additional spectroscopic and
microscopic tools, which are, however, beyond the scope of this
review article. For comprehensive summaries of these technol
ogies we refer readers to additional literature articles. "

Determination of mechanical properties

The classical determination of the mechanical properties of
materials is usually performed by means of standardized
procedures, such as tensile and compression testing. In such
tests the sample specimen is stretched or compressed at a
defined foree, while the deformation of the material is recorded.
Classical hardness testing, like Vickers™ or Rockwell hardness
tests," utilizes a stylus of standardized geometry which is driven
into the sample materal and the hardness is calculated from
the residual imprint. Very soft materials, i.e., soft rubber or
hydrogels, are tested by rheology.® These tests require the
availability of a relatively large quantity of material. Such testing
frequently is difficult to apply on biomaterials, either due to the
availability of only small gquantities of materal, due to
the demanding material's properties, or due to the nature of the
material which limits the possibilities for sample preparation.
Thus, there is a strong desire to develop and to apply alternative
measurement techniques which can be performed on small
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quantities of the sample material, preferentially providing
information on different length scales and in the native envi-
ronment of the sample. The discussion presented here mainly
focuses on two analysis tools for investigating the mechanical
properties of biomaterials with micro- and nanometer resolu-
tion. Recent developments and investigation performed with
depth-sensing indentation (DSI) as well as AFM spectroscopy
and force volume mapping will be summarized. We will high-
light important measurement tools, limitations, as well as
perspectives of the introduced methods referring to selected
reports from the literature.

Depth-sensing indentation and AFM force spectroscopy

DSI and AFM spectroscopy are measurement tools which are
based on a probe assisted methodology. For depth-sensing
indentation diamond tips are utilized with effective radii down
to a few microns. Different tip geometries are available, like
(cono-)spherical, Berkovich, flat punch or Vicker's probes and
the choice of the tip is strongly dependent on the properties of
the sample under investigation.* For soft materials, like poly-
mers and biomaterials, typically a (cono-)spherical tip of small
radius or a flat punch indentation tip is used.

In the construction of the nanoindenter, the displacement of
the tip is recorded by a capacitive sensor. With this setup,
displacements down to 0,002 nm with a force resolution of 1 nN
can be measured. Fig. 2A shows the schematic representation of
a single depth-sensing experiment.

The tip approaches the surface until a pre-defined minimum
force for surface detection is reached. The corresponding
displacement is registered and the tip is retracted for a few
nanometers. The tip re-approaches the surface and is pushed
into the materal until the maximum force is reached, resulting
in both plastic and elastic deformation of the sample. After an
optional hold period at maximum load, the tip is retracted. A
typical load-displacement diagram is shown in Fig. 24
[bottom).

In the APM (Fig. 1B), the probe is usually a very sharp tipwith
an effective radius of 10 nm mounted on a soft flexible canti-
lever. Any deflection of the cantilever is detected by means of a
position sensitive photodiode allowing for an accurate regis-
tration of the tip movement across the surface. Depending on
the stiffness of the chosen cantilevers a typical force resolution

A B
Load Actuator 4-Quadrant Laser
Detector Cantilever
Displacement
Sensor I Pr—
Indartar Tip
L] Plezosiectr scanner
[ X /¥ Sampla Stage ]

Fig. 1 Typical schematic setup for depthsensing indentation {A} and AFM
spectrascopy (Bl In both cases force-displacement curves are obtained which
allow the extraction of mechanical information.
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Fig. 2 Schematic representation of a single (A} indentation and (B} force spec-
troscopic experiment. The resulting force—displacement curves are illustrated
bekows.

down to few pN can be achieved with a vertical distance reso-
lution better than 0.1 nm.

A typical AFM based force spectroscopic experiment is
depicted in Fig. 2B. Most frequently the probe is mounted ona
soft cantilever, which is used as a bending sensor to determine
the force exerted between the tip and the sample. In the case of
soft samples or elastic and plastic deformation of the sample, a
deviation from the linear slope of the force—displacement curve
(3and 4] can be measured, which directly provides access to the
mechanical properties of the material itself.

By performing a raster-like array of measurements property
maps can be generated both by means of DSI and AFM spec-
troscopy. This raster-scanning can be combined with very
shallow indentation experiments by superimposing an oscilla-
tory force over the normal load signal. These so-called dynamic
mechanical analysis [nano-DMA) measurements significantly
reduce the measurement time compared to the gquasistatic
mapping approach, where single indentation measurements
are performed for each data point, but simultaneously reduce
the mapped area to the X¥ scan range of the instmiment. In
addition to the indentation moduli and hardness information
obtained from quasistatic measurements, this technigue allows
the determination of storage, loss and complex modulus, as
well as tan & values and their spatial distribution over the
mapped area.

These measurements can be performed also in liquid envi-
ronments, such that biological samples can be investigated in
their natural condition (living cells, biomembranes without
dehydration, etc.).* Furthermore, repeated indentation expen-
ments can be carried out to investigate changes of the sample
properties in a time-resolved fashion.™ With these possibilities
suitable tools are at hand to study the mechanical properties on
the micro- and even nanometer scale and several examples can
be found in the literature where these techniques were applied
to study biological materials. However, these matedals pose
special limitations and requirements on the measurements due
to the demanding mechanical properties of soft materials.
While depth-sensing indentation was originally designed for
the characterization of hard materals in the last decade, the
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Fig. 3 Summary of theYoung's maduli for different biomateriak in comparison
to steel. Mext to a remarkable range of different hardnesses considerable differ-
ences are ako found within cell. Adapted from ref. 24 with permission fram
Elsevier.

field is also moving into the direction of softer materials. Fig. 3
summarizes the Young's moduli of different biomaterials™ and
it is evident that most biomaterials are representatives of soft
and even very soft materials. This fact requires the under-
standing and integration of shortcomings of the nano-
indentation method, e.g., regarding the nonlinear material
behavior. These have to be integrated into the data analysis
maodels. These are highlighted in the works of Oyen and
Cook**" and have been recently reviewed by Franke et al*™ In
particular, effects of, Le., viscous flow and/or creep and adhe-
sion have to be taken into account, These uncertainties can be
seen as a major reason why DSI of biomaterials is still a non-
standard tool in materials research.

Essential for the interpretation of the force-displacement
curves, both in depth-sensing indentation as well as in the AFM
based studies, is the choice of a proper model system to
calculate the respective mechanical properties. Depending on
the utilized tips as well as on the overall properties of the
sample systems a proper model has to be chosen taking into
account several considerations. A summary of the most
commonly utilized analysis model is presented in Table 1.

In some cases adaptations are made to these models or data
evaluation is performed with complementary analysis routines
to carefully evaluate the obtained results.* Finite element
analysis is additionally used to understand and describe
the tip-sample interaction.* For a more detailed view on the
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different analysis techniques the reader is referred to the
literature.*

Probing biomaterials by nanoindentation

In the literature there are a number of examples where depth-
sensing indentation has been applied to study the mechanical
behavior of biological sam ples and biomaterials. These include,
e.g., the mapping of the mechanical properties of tooth enamel
and dentin,”** the behavior oftissue in the direct proximity ofa
dental implant or the mapping of the dentin—enamel junction
in human teeth.™ Many researchers have used different
indentation approaches to measure the mechanical properties
of biomaterials at different length scales. Examples are high-
lighted, eg., in an overview provided by Thurner,” who
summarized the results of several clinical studies on the
indentation of human and animal bone. Furthermore, fruit
seeds,'” nacre, ! insect cuticles, ' gecko seta,* fish scales,*
shells,"** bovine hoof wall,*** sclera,* hair,” bone,™ ™ shark
teeth™ and mineralized tissue™ and cartilage™ were studied by
depth-sensing indentation techniques.

Depth-sensing indentation on bone samples

Bone is regarded as a complex material with hierarchical orga-
nization on different length scales. Several examples are found
for the mechanical testing of human and animal bone by
indentation of different length scales** as well as the
combination with other complementary techniques, such as
pCT M Raman micro-spectroscopy,™*™* SEM™ or conven-
tional mechanical testing. Budyn and Hoc* developed a mul
tiscale method using 3-point bending, modeling and optical
microscopy approaches to determine the tensile strength at the
millimeter scale, the stress field in the tens to hundreds of
microns scale and the crack growth at the micron scale.
Srinivasan et al compared nanoindenterbased moduli
images with strain elastograms of thin slices of tissue-
mimicking phantoms*® Beef slices, canine prostates, ovine
kidneys and breast cancers grown in mice were used to
demonstrate the qualitative comrespondence between modulus
images and strain elastograms. Experiments on real tissue

Table 1 Summary of the most commen analysis models utilized in DSI and AFM spectroscopy
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slices showed a decrease in the correlation of both methods,
possibly due to additional confounding factors such as time-
dependent mechanical properties and geometrical distortions
in the tissue during imaging. Also anisotropies of the material
itself have to be taken into account frequently. This counts in
particular for the directional organization of the bone tissue,
which has to be controlled, by defining the cutting direction
(parallel or perpendicular to the lamellar structure of the
collagen fibrils). This anisotropy of the bone tissue® is also
addressed and modeled in terms of indentation measurements
by Fan et al.,” Carnelli et al.™ and Chevalier et al™ Bone is
inherently a material with a complex hierarchical architecture.
Haversian systems or ‘osteons' are cylindrical structures,
formed by bone lamellae, which make up the major part of
human cortical bone. Despite their early discovery, their
mechanical properties are still only poordy understood. Fain-
gold et al recently investigated the Young's modulus of indi-
vidual lamellae around a single bone osteon.™ The authors
measured three orthogonal planes utilizing dynamic nano-
indentation. Perpendicular to the osteon axis the lamella closest
to the canal showed the highest modulus compared to the other
lamellae. These differences were not observed in measurement
planes parallel to the osteon axis, but an asymmetry in the
modulus was found on opposing sides of the canal. These
findings support the rotated plywood structure model of bone
lamellae. Reisinger et al., however, reported on an approach to
measure indentations in three planes on a single osteon too.™
The authors found anisotropic mechanical properties with a
preferential alignment of the stiffness along the axial direction
with a small helical winding around the osteon axis. The
authors claim that these findings do not comply with the
commonly accepted models of compact bone microstructures.

Besides the investigation of the structural anisotropies,
fundamental studies of the structural and microelastic prop-
erties during bone development and aging have been studied.

Feng et al. investigated the development of bone by inden-
tation and found that the mechanical hardening of the bone
materal proceeds at different rates for different microstrctural
components of the bone.™ Porcine femoral cortical bone was
investigated under hydrated conditions. Samples from three
different age groups ranging from 6 to 42 months were inves-
tigated as representatives of young up to mature animals.
Longitudinal as well as transverse cross-sectional surfaces were
tested and the elastic modulus and hardness of lamellae within
the bone structure were determined. Within the sample
system the hardness as well as the elastic moduli increased,
whereby the individual microstractures showed different
increases. In general the longitudinal moduli were higher than
the transverse ones.

Pathak et al utilized the dynamic indentation technique
(nano-DMA) to investigate the viscoelastic properties of
hydrated bone samples at lamellar length scales in a
‘frequency-sweep' mode.™ The probe is oscillated at different
frequencies while being scanned over the sample in a raster
like fashion.™ The resulting amplitude, displacement ampli-
tude and the phase lag are analyzed to calculate the loss
modulus, the storage modulus as well as tan & They
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investigated two different inbred mouse strains regarding their
viscoelastic  properties. The authors normalized for the
anatomiecal location relative to the biological growth patterns
(Fig. 4] in the anteromedial cortex and found that bone tissue
from samples known to have a lower mineral-to-matrix ratio
show a higher viscoelastic response. Newer bone regions with
higher collagen content, located closer to the endosteal edge of
the anteromedial cortex, also showed a trend towards a larger
viscoelastic response. The authors discussed moreover the
possibility to study the porosity of wet hydrated samples. This
work is also expected to have an impact on other sample
systems, e, to readily correlate details of local porosity [e.g.,
osteocyte lacunae, primary vascular canals, Haversian canals)
and local tissue behavior in order to study the effects of aging
and diseases on (non-)dehydrated specimens.

All these investigations have in common that only sample
specimens are measured disconnected from the living
organism. Hansma et al. developed an indentation device for
™ Here, the

the direct in vive measurements of bone ™"
mechanical probe head, in the form of a syringe needle, is
drven thmugh the skin onto the bone. Then, the actual
indentation stylus is pressed in the bone tissue through the
channel of the needle. The goal of this research is the devel
opment of a prediction model to estimate bone failure risk asa
method for the early diagnosis and monitoring of osteoporosis,
based solely on the mechanical properties of the bone. Osteo-
porosis significantly alters the structure of the bone material.
Common diagnostic tools require the presence of a certain
amount of decay [approximately 30% of bone loss) before
osteoporosis can be accurately diagnosed. DSIwould present an
alternative with the appealing possibility to detect small areas
in which decay of the bone mineral density starts at an early
stage of disease progression. Osteoporosis significantly alters
the structure of the bone material. Fan et al studied the
changes of the mechanical properties of bone tissue from
children with type III Osteogenesis Imperfecta.* In contrast to
nomal bone tissue the samples showed more isotropic mate-
rial properties. The deformation of the samples during DSI was
observed to be similar to those of normal adult bone based on
the mtio of modulus to hardness.

Tjhia et al investigated atypical fractures of patients on long
term bisphosphonate therapy, a frequently applied treatment
for osteoporosis patients * It is genemlly observed that the type,
fashion and sites of bone fracture are different from the usually

anterior Direction of
cortical deift = -

Fig. 4 Sample preparation for DS| measurements of a mouse bonesample. The
indents are placed on the surface perpendicular to the arientation of the tissue
fibrils. Reprinted from ref. 75 with permission from Elsevier.
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observed fractures caused by osteoporosis. A comparative study
including fracture samples from patients with severely sup-
pressed bone turnover (SSBT) associated with longterm
bisphosphonate therapy, age-matched treatment-naive osteo-
porotic patients with vertebral fracture, age-matched normals
and young normals was performed. The authors found only
different plastic deformation resistances for cortical bone by
DI within the four groups with the highest resistance found in
the SSBT group whereas other mechanical parameters did not
change. The latter group also showed harder trabecular bone
compared to the other groups, stiffer bone compared to the
osteoporotic and young normal groups, and a trend of higher
mineral density compared to the age-matched nomal and
osteoporotic groups. Lower heterogeneity of modulus and
contact hardness for cortical bone of the SSBT and trabecular
bone of the osteoporotic fracture groups, respectively,
compared to the non-fractured groups, may contribute to frac-
ture susceptibility due to a lowered ability to prevent crack
propagation. In a later study the authors investigated the rela-
tionship between the mineral content and mechanical proper-
ties.” They found differences between the fracture and the
normal group as well as between the young and old nomal
group. The observed atypical fractures were suspected to be
caused by changes of the microstructural material properties
and tissue level mineralization compared to osteoporotic
patients with vertebral fracture and the normal subjects,
respectively. The authors suggest that the tissue level bone
quality might be an important factor in fracture risk.

Besides the structural features the overall development of
the bone material is of fundamental importance also with
respect to the healing of bone fractures (for a general overview
on biological and synthetic self-healing systems see ref. 82]. The
extent to which stability is regained after injury strongly
depends on the tissue formed during the healing process.
Leong and Morgan utilized DSI at multiple locations across a
thin, longitudinal section of a rat fracture callus 35 days post
fracture.™ The indentation moduli varied over three orders of
magnitude and variations could be related to the presence of
different tissue types: granulation tissue, chondroid tissue and
woven bone. The identified areas were subsequently stained to
determine the mineral content of the tissue. The authors found
a positive correlation between the staining intensity and the
indentation modulus in woven bone. Additionally, they found
an increasing indentation modulus along the periosteal aspect
of the cortex for woven bone.

DSI on dental samples

Another natural system which represents an important
biomedical materals class is the natural tooth. It shows, e.g, an
extreme hardness, excellent wear resistance, antifatigue, and
crack resistant abilities. Understanding of the individual prop-
erties as well as a detailed investigation on the architecture,
chemical composition as well as on factors diminishing the
performance of the tooth material is of tremendous impor-
tance. Similar to bone, also in teeth a hiemrchical structure in
the material's architecture is found. DSI and AFM studies have
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been extensively employed to investigate the features of the
tooth materal. Balooch et al** determined the materal prop-
erties at different locations on a tooth sample and investigated
the characteristic changes of the hardness and elastic moduli,
when crossing, e.g., the dentin-enamel junction (DEJ] (Fig. 5].

Studies performed, e.g., by Braly et al. investigate the gradual
change of the mechanical properties of human molar enamel.™
Their study was motivated by reports that the hardness and
Young's modulus decrease by more than 50% when moving
from the occlusal surface to the dentin-enamel junction on
cross-sectional samples. Among other possible reasons the
hydroxyapatite prism orientation was suspected, thus, the
authors performed DSI tests at two different orientations rela-
tive to the prisms. The experiments showed only very small
differences within a single sample volume and it was concluded
that changes in the local chemistry, the degree of mineraliza-
tion, organic matter and water content, as well as changes in the
microstructure (differences in the volume fraction of inorganic
crystals and organic matrix) are responsible for the local varia-
tion of the hardness parameters rather than the pism orien-
tation itself.

Darnell et al studied the inhomogeneity of the enamel on
axial cross-sections of an unwom permanent third molar, a
wom permanent first molar and a wom deciduous first molar of
Alouatta palliata™ The hardness and Young's modulus varied
with location throughout the cross-sections from the ocelusal
surface to the dentin-enamel junctions, from the buccal to
lingual sides and also from one tooth to another. The
mechanical changes were correlated with changes in the
organic content which varied between 6 and 20% close to the
dentin-enamel junction.

In particular the soft region right below the dentin-enamel
junction is suspected to play an important role in tooth func
tion, strain distribution and fracture resistance during chewing.
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Fig. 5 (A}Schematicrepresentation afthe architecture of tooth with impartant
interfaces being highlighted. (B} AFM topography image of indentations per-
farmed across the dentin-enamel junctian (DEJ). (C} Carrespanding elastic maduli
and hardnesses found for the different locations across the junction. Reprinted
frami ref. 35 with the permission of Elsevier.
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Brauer et al. tried to relate the asymmetry in mechanical prop-
erties with tooth function. A similar asymmetry like the one
found for the enamel is also found in the softer dentin region.™
The authors investigated the buccal and lingual side of extrac-
ted teeth using micro- and nancindentation. The influence of
the surface and dentin depth was measured from the dentin-
enamel junction in crown dentin and from the cementum-
dentin junction (CDJ) in ot dentin. Coronal dentin presented
a higher elastic modulus and hardness on the lingual side of the
teeth for all measurements, whereas root dentin was harder on
the buccal side, an effect which might be ascribed to the
com pensatory functions of both tooth sides.

Also other important properties of teeth can be assessed by
DSI experiments, e.g., viscoelastic properties can be studied by
creep measurements,

He et al applied long loading times to investigate the creep
behavior of human enamel. The authors succeeded in deter-
mining the indentation creep rate sensitivity and could
demonstrate the viscoelastic and viscoplastic behavior of the
enamel.™ Therefore, the authors performed indentation exper-
iments using a Berkovich indenter in a one-step loading and
unloading approach. A constant hold time at maximum load, as
well as at minimum load during unloading was introduced. The
indentation creep at maximum load and the creep recovery at
the minimum load were extracted and could be fitted to a
double-exponential function which was compared to classic
viscoelastic models. These results are of special interest as they
can serve as an explanation for the excellent wear and crack
resistance of natural tooth structures. The enamel may inelas-
tically deform in case of the entrapment of particulates between
teeth under functional loading and sliding wear conditions, but
can recover after its release.

A similar investigation was performed by Schneider et al. The
authors tried to interpret the creep dunng indentation of
the enamel by a model which considers the basic shape of the
apatite crystallites and describes the thin protein layer in
between the crystals as a viscous fluid.™ This allowed deter-
mining the main flow plane in the anisotropic enamel as well as
a study of the influence of the volume fraction of the apatite
crystals.

Degenerative processes frequently impair the properties of
teeth. These can be related to mechanical defects, the chemical
environment or due to diseases.

He et al investigated the demineralization of the cervical
region of human teeth in the development of a non-carious
cervical lesion.® The authors included nancindentation as well
as electron microscopy to study the demineralization process in
a solution of pH 4.5 for 1 and 2 days, respectively. DSI experi-
ments were performed at the cementum-enamel junction with
a lateral spacing of 30 pm and a mechanical property map was
obtained. The authors observed a dramatic degeneration of the
mechanical properties by ~50% and ~90% at the junction and
SEM and optical imaging could reveal the artificial demineral-
ization in typical zones of the enamel close to the cementum-
enamel junction [Fig. &). After 2 days, moreover, the
demineralization also penetrated the sound enamel at the
junction and the dentin beneath was undermined. This could
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Fig.6 Light microscopy (top}and elasticity contour maps obtained in the area of
the cementum-enamel junction {CEJ). (4} Control sample, (B} sample after 1 day
ot demineralization in acid and {C} after 2 days of demineralization. After one day
the surface of the enamel and root dentin were demineralized. After 2 daws a
heavy demineralization of the enamel near the CEJ and the adjacent dentin was
abserved The overall mechanical performance significant by decreased. Reprinted
fram ref. B8 with permission from Elsevier.

compromise the mechanical properties of the teeth in such a
way that even toothbrush abrasion could produce non-carous
cervical lesions.

Barbour et al. investigated the dissolution process of the
enamel ina time dependent fashion and could deduce a model
for the process™™ Compared to the untreated enamel the
authors found a change in the enamel hardness after only 1205
and a change of the elastic modulus at 300 s exposure to citric
acid solutions. The rate of change of both measures decreases
with Increasing exposure time due to a diffusion-limited
dissolution process.

Cosmetical and restorative dental indications are increas-
ingly performed. Also in this respect the influence of the applied
treatments as well as the associated changes in material prop-
erties as well as on the micromechanical perfformance is of
utmaost importance. This certainly applies also to interfaces,
e.g., created during the repair of defects by filling matedals etc.
Nanoindentation was also used to study the influence of
bleaching agents on the properties of human premolars.™
Despite the fact that bleaching is a popular cosmetic means, the
impact of the bleaching agent, which contains 30% hydrogen
peroxide, on the mechanical properties of the enamel is largely
unknown. Harul Nizam et al compared the Young's modulus
and hardness before and after bleaching on sliced enamel as
well as on dentin and care was taken to perform nano-
indentation measurements in the same sample region
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Significant differences in the hardness and Young's modulus of
the control enamel were found. Even though the mechanism of
property degradation is not yet known the authors could reveal
an undemining effect on the nanomechanical properties of the
teeth by the hydrogen peroxide.

For the dumbility of tooth fillings and replacements the
contact mechanical properties of the enamel biocomposite are
of special importance. He and Swain investigated the mechan-
ical response of enamel with dental-used metals.™ The authors
compared cast alloy, gold alloy, titanum and amalgam and
compared them to a pure hydroxyapatite as a ceramic analogue
of enamel. It is suggested from this study that metallic-like
dental restorative materials are a better choice for tooth fillings,
to sustain the severe cyclic contact behavior experienced and to
protect the opposing teeth from damages due to their similar
properties compared to enamel.

A recent example investigated by our group is the study of
dental implant materials.™ The sample specimens consist of a
methacrylate-based polymer matrix with a calcium phosphate
[TCP) filler. DST measurements were performed in a grid-like
fashion. Based on this dataset a contour map is generated by
nearest-neighbor-interpolation,  spatially  displaying  the
mechanical properties of the indented area. The result is a map
of the mechanical properties (Fig. 7B], which shows good
correlation with the optical image and, therefore, allows for the
identification of the TCP-rich phases of the material, which are
present in the darker areas of the optical image. Each of the
datapoints is associated with a corresponding indentation
curve, which has a characteristic shape in the different
domains, shown in Fig. 7C.

This property map also allows for a rough estimation of the
domain size of the composite material.

When trying to generate such property maps care has to be
taken to not place the individual indents in too close proximity
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Fig. 7 Optical image of a TCP/polymer microcompasite with (A} valid indenta-
tion measurement paints, (B} interpolated modulus-heatmap. (O Typical inden-
tation curves fram TCP-rich, palymer-rich and intermediate regians.
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to each other, as each measurement usually plastically deforms
the surface around itself. The actual stress field of the inden-
tation experiment is several times larger than the residual
imprint of the surface and spreads out radially from the point of
measurement.

When testing a biphasic material with small domains, the
size of the indentation may cover not only one phase at a time,
resulting in a combined modulus of a *homogenized” material
with properties from both phases. For example when using a
Berkovich tip, the material probed in a single indent is roughlya
volume of three times the indentation depth. These issues have
been addressed in detail by Constantinides et al.™

The critical part of the data processing is in particular the
analysis process. In general, DSI data have to be handled with
care due to a manifold of obstacles which have to be taken into
account. Zhou et al. discussed the effects of the DSI conditions
with respect to the indent depth on the enamel.™ The authors
found that in a depth range from 100 to 2000 nm the elastic
moduli continuously decreased from approximately 104 to
70 GPa and the hardness respectively from 5.7 to 3.6 GPa. The
authors applied a model for fiber-reinforced composites to
quantify the upper and lower values of the elastic moduli. As a
result similar hardness and moduli compared to the literature
were obtained. Thus, the authors could attribute the dependence
of the hardness and modulus as an effect of the nanoindenter tip.

Ang et al. utilized nanoindentation to investigate the elastic/
plastic deformations of human enamel on the length scale of
several hundreds of hydroxyapatite crystallites within one
enamel rod.™ An indentation yield point of 1.5 GPa and 0.6%
strain was preset and it was found that the corresponding
indentation depth is limited to only 7 nm. Due to this special
situation the authors specifically mention the necessity to
calibrate the indenter tip particularly for this region to be able
to extract meaningful elastic moduli from the penetration
curves by applying the Hertz model.

Sadr et al applied nanoindentation on typical dental adhe-
sives.” These systems showed a strong viscoelastic behavior
and the authors compare different fitting algorithms to deter-
mine the mechanical properties. They highlight explicitly that
the standard models integrated in the instrument's software
were not able to determine the modulus values correctly and
overestimated them up to 2.5 times due to the time-dependent
material properties, which were not implemented in standard
analysis routines. The load-displacement curves were fitted to
obtain best fit parameters for a generalized Kelvin viscoelastic
maodel, from which creep compliance and Young's modulus
were calculated.

DSI on soft biomaterials

While bone and enamel represent relatively hard materials,
much softer biomaterials can also be investigated by means of
depth-sensing indentation. However, the number of reports on
soft tissue is rather limited. In general it can be observed that
the uncertainties and additional aspects which have to be taken
into account gradually emerge if softer sample systems are
investigated.
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Ebenstein and Pruitt discussed in particular the challenges
associated with DSI of soft biological samples.™ The authors
introduced practical solutions and considemtions on an
agarose gel, serving as a model system. They developed a
hydration system which allows maintenance of hydration for
more than 8 h, suggested the utilization of a 100 pm cono-
spherical tip and demonstrated the efficient alignment proce-
dure on the backlight-illuminated agarose gel. The authors
point out that such agarose gels exhibit similar properties to
soft biological tissues, e, vascular tissue.

The importance of verifying experimental results obtained by
DSI is discussed in the study of Akhtar et al™ The authors
utilized spatially resolved nanoindentation mapping to inves-
tigate 5 mm thick sections of ferret aorta and vena cava and to
determine the histological distribution of fluorescent fibers
within the tissue sections. An extended Oliver and Pharr
method was used to minimize the substrate's effect on the
mechanical properties of the tissue and the results were corre-
lated with hematoxylin and eosin stained samples. Asa resulta
clear comrelation of the tissue stiffness related to the elastic fiber
density could be obtained. They found a progressive decrease of
the elastic modulus from the adventitial [outermost) to the
intimal [innermost] layer whereas for vena cava a generally high
elastic modulus was observed across the complete section with
a decrease of the elastic modulus in the highly cellularized
medial layer in the center of the structure (Fig. 8).

This decrease was inversely correlated with the elastic fiber
density of the extracellular matrix-rich regions of the vena cava.

The mechanical properties of dynamic and compliant tissues,
t.e. large blood vessels, have an important impact on the tissue
function, morbidity and mortality; e.g. the in vive gross arterial
stiffness increases with age, but also with cardiovascular risk
factors, i.e., hypertension, diabetes mellitus and end-stage renal
failure. This increase in stiffness is also an issue for the storage
of arterial tissue. DSI was utilized by Hemmasizadeh et al. to
evaluate the common cold storage practice for arterial tissues,
which represents an essential step in varous clinical and
experimental processes.”™ Such cold storage techniques have
significant effects on the postcryosurgical or post
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Fig. 8 Elastic modulus of (A} ferret sorta and (B} vena cava. The elastic moduli
are determined as a function of the distance from the adwential region of the
tissue. Manoindentation results {top} are correlated with hematoxin and easin
stained histological investigation by fluarescence microscopy (battom). Reprinted
from ref. 99 with permizzion from Materials Research Societyd Cambridge
Jourmnals.
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cryopreservation mechanical behavior of arteries. The authors
utilized a custom-made nanoindentation device to measure
changes to the local viscoelastic properties of porcine thoracic
aorta wall at three common storage temperatures. They found a
clear preference for the storage at —80 °C, since in these
samples no significant alteration of the instantanecus Young's
modulus and their permanent average relaxation amplitude
was found.

Huang et al.** recently studied the process of myelination by
DSI. This process represents an important step in the develop-
ment and regeneration of the nervous system with tremendous
importance for the transmission of nerve impulses and, thus,
also for the healing of the nervous system, e.g., after central or
peripheral injuries. The development of a set of factors that
influence the myelination process could be furthermore the key
in also treating demyelinating diseases such as the Guillain-
Barré syndrome or multiple sclerosis. The authors investigated
co-cultures of Schwann cells and PCI2 cells from a mt pheo-
chromocytoma cell line after different times of cultivation by
tn vive indentation of a multilayered myelin sheath structure.
The authors observed three different stages of development,
which are associated with different mechanical properties of
the myelin sheaths. Utilizing this approach the authors intro-
duced DSI as a suitable investigation tool to access the myeli-
nation process.

The transport of drugs and genes through the skin's outer
layer (stratum corneum (SCJ) into the underlying abundant
immunologically sensitive viable epidermal cells is a crucial
point in the development of vaccines and drug delivery systems.
Kendall et al. utilized a modified nanoindenter setup with
customized tungsten tips of different nominal diameters of 5
and 2 pm respectively, to study the mechanical properties of
fresh mammalian skin and quantified these properties.*™* The
authors determined the Young's modulus, storage modulus and
stress at different indentation depths through the SC and the
viable epidermis of freshly excised murine skin by continuous
stiffness measurements [CSM). Different indentation velocities
resulted in characteristic storage modulus plots, which show
significant differences in the utilized tip shape (Fig. 9).

The different characteristic storage moduli obtained by the
different indentation tips were interpreted as model expen-
ments that allowed simulating two essential drug delivery
mechanisms: the micro-nanopmjection patch and ballistic
delivery.

Yang et al. investigated the nanomechanical changes of
cholesterol-depleted and -restored cell membranes by DSL*™
Cholesteraol is known to be a major component of eukaryotic cell
membranes and the depletion of the cholesterol content trig-
gers a complex cascade of biochemical reactions which influ-
ence cell processes. The authors performed DSI on the
lamellipodium of adherent NIH-3T3 fibroblasts with nomal,
depleted and restored cholesterol contents. They extracted the
contact stiffness of the cells by utilizing the DMC mode and
performed indentation tests with a depth of 20 nm. An expo-
nential decay with the cholesterol depletion time resulted in a
decrease of the cell stiffness. On the other hand a different
kinetics was observed for the cholesterol restoration process;

A Mater Chem. B, 2013, 1, 2789-2806 | 2797

61



62

Journal of Materials Chemistry B

A Straturm "
- m Viable epidermis Dermis

E— = 5pm W probe(n=7)

= 40 fF « 2 pm W proben = 14)

i St pOINTs are thee mesn

3 + standand deviabion

:,

H

& 'Y

% s 10 15 20
Displacement into surface (m)
B Stratum  Viable " c Stratum  Viable "
COMMeum epidermis U™is corneum pidermis DEMMIS
- 30 50
£ 7 |
H S0
20
i i %
%10, i"“
; & 10
o . a -
% s 10 15 20 T S T T
Desplacerment {umj} Displacement {ism)

Fig.9 Storage moduli as a function of the displacerment measured with micro-
probe indenter tips into murine ears. (A} Comparisan of the characteristic storage
maoduli obtained with tips of 5 pm and 2 gm probes. Selected starage moduli raw
data curves obtained with (B} a 5 pm tip (lower, upper and near average cunes)
and {0 2 um tip. Reprinted from ref. 102 with permission from Ebevier.

nonetheless, it could be demonstrated that restoration reverses
the effect of cholesterol depletion both on the cellular
morphology as well as on the membrane stiffness. The authors
moreover compared the obtained results with accompanying
AFM measurements and found a good correlation of the
Young's modulus and the contact stiffness measurements.

As can be seen from the large number of different examples,
depth-sensing indentation is still a method which is mainly
employed for the investigation of relatively hard sample
systems. The selected examples highlight the diversity of
fundamental studies that can be performed to relate different
aspects, like aging, degradation, influence of environment on
materal properties, etc., to the micro- and nanomechanical
performance. Next to the micro- and nanomechanical proper-
ties functional design concepts can also be elucidated by
nanoindentation. AFM can also address investigation of the
mechanical properties of much softer materials. Ilustrative
examples of this investigation technique and the information
accessible are summarized in the next paragraphs.

Probing mechanical material properties by AFM spectroscopy
and force volume mapping

In general for AFM spectroscopy and force volume mapping a
much higher lateral resolition at lower force loads can be
applied. This allows measurements down to the scale of indi-
vidual molecules, as exemplified by different groups investi-
gating the structure and stretching characteristics of DNA, RNA,
proteins, etc. and to map the interaction and adhesion of
biomaterials on substrates."™"*** This approach can also be used
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to investigate protein misfolding and aggregation which are the
very first and critical steps in development of various neurode-
generative disorders, including Parkinson’'s disease induced by
misfolding of alpha-synuclein.*" However, these are special
applications which are beyond the scope of this review article.
Therefore, we only refer here to a number of review articles
which summarize recent developments in this field.*™ ™ The
focus of this review is placed on the discussion of micro- and
nanomechanical as well as viscoelastic property maps. The
range of materials that can be investigated covers also softer
materials, including membranes, hydrogels and soft [bio-)
polymers due to the higher force resolution that can be
obtained by AFM spectroscopic methods. This makes AFM
based elasticity measurement a very attractive tool for biological
sample systems and the range of applications in the literature is
very broad. A few representative examples are highlighted here.

In general AFM based studies can be divided into an
indentation-type microsphere approach and a pure APM tip
based approach. To avoid complicated fitting models, which
would be required for commercially available pyramidal shaped
AFM tips, several studies follow an approach which utilizes AFM
cantilevers that are facilitated with glass spheres used as the
actual probe head. Cantilevers with different sphere diameters
are commercially available. For example a tip with a 5 pm
sphere on a 0.06 N m ' cantilever can detect sample shear
moduli between 100 Pa and 50 kPa. Spherical glass tips ranging
from 0.6 to 12 pm diameter and spring constants from 0.01 to
0.58 N m ! are available. The tip characteristics of course also
determine the indentation characteristics. A 5 pm tip provides a
theoretical contact area between the tip and tissue of about 5 to
9 pm* for 400 to 700 nm indentation depth. Smaller or larger
tips can be used to provide smaller or larger scales of spatial
resolution. Also pyramidal tips have been used in AFM inden-
tation,”™*** providing in general smaller contact areas and,
thus, increasing spatial resolution in mapping; however, data
fitting is more complex for this tip geometry. AFM elasticity
measurements performed with pyramidal tips can yield elas-
ticities 2 to 3 fold larger than spherical tips, an effect which is
attributed to the larger contact area of spherical tips.** Thus, a
careful choice of the model for the evaluation of mechanical
properties will be required. Measured force-displacement
curves can be fitted with, e.g., the Bilodeaun model" to calculate
the apparent Young's modulus of indented samples. These
improvements have led to a strong research activity in the field
of biomaterials being investigated by AFM related techniques
and several methods can be utilized to obtain information on
the degeneration, function of biological tissue and cells as well
as provide information on characteristic changes of cell stiff-
ness related to diseases.

AFM based micro- and nanoindentation on cartilage

The pathological changes in ostecarthritis - a degenerative joint
disease prevalent among older people - start at the molecular
scale and spread to the higher levels of the architecture of
articular cartilage to cause progressive and irreversible strue-
tural and functional damage.
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Stolz et al. investigated the properties of articular cartilage
and found a scale dependent dynamic stiffness by indentation-
type atomic force microscopy.**"* Utilization of micrometer-
sized spherical tips revealed a unimodal microstiffness
distbution, whereas indentations performed with a nano-
meter-sized pyramidal tip resulted in a bimodal distribution of
the nanostiffness. The authors interpreted the presence of the
bimodal character of the nanostiffness as a result of the carti-
lage's soft proteoglycan gel which is first compressed, whereas
the higher stiffness value results from the deformation of the
collagen fibrils. They venfied this interpretation by an addi-
tional study of a gel-microfiber composite.” Both sample
systems revealed the same characterstics and the authors
propose to utilize the nanostiffness as a new biomarker to
analyze structure-function relationships in normal, diseased,
and engineered cartilage. Measurements of the cartilage
samples revealed a digestion of, e.g., elastase following an
enzyme action with a cleady lowered modulus of collagen in the
micrometer scale, whereas the digestion of proteoglycans by
Cathepsin D can be only monitored by a stiffening in the
nanometer dimension. The authors applied the methodology
also to reveal early changes of the structure and mechanical
properties of normal aging and ostecarthritic articular cartilage
in mice and patients."”” They suggest that their measurement
approach will open the possibility to construct a simple nano-
device as a clinical tool.

Darling et al utilized stiffness mapping to investigate artic-
ular cartilage.”™ In this sample system chondrocytes are sur-
rounded by the pericellular matrx and the mechanical
properties were in sit investigated to quantify the mechanical
properties of the pericellular and extracellular matrix of human,
porcine and murine articular cartilage. The authors quantified
the microscale elastic moduli using stiffness mapping and foree
volume mapping (Fig. 10). The results obtained on the cartilage
samples were in good agreement with studies of mechanically
isolated chondrons and demonstrated that AFM stiffness
mapping is a versatile tool to in situ determine microscale
inhomogeneities in mechanical properties.

A recent review exclusively dealing with the investigation of
the properties of cartilage assessed by different technigues
including nanoindentation and AFM studies is presented by

Han et al ™"

Nanoindentation on dental samples

A similar micro- and nanomechanical analysis to that of enamel
was performed using SEM and atomic force microscopy [AFM).
Mechanical properties of dentin were characterized with respect
to hardness and elasticity, utilizing nanoindentation with a
modified AFM to elucidate further influences on the enamel
material [Fig. 10). Transgenic mouse models which drive over-
expression of an activated form of TGF-A2 under the control of
osteocalcin promoters were investigated by Saekd et al. to study
the mle of TFG-B2 in the dental mesenchyme on the enamel
formation.™ The authors found that the elastic modulus of
dentin measured with a modified AFM was significantly
reduced in male transgenic mice. This was further associated
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Fig. 10 AFM topographic images of the occlusal area of the enamel near the
DIEL {A}WT male, (E} D4 male, (C}WT female, and (D} D4 female. Mare pares were
apparent in 04 male. (E} Table of the obtained elastic moduli and hardness in the
individual test groups. Reprinted from ref. 120 with the permission of Ekevier.

with the presence of pores in the enamel. On the other hand no
distinct differences were found in female mice. In sitn hybrid-
ization of the continuously erupting incisor confirmed that
osteocalein expression was limited to the odontoblast cell layer
at all stages of tooth formation.

Lippert et al utilized AFM based nanoindentation to study
the nanomechanical and structural properties of polished
enamel samples to investigate the re-hardening of surface
softened enamel in vitre by demineralization/remineralization
cycles under physiologically relevant conditions.™ While the
AFM studies could reveal a mineral deposition after reminer-
alization of the softened enamel, no re-hardening of the enamel
could be measured. The protective effect of the layer was also
not observed. Exposure of the softened enamel samples to a
remineralizing solution or mineral water led to an improved
acid resistance. A significantly higher nanohardness of erosive
enamel after the application of alginate and gum arabic poly-
mers added to citric acid solutions was also observed by Beyer
et al.™* As the results show the treated enamel regions generally
exhibit a smoother surface compared to those treated with citric
acid solutions alone. The authors hypothesized that the poly-
mers possibly adsorb on the eroded enamel surface resulting in
an increase of nanohardness.

Indentation experiments on cells

A very active field of research is the stiffness analysis of cells.
This area promises new diagnostic tools which require a high
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force sensitivity best obtained by AFM force mapping and force
spectroscopy. Advantage is taken here of the fact that the spatial
and temporal changes of the mechanical properties of living
cells may reflect complex underlying physiological processes.
Following these changes could provide valuable insight into the
biological importance of cellular mechanics and its regulation.
A central question to be addressed is how the stiffness varia-
tions within a tissue can be related to disease processes that
result in tissue remodeling and how local mechanical proper-
ties of tissue vary across space and disease progression. For
these measurements a spatial resolution in the scale relevant to
resident cells is required.

Liu and Tschumperlin® reported on measurements of ung
tissue, which is inherently highly compliant and elastic
remodeling is a predominant feature in diseases such as
asthma, emphysema, hypertension and fibrosis. A systematic
sampling of tissue strips provided maps of mechaniecal prop-
erties of tissue that reveal local spatial variations in the shear
modulus (Fig. 11]. Correlations between the mechanical prop-
erties and the underlying anatomical and pathological features
illustrate how stiffness varies with matrix deposition in fibrosis.
Corresponding macro-scale measurements in nomal and
fibrotic lung tissue indicated an approximately 2 to 3 fold
increase in elasticity for tissue with fibrosis, while AFM micro-
indentation could demonstrate a strong increase in local tissue
stiffening, with some regions exhibiting up to ~30 fold increase
in the shear modulus compared to the average normal lung
tissue.!* The authors discuss important short-comings of the
invasive character of the AFM as the lung architecture is altered
due to the loss of the air-liquid interface, that normally exists in
the air-filled lung, and the loss of pre-stress that maintains lung
partial inflation upon relaxation of respiratory muscles. The

=
=1

E =13.39kPa

Force (nM)
-

2 1 R 2
Tip displacement Az (um)

2

o
0 20 a0 &0

Fig. 11 A} Representative torce—displacement curves collected from saline
[blue} and bleomycin-treated {red) mouse lung parenchyma, respectively. Black
lines arethe best fit resulting from the spherical Hertz modeland are |abeled with
theircomresponding cakulated Young's moduli (B and O Elastographs from saline
(B} and bleamyein-treated {C} mouse lung parenchyma depicting the shear
maoduli distribution. Scale bar: 20 pm. Reprinted from ref. 123
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authors found that the median stiffness measured in the
parenchyma of normal lung tissue does not differ substantially
from estimates based on punch-indentation of intact hings at
resting volumes.

Duliniska et al. investigated the stiffness of human red blood
cells (erythrocytes].™ ™ The authors measured the Young's
modulus of erythrocyte samples from patients with different
diseases. It was found that pathological erythrocytes showed
significantly higher stiffness values. The authors relate this
increase in stiffness to possible changes in the structure of the
cell cytoskeleton associated with the diseases.

An increase in the Young's modulus was also observed on
other abnormal human blood cells from human subjects with
the genotype for sickle cell trit.™ The increase could be a
direct result of the palymenzation of sickle cell hemoglobin or
of the mentioned changes in the cytoskeleton.

In contrast to the observed hardening of cells as a conse-
quence of diseases, cancerous cells show a significant softening
by a factor of four. An AFM study on living metastatic cancer
cells taken from the lung, chest and abdominal cavities of
patients demonstrated this effect. The results were in good
agreement with earlier i vitre studies and also comrelate well
with established testing methods, such as antibody labeling.
The cell softening is attributed to the ability of cancer cells to
metastasize or to spread.™ It is hoped that the characteristic
mechanical signature of cancerous as well as of diseased cells
will result in a useful and reliable tool to complement clinical
settings. However, the field is still in its infancy and the reasons
for characteristic changes are still not entirely clear. A crucial
question will be if different influences can be reliably separated
from each other.

Surface hydrated cells of Staphylococcus epidermis were
investigated by Méndez-Vilas et al** The authors report on force
measurements which were acquired on the surface of bacteria,
which represent chemically as well as mechanically heteroge-
neous systems. The obtained different characteristic force curves
were related to cell properties, sub-surface properties, and irre-
versible destruction of the surface. Also, oscillations in the
retraction curve was related, eg., to rupture phenomena within
the multilayered cell wall architecture typical of Gram-positive
bacteria such as Staphylococcus epidermidis, which results in
irreversible surface damage. Volle et al. studied both elasticity
and adhesion of environmental and labomtory strains of
Gram-negative as well as Gram-positive bacteria by AFM force
spectroscopy with a silicon nitride tip.*"" These bacteria formed
biofilms on glass surfaces which revealed different spring
constants. The Gram-positive cells showed significantly larger
spring constants and a depletion of the extension curve was
observed to be correlated with the biomolecules present on the
cell surface. Gram-negative strains with long lipopolysaccha-
rides showed a larger nonlinear region than rough bacterial
strains with shorter lipopolysaccharides. Additionally, differ-
ences of the adhesion of the cells to the tip were observed.

Wagh et al studied the mechanism of lung epithelial wound
healing.' This process progresses via cell spreading, migration
of cells into the wounded area and, finally, cell proliferation.
These studies were performed on bronchial epithelial cells
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(16 HBE] after a scratch wound was applied. 2 h after scratching
contact mode AFM measurements were performed. The authors
identified different regions which exhibit characteristic elastic
moduli amund the wound edges. Far away from the scratch
variations in the elastic modulus in specific cellular regions
were observed with a median value averaged over several 1.5 pm
square regions of <5 kPa. Directly at the wound edge a reduced
cell stiffness was observed within a distance of 5 pm; at larger
distances the cell stiffness decreases again. The authors
concluded that cells near the wound edge undergo localized
changes in their cellular stiffness, which might be a suitable
trigger signal to initiate the spreading and migration of cells
during the healing process. The success of cell-based tissue
engineering approaches in restoring biological function will be
facilitated by a comprehensive fundamental knowledge of the
temporal evolution of the structure and properties of the newly
synthesized tissue. Ludwig et al. addressed the effect that the
function of cells strongly depends on their extracellular micro-
environment that includes, e.g, the stiffness and fiber orienta-
tion in the surrounding matrix. This will influence the cell
adhesion as well as migration. The authors reviewed important
contributions of AFM (elasticity mapping) and related tech-
niques to investigate these effects.” The understanding of the
pericellular proteolytic activity and the adaptation of the
migration behavior of the cells play a crucial role in many bio-
logical processes, Le tissue maintenance, wound repair and
cancer cell invasion. To establish such functions the cell needs
to be able to actively sense and remodel according to its
surroundings.

The maobility of cells is usually a result of the interplay
between lamellipodia and filopodia at their protrusion sites.
The actin cytoskeleton rearranges during the movement from a
highly branched short filamentous network to well aligned
extended bundles from lamellipodia to filopodia, respectively.
This process is regulated by the actin binding proteins VASP
and fascin. Suei et al utilized AFM to determine the Young's
maodulus of phalloidin stabilized comets grown under different
conditions.* The authors found a linear increase in the
Young's modulus for comets grown in the presence of fascin
above a eritical threshold and a decrease of the initial velocity of
the comets. VASP and fascin, in combination, resulted in a
stronger increase of the Young's modulus compared to only one
of the two proteins, in particular for low concentrations.

Li and Logan measured the stickiness of bacteria by force
curve spectroscopy and pointed out the crucial difficulties in
defining the distance between the AFM tip and the surface of
the bacterium.™ This uncertainty derives from the elasticity of
the bacteral surface and the resulting deformation during force
imaging. The result of this deformation is a highly nonlinear
contribution in the force-displacement curves. The authors
studied three different bacteria samples of Escherichia coli
which showed different sticking coefficients to glass. To cali-
brate these values measurements of packed bed flow through a
column were performed. Sample analysis was performed by a
gradient force curve analysis method and a model for the
interactions between a colloidal probe and the surface was
developed. The measured sticking coefficients could be directly
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comrelated with the length of the noncontact phase rather than
with the properties of the other phases. The authors conclude
that gradient analysis is a valuable tool for studying the effect of
the length of the exopolymers on the cell surface to bacterial
adhesion to glass surfaces.

Eaton et al. investigated the antimicrobial effect of different
chitosan coatings on Gram-positive (Staphylococcus aurens) and
Gram-negative (Escherichia coli) bacteria.* The authors utilized
AFM measurements to study the antibacterial effect but also
could verify the response strategies used by the bacteria. The cell
walls tend to collapse and morphology changes reveal cell death;
on the other hand clustering indicated a strategy for the bacteria
to survive. Manoindentation experiments revealed that besides
small modifications observed in the Grmam-positive samples,
mechanical changes in the cell walls of the bacteria occurred.

Pericytes surround capillary endothelial cells and are able to
exert contractile forces modulating microvascular tone and
endothelial growth. The underlying mechanisms mediating
adhesion-dependent shape changes and the contractile force
transduction are still not entirely clear. Kotecki et al utilized
AFM nanoindentation to study the modulation of pericyte
contraction by the neutral cysteine protease, calpain, and report
on the cellular stiffening upon the application of talin, an
integrin-binding and F-actin associating protein.™” The effect is
diminished when calpain-cleavage resistant mutant talin L432G
or vinculin are expressed. Measurements performed with the
cell-penetrating calpain-specific inhibitor CALPASTAT reverse
the talin-enhanced contractility. The authors found that CAL-
PASTAT but not its inactive mutant alters contractile cell-driven
substrate deformations while increasing the mechanical stiff-
ness of the subcellular contractile regions of these pericytes.
The calpain-dependent cleavage of talin as a modulating trigger
for the contractile dynamics was suggested to be involved in
nomal capillary function or microvascular pathophysiology.

Ross and Wuite utilized AFM based nanocindentation to
study the mechanical properties of viruses.™ They measured
the Young's moduli of capsids, the maximal force viruses can
withstand (Fig. 12) and explored the material fatigue in these
nanosized objects. The authors specifically investigated
prokaryotic (bacteriophages) as well as eukaryotic viruses.
Moreover, they discussed the impact of internalized materials
and the effect of alterations to the capsid proteins on the
vimses’ mechanical strength. Their studies are important, since
vimses are now increasingly used as templates for constructing
specific nanocontainers, etc.

These illustrative examples of applying nancindentation and
AFM mapping demonstrate the vast number of systems which
can be investigated and show, moreover, the tremendous
importance of understanding the micro- and nanomechanical
properties of biomaterials with respect to biophysical and
biochemical processes. Not only fundamental understanding,
but also suitable ways to integrate new diagnostic tools repre-
sent extremely interesting means where both techniques can
provide a valuable contribution - despite the still prevalent
difficulties and obstacles. In particular, for soft and heteroge-
neous sample systems improvements and adaptations are still
required on the route to standard integration and routine
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Fig. 12 [A} AFM indentation force—distance curves obtained on viral capsids. A
single forward and backeward scan on an empty bacteriophage capsid. At a
relat ve by lowe force of 0.4 nM the capsid brea ks, Further indentation proceeds with
a smaller slkope, indicating the higher flexibility of the capsid after breaking. The
cormesponding backward curee shows a strong hysteresis of the indentation
curve. {B} AFM images and carresponding line profiles of a capsid before (left,
blackl and after an indentation experiment, which resulted in breaking of the
capsid. Reprinted from ref. 132 with the permission of Wiley-WCH.

applicability. These cover innovations and developments both
in the interpretation as well as in the instrumental
implementation.

Challenges and future perspectives

The micro- and nanomechanical investigation of biological and
soft materials still places a number of challenges, which are
partially controversially discussed in the recent literature.
However, improvements of the experimental and instrumental
setup continuously increase the applicability aswell as the user-
friendliness of the investigation methods. Key points in these
innovations include the implementation of new measurement
modes, the vertical indentation setup in particular for the
available AFM equipment, the combination of indentation
setups with complementary investigation techniques, ie. fluo-
rescence and phase microscopy, ete. and, finally, the refinement
of the analysis models to complex sample systems.

In particular the analysis requires the choice of a proper
model and shortcomings in these models have to be taken into
account. A careful evaluation of the chosen model and optimi-
zation for each investigated sample model have to be carried
out. Particularly, refined models are required for AFM based

2802 | £ Mater Chemn. 8, 2013, 1, 2789-2806

Feature Artide

devices, which will allow the quantitative analysis of mechanical
properties.

In contrast to classical phase imaging in tapping mode (non-
contact or ac-mode), where quantification of the obtained
contrast is effectively impossible, other techniques are devel
oped which utilize a frequency modulation technique that can
be applied during ‘normal’ scanning and allows probing of the
mechanical properties athigh data acquisition times. Exam ples
include loss tangent and amplitnde-modulated foree-modu-
lated viscoelastic AFM.***** In the loss tangent imaging mode
the interpretation of the obtained phase images is summarized
into one term that includes bath the dissipated and stored
energy of the tip-sample interaction. Simultanecusly, the tip-
sample interaction affects the frequency and results in a
modulation of the frequency of the second resonant mode. The
frequency shift essentially depends on the sample stiffness and
can be analyzed by a variety of different models, which largely
depend on the experimental setup (size and shape of the tip) as
well as on the characteristics of the sample system. This method
can be applied simultaneously with the low force imaging in
tapping mode and provides quantitative elasticity and loss
tangent images. The AM-FM Viscoelastic Mapping mode is a
two pass technigue where the first scan is run in conventional
tapping mode. The second pass operates at a resonance
frequency which is adjusted to keep the phase at 907 in reso-
nance. The z-feedback loop is opemting independently, in
contrast to conventional FM modes, and notused as adetection
signal, which allows for an easier and more reliable separation
of the conservative and dissipative contributions of the tip-
sample interaction. The second resonance frequency is a very
sensitive measure of the tip-sample interaction, which is shif-
ted to a higher frequency in stiffer sample regions and to lower
frequencies on softer samples. These frequencies are converted
into a quantitative modulus measurement and mapping.
Alternatively, the loss tangent can be determined when the
sample is vibrated nomal to the surface at different frequen-
cies. Recording of the amplitude and phase signal of the
cantilever response allows determination of the loss tangent.
Another technique which can be applied is the conventional
contact resonance force microscopy mode. At high frequency
modulation the feedback loop cannot counterbalance the
resulting topographical modulations. In  the dynamic
measurement mode this causes an amplitude modulation of
the cantilever oscillation; in contact mode the deflection of the
lever is periodically altered with the modulation frequency. The
amplitude modulation is then analyzed by the interferometer
signal at the modulation frequency and yields quantitative
measurements of the elastic modulus. This approach was
introduced already in the late 1990s and was - originally in a
spectroscopic fashion - developed into a quantitative imaging
[mapping) of elastic modulus. Contact resonance techniques
have been further modified for their application on more
demanding and sensitive soft materials (modulus ~1 GPa to
10 GPa] and for measurements of viscoelastic properties.™

Recently, Sweers e al compared different AFM based
methods to determine the nanomechanical properties of
amyloid fibrils of human alpha-synuclein protein. These fibrils

This joumal is @ The R

nistry 2073



Feature Article

are strongly associated with Parkinson's disease.™ They deter-
mined the elastic moduli of the alpha-synuclein fibrils by
different AFM based measurement modes: force spectroscopy
and the relatively newly introduced surface mapping techniques
harmonic force microscopy and peakforce measurements. The
authors critically discussed the advantages, disadvantages and
difficulties of the applied methods.

Other improvements address, eg., solutions to suppress
instrumental uncertainties, L.e. the tip rolling effect in AFM
cantilever detection, improved detection and the integration of
phase locked loop systems, etc.

Harris et al. found a way to validate some general aspects of
the assumptions that are generally applied in the course of the
force-curve analysis." The authors utilized a combined AFM-
confocal microscopy approach to measure epithelial cells
expressing a GFP-tagged membrane marker. This allowed direct
visualization of the indentation geometry and depth of the
indentation event. A careful comparison of the obtained results
for spherical and pyramidal tips demonstrated a good agree-
ment with the generally applied models for sphencal tips;
however, for pyramidal tips the contact area is underestimated
at forces larger than 0.2 nN, which results in a two-fold over-
estimated elasticity. As a result of this dramatic uncertainty the
authors suggest that a large number of literature data should be
critically re-examined and highlight the importance of defining
guidelines for avoiding elasticity artifacts.

The limitations in terms of surface resolution of sensitive
AFM techniques are mostly given by thermal fluctuations, tip
contamination and, if imaging in air, by the fluid layers
adsorbed on the surfaces. Additionally, the probing surface and
the tip material must be chemically inert. The tip size and
profile are the most important intrinsic factors enabling higher
magnification and imaging of deep cavities, but eventually also
give rise to artifacts.

Depth-sensing indentation as well as AFM force volume
mapping approaches are slow techniques and produce large
datasets. The temporal resolution of the AFM is dependent on
the scan speed and the size of the substrate to be probed; the
scan speed is mainly dependent on the electronic feed-back
loop. For a scanning area of one square micrometer and at a
resolution of 512 x 512 points about 5 min are required at a
scanning speed of about 2 ym s~ . For techniques based on
the static indentation measurements both the temporal as well
as the spatial resolution are limited. This limits the investi-
gation of rather slow bio-chemical and -mechanical processes.
A recently introduced approach was suggested by Raman
et al."™* The authors suggested utilizing dynamic atomic force
microscopy to map guantitatively the nanomechanical prop-
erties of living cells with a data acquisition rate which is 10 to
1000 times faster than with quasi-static measurement
methods. The local properties, such as the local stiffness,
stiffness gradients and viscoelastic dissipation are extracted
from the 0™, 1*%, and 2™ harmonic components of the Fourier
spectrum of the AFM cantilevers which are interacting with the
sample. The approach is compatible with commercial AFM
systems and measurements can be performed in liquids. Lin
et al. introduced an automated routine for the determination
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of the Young's modulus of soft samples with inhomogeneities
at the microscopic scale. Their first contribution towards the
development of an automated high-throughput analysis
routine is based on the Hertz analysis on samples which are
compatible with the assumptions of this model. Local elas
ticities of tissue-engineered cartilage were investigated by AFM
and a set of 1024 force-displacement curves were automati-
cally analyzed.* The obtained Young's moduli were compared
to macroscopically measured values as well as by direct
compression of synthetic gels and were found to be in good
agreement. The antomated analysis of force-displacement
curves holds for a minimized subjectivity, improved consis-
tency as well as minimized user intervention and renders the
method of forcecurve and elasticity mapping much more
user-friendly. In a second step the process was refined for soft,
inhomogeneous materials, which are not compatible with
simple Hertz model fitting procedures.*™ Application of
adhesive contact models and the automated scheme to the
retraction curves yielded average values of Young's modulus
close to those obtained with Hertzian models for the extension
cuves.

Conclusions

The presented discussion and examples stress the usefulness
of DSI and AFM spectroscopic techniques to determine the
micro- and nanomechanical properties of biomaterials. Given
the fact that this research area is highly interdisciplinary and
several uncertainties as well as important factors have to be
taken into account, we intended to assemble a compre hensive
overview which highlights recent developments and shines
light on the difficulties which might be involved during the
study of real systems. Potential room for improvement is seen
in the development of model systems to extract the mechan-
ical properties in a quantitative fashion which can be applied
to complex biological systems and in the development of
new measurement techniques, which directly provide access
to the mechanical properties of samples on different length
scales.

In particular, during the last few years a large number of new
studies were published on very different sample materials and
new approaches to understand the mechano-responsive
behavior of living tissue were developed. Both methods provide
unprecedented possibilities to obtain information on such
systems which are not accessible by other methods. While
depth-sensing indentation is still a method which is preferen-
tially applied to relatively hard sample systems, AFM based
force measurements opened the possibility to study also soft
biological systems and enabled new methods to relate the
nanomechanical behavior of tissue as well as even cells to the
fundamental underlying physiological and biochemical
processes. This field of research is in particular of high interest
as alternative diagnostic tools might emerge from the funda-
mental understanding of the relationship between mechanical
properties and diseases which are influencing these properties.
This approach might open up new tools for the early stage
diagnosis aswell as for analysis of the progression of the disease
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and possibly also might allow judgement of the success of
therapeutical treatments.
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for the Analysis of Depth-Sensing
Indentation Data®
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Richard Hoogenboom, Ulrich S. Schubert*

Methods for indentation analysis involve assumptions that may be problematic for visco-
elastic materials. Three assumptions are discussed: (1) the unloading is predominantly elastic,
(2) tip/sample adhesion and friction are negligible, and (3) no cracking occurs around the
indent. A series of copolymers is investigated by
indentation at room temperature, just below their
glass transitions. Closer to the glass transition
assumptions (1) and (2) were violated. Erroneous
analysis due to extensive creep was identified by
comparison of the creep rate at the end of the hold
period with the unloading displacement rate and
from the power of the fit to the unloading
response. Assumption (3) was studied by scanning
the indenter tip over the residual indent in poly-
styrene, which is known to be susceptible to stress ok
localization. '
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Depth-sensing indentation (DSI) or instrumented indenta-
tion is more and more used for the investigation of
mechanical properties of polymers. Various methods exist
to analyze the load and displacement responses.*! Several
analysis methods obtain the modulus and the visco-elastic
behavior from the loading response. For these analyses, a
material model is used where for instance non-linear elastic
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deformation and plastic deformation are supposed to be
absent,!**] or all viscous behavior is attributed to visco-
plasticity and visco-elasticity is supposed to be negligible.[*
Often (but not always!*)) the occurrence of plastic
deformation is suppressed by ensuring low strain levels
by using a spherical indenter and keeping the indentation
depth small compared to the radius of the sphere.

Apart from these indenter geometries, also the Berkovich
geometryis often used due tohistoricalreasons and reasons

DOI: 10.1002/mame.201200094
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of experimental convenience. Compared to a spherical
indenter, the Berkovich geometry is for instance easier to
calibrate (frame compliance of the instrument, tip shape),
less affected by sample surface roughness,'® adhesion or
deviating mechanical behavior of the top layer of the
material,”) and more suitable for imaging of the residual
imprint. One disadvantage of the Berkovich geometry is
that plastic deformation during loading cannot be ignored.
This can be overcome by obtaining the indentation
modulus E; from the load-displacement response upon
unloading, as proposed by Oliver and Pharr.*~%

Itis known that for polymers, E; obtained from the Oliver
and Pharr method overestimates the true elastic modu-
lus.Y! However, for obtaining an estimate for the elastic
modulus, e.g.,inahigh-throughput setting where alarge set
of materials is screened for one or more properties,>*2!
that does not need to be a severe problemas long as theratio
between the obtained E; and the true elastic modulus stays
approximately constant.

Inthe method proposed by Oliver and Pharr, E;is obtained
from the projected contact area A. and the slope §S of the
load-displacement response at the start of the unloading
using!®!

(1 - Us;ample) _ 23 (Ac> vz 31— U;mbe (1)

ELsample S T Eprobe

Here, Eprobe is the elasticmodulus of the indenter probe, g
is a constant slightly larger than unity, and vrepresents the
Poisson’s ratio of the indenter probe and the sample
material, respectively. Considering that the diamond probe
is much stiffer than the polymer, E, o >> E;, Equation 1
can be simplified to

S/ 1/2
Eisample ~ (1 =13, = (2)
i,sample sarmple 2 \ A,

For the determination of the contact area, elastic
deflection of the surface around the indent is assumed,
while also pile-up may occur. (9] Moreover, the Oliver and
Pharr method implicitly assumes that:

1. the unloading is predominantly elastic (which implies
that the time-dependent displacement of the tip into
the sample material due to creep is small);

. the tip/sample adhesion and friction are so small that
they do not influence the load-displacement response;

. no cracks are formed around the indent or at the indent
corners.

N

w

To assure that assumption (1) is met, ie, that the
unloading response is predominantly elastic and not
affected by creep, the slope of the unloading response
can be corrected for the creep,*® or the unloading can be
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performed quickly.™* In order to assess when unloading

is performed quick enough, a criterion is needed. Such a
criterion could be based on a comparison of the displace-
ment rate during the unloading to that at the end of a hold
period at constant load just prior to the unloading. In earlier
work, we proposed that the displacement rate upon
unloading should exceed the displacement rate at the
end of the hold period by at least afactor of five (and should
have the opposite direction).**! This somewhat arbitrary
choice deserves some more attention and is discussed in
this work.

The second assumption is usually met for glassy
polymers, as evidenced by the good agreement between
modeling and experimental results ignoring adhesion and
friction.”) However, for softer materials the tip/sample
adhesion results in an additional load, pulling the indenter
probe onto the material, as described for various conditions
by the Derjaguin-Muller-Topov model or the Johnson-
Kendall-Roberts model.[***) Moreover, the adhesion may
result in friction, which may also influence the load-
displacement response obtained by indentation.!”:*#

Compliance with the third assumption may be ensured
by imaging some of the indents on materials that may
behave brittle. For indentation depths well in the micro-
meter range, optical imaging can be applied,**! while for
shallower indents (as discussed here), topographic imaging
is most suitable. However, in order to be able to rely on
the obtained topographic data, it should be investigated
whether the sensitivity of imaging with the indenter is
sufficient to reveal the presence of cracks.

The first and the second assumption listed above are
investigated using copolymers of 2-ethyl-2-oxazoline (Et)
and 2-(3-ethylheptyl)-2-oxazoline (EHe). The schematic
representation of the chemical structure of both monomer
repeat units, which are randomly distributed over the
polymer chain, is shown in Figure 1. During the study of
these copolymers, dynamic DSI was also performed. The
thereby obtained loss tangent nicely showed the proximity
of the glass transition. As polystyrene is well-known for
its (macroscopic) brittleness, compliance with the last
assumption was investigated using polystyrene.

in the random copolymer poly{(2-ethyl-2-oxazoline)-ran-[2-(3-

I Figure 1. Schematic representation of the monomer repeat units
ethylheptyl)-2-oxazoline]}, Et-r-EHe.
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2, Experimental Section

The synthesis and structural characterization of the Et-r-EHe
copolymers is reported elsewhere 2% The glass transition tem-
peratures (midpoints) of these random copolymers were deter-
mined by differential scanning calorimetry (DSC) on a Netzsch DSC
204 F1 Phoenix under nitrogen atmosphere from —50 to +200°C
with a heating rate of 20K -min~" (the first heating run to 200°C,
which was followed by a cooling run at 40K -min™, was not
considered for analysis). 20-26mg of each copolymer were
dissolved in 80 pL chloroform (Biosolve LTD). Several droplets
from each solution, each ~4 pL, were pipetted onto a glass slide
using a pipetting robot (Analytiklena Fastrans system, Jena,
Germany), in line with high-throughput experimentation
concepts.[l The glass slides were subsequently dried under
reduced pressure at 40 °C for 2 weeks and then transferred into
the enclosure of the TriboIndenter (Hysitron Inc, MN, USA). The
samples resided for 1 week at <7% relative humidity (RH) as
measured using a Hygrometer testo 608-H2. Subsequently,
indentation experiments were performed at 5.2+ 0.4% RH and
24 +2"C employing a nanoDMA (1D) transducer and a diamond
Berkovich indenter. Before every indent, the indenter was
held in contact with the surface, to allow for piezoactuator
stabilization (35s) and drift correction (40s) at a contact load of
only 0.5 pN to prevent any deformation of the polymer surface
prior to the indentation experiment. The drift rate (typically
0lnm-s ') was automatically determined over the last 20s of
the 40 period.

Quasistatic experiments in load control were performed by
lifting the tip 30 nm prior to the measurement, re-approaching
the surface (surface detection at a load of 0.5pN), loading to
maximum load in 10s, holding at maximum load for 10s
and unloading in 2 or 0.4s. The maximum load was reduced
in steps of 300 uN from 2100 to 300 uN. From these seven
measurements (spaced 40 p.m apart) per sample, the first two (i.e.,
the experiments at 2100 and 1800 uN) were disregarded to even
further reduce the influence of drift. For the samples containing
30 wt% EHe, the indentation experiments performed at 1500 pN
and for the 2s unloading time experiment also that at 1200 p.N
exceeded the tip area function calibration range, and were
therefore not analyzed either. Before quasistatic experiments in
“open loop” mode, the tip was not lifted but loaded directly.
The load function is described in Figure 6. For the “open loop”
experiments, the nominal maximum loads ranged from 2800
to 400pN (steps of 400pN) for the 0, 18, and 30wt% EHe
copolymers. Because of the significant compliance of the 48 wt%
EHe copolymer, lower load levels were chosen, namely 1400 to
200 N with steps of 200 pN.

Load-displacement responses were analyzed using the method
of Oliver and Pharr!® by fitting the unloading response from
0.95 10 0.20 - Pyyyax with the conventional power law form to obtain
the slope at the start of the unloading $. E; is obtained using
Equation 1 and taking $=1, Egiarnond = 1140 GPa, vgjamong = 0.07
and vsample =04

The loss tangent tan 3 of the copolymers was determined using
the Tribolndenter nanoDMA module, whereby an oscillating load
(nominally 10 uN) was superimposed over the quasistatic load
(nominally 300 wN). The loss tangent tan & is calculated from the
phase lag between the applied load oscillation and the resulting
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displacement oscillation,!®*23 which was between 0.7 and 2.3 nm
in amplitude. The average and standard deviation were obtained
fromthree or four experiments on each duplicate sample, so in total
seven or eight measurements, are reported.

General-purpose polystyrene (PS) with a number-averaged
molar mass M, of 95kg -mol™! and a polydispersity index of
1.33 [as determined by gel permeation chromatography (GPC)] was
supplied by Shell. The PS was dissolved in toluene (Biosolve LTD).
From this 9 wt% solution, several spots were deposited onto a glass
slide that was placed on a heating plate at ~95 °C. No extensive
deposition of material at the edge of the spot (the so-called “coffee-
drop” effect!™?)) was observed. The glass slide with polystyrene
spots was heated to 110°C under reduced pressure (estimate:
<5 mbar)in aHeraeus Vacuthermoven. The sample was allowed to
cool slowly overnight under reduced pressure.

The polystyrene film thicknesses were measured using a Fogale
Zoomsurf 3D optical interferometer with a 5x objective. DSI was
conducted using a 2D transducer and a Berkovich (trigonal
pyramid) diamond indenter. Various load levels were used. After
loading in 10 and 10s hold at Pp,,,, unloading took placein 1s. A
Poisson’s ratio of 0.35 was used in the calculation of ELPS.[BJ
Imaging of the residual imprints with the Tribolndenter was
conducted at a scan velocity of either 6.0 or 6.4pm-s~* and a
setpoint of 2 uN. For imaging, the same Berkovich indenter probe
was used as for the indentation experiment.

Imaging of two residual imprints was conducted by tapping
mode atomic force microscopy (AFM) using an NT-MDT Solver P47
SMENA AFM. Commercial tapping mode tips (MikroMasch) with a
typical force constant of 11N - m™! were used.

3. Results and Discussion Regarding
Assumptions 1 and 2

3.1. Random Et/EHe Copolymers

At the glass transition, the mechanical properties of
polymers change: the elastic modulus decreases drastically
and the loss tangent passes through a maximum.'?* These
changes in the mechanical behavior are investigated on
amorphous random copoly(2-oxazoline)s that are at room
temperature only slightly below their T,. These copoly(2-
oxazoline)s were prepared by aliving cationic ring opening
polymerization at a monomer-to-initiator ratio of 100 using
methyl tosylate as the initiator. A detailed description of
the synthesis and the chemical characterization of these
copolymers is reported elsewhere (Table 1).(2%)

The EHe units (Figure 1) have the same number of carbon
and hydrogen atoms in the side-chain as the 2-nonyl-2-
oxazoline units discussed in ref.”®! However, the spatial
arrangement of the atoms is different. The absence of a
melting peak in the DSC traces shows that EHe does not
crystallize, in contrast to poly(2-alkyl-2-oxazoline)s with
linear alkyl side-chains longer than four carbon atoms.?®!
The ethyl groups racemically attached to the heptyl side
chains impede alignment of the heptyl chains and thereby
prevent crystallization.2”
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Table 1. Characteristics of the EHe-Et random copolymers deter-
mined by "H NMR spectroscopy,”! GPC,”*°! and DsC.

H NMR Gpc? DSC
EHe M, PDI T,
-mol* [°c]

mol%]  [wt%] 8 !
0 0 17700 118 59
10 18 14400 121 45
18 30 15200 121 35
32 48 15700 1.19 27%
38 55 16 300 1.20 24
46 63 16900 1.21 16
100 100 16900 113 -3

2Eluent: N,N-dimethylacetamide with 2.1g-L * Licl, PS cali-
bration standards; "Obtained from a fit of Tg as function of
wt% EHe.

The EHe homopolymer was sticky at ambient tempera-
ture, which is related to its low glass transition tempera-
ture. The (co)polymers containing up to 63 wt% EHe were
dissolved in chloroform and dropcast, resulting in accu-
rately positioned, regularly shaped polymer spots. After
drying, DSI was conducted on these materials at reduced
humidity (5.2% RH) and room temperature. Various
measurement protocols were employed:

1. quasistatic DSI with loading in 105, 10 s hold, unload in
2's (load control);

2. quasistatic DSI with loading in 10, 10s hold, unload in
0.4s (load control);

3. quasistatic DSI with loading-unloading-reloading-
unloading-reloading scheme (open loop);

4. dynamic DSI at various frequencies.

3.2, Effect of the Unloading Rate

Selected load-displacement responses are shown in
Figure 2. The indentation moduli E; obtained from the
Oliver and Pharr analysis of the unloading responses of the
Et:EHe copolymers decrease withincreasing EHe content, as
shown inFigure 3. Since thelarge decrease in the stiffness of
glassy polymers at their glass transition sets in gradu-
ally,“‘lJ E;startsto decrease withincreasing EHe content due
to the smaller distance to Tg. (As a side note, it is mentioned
that the number of entanglements per chain may be small
due to the modest chain length. Therefore, the rubbery
plateau modulus in the range of ~10 MPa usually exhibited
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Figure 2. Load-displacement responses for the 30 wt% EHe copo-
lymer, employing an unloading time of 0.4s.

by amorphous polymers above their T, may be absent for
these materials.)

Indentation experiments were performed on the copo-
lymers employing unloading times of either 0.4 or 2 5. The
indentation moduli E; obtained for both unloading times
agree relatively well for the (co)polymers containing up
to 18wt% EHe (Figure 3). However, for the copolymer
containing 30 wt% EHe, E; obtained employing the two
unloading times differ. For the 30 wt% EHe copolymer, the
displacement rate upon unloading in 2 s is only one tenth of
the creep rate during the preceding hold period (Table 2).
Therefore, the 2s unloading response is significantly
influenced by creep. If the unloading is not predominantly
elastic, application of the Oliver and Pharr procedure results
inunreliable E;values,**** as also shown by the different £;
values obtained employing both unloading times for the

54
+ Unloading in
- m 04s
44 A 2s

Indentation Modulus E (GPa)

0 10 20 30 40
Composition (wt.% EHe)

Figure 3. Indentation moduli obtained for Et-r-EHe random copo-
lymers employing an experimental protocol with unloading in 2
or 0.45s. As discussed in the text, E; obtained for the 30 wt% EHe
copolymer by unloading in 2s is not reliable.
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Table 2. Approximate ratio of the initial unloading displacement
rate to the creep rate at the end of the hold time. The ratio was
evaluated from the last =15 of the hold time and the first 0.1s of
the unloading for the indentation experiment performed at
1500 uN. The indenter moves during hold at constant load into
the material, while during elastic unloading, the material
pushes the indenter back, resulting in a displacement rate with
the opposite sign. For readability reasons, the minus sign of the
displacement rate ratio is not shown.

EHe Displacement rate ratio
[wi%]
Unloading Unloading
in 0.4s in 2s
0 84 13
18 22
30 4 0.1

30wt% EHe (Figure 3). In contrast, the analysis results
from unloading responses showing displacement rate
ratios > 4 (Table 2) appear to be only negligibly influenced
by creep, as shown by theagreement inthe obtained moduli
in Figure 3: analysis of load-displacement responses
exhibiting a ratio of only four already resulted in the same
E, as quicker unloading experiments on the sarne material®
So our criterion on the displacement rate ratio adopted in
ref*®! seems to be rather effective in minimizing the
influence of creep on the analysis results.

Figure 4 shows that fitting of the 2 s unloading response
of the 30wt% EHe copolymer, ie. the data influenced
significantly by creep, resulted in highly deviating power
values that were far outside the range expected for the
contact of a cone onto an elastic surface. This shows that
the power value can be used as an indicator for influence
of creep on the analysis.

3.3. Viscous Response and Adhesion

The third quasistatic loading protocol that was applied is
outlined in Figure 5. This protocol included a 10s hold at
maximum load, partial unloading to 40% thereof combined
with subsequent reloading, followed by a second unload-
ing/reloading cycle. This loading protocol resulted in the

Y Itis not likely that for the 18 wt% EHe copolymers the initial slope $
resulting from the fit to the 2 s unloading response is affected by
creep. The indentation experiments were performed at various
levels of Pmay, resulting in different indentation depths hyay. The
plot of § as function of hp,4 overlapped for both unloading times,
indicating that creep can be neglected. Even if S would be affected
by creep, the overall effect on the determined E; is negligible as a
too high slope S mathematically also results in an increase in the
contact depth and, thus, in the contact area, Equation 2.
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Figure 4. Average and variation in the power law values for all
analyzed indentation experiments (so: all employed Ppay) for
each sample unloading time combination, i.e., for each datapoint
presented in Figure 3.

load-displacement responses shown in Figure 6. In contrast
to the load-displacement responses shown in Figure 2
obtained under “load control”, the load-displacement
responses shown in Figure 6 were obtained using the
“open loop” mode. While in the load-control mode a
feedback assures that the desired load is applied onto the
sample surface, in the “open loop” mode part of the force
applied electrostatically to the drive plate in the transducer
is used to elastically deform the springs inside the
transducer.?”) Therefore, the actual load applied onto the
sample surface is the nominalload minus a certain amount

Load

40%

Nominal load \
----- Actual load (schematic)

T T T

0 10 20 30
Time (s)
Figure 5. Protocol employed to obtain the load-displacement
responses shown in Figure 7. The partial unload and reload took
place in 155 each and final unloading took place in 2s. The actual

load depends on the deformation of the transducer springs,
which depends, in return, on the mechanical properties of the

material.
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Decreasing overlap between the var-
ious loading responses for the same
material, listed as third observation, is a
clear expression of the time-dependent
mechanical behavior.!*7*”! As the load-
ing was conducted in 10 irrespective of
Praax the various loading responses in
Figure 6 represent different loading rates.

Displacement {(nm)

600 0 1000 The loadings to the smaller Pmay allow
more time for viscous deformation upon

loading to the same load P. For the Et
homopolymer, the lowest Pp.x experi-
ment resulted in a maximum displace-
ment at the end of the loading of 205 nm,
at a load of 345puN. At the same load
of 345pN, the highest loading rate
experiment exhibited a displacement of
200nm. The displacement value of

2000 2000
18 wi.% EHe

1500 1500

£ 1000 Z 1000
¥ kS
S 3

500 500

0 0

0 200 400 600 0 200 400
Displacement (nm)
2000
30 wt.% EHe 6001 48 wt % EHe

400

z z 200
2 3
1 =

3 3 0
| L

-200

-400

0 500 1000 1500 2000 0 500 1000

Displacement (nm)

1500 2000 2500

Displacement {(nm)

205 nm is only 3% higher than the latter
value. However, for the 18, 30, and

Figure 6. Loading/unloading/reloading experiments on Et:EHe random copolymers. Data 48 Wt% EHe copolymers, the difference
acquired when the tip was not in contact with the material surface (after final unloading  increases due to time-dependent defor-
and for the 48wt% EHe also during several unloading/reloading cycles) has been mation. For these materials, the displace-

removed.

that depends on the displacement of the indenter probe
(dashed line in Figure 5). For indentation experiments
performed in open-loop the load may even be negative,
which means that the indenter pulls on the sample
material.

Figure 6 shows that with increasing EHe content, ie.,
with decreasing distance to the glass transition:

=

. the displacement, in particular the displacement during
the hold period, increases;

. the curvature of the loading response decreases;

. the overlap between the various loading responses for
the same material decreases;

4. the overlap between the unloading and reloading
responses decreases;

. a smaller part of the total displacement recovers during

unloading;

the negative load at the end of the (final) unloading

increases.

w N

v

o

The first five observations are mainly caused by the
increased viscous response. Furthermore, the first, second,
and fifth observation are partly attributable to a decrease of
the yield stress, resulting in a larger plastic deformation.
Here, it is noted that the yield stress depends on the
timescale of testing, i.e, on the viscosity,[m] so both causes
mentioned above are related.
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ment for the lowest loading rate exceeds
the displacement at the same load
employing the highest loading rate by
17, 49, and 180%, respectively.

For a perfectly elastic-plastic material, the reloading
response should coincide with the preceding unloading
response. This material behavior is a key assumption of
the Oliver and Pharr method.*** The extent to which
this assumption is violated can be assessed by comparing
the slope of the unloading and the reloading responses
(Figure 6). For materials where the loading and
unloading responses are difficult to discern in Figure 6,
one unload/reload cycle is shown in Figure 7. The
difference between the loading and the reloading
slope increases with increasing amount of EHe. This
demonstrates that the viscous contribution to these
responses increases. However, the increasing difference
between the loading and the unloading response with
increasing EHe content should not solely be attributed
to the increased time-dependent behavior, as with
increasing EHe content the unloading is performed
effectively to lower loads, due to the so-called “open
loop” experimental protocol.

Selected unloading responses were fitted using the
power law equation. For selected reloading responses, the
last ~0.7s of the reloading segment were fitted using
the power law as well, whereby the power value was
restricted to be equal to or larger than 1. From these fits, the
slope at Py, Was obtained, which is a key parameter for
the calculation of E; as shown by Equation 2. Typically, the
slopes upon reloading were for the 0, 18, and 30 wt% EHe
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tangent, tan 8. For polymers, a time/
p temperature superposition principle
applies: an increase of the test frequency
has a similar effect as a decrease of the
temperature during testing.**?%! There-
fore, the loss tangent changes with the
test frequency. For materials close to their
glass transition, the change in the loss

a) 2000 b) 2000
Owt.% EHe P 18 wt.% EHe
Reload
1500 1500 Reload
z z
3 S
3 3
= 4000 Unload S 1000
~ / Unload
/ P
500
500 v
500 540 580 860

Displacement (nm)

I Figure 7. Unloading and reloading responses for (a) o and (b) 18 wt% EHe copolymers at
the same nominal load (the highest loads shown for these materials in Figure 6).

copolymers ~:10, 30, or 70% smaller than those obtained
upon unloading, respectively. A high slope for the unload-
ing response results in a high E; (Equation 2). This is in line
with the relatively high E; obtained for the 30 wt% EHe
copolymer obtained upon unloading in 2's (Figure 3). The
increasing deviation between the unloading and reloading
slopes indicates that the assumption that the unloading is
governed by the elastic response becomes more and more
problematic upon approaching the glass transition.

Figure 6 shows that the negative load (pull-off force) at
the end of the finalunloading increases withincreasing EHe
content. Indentation experiments at higher Py on the
same copolymer result in larger pull-off forces, as the higher
load results in deeper indents and, therefore, a larger
contact area between the indenter probe and the material.
From the negative load upon unloading, the work of
adhesion can be obtained. For this calculation, also the
contact area at the momentthat thisnegativeloadislargest
is required. This analysis is usually performed employing a
large radius sphere [*°! Even though the contact area at the
maximum negative load is not known, the observed
negative force prior to loss of contact indicates substantial
probe/copolymer adhesion. Large adhesion between the tip
and the sample, and concomitant friction, will affect the
load-displacement response. The observed increase in pull-
off force with increasing EHe content indicates that also the
assumption that adhesion and friction are negligible turns
more and more problematic for these copolymers with
decreasing distance to the glass transition.

3.4. The Loss Tangent as a Function of Composition
and Frequency

Visco-elastic properties of polymers can be studied by
subjecting the polymer to a small-amplitude cyclic
deformation. At the glass transition of an amorphous
polymer, the dissipation of the mechanical energy of sucha
cyclic deformation is maximum.?*??! The ratio of the
viscous response to the elastic response is called the loss
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200 a0 tangent with test frequency is large.

Dynamic experiments can be per-
formed by DSI, as well®2*??] Hayes
et all®! have measured tan § of poly-
cyanurate, epoxy, polyvinyl acetate, and
propylene as a function of both testing
frequency and temperature by dynamic
DSL In variation to their work where the measurement
temperature was varied, in the current investigation the
“distance” to the glass transition is varied by changing the
chemical composition of the tested material. In Figure 8, tan
d is presented for selected Et:EHe copolymers. (It is noted
that adhesion also may affect the dynamic DSI response.
Therefore, thetan 8 value of the 55 wt% EHe copolymer may
be less accurate than that at lower wt% EHe.) In agreement
with theory, Figure 8 shows that with decreasing distance
to the glass transition, the loss tangent increases.

Thelosstangentincreases tohigher values than observed
for the Et:Non copolymers discussed in ref.?! This can be
attributed to the formation of small crystallites for the
Et:Non random copolymers and the absence thereof for the
Et:EHe random copolymers. Such crystallites stiffen the
material, resulting in a more elastic response. Figure 9
shows that with increasing test frequency the energy
dissipation decreased. Furthermore, not only for 20Hz
(Figure 8) but also for other frequencies, tan 8 increased with
decreasing distance to the glass transition, here correspond-
ing to increasing EHe content.

0.6

0.4

Tan delta (-)
T,-T,(°C)

0.2

0.0

Composition (wt.% EHe)

Figure 8. Loss tangent obtained at a test frequency of 20Hz as a
function of composition for Et:EHe random copolymers. The
difference between the glass transition temperature as observed
by DSC and the temperature during testing (Ty—25°C) is indi-

cated as well.
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I Figure 9. The loss tangent as a function of testing frequency and
chemical composition.

4, Results and Discussion Regarding
Assumption 3

Although cracking at the indent corners allows evaluation
of the fracture toughness for, in particular, ceramics and
hard metals,® this cracking should be avoided during
indentation experiments aiming at obtaining elastic
properties. Cracking of the material around the indent or
at the indent corners invalidates the Oliver and Pharr
method.!® Residual indentation imprints can be imaged
in order to investigate whether cracking occurred. This
topologic imaging can be performed by scanning the
indenter tip over the polymer surface.?”) However, it
should be verified whether thisimagingis sensitive enough
to identify the occurrence of cracking. The question
whether the absence of cracks at the indent corners in
the topographic image proves that these cracks are really
absent will be addressed in this section.

Polystyrene is well-known for its localized deformation,
in particular after physical ageing. This strain localization,
which is attributable to the large extent of strain softening
for aged PS followed by only modest strain hardening,>%
may cause the material to exhibit cracking during the
indentation experiment. Therefore, PS was chosen for the
current investigation. Several spots of PS were deposited
onto a glass slide. Subsequently, the glass slide containing
the PS spots was heated under reduced pressure to 110 °C,
which is 10 “C above the glass transition temperature of PS,
and slowly cooled. During cooling, physical ageing can take
place. Subsequently, indentation experiments were per-
formed and several indents were imaged with the indenter
tip. However, no cracking was observed. In order to
investigate whether this is due to insufficient instrument
sensitivity, imaging by AFM (tapping mode) was conducted

€ It is noted that wear of the Berkovich probe may change the
sensitivity.
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on two of these indents. The AFM tips are much sharper
thantheindenter tips, and this instrument is designed to be
very sensitive for surface topology. Moreover, AFM provides
the possibility of phase imaging, which is a very sensitive
tool for observation of structural changes at the surface.
However, also with this instrument no cracking at the
indent corners was observed (Figure 10). In the close-up
phase image at one of the corners (Figure 10d), some line-
shaped features are observed originating from the indent
corner. These are probably attributable to orientation in the
material and/or local strain-hardening of the polymer
induced by the indentation.

The samples were subjected to several heat treatments
consisting of heating above their glass transition and
subsequent cooling to room temperature at various cooling
rates. After only one of these heat treatments (again:
heating to 110 “C under reduced pressure followed by slow
cooling), cracks were observed upon imaging with the
TriboIndenter at the corners of the indents on one of the two
investigated PS spots. The indentation load-displacement
responses for both spots are shown in Figure 11. The
topography images obtained by imaging with the TriboIn-
denter are shown in Figure 12.

An important observation is that the indenter equipped
with a Berkovich probe is capable of identifying the
presence of cracks® Secondly, extensive cracking is
observed, while the differences in the load-displacement
responses are only modest (Figure 11). The differences inthe
stiffness at the start of the unloading (Figure 13a) and in E;
(Figure 13b) are also relatively small.

The presence or absence of cracking is the main cause for
the difference between the load-displacement responses
shownin Figure 11. However, it is not the only cause for the
difference between the load-displacement, as this differ-
ence in cracking behavior itself indicates that the mechan-
ical properties (yield stress, extent of strain localization,
stress at break, etc.) of spot A and spot B were not exactly
equal. In this context it is noted that the non-cracking
sample was ~60 um thick, while the PS spot exhibiting
cracking was ~45pm thick. Possibly, in the thicker
sample a tiny amount of toluene remained that did not
yet evaporate. Alternatively, there might be some
stress in the PS due to the thermal expansion mismatch
between the PS and the glass substrate, where the differing
thickness resulted in differing stress levels. However,
ascribing in first approximation the difference between
the indentation responses obtained on spot A and spot B to
the occurrence of cracking, it is observed that cracking
resulted in:

1. a larger displacement at the same load Pp,y;

2. a higher slope S at the start of the unloading
(Figure 13a);

3. a somewhat lower E; (Figure 13b).
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Ut/ By the cracking, elastic strain in the
PS adjacent to the indenter probe is
dissipated, resulting in a decreased
resistance to deformation during the
indentation experiment and, therefore,
81 deeper indents. The loss of the elastic
strain also decreases the ability of the
material to push the indenter back during
the unloading step of the indentation
) [ experiment, resulting in a reduced dis-
placement during unloading and, there-

8888 nM

1 fore a higher slope at the start of the
unloading. As the loss of elastic strain is
not accounted for in the Oliver and Pharr

a

analysis, E; obtained for the spot A
samples is not reliable. It is noted that
the difference between E; obtained from
indentations exhibiting cracking and

(d) are the height and phase image of a second, smaller-area scan at one of the corners.  ig only modest, as mathematically the

I Figure 10. AFM (a) height and (b) phase image of a residual indent on polystyrene; (c)and indentations not exhibiting cracking

Z-height scale is reduced to increase the visibility of possible cracks.
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I Figure 11. The indentation load-displacement responses for two
and the other exhibiting no or only minor cracking.
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Figure 12. Surface topology obtained by imaging with the TriboIndenter of the indents
resulting after the indentations at a maximum load of 5400 pN. (a) Significant cracking
is observed for spot A (the corresponding load-displacement response is shown dashed

effect of the larger slope S is counteracted
by the larger contact area A, as shown
by Equation 2.

Interestingly, the cracking was not shown by any abrupt
events in the loading responses such as pop-ins. This is in
agreement with the observation that on the polystyrene
spot exhibiting cracking, cracks were already observed
after indentations employing only modest loads Ppax.
Already after indentation at a P,,,, of 2700 uN, cracking
was observed (although at only one of the indent corners),
which may indicate a gradual, continuous crack-growth
process.

5. Conclusion

It was shown that amorphous, non-
crosslinked polymers of relatively low
molar mass close to their glass transition
may give rise to unreliable results when
the unloading responses are analyzed
using the protocol proposed by Oliver
and Pharr. Due to substantial time-
dependent deformation, the assumption
that the unloading is predominantly
elastic may become problematic. Increas-
ing the unloading rate improved the
reliability of the analysis results. It was
demonstrated that the criterion that the
unloading displacement rate should
exceed the creep rate by a factor of 5 is
suited to minimize influence of creep on

in Figure 11), while (b) on spot B only a minor crack is observed (solid line in Figure 11). The the obtained E; values. Also the value for

Z-scale is reduced to improve the visibility of possible cracks.
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I Figure 13. Analysis results of the load-displacement responses shown in Figure 12. (a) Slope S at the start of the unloading. For easy

unreliable.

response can be used as a quick and convenient indicator
whether creep influenced the unloading response.

Unloading and subsequent reloading confirmed that the
assumption that the unloading response is elastic becomes
problematic if the material is tested only just below its T
Moreover, the pull-off force, where the indenter probe
breaks loose from the sample surface, indicates that the
extent of adhesion is no longer negligible for materials close
to their glass transition. Therefore, apart from the creep,
also the increased adhesion and tip-sample friction reduce
the accuracy of the analysis results for such copolymers
tested very close to, or above, their T,

The different dynamic mechanical response of the
various copolymers was related to the differences between
their respective glass transition temperature and the
testing temperature. The frequency and composition
dependency of the loss tangent of the studied random
Et:EHe copolymers was in agreement with that expected
based on the DSC results.

A key assumption to the analysis of quasistatic
indentation responses is that no cracking occurs around
the indent or at the indent corners. The imaging facility of
the indentation instrument equipped with a Berkovich tip
seems to be sufficiently sensitive to determine whether
cracking occurred. Cracks could be visualized that had
resulted in only modest changes in the load-displacement
response.
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Keywards:
Low glass transition temperature
Paly(2-oxazoline s

The synthesis of a new branched 2-oxazoline monomer, namely 24 3-ethylpentyl}-2-oxazoline is
described. Microwave-assisted cationic ring-opening poly me rization allows the synthesis of well-defined
homopolymers as well as copolymers when copolymerized with 2-ethyl-2-oxazoline (EtOx ). The systems
obtained are investigated with regard to their thermal and mechanical properties. In order to elucidate
structure—property corvelations, these copolymers are compared to copolymers of EIOx with two other
branched monomers, namely 2-{1-ethylpentyl)-2-oxazoline and 2-43-ethylhepyl}-2-oxazoline com-
prising a different branching positionor length of the main side chain, respecdively. It is observed that the
influence of the branching position on the glass wransition temperature and mechanical properties is
significantly higher than the length of the side chain. Furthermore, copolymerizations with EtOx are
presented which enable the alteration of the thermal and mechanical properties showing a linear
decrease of the glass ransitdon temperatures as well as a decrease of the elastic modulus with increasing
welght percentage of the branched monomers.

Eranched polymers

@ 2003 Elsewvier Lid. All rights reserved.

1. Introduction

Low glass transition temperature (T;) materials are of significant
interest in everyday life. They possess broad application possibil-
ities, such as in car tires, engine mountings, adhesives and inflat-
able boats [1]. At their usage temperature such materials show
rubberlike properties, Le. they are amorphous compounds with Tg's
below the operating temperature. Furthermore, from a more sci-
entific point of view these kinds of materials might improve the
phase separation of block copolymer segments [2,3]. Therefore, the
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interest in new designer systems exhibiting such properties is of
significant interest.

The cationic nng-opening polymenzation (CROM) of 2-
substituted 2-oxazolines, which was first reported in 1966 by
four independent research groups [4—7|, represents a suitable
polymerization technique for the synthesis of well-defined (co-)
polymers with distinct properties due to relatively simple variation
possibility of the polymer side chains enabling adjustable polymer
properties [8—11]. In recent years, poly(2-oxazoline)s { POxs) with
various side groups and properties were prepared and studied
ranging from alkyl- and aryl-substituents to more advanced func-
tionalities, such as different fluorinated [12—14], amino [15], alde-
hyde [16], alkene [17-19], alkyne [20], and sugar groups [21]. In
particular, the polymerization of 2<{n-alkyl)-2-oxazoline was
extensively investigated with regard to their polymerization
behavior as well as the thermal and surface properties of the
resulting polymers [22]. In these studies, POxs with linear side
chains containing up to five carbon atoms were found to exhibit
amorphous behavior. However, recently the semi-crystalline char-
acter of poly(2-butyl-2-oxazoline) and poly(2-propyl-2-oxazoline)
was described, which was attributed to side chain and main chain
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crystallinity, respectively [23]. Moreover, even the crystallization
behavior of poly(2-ethyl-2-oxazoline) (PEtOx ) when kept above the
cloud point temperature was reported [24]. In any case POxs with
aliphatic side chains containing more than five carbon atoms rep-
resent semi-crystalline polymers with melting temperatures at
about 150 °C.

It is well known, that the melting temperature (Ty,) and glass
transition temperature { 1z) of a polymer can be influenced by cer-
tain parameters. Particularly the nature of the side chain plays an
important role: the longer the side chain the lower the Ty due to the
higher flexibility of the polymer, as it is reported for different
lengths of poly(n-alkyl methacrylates) [25]. Only the 1-position of
the side chain has a negative influence on the molecular motion of
the polymer whereas a further elongation acts as a softener. In
addition, branching of the side chain can influence the temperature
transitions in different ways. On the one hand T; can increase due to
an increase of the steric hindrance caused by the more rigid
branched alkyl substituent [26]. On the other hand further sub-
stituents can lower the packing density by pushing neighbornng
chains apart. Furthermore, branching of the side chain can suppress
the crystallization of the polymer. Since POxs show a decrease of T
with increasing number of carbon atoms only forn = 1 o 5, ie
longer polymers only revealed a Ty, the plasticization effect of
a long side chain could not be exploited to further lower the glass
transition temperature. This drawback was recently overcome by
the introduction of an ethyl branching group in the side chain of
poly(2-heptyl-2-oxazoline) resulting in a polymer with a Tg
of —6°C[27].

Up to date only a few more branched poly(2-oxazoline)s are
known. Poly(2-(i-propyl)-2-oxazoline) (PiFropOx) and poly(2-(i-
butyl)-2-oxazoline) (PiButOx) are semi-crystalline with T, = 200°C
contrary to their linear analogs indicating an influence of the
branching methyl group [7]. Furthermore, the synthesis of 2-(tert-
butyl)-2-oxazoline was reported [28], but a detailed character-
ization suffered so far from the low solubility of the respective
polymer, and the polymer could not be synthesized at all, respec-
tively [29]. 5till, the scope of the branched POxs has to be expanded
in order to gain new insights in the effect of branching.

In previous works of our group [23,30,31], depth-sensing
indentation (DSI) has proven itself as a very suitable tool to deter-
mine the mechanical properties of POx homo- and copolymers, in
particular when only small amounts of material are available and
thus, macroscopic tests like tensile or compression tests are
unapplicable. Furthermore, the high-throughput capahilities of this
technique allow for automated screening of large numbers of dif-
ferent matenals in a short time period, making it ideal for com-
parative studies of similar materials. In our previous study on POx
homopolymers with linear side-chains, it was found that the elastic
modulus strongly depends on the number of carbon atoms within
the linear side-chain.

Here, we report a systematic investigation of the effect of side-
chain branching in aliphatic POx. A new branched 2-oxazoline
monomer, namely 2+ 3-ethylpentyl}-2-oxazoline (3EPOx), is pre-
sented, which allows evaluation of the influence of the position of
the ethyl group in the side chain and the main side-chain length
when compared to the known 2-1-ethylpentyl)-2-oxazoline
(EPOx) and 2 3-ethylheptyl)-2-oxazoline (EHOx), respectively.
To this end, the microwave-assisted homopolymerization of
FEPOX as well as the copolymerizations of 3EPOx and EPOX with
EtOx are described. The homopolymers of all three monomers as
well as their copolymers with EtOx were compared in view of
their thermal behavior. Furthermore, samples exhibiting a T,
above mom temperature were subjected to depth-sensing-
indentation studies in order to elucidate and compare their elas-
tic moduli,

2. Experimental section
2.1, Materials

1-Bromo-2-ethylbutane, n-butyllithium and NN N N -tetrame-
thylethylenediamine (TMEDA) were purchased from Sigma—
Aldrich and were used as received. 2-Methyl-2-oxazoline, 2-
ethyl-2-oxazoline and methyl tosylate were obtained from Acros
and were distilled to dryness over barium oxide (Ba0) and stored
under argon. 2-{1-Ethylpentyl)-2-oxazoline was synthesized as
reported previoushy [32].

2.2 General methods and instrumentation

The Initiator Sixty single-mode microwave synthesizer from
Biotage, equipped with a noninvasive [R sensor {accuracy: +E),
was used for polymerizations under microwave irradiation. Mi-
crowave vials were heated overnight to 110 °C and allowed to cool
to room temperature under argon before usage. All polymenzations
were carried out with temperature control. Gas chromatography
(GC) was measured on an Interscience Trace gas chromatograph
with a Trace Column RTX-5 connected to a PAL autosampler. Size
exclusion chromatography (SEC) measurements were performed
on an Agilent system equipped with a diode array detector and
a refractive index detector. Two PSS 5DV (5 pm pore size) columns
were placed in series. DMA with 5 mmol of LiCl was used as eluent
at 1 mL/min flow rate, and the column oven was set to 50°C. Molar
masses were calculated against polystyrene standards. 'H NMR
spectra were recorded on a Bruker AC 300 MHz spectrometer at
room temperature, with CDCl; as the solvent. The chemical shifts
are given in ppm relative to the signal from residual non-
deuterated solvent. For the MALDI measurements an Ultraflex Il
TOF[TOF apparatus { Bruker Daltonics, Bremen, Germany) equipped
with a Nd:YAC laser and a collision cell was used. All spectra were
measured in the positive reflector or linear mode. The instrument
was calibrated prior to each measurement with an external PMMA
standard from PSS Polymer Standards Services GmbH (Mainz,
Germany ). Thermal transitions were determined on a DSC 204 F1
Phoenx by Metzsch under a nitrogen atmosphere from —100—
220 °C with a heating rate of 10 K/min and 20 K/min and
a cooling rate of 40 K/min (for the calculations only the third
heating curve of three runs was considered). The depth-sensing
indentation tests were performed on a Hysitron Tribolndenter
with a conospherical diamond indenter tip of approximately 4.7 pm
radius, [n a typical experiment, the tip was loaded up to a maximum
force of 1500 pM and consecutively unloaded. To diminish the in-
fluence of the material's time-dependent behavior, very short times
for each segment have been chosen. Thus, the loading was per-
formed in 0.5 5, the unloading in 0.1 s. The mechanical properties
were derived from the unloading curve, applying the method
proposed by Oliver and Pharr [33]. The reduced moduli (E;) were
converted into indentation moduli (E;) assuming a Poisson's ratio of
0.4 according to:

192 0
17’”'2"” (1.1)
1 Yindenter
E Eindenter

where v is the Poisson’s ratio of the respective material. The
values for the diamond indenter tip (Mindenter = 0.2 and
Eindenter = 1200 GPa) have been used from the literature [34].
Values have been averaged over 16 measurements for each mate-
nal. All measurements have been performed in an automated run
overnight.
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23. Monomer synthesis

243-Ethylpentyl)-2-oxazoline (3EPOx): A solution of 1267 g
{0,108 mol) TMEDA in 375 mL THF was cooled to —78 “C under an
argon atmosphere. Within 40 min 41,25 mL n-butyl—lithium (2.5 M
in hexane) were added and the solution was stirred for 60 min.
Subsequently, 9.28 g (0,109 mol) 2-methyl-2-oxazoline (MeOx)
were added dropwise and stirring was continued for another 2 h
at —78 °C. After the addition of 14.86 g (0.09 mol) 1-bromo-2-
ethylbutane, the solution was allowed to warm to room tempera-
ture overnight. The reaction was quenched after 24 h with 180 mL
methanol and the solvents were evaporated under reduced pres-
sure. The residue was dissolved in 180 mL chloroform and 180 mL
MaHCO4 solution and the agueous phase was extracted three times
with 60 mL chloroform. The combined organic phases were was hed
with water and brine. After drying over Mg50,, the solvent was
removed under reduced pressure and the crude product was pu-
rified by distillation (62 °C, 52 = 10°% Torr) to yield 54 g
(0,032 mol, 29%) (3EPOx ).

TH NMR (250 MHz, CDCly, 25 *C): 6 = 0.84 (t, 6H, CH5), 122 (m,
1H, CH), 129 (m, 4H, CH2CH3), 1.58 {m, 2H, NCOCHyCHa), 2.23 (m,
2H, NCOCH2CH2), 3.81 (&, 2H, CNCH=), 4.21 (t, 2H, COCH4). B MMR
{100 MHz, CDCls, 25 “C): 6 = 10.7 {CH3), 25.02, 25.47, 28 .88, 4022,
3242, 38,5 (CH/CH;), 5435 (CNCH, ), 67.1 { COCH. ), 169,04 (CNCHa).
HE-MS (ESI+): caled for CroHisMO + H': 170.1539, found: 170.1541.

24, Microwave-gssisted homopolymerzation of 3EPOx

A stock solution containing initiator {methyl tosylate), monomer
(3EPOx) and solvent {acetonitrile) was prepared. The monomer
concentration was adjusted to 1 M, and a monomer-to-initiator-
ratio of 60 was used. The stock solution was divided over seven
polymerization vials that were capped under argon. For the cal-
culation of the conversion, three ty-samples were taken. The vials
were heated to 140 °C for different times in the microwave syn-
thesizer. After cooling, the reaction was quenched by addition of
50 pL water. GC and SEC samples were prepared to determine the
monomer conversion and the polymer molar masses, respectively.
For the calculation of the monomer conversion, the polymenzation
solvent was used as internal standard.

25, Microwawve-gssisted copolymerization of EtOx and branched
comoenomer; preparation of the statistical copolvmers for detailed
property studies

Copolymers (EtOx/EHOx, EtOx/3EPOx, EtOx/EHOx) with a total
monomer-to-initiator-ratio of 100 with 10% increments were pre-
pared. A polymerization solution containing initiator, appropriate
amounts of monomers and solvent was irradiated in the microwave
for a pre-calculated time (based on the homopolymerization ki-
netics) to reach full conversion. The full consumption of both
monomers as well as the monomer ratios incorporated in the final
polymer were assured by 'H NMR spectroscopy and the resulting
copolymer was either precipitated in ice-cold diethyl ether or dried
under reduced pressure to remove the residual monomer and
solvent.

26. Film preparation and indentation measurements

Prior to the indentation measurements, small amounts
{~20 mg) of each material were dissolved in chloroform and
subsequently dropcasted onto Teflon®-coated 12-well microscopy
glass slides. These glass slides are generally used for biological ar-
rays, as the Teflon®-coating prevents the dropcasted solution from
spreading out over a larger area.

After drying ovemnight, the samples were heated above Ty for
several hours under reduced pressure to remove solvent residues.

3. Results and discussion
3.1. Monomer synthesis

The new monomer, 2-{3-ethylpentyl)-2-oxazoline (3EPOx ), was
synthesized according to a general procedure recently published
for the synthesis of 2-substituted 2-oxazolines [16]. In contrast to
the synthesis of 2 1-ethylpentyl)-2-oxazoline (EPOx) [ 32], which
was obtained starting from the coresponding acid chlonde, 3EFOx
represents the product of the nucleophilic attack of the deproto-
nated Z-methyl-2-oxazoline (| MeOx) onto 1-bromo-2-ethylbutane
{Scheme 1). Thus, this monomer can be synthesized in a straight-
forward one-pot procedure including the generation of the
nucleophile using n-butyllithium (n-Buli) and NN, N N-tetrame-
thylethylenediamine (TMEDA) as well as the addition of 1-bromo-
Z-gthylbutane, Here, it is noteworthy that several trials failed to
synthesize the monomer with the ethyl branch in 2-position of the
side chain. Most likely, rearrangements of the comresponding 2-
bromohexane compound to more stable systems prevent the
reaction.

32 Homopolymerization of 3EPOx

As already demonstrated by the homopolymerization of EHOx
and EPOx, branched 2-pxazolines are able to undergo a living CROP
showing a similar behavior as their linear analogs. Both monomers
exhibitaliving character underappropriate conditions, as indicated
by the absence of chain transfer and termination reactions or only
limited extent of these side reactions, respectively. The living
manner of the polymenzation is crucal in order to enable the
synthesis of well-defined block and statistical copolymer struc-
tures. 3EPOx was also polymenzed applying the optimized and
nowadays frequently used conditions for the microwave-assisted
CROP of 2-oxazolines, ie methyl tosylate as initiator, acetonitrile
as solvent and a polymerization temperature of 140°C. Under these
conditions a linear increase of the In{[M]yf[M];) with time was
observed demonstrating a constant concentration of propagating
species indicative of a living polymerization mechanism of the
monomer. The resulting first-order kinetic plot is shown in Fig. 1
left. The almost perfect linear fit of the data (R* = 0.99) indicates
the high reproducibility of the microwave-assisted polymerization
since each data point represents a separate polymerization reac-
tion. The linear increase in the molar mass with conversion further
supports the living character of the polymenzation (Fig. 1 nght).
The polymers showed reasonable polydispersity index ( PDI) values
which are slightly higher {up to 1.4) in particular for higher con-
versions indicating the occurrence of some side reactions.

In order to confirm the molecular composition of the polymers
obtained, matrix-assisted laser desorption/ionization time-of-flight
({MALDI-TOF) mass spectrometry studies were conducted of the
early kinetic samples with molar masses lower than 3000 g mol !
(Fig. 2, left). The expanded section of the mass spectrum (Fig. 2,
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Scheme 1. Schematic representation of the reaction scheme for the synthesis of 2-(3-
ethylpentyl-2-mazoline (3EPO® L
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right) reveals an exact agreement of the isotopic pattern of the
calculated and the measured signals. In addition, the signal of the
proton-initiated polymer resulting from chain transfer reactions
can be assigned. The latter shows a higher intensity than the actual
product, which might indicate the ocourrence of significant chain
transfer reactions at the early stage of the poly merization.

3.3 Copolymerizations with 2-ethyl-2-oxazoline {EtOx)

Due to the controlled character of their homopolymerizations
all three monomers, EHOx, EPOx and 3EPOx, are suitable for
copolymerization with other 2-oxazolines. In fact, EPOx and EHOx
were already wsed for the synthesis of (block) copolymers dem-
onstrating their potential for copolymenzations, To study the tun-
ability of the glass transition temperature as well as the elastic
modulus of these systems the copolymerization with EtOx was
chosen (Scheme 2. A series of copoly mers was synthesized of both
comonomers having different ratios of monomers using 10 mol®
increments of EPOx and 3EPOx, respectively. Because the copoly-
merization of EHOx and EtOx was already reported only the co-
polymers showing T;'s above room temperature were synthesized
(mol% EHOx = 30) because these are suitable for depth-sensing
indentation. All copolymerizations were performed under

Ui

microwave irradiation at 140 “C. The polymerizations were pushed
in each case to full conversion in order to guarantee the targeted
feed composition and to simplify the purification of the resulting
copolymers. Thus, slightly higher PDI values were expected for the
copolymers (Tables 1-3). However, the final monomer ratios as
determined by "H NMR spectroscopy are in good agreement with
the feed ratios. Prior to differential scanning calorimetry { DSC) and
depth-sensing indentation {DSI) measurements, the copolymers
were purified by extensive drying under reduced pressure at ela-
borated temperature. A complete overview of the copolymers
obtained can be found in Table 1 (PFEPOx-stat-EtOx), Table 2
(P{ 3EPOx-stat-EpOx ) and Table 3 ( {EHOx -r- Et0nc),

3.4. Thermal transitions

The thermal properties of the PEPOx and P3EPOx homopoly-
mers as well as of the copolymer series P(EPOx-stat-ErOx) and
P(3EPOnc-stat-EtOx ) were determined by DSC and compared to the
known PEHOx and P(EHOx-r-EtOx) system. PEPOx and P3EPOx
exhibit the same number of carbon atoms in the side chain, the
same branching group but different branching positions. Both
polymers were found to be amorphous, Le revealing only a glass
transition and no melting point. In a similar manner as for the
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Fig. 2. Representative MALDI-TOF MS spectrum (matrix: DCTE; ionization salt: Nal; solvent: CHCl3) of P3EPOx (left). In the expanded spectrum the signals are assigned to the
accord ing polyrmer strectures e noemp assing the methyl( blue) and the proton ( red) initiated polymers (right) (Forinterpretation of the references to colour in this figure legend. the

reader is referred to the web version of this article.)
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Scheme 2 Schematic representation of the mechanism of the cationic ring-opening copolymerization of 2-oxarolines

PEHOx homopolymer the crystallinity of the polymers is sup-
pressed in comparison to their linear analogs with the same
number of carbon atoms in the side chain. Poly(2-heptyl-2-
oxazoline) as well as poly(2-nonyl-2-oxazoline) are semi-
crystalline polymers with T, about 150 °C whereby remaining
amorphous fractions are too small to detect a Ty by DSC. Thus, the
incorporation of branching points in the side chain changes the
thermal behavior from semi-crystalline to amorphous. Fur-
thermaore, the position of the branching point and the length of the
side chain influence T significantly. In general, the ethyl side group
lowers the T; which is consistent with a decrease in the packing
density associated with an easier molecular motion of the polymer.
A direct comparison of PEPOx and P3EPOx demonstrates the
importance of the branching position: PEPOx with the ethyl branch
in 1-position of the side chain exhibits a glass transition at about
30 °C whereas P3EPOx with the ethyl branch in 3-position shows
amuch lower Ty at about 5 °C suggesting a lower packing density of
the polymer in case of P3EPOx. Moreover, the branch position in 1-
position hinders the backbone movement due to stronger steric
hindrance causing a higher T;. Additional information concerning
the length of the main side chain was obtained from the difference
between P3EPOx and PEHOX. Increasing the length of the main side
chain while keeping the branching position constant results in
a further decrease of the T to —6 °C As a consequence, the fol-
lowing order for the Ty was obtained: PEPOx = P3EPOx = PEHOx.
To study the effect of molecular composition on the thermal
properties, F{EPOx-stat-EtOx) and F{ 3EFOx-stat- EtOx ) copolymers
with 10 mol® increments branched monomer were synthesized. In
either case the difference of the T; between the two comonomers
allows the alteration of the glass transition temperature by varying
the monomer composition. A linear behavior was observed for both
copolymer series. As can be seen from Fig. 3, the Ty of the co-
polymers are linearly decreasing with increasing weight percent of

Table 1
Maolecular characteristics and selected properties of the PIEPOx-sta-EtCie ) copaoly-
mer series (T; = glass transition temperature, F; = indentation modulus).

EPOIc MS(gmol 'y PO® TE(C ES(GPa)
Moliges  Molkg Wik

0 0 [ 12,000 141 587 325
10 i1 18 9500 12 557 368
20 19 2 10,300 112 503 3.48
30 30 42 10,100 122 462 281
40 41 55 13,800 117 403 268
50 50 63 10,000 143 383 248
&0 &l 73 7100 152 363 218
70 74 83 7000 167 354 1.89
80 53 8 ABDO 147 327 1.76
a0 &8 a3 5200 148 318 1.54
100 100 100 5800 155 303 1.40

4 Determined using "H NMR spect mscopy.

¥ SEC results (eluent: N,N-dimethylacetamide with 2.1 ¢ L LiCl; PS standards).
“ From DSC measurements.

? From DSI measurements.

the branched monomers. Again it can be seen that the incorpo-
ration of the EHOx alters the Ty significantly and decreases the T,
value faster than EPOx and 3EPOx [35]. However, in each case an
increasing amount of branched side chains causes a lowering of the
packing density of the polymer chains by pushing neighbornng
chains apart which is consistent with a decrease of the glass tran-
sition temperature. To conclude, all three series show a nearly
perfect linear relationship enabling a fine-tuning of the thermal
properties not only by choosing the sort of branched monomer but
also by synthesizing copolymers with varying compositions.

35 Mechanical properties

The mechanical properties of the homo- and copolymers were
investigated by DSI measurements, Fig. 4 shows selected examples
of load-displacement responses obtained during the indentation
experiments of the P{EPOx-stat-EtOx) series. As can be clearly seen
from the maximum indentation depths, the materials become
softer with increasing comonomer content. This holds true for all
three series, as the EtOx (due to its higher T;) always represents the
‘hard’ component in the copolymer.

Fiz. 5 shows the indentation moduli of the investigated
copolymer series. Within each library, the moduli linearly decrease
with increasing comonomer content This is not surprsing,
regarding the linear decrease in the glass transitions shown in
Fig. 3. As the difference between room temperature and Ty de-
creases, the polymer chains gain mobility. At the point where T is
lower than room temperature, all materials will flow and exhibit no
significant differences in the moduli [31]. Therefore, such samples
have been excluded from the indentation expernments.

Tabile 2
Molecular characteristics and selected properties of the F3EPOx-star-Etlk)
copolymer series(T, = glass transition temperature, E; = indentation modulus).

IEPOR" M (gmol ') PDF TA(C)  ES(GPa)
Molmes Molise Wik

[ 0 12.000 141 587 325
10 i1 17 7900 118 506 144
20 25 36 5400 143 414 289
30 33 45 6400 148 380 283
40 42 53 6800 154 310 251
50 52 65 4800 158 231 :
&0 68 78 4200 158 185 .
70 77 85 5300 146 19 .
80 85 a1 4700 158 123 .
an a3 a6 5300 158 75 .
100 100 100 5500 144 26 .

# Samples with a T, below room temperature were excluded from the indentation
measurements.

¥ Determined using 'H MMR spectroscopy.

© SEC results (eluent: MN-dimethylacetamide with 21 g L~ LiCl; PS standards).

9 From DSC measurements.

“ From DS| measurements.
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Table 3

Mouolecular characteristics and selected properties of the P{EHOz-r~Et0x) co polymers
with glass transition temperatures above room temperture (E; = indentation
maodulus).

EHOx* M (g mal ) PO® EF (GPa)
Mol Mo Witkem

0 i 0 12,000 141 335

10 1 20 B0 115 337

20 21 15 10,100 116 201

30 33 4 11,300 116 178

4 Determined using "H NMR spectrosco py.
5 SEC results (eluent: NN-dimethylacetamide with 2.1 g L " LiCl; PS standards).
© From DSl measurements.

When comparing the different libraries with each other, it could
be observed that upon changing the position of the ethyl-group in
the side-chain from the 1- to the 3-position, the effect on the me-
chanical properties is more prominent than upon elongating the
main side-chain by another ethyl-unit consistent with the T; ob-
servations. This may be due to the steric hindrance of the branched
side-chain. Considering the number of stiff ‘junction’ points per
repeating unit, the P{EPOx-stat-EtOx) only has one between the
main chain and the two side chains { considerning one ethyl- and one
butyl- side-chain starting from the branching point), while the
P(3E POy -s tat- ErOx) has two jJunction points, one between main and
side-chain and one where the side-chain branches. It has to be
mentioned that the total number of carbon atoms in the side-chain
15 the same in both cases.

When comparing the P{3EPOx-stat-EvOx) with the P(EHOx-r-
EtOnx), the moduli do not significantly differ, contrary to the dif-
ference in the glass transitions. As the steric hindrance is already
high due to the second junction point, an increase in one of the
secondary side-chains does not significantly increase the interchain
distance any further.

The unexpectedly lower modulus of the pure EtOx is a result of
the hygroscopicity of that particular sample. As previous studies
have shown [23], EtOx shows a significant water-uptake from the
surrounding atmosphere. The incorporated water causes a swelling
of the polymer by increasing the interchain volume, thus increasing
chain flexibility which, in turn, results in a lower elasticmodulus, In
our previous study, the modulus of a dred PEHOx was found around
45 GPa, however, in that study, a polymer with approx. &0
repeating units was investigated.

~
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Fig. 3. Dependence of the glass transition of the PEtOx-stat-EPOx) ( @; B = 0.982)
and the P{ Etdx-stat- 3EPOx) (; B* = 0.985) copolymer on the weight percent of EROx
and 3EPOX, respectively. For comparison reasons the PEtOx--EHOx) (»; B = 0.093)
series was added [35] Dotted lines represent the linear fitof the data points (R* can be
regarded as a measure for the standard deviation, whereby it represents both the
standard deviation in the polymer composition as well as the DSC measurements;
assuming ideal mixing of the polymer segments).
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4. Conclusions

In conclusion, new insights in the effect of side chain branching
of poly{ 2-oxazoline)s were presented. By means of a new branched
2-oxazoline monomer, the influence of the branching position as
well as the length of the main side chain in the respective POx was
elucidated. To this end, homopolymers and copolymers of the new
branched 2-oxazoline were systematically compared to two other
branched systems with regard to their thermal behavior and elastic
modulus. All copolymers (branched 2-alkyl-2-oxazoline[EtOx)
showed a linear decrease of the glass transition temperature pos-
sessing decays depending on the kind of the branched comonomer.
Copolymers with glass transition temperatures above oom tem-
perature were applied to depth-sensing indentation measurements
which demonstrated a decreasing elastic modulus with increasing
percentage of the branched 2-oxazoline comonomer consistent
with a softening of the material. In both, thermal as well as me-
chanical studies, it was found that changing the position of the
ethyl-group in the side-chain from the 1- to the 3-position causes
a more prominent change in properties than by elongating the
main side-chain by another ethyl-unit clearly demonstrating that
the branching position has a stronger effect on the chain mobility.
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These results motivate the study of polymers with even more
complex side chain branching which might yield new interesting
properties. Furthermore, the usage of these monomers for new
block copolymer systems is currently under investigation.
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A library of poly(2-oxazoline)s with varying length of the alkyl side-chain
has been i d by variable-temperature Fourier transform infrared

(FT-IR) spectroscopy. These polymers are suitable for studies of

structure—property relationships as their cationic ring-opening polymer-
ization and the relatively facile monomer synthesis enable a control of the
molecular structure. In this contribution, the number of carhon atoms in
the linear side-chain is systematically varied from a short methyl to a long
nonyl group. Previous studies showed that the sample library can be split
in two groups: poly(2-oxazoline)s with a short side-chain (methyl-, ethyl-,
and isopropyl-) exhibit hygroscopic behavior, while those with longer side-
groups (butyl- and longer) were found to he semi-crystalline. To gain
further insight into the mechanisms of hydrogen bonding and crystalli-
zation, temperature-dependent infrared (IR) spectroscopy has been
applied in the current study. The processes involved have been monitored
by generalized two-dimensional correlation spectroscopy (2DCOS) and
perturbation-correlation moving-window two-dimensional correlation
spectroscopy (PCMW2D) in the C=0 stretching region around 1645
cm~L. These advanced analysis techniq; provided valuable additional
information on the material behavior during heating. As water is removed
from the samples in the course of the heating process, it was possible to
clearly distinguish between “loosely associated” and hydrogen-bonded
water. Furthermore, the melting process of the semi-crystalline samples
could be depicted. For the poly(2-isopropyl-2-oxazoline) even a crystal-
lization process could be monitored in the temperature range between
glass transition and melting,

Index Headings: Poly(2-oxazoline)s; Water uptake; TGA; Hydrogen
bonding; Crystallinity; Temperature-dependent FT-IR-spectroscopy;
Fourier transform infrared spectroscopy; Generalized 2D correlation
spectroscopy; 2DCOS; Perturbation-correlation moving-window 2D
correlation spectroscopy.

INTRODUCTION

Due to their relatively facile monomer synthesis, poly(2-
oxazoline)s have regained major interest in the last decades.!
As has been shown, the material properties are mainly
governed by the length and type of side-chain. Thus, by
copolymerizing different 2-oxazoline monomers, the material
properties can be fine-tuned to different application require-
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As a result of their structural similarities with polypeptides,
poly(2-oxazoline)s have received significant attention for
biomedical applications.!:® Their high biocompatibility and
thermo-responsiveness make them ideal model compounds for
drug-delivery applications. Furthermore, due to the stealth
effect found for poly(2-ethyl-2-oxazoline), their use as
immunosuppressors has been discussed.™” A short review on
the biomedical applications as an alternative to polyethylene
glycol (PEG) can be found in Ref. 8.

In previous studies,” '! we investigated the properties of
poly(2-oxazoline)s under idealized and ambient conditions. A
significant water-uptake was observed for materials with short
side-chains, significantly altering the mechanical properties of
the materials, whereas semi-crystalline behavior was found for
samples with longer side-chains. In 1988, Lichkus et al.
investigated the hydrogen bonding interactions in blends with
different ratios of poly(2-ethyl-co-methacrylic acid).!?> The
authors determined the fraction of “free” carbonyl groups from
peak-fitting results in the carbonyl region. Later in 1996, Cai et
al. used a similar approach in a series of decenyl/heptyl
oxazoline copolymers to determine the ratio of hydrogen-
bonded/"“free” carbonyl groups.? Thus, as hydrogen bonding
interactions were reported for both hygroscopic and semi-
crystalline samples, we aimed to gain further insight into the
processes involved. Therefore, the initial temperature-depen-
dent infrared (IR) measurements from our previous study!!
have been further evaluated by generalized two-dimensional
correlation spectroscopy (2DCOS) and perturbation-correlation
moving-window two-dimensional correlation spectroscopy
(PCMW2D).

2DCOS, first proposed by Noda'3~'% in 1993, represents a
powerful procedure to investigate the spectral intensity
fluctuation under a specific perturbation such as temperature,
time, concentration, etc. In 2D correlation spectroscopy, the
spectral intensities are plotted for two spectral variables,
generally wavenumbers. 2DCOS creates a pair of synchronous
®(v, v2) and asynchronous (v, v2) 2D correlation spectra
where the spectral variables v, and v> are wavenumbers. The
synchronous 2D correlation intensity represents the overall
similarity or simultaneous changes bhetween two separate
spectral variables during variation of an external perturbation
(here increasing temperature). The asynchronous 2D correla-
tion spectrum monitors variations in spectral intensities that are
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not synchronously correlated. By application of Noda’s
rules,' 1516 the sequential order of the events causing these
spectral intensity variations can be determined.

On the other hand, PCMW?2D is a relatively new analytical
tool developed by Morita et al.'” in 2006. Its basic principles
are based on the conventional moving-window 2D correlation
spectroscopy proposed by Thomas and Richardson.'® The
PCMW?2D correlation method provides pairs of synchronous
and asynchronous spectra that are plotted in a 2D map between
a spectral variable (here, wavenumber) axis and a perturbation
(here, temperature) axis. One of the advantages of this method
is that a typical transition (such as melting point or
crystallization temperature) of a spectral intensity variation
can be visualized in the PCMW2D correlation spectra. Another
important advantage is that complicated spectral intensity
variations of overlapping bands or peak shifts along the
perturbation direction can be detected. For example, in one of
our previous studies,'® we analyzed the impact of annealing on
the properties of poly(3-hydroxybutyrate) (PHB) by variable-
temperature Fourier transform infrared (FT-IR) spectroscopic
measurements in the v(C=0) region in combination with
2DCOS and PCMW2D analyses. It was found that further
crystallization takes place between 30 and 120 °C and the
melting temperature could be determined to be 180 °C by a
sharp change to a broad v(C=0) absorption band, which is
characteristic of the amorphous phase.

The present study focuses on vibrations in the carbonyl
stretching region of the investigated poly(2-oxazoline)s. It has
been demonstrated that the C=O functionality is involved in
hydrogen bonding in cases where the material shows
significant water uptake.'' Furthermore, this band has a very
high peak intensity and represents a superposition of an
amorphous and a crystalline shoulder (for samples where
crystallinity could be detected), making it ideal for monitoring
the mentioned processes.

Thus, based on the combination of 2DCOS and PCMW?2D,
we attempted to derive an overall scenario for the structural
changes of poly(2-N-alkyl-2-oxazoline)s as a function of
temperature. Furthermore, these methods will assist in the
assignment of the different states of the v(C=0) vibrational
mode during the heating process due to the intensity increase
and decrease of selected wavenumber regions with tempera-
ture.

EXPERIMENTAL

Synthesis. The different poly(2-alkyl-2-oxazoline)s were
prepared by microwave-assisted cationic ring-opening poly-
merization in acetonitrile. Methyl tosylate was used as initiator
with a monomer to initiator (M/I) ratio of 60, resulting in
relatively well-defined (PDI <C 1.3) poly(2-oxazoline)s with
~~60 repeating units. The investigated polymers are depicted in
Scheme 1; the abbreviations used in the text are listed in Table
I. The synthesis is described elsewhere in full detail.?"

Thermogravimetric Analysis. Prior to the thermogravi-
metric analysis (TGA), the samples were stored in a water-
saturated atmosphere overnight to enable water uptake. The
saturated samples were then weighed into TGA crucibles and
measured in a Netzsch TG 209 F1 instrument. The samples
were heated up to 900 °C at a heating rate of 10 °C/min.

Temperature-Dependent FT-IR Investigations. Sample
Preparation. The poly(2-oxazoline)s were dissolved in chlo-
roform (p.a. quality from Fisher Scientific, used without further
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OH

n=60

R C

ScHEME 1. Schematic representation of the chemical structure of the
investigated poly(2-alkyl-2-oxazoline)s. Side-chains R are listed in Table L.

TABLE L. Sck ic repr ion of the ch I structures of the
investigated poly(2-alkyl-2-oxazoline)s and their respective abbreviations.

Poly(2-alkyl-2-oxazoline)s

as depicted in Scheme 1, side-chain R = Abbreviation
—CH; MeOx
C:Hs EOx
-C3H, PropOx
—CH(CH3)> i-PrOx
C.Hg ButOx
—CH>-CH(CH3)2 i-ButOx
—CsHy; PentOx
CeHy3 TexOx
—C;H;5 HeptylOx
—CoHyg NonOx

purification) and drop-cast onto KBr pellets until a suitable
thickness for recording an FT-IR spectrum with good signal-to-
noise-ratio was achieved. The MeOx was dissolved in
deionized water instead, due to its low solubility in chloroform,
but treated equally in the following steps. All samples were
dried under reduced pressure overnight. Subsequently, the
pellets were kept in a closed compartment in a water-saturated
atmosphere overnight to allow for water uptake by the
materials.

FT-IR Measurements. For the actual measurements, a
second KBr pellet was placed onto the sample to prevent
possible melt-flow of the sample film at higher temperatures.
The KBr sandwich was fixed on a heating block within the
beam path of the spectrometer. The temperature (controlled
with a Hotset RR 210) was increased in steps of 5 °C from 30
°C to at least 200 °C (max. 235 °C for i-ButOx, depending on
the melting behavior of the individual sample), allowing a
period of 5 min time for temperature equilibration at each step.
After the heating run, cooling of the samples was performed in
the same stepwise manner. The spectra were recorded on a
Bruker IFS 28 FT-IR/FT-NIR spectrometer by co-adding 32
scans for each spectrum with a spectral resolution of 4 cm!.

Generalized 2DCOS and PCMW2D Spectroscopy. Base-
line correction was performed using the rubber-band method
(standard method implemented in the Bruker OPUS software)
for all FT-IR spectra in the v(C=0) wavenumber regions
before calculation of the 2D correlation. The generalized 2D
correlation analysis was applied using 2D Shige software
(Kwansei-Gakuin University, Japan; http://sci-tech.ksc.
kwansei.ac.jp/~ozaki/2Dshige.zip) developed by Shigeaki
Morita and in a further step plotted by Wavemetrics Igor Pro
6.22 software in order to obtain 2D correlation maps with good
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quality and clarity. In the 2D contour maps, the red colored
regions are defined as positive correlation intensities, while the
blue colored ones indicate negative intensities.

Perturbation-correlation moving-window two-dimensional
correlation analysis is expressed as a pair of synchronous and
asynchronous correlation spectra plotted between a spectral
variable axis and a perturbation variable axis. The FT-IR
spectral datasets from each heating cycle were treated with this
method and further correlation was calculated using the 2D
Shige software with window size (2m + 1 = 5). Similarly, the
contour maps were plotted using Igor Pro with the same colors
defined as in the 2DCOS analysis.

RESULTS AND DISCUSSION

Thermogravimetric Analysis. Figure 1 shows the TGA
results of the investigated poly(2-oxazoline)s after equilibration
in a humid atmosphere. Polymer degradation is characterized
by a large mass loss between 300 and 400 °C for all samples.
Furthermore, for MeOx, EtOx, and i-PrOx, smaller mass losses
were observed due to the evaporation of water. This confirms
carlier water-uptake measurements'' that also showed these
samples to be hygroscopic. For the MeOx, the mass loss starts
at the lowest temperature and decreases continuously until
decomposition of the sample, suggesting a strong interaction of
the polymer with water molecules. The mass loss in the EtOx
sample starts later and also continuously decreases until
degradation. Two steps in the curve can be identified, ascribed
to loosely bound and hydrogen-bonded water. For the i-PrOx,
the mass loss is less significant, pointing out a lower
hygroscopicity of the material. Furthermore, the onset of the
mass loss is at around 130 °C, where DSC investigations (data
not shown) have shown an exothermal peak, resulting from
crystallization of the sample. Demirel et al.?! already pointed
out the importance of small amounts of water for the
crystallization of i-PrOx.

Therefore, the TGA results allow a rough differentiation
between hygroscopic and non-hygroscopic samples. In com-
parison with the DSC results from our previous study,'! TGA
is also not sensitive enough to detect the water loss in the
PropOx sample, where the IR spectra showed a small but
detectable peak shift of the C=O band towards higher

TGA analysis of the investigated hygroscopic poly(2-oxazoline)s in the temperature range from 30 to 700 °C. The inset shows the enlarged view of the

wavenumbers with decreasing water content. As our previous
studies have shown, the full width at half-maximum (FWHM)
values of this peak are more sensitive towards changes in the
material upon variation of the temperature. Therefore, the
samples have been divided into two groups, namely hygro-
scopic and semi-crystalline samples, based on the behavior
deduced from the IR spectroscopic results.

Hygroscopic Samples. This group contains only materials
with very short side-chains: the MeOx, EtOx, PropOx, and i-
PrOx. The short side-chains of these polymers cannot fully
shield the polar amide groups, yielding hydrophilic materials
that are hygroscopic. As seen by the TGA measurements, these
samples show a more or less severe water uptake.

More detailed information can be gained from the
temperature-dependent FT-IR spectra. Figures 2A and 2B
show the FT-IR spectra and their second derivatives of MeOx
and PropOx at 30 °C and at the highest investigated
temperature. These data reveal that there are at least two
absorption bands in the 1750 to 1550 cm ' region. One band is
located at 1635 cm™!; this absorption band is intense at 30 °C,
but its intensity slightly decreases during the temperature
increase and can be assigned to the 5(OH) vibrational mode of
water. As it can still be observed at temperatures above 100 °C,
it is assigned to water that is strongly bound to the polymer,
presumably by hydrogen bonding with the C=0 functionality,
as proposed in Ref. 10. On the other hand, an absorption band
at about 1650 cm ! becomes the dominant absorption at the
highest temperature and can be assigned to the v(C=0)
absorption band of the amorphous regions of the respective
polymer. Based on the second derivatives displayed in the top
of Figs. 2A and 2B a further absorption band is detectable,
showing only a small shoulder at about 1618 cm! at 30 °C.
This absorption band completely disappears with increasing
temperature. This latter absorption band is also assigned to the
water deformation mode, but, as it is significantly weaker than
the one found at 1636 cm ™, it is assigned to weakly associated
water molecules that are not involved in strong hydrogen
bonding interactions with the polymer C=0 functionalities and
might be present as a second hydration layer.

2DCOS and PCMW2D Analysis. For a more detailed
analysis of the water uptake behavior of the hygroscopic
samples as a function of temperature, 2DCOS and PCMW2D
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Fic. 2. FT-IR spectral variations in the carbonyl region of (A) MeOx and (B)
PropOx (top: second derivatives, bottom: FT-IR spectra).

correlation spectroscopy have been applied to each spectral
data set. First the results of MeOx in the temperature range
from 30 to 200 °C will be discussed. Figure 3 shows the
synchronous (A) and asynchronous (B) 2D correlation spectra
of the wavenumber region 1700 to 1600 cm~'. In the
synchronous 2DCOS spectrum, two auto peaks at about
(1664, 1664) and (1623, 1623) cm™! and a negative cross-
peak at (1664, 1623) cm ! are observed, representing the
inverse correlation of the polymer’s C=0O functionality with
water. This simply corresponds to the evaporation of hydrogen-
bonded water, which causes a decrease in the water peak and,
simultaneously, an increase of the C=O intensity due to
strengthening of the C=0 bond.

The asynchronous 2DCOS spectrum (Fig. 3B) provides
additional information. The spectrum shows two positive cross-
peaks at about (1614, 1631) and (1631, 1660) cm~!, which
characterize the correlation of three highly overlapped
components in the 1700 to 1600 cm~! wavenumber region,
namely loosely associated water (1614 cm™'), hydrogen-
bonded water (1631 cm '), and the C=0 absorption band
(1660 cm™!). By application of Noda’s rules, the sequential
order of the structural changes during the temperature increase
can be determined. It can be concluded that the absorption
intensities change in ascending order with increasing temper-
ature as follows (the symbol << means “changes prior to”):

(1614 < 1631 < 1660)cm !

The correlation between the two different water bands (1614
and 1631 cm™!) suggests an equilibrium between loosely
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associated and hydrogen-bonded water within the polymer,
with the loosely associated water removed first by the heat
treatment. Furthermore, only the hydrogen-bonded water (1631
cm ') shows a correlation with the carbonyl band (1660 cm ™ 1).
This result suggests that weak interactions of loosely associated
water and hydrogen-bonded water molecules disappear before
the hydrogen-bonded water molecules are removed from the
sample. As discussed above, the TGA analysis does not allow
distinguishing between the two different states of water, as only
a smooth slope of the TGA curve is visible for the MeOx,
while the curve for the EtOx clearly shows two distinct steps
resulting from loosely associated and hydrogen-bonded water,
respectively. This may be the result of the higher hygroscop-
icity of the MeOx compared to the EtOx. As in the saturation
period prior to the measurement, much more water is attracted
than is required for hydrogen bonding; the mass loss in the
TGA shows a continuous decrease in the MeOx sample. In the
EtOx material, with less associated water, the slope of the
curve tesults in sharper transitions due to the water loss. This
confirms the high sensitivity of 2DCOS analysis towards
structural changes within the materials.

Figure 3C shows the synchronous PCMW2D correlation
spectrum of the MeOx v(C=O0) region calculated from the FT-
IR spectra recorded in the temperature range from 30 to 200 °C.
Similar to the 2DCOS evaluation, positive and negative
correlation areas are represented by red and blue, respectively.
In contrast to the 2DCOS plots, the PCMW2D correlation
spectra allow us to visualize the perturbation (here, tempera-
ture) on the y-axis. At low temperatures the spectrum shows
two peaks around 1660 and 1616 cm™', resulting from the
V(C=0) and 3(H,0) vibration modes, respectively. The water
peak at 1616 cm™! is decreasing with increasing temperature,
while the carbonyl peak is increasing, representing the process
of water removal from the sample. In the raw spectra, this
results in a peak-shift of the v(C=0) band towards higher
wavenumbers as the C=0 bond is strengthened due to the
removal of water. This peak-shift is the cause of the spreading
of the peaks in the PCMW2D spectra.

As the 2DCOS spectra have already shown, two types of
water can be distinguished: loosely associated and hydrogen-
bonded water molecules. As can be seen from the PCMW2D
spectrum, the loosely associated water is being removed at low
temperatures (negative peak), resulting in a strengthening of
the carbonyl bond. At high temperatures (~150 °C), another
water peak is found, resulting from the removal of the strongly
hydrogen-bonded water molecules. Also, this peak is accom-
panied by an increasing peak in the carbonyl region; however,
the intensity is much lower due to the lower amount of
hydrogen-bonded water in the sample. Similar behavior has
been found for the other hygroscopic samples as well.

Since both PropOx and i-PrOx also exhibit crystalline
behavior, besides being hygroscopic, they are discussed in
more detail in the section on the semi-crystalline samples.

Semi-Crystalline Samples. As discussed previously,!! the
crystalline behavior found for these poly(2-alkyl-2-oxazoline)s
is a consequence of alignment and close packing of the
polymer side-chains (with the exception of i-PrOx, where
main-chain crystallinity is supposed). As MeOx and EtOx did
not show crystalline behavior, it was concluded that the methyl
and ethyl side-chains are too short to align and form crystalline
domains. As a consequence, this second group of semi-
crystalline samples contains all samples with a linear propyl- or
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longer side-chain, as well as the i-PrOx. Figure 4 exemplarily
shows the FT-IR spectra of NonOx (A) and /-PrOx (B) in the
carbonyl region, as well as their second derivatives, as
examples of the semi-crystalline group. ButOx through
HeptylOx and i-ButOx show similar behavior to NonOx.

As can be seen, the spectra at room temperature show a
dominant peak at ~1645 cm ! for both samples that is much
sharper and more symmetric than the peak in the MeOx. For
the i-PrOx, one spectrum at 120 °C is also shown. The

crystallization of this sample during the heating process can be
followed by a sharpening of the C=0O band, as well as an
increase in peak maximum (compare Fig. 6 in Ref. 11). As seen
in Fig. 4, the band at 120 °C is already sharper and slightly
shifted to higher wavenumbers compared to the RT spectrum.
The shift is a result of the hygroscopicity of the sample as
discussed above.

The NonOx is considered to be fully crystallized at the
beginning of the measurement, as its T, is far below room
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temperature and the preparation allowed for enough time for
chain realignment.

At high temperatures, the crystalline part of the C=0 peak
(~1645cm™ 1) disappears, while the broad amorphous shoulder
increases (~ 1655 cm ™). Similar results can be detected in the
second-derivative spectra (top of Figs. 4A and 4B).

2DCOS and PCMW2D analysis. PropOx. Figure 5
displays the 2D correlation spectra of PropOx. The synchro-
nous 2DCOS spectrum (A) shows two pairs of auto peaks at
(1627, 1627) and (1660, 1660) cm™!, corresponding to water
and to the amorphous polymer matrix. The related cross-peak
is negative, indicating an increase in one band at the cost of the
other one, as a consequence of the removal of water during the
heat treatment, as already discussed for MeOx.

The asynchronous 2DCOS spectrum (Fig. 5B) shows three
peaks. The peak resulting from associated water at 1619 cm !
correlates positively with a second water peak of hydrogen-
bonded water at 1635 cm™!, indicating that the loosely
associated water is changing prior to the hydrogen-bonded
water. The second peak at (1619, 1664) cm ! indicates a
negative correlation between water and the amorphous regions
of the polymer. As a result of the negative cross-peak in the
synchronous 2DCOS spectrum, the sign of the (1619, 1664)
cm ! peak has to be reversed. Thus, it shows that the variations
in the water band occur before the changes of the v(C=0) band
of the amorphous polymer regions. The third peak at (1646,
1660) cm ™! indicates that the crystalline regions of the polymer
change prior to the amorphous domains.

The PCMW2D analysis depicted in Fig. 5C shows two
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peaks at low temperatures, starting from the very beginning.
The peak at ~1660 cm™' corresponds to the amorphous matrix
of the polymer and slightly increases with increasing
temperature, while the second peak at ~1625 cm ! corre-
sponds to the decreasing water deformation band. As the water
is removed from the sample during heating, the high-
wavenumber wing of the carbonyl band, which is characteristic
of the amorphous regions of the polymer, is increasing. In
comparison to the MeOx, however, the decrease of the water
band is much lower in PropOx. Furthermore, as only one water
peak is observed, we cannot discriminate between hydrogen-
bonded and loosely bonded water. At very high temperatures,
another decreasing peak is shown due to melt-flow of the
sample. This resulted in a large-scale intensity loss over the
whole region.

NonOx. Figure 6 displays the 2D correlation spectra of
NonOx. The synchronous 2DCOS spectrum (A) identifies two
auto peaks at (1643, 1643) and (1660, 1660) c¢cm™',
corresponding to the v(C=0) absorption bands of the
crystalline and the amorphous regions of the polymer. The
corresponding cross-peak is negative, indicating opposite
spectral changes as a function of temperature increase.

The asynchronous 2DCOS spectrum shows one positive and
one negative cross-peak corresponding to a correlation between
associated water and the C=0 groups in the crystalline
domains (1631, 1643 cm™!), as well as a correlation between
water and the C=O groups in the amorphous matrix (1631,
1662 cm™1). According to the rules of Noda,'*1>1¢ changes in
the amorphous matrix occur before the water is removed due to
the increasing temperature. The changes in the crystalline
domains occur last. At first glance, this may look contradictory
to the findings of the PropOx and /-PrOx samples as the
sequential order in these samples suggests a change in the
crystalline domains occurring before changes in the amorphous
matrix. But considering the 7, values of these samples, it
becomes clear that both PropOx and /-PrOx are below their
respective T, at the beginning of the measurement, and thus the
realignment of the crystalline domains is hindered until the
experimental temperature exceeds the T, of the polymer. As the
NonOx is always above Ty, its chains can freely realign during
the course of the whole measurement. It shall be noted that the
peaks found in the asynchronous spectrum result from intensity
changes in the corresponding peaks of the original spectra due
to the melting of the sample and not from a peak shift like in
the MeOx sample.

The perturbation-correlation moving-window analysis (Fig.
6C) shows only two peaks at temperatures above 150 °C,
corresponding to the melting of the crystalline domains. As
expected, the peak corresponding to the amorphous matrix
(~1662 cm™!) sharply increases while the crystallinity-
sensitive peak (~1643 cm™!) decreases. Traces of water that
are still present (as seen in the 2D correlation spectra) do not
appear as peaks in the moving-window evaluation due to the
low intensity. This view is supported by the almost symmetric
shape of the v(C=0) band in Fig. 4, suggesting only a very
small contribution of the water band to the low-wavenumber
wing.

ButOx through HeptylOx show a behavior similar to that
of NonOx, even though in the asynchronous spectra, the
correlation between water and the amorphous domains can
be obscured by an intense positive peak for the correlation
between the crystalline and amorphous carbonyl absorp-
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tions. The sequential order in all semi-crystalline samples
is therefore: water < crystalline regions < amorphous
domains.

i-PrOx. The 2D correlation spectra of i-PrOx in the full
temperature range contain too many peaks for a straightforward
evaluation. Furthermore, several peaks of low intensity are
obscured due to the dominance of others. Thus, the temperature
range of the 2D correlation spectra has been split according to
the processes taking place. For that reason, first the temperature

range from 30 to 150 °C will be discussed, where the spectral
changes can be observed due to a further crystallization of i-
PrOx. Finally, the 2DCOS analysis will be applied for the 150
to 220 °C temperature range, indicating mainly the melting
behavior of i-PrOx.

Figure 7 shows the 2D correlation spectra of i-PrOx. In the
temperature range from 30 to 150 °C, the synchronous
spectrum (A) displays three distinct auto peaks at (1631,
1631), (1645, 1645), and (1656, 1656) cm™!, corresponding to
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the 8(H,0) band and the v(C=0) band of the crystalline and
amorphous rtegions of the polymer, respectively. Negative
cross-peaks can be found at (1625, 1645) and (1643, 1658)
cm !, reflecting the inverse correlation between water and the
amorphous regions and between the amorphous and the
crystalline regions. This is not surprising as the water is
removed from the sample due to the heating, thereby
strengthening the C=0O bond of the amorphous regions. The
second peak results from the crystallization of the /-PrOx. From

1152 Volume 66, Number 10, 2012

the differential scanning calorimetry (DSC) curve (data not
shown), an exothermic peak could be attributed to crystalliza-
tion of the i-PrOx, now resulting in a signal increase of the
crystalline v(C=0) band at the cost of the corresponding band
of the amorphous regions in the synchronous 2D correlation
spectrum. The asynchronous spectrum (B) in this temperature
range shows two negative and three positive peaks. Due to the
negative cross-peaks in the synchronous spectrum, the signs of
both negative peaks in the asynchronous spectrum have to be
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reversed. Thus, the asynchronous spectrum yields the follow-
ing peaks: (1618, 1629), (1629, 1643), (1629, 1656), (1645,
1658), and (1654, 1664) cm~!. The combination (1618, 1629)
indicates an exchange between loosely bound and hydrogen-
bonded water (as found for the other hygroscopic samples),
where the loosely bound water changes before the hydrogen-
bonded water, The (1629, 1643) and (1629, 1656) peaks show
the interaction between hydrogen-bonded water and the C=0O
groups in the crystalline and the amorphous domains,
respectively. The peak at (1645, 1658) represents the
transformation of amorphous into crystalline C=0 functional-
ities due to recrystallization. The last peak at (1654, 1664)
seems to be an artifact resulting from the peak shift of the
carbonyl band due to the loss of water, as no other peaks are
expected at higher wavenumbers than the amorphous C=0.

Figures 7C and 7D depict the 2D correlation spectra in the
temperature range from 150 to 220 °C. The synchronous
spectrum displays two auto peaks and one negative cross-peak.
The auto peaks at (1643, 1643) and (1660, 1660) cm™'
correspond to the crystalline and amorphous domains of the
polymer. The corresponding cross-peak at (1643, 1660) cm!
is negative, indicating an increase in one band while the other
one decreases. It clearly results from the melting of the sample;
thus, the band due to the amorphous regions is increasing at the
cost of the crystallinity-sensitive band.

The asynchronous spectrum shows a positive peak at (1639,
1648) and a negative one at (1648, 1658). According to the
rules of Noda, again the negative sign of the peak at (1648,
1658) cm™! has to be reversed. Thus, also here, the sequential
order of water << crystalline regions < amorphous regions is
obtained.

The PCMW2D analysis of the i-PrOx is shown in Fig. 7E. It
shows three sets of peaks over the temperature range of the heat
treatment. In the very beginning water is removed from the
sample, resulting in a negative peak centered at about 1626
cm !, This is accompanied by an increase of the carbonyl
absorption (broad positive peak around 1656 cm™1). At
temperatures between 105 and 140 °C, the second pair of
peaks appears. As the peak (~1660 cm!) abruptly decreases,
another peak (~ 1643 cm 1) strongly increases. This is a clear
visualization of the crystallization process of i-PrOx, as the
C=0 groups in amorphous domains are converted into
crystalline ones.

The third pair of peaks starts at temperatures around 185 °C
and is attributed to the melting of the sample. Here, the peaks
are centered again at 1660 and 1643 cm™!, but the signs are
reversed because crystalline material is now converted to
amorphous domains as discussed already for the NonOx.

CONCLUSION

Generalized two-dimensional correlation spectroscopy and
perturbation-correlation moving-window two-dimensional cor-
relation spectroscopy was successfully applied to the temper-
ature-dependent FT-IR spectra datasets of water-saturated
poly(2-oxazoline)s, significantly expanding a previous study.'!
This allowed visualization and a better understanding of the
sequence of the processes of hydrogen bonding between water
and the polymer as well as the recrystallization and melting of
the polymer. For samples with a short side-chain (MeOx
through PropOx and /-PrOx), hygroscopic behavior has been
found, resulting in hydrogen bonding interactions of water
molecules with the C=0 functionalities of the polymer. This is
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in agreement with stepwise weight losses found in the TGA
curves and (previously published) water uptake measurements.

For samples with longer side-chains, crystalline behavior
could be found. The melting of the samples at high
temperatures resulted in a conversion of crystalline into
amorphous regions. Contrary to the original spectra, which
do not allow differentiation between the v(C=0) absorption of
the crystalline and amorphous regions of the polymer, 2DCOS
and PCMW?2D were able to resolve these two peaks, as well as
the water deformation band, which is obscured in the original
spectra.

With the /-PrOx polymer, one sample has been found in
which a crystallization process could be monitored between T
and T, The DSC trace of this sample showed an exothermic
peak in the first heating run, already indicating crystallization.
This could now be clearly resolved in the PCMW2D data as a
simultaneous increase and decrease of the corresponding
v(C=0) absorptions of the crystalline and amorphous regions,
respectively.

The presented results will greatly increase the understanding
of the processes of hydrogen bonding and crystallization in
poly(2-oxazoline)s. Furthermore, it was shown that the
application of two-dimensional correlation analyses allowed
the investigation of highly overlapping peaks in the infrared
spectrum, where conventional analysis failed.

ACKNOWLEDGMENTS

This research forms part of the research programme of the Dutch Polymer
Institute (DPI), technology arca HTE, projects #3502 and #604. MU thanks the
Dr. Jost-Henkel-Stiftung (Diisscldorf, Germany) and the Japan Socicty for the
Promotion of Science (JSPS) for financial support.

I. N. Adams, U.S. Schubert. “Poly(2-oxazoline)s in biological and
biomedical application contexts”. Adv. Drug Delivery Rev. 2007. 59:
1504-1520.

. I.-8. Park, K. Kataoka. “Precise control of lower critical solution
temperature of thermosensitive poly(2-isopropyl-2-oxazoline) via gradient
copolymerization with 2-cthyl-2-oxazoline as a hydrophilic comonomer™.
Macromolecules. 2006. 39: 6622-6630.

3. G. Cai, M.H. Litt. “Synthesis and characterization of poly(N-acyl or N-
aroyl cthylenimines) containing various pendant functional groups. IL
Copolymers with pendant hydroxyl groups™. J. Polym. Sci., Part A: Polym.
Chem. 1996. 34: 2689-2699.

4. M.W.M. Fijten, J.M. Kranenburg, H.M.L. Thijs, R.M. Paulus, B.M. Van
Lankvelt, J. De Hullu. M. Springintvelt, D.I.G. Thielen, C.A. Tweedie, R.
Hoogenboom, K.I. Van Vliet, U.S. Schubert. “Synthesis and structure-
property relationships of random and block copolymers: A direct
comparison for copoly(2-oxazoline)s”. Macromolecules. 2007. 40: 5879-
5886.

. R. Hoogenboom. “Poly(2-oxazoline)s: A polymer class with numerous
potential applications”. Angew. Chem. Int. Ed. 2009. 48: 7978-7994.

6. H. Schlaad, C. Diehl, A. Gress, M. Meyer, A.L. Demirel, Y. Nur, A.
Berlin. “Poly(2-oxazoline)s as smart bioinspired polymers”. Macromol.
Rapid. Commun. 2010. 31: 511-525.

7. Y.S. Park, Y.S. Kang, D.I. Chung. “Formation and blood compatibility of
thin layers ol hyperbranched polymers on polyurethane films”. e-Polymers.
2002. no.016.

8. K. Knop, R. Hoogenboom, D. Fischer, U.S. Schubert. “PEG in drug
delivery: Pros and cons as well as potential alternatives”™. Angew. Chem.
Int. Ed. 2010. 49: 6288-6308.

9. EF.-I. Rettler, JM. Kranenburg, H.M.L. Lambermont-Thijs, R. Hoogen-
boom, U.S. Schubert. “Thermal, mechanical and surface properties of
poly(2-N-alkyl-2-oxazoline)s”. Macromol. Chem. Phys. 2010. 211: 2443-
2448.

10. I.M. Kranenburg. C.A. Tweedie, R. Hoogenboom, I. Wiesbrock, ILM.L.
Thijs, C.E. Hendriks, K.J. Van Vliet, U.S. Schubert. “Elastic moduli for a
diblock copoly(2-oxazoline) library obtained by high-throughput screen-
ing”. J. Mater. Chem. 2007. 17: 2713-2721.

11. E.F.-J. Retter, ILM.L. Lambermont-Thijs, J.M. Kranenburg, R. Hoogen-
boom, M.V. Unger, H.W. Siesler, U.S. Schubert. “Watcr uptake of poly(2-

S

[



N-alkyl-oxazoline)s: Influence of crystallinity and hydrogen bonding on
the mechanical properties™. J. Mater. Chem. 2011. 21: 17331-17337.

. AM. Lichkus, P.C. Painter, M.M. Coleman. “Hydrogen bonding in

polymer blends. 5. Blends involving polymers containing methacrylic acid
and oxazoline groups”. Macromolecules. 1988, 21: 2636-2641.

. L. Noda. “Generalized two-dimensional correlation method applicable to

infrared, Raman, and other types of spectroscopy”. Appl. Spectrosc. 1993.
47: 1329-1336.

. L. Noda, A.E. Dowrey, C. Marcott, G.M. Story, Y. Ozaki. “Generalized

two-dimensional correlation spectroscopy™. Appl. Spectrosc. 2000. 54:
236-248.

. L. Noda, Y. Ozaki. “Principle of Two-dimensional Correlation Spectros-

copy”. In: I Noda, Y. Ozaki, editors. Two-dimensional Correlation
Spectroscopy—Applications in Vibrational and Optical Spectroscopy.
Chichester, UK: John Wiley and Sons, 2004. Pp. 15-38.

. Q. Jia, N. Wang, Z. Yu. “An insight into sequential order in two-

dimensional correlation spectroscopy”™. Appl. Spectrosc. 2009. 63: 344-

17.

18.

S. Morita, H. Shinzawa, 1. Noda, Y. Ozaki. “Perturbation-correlation
moving-window wo-dimensional correlation spectroscopy™. Appl. Spec-
trosc. 2006. 60: 398-406.

M. Thomas, H.H. Richardson. “Two-dimensional FT-IR correlation
analysis of the phase (ransitions in a liquid crystal, 4’-n-octyl-4-
cyanobiphenyl(8CB)”. Vib. Spectrosc. 2000. 24: 137-146.

. M. Unger, S. Morita, H. Sato, Y. Ozaki, HW. Siesler. “Variable-

temperature Fourier transform infrared spectroscopic investigations of
poly(3-hydroxyalkanoates) and perturbation-correlation moving-window
two-dimensional correlation analysis. Part T: Study of non-annealed and
annealed poly(2-hydroxybutyrate) homopolymer™. Appl. Spectrosc. 2000.
63: 1027-1033.

. R. Hoogenboom, M.W.M. Fijten, H.M.L. Thijs, B.M. van Lankvelt, U.S.

Schubert. “Microwave-assisted synthesis and properties of a series of
poly(2-alkyl-2-oxazoline)s”. Design. Monom. Polym. 2005. 8: 659-671.

. AL. Demirel, M. Meyer, H. Schlaad. “Formations of polyamide

nanofibers by directional crystallization in aqueous solution™. Angew.
Chem. Int. Ed. 2007. 46: 8622-8624.

APPLIED SPECTROSCOPY 1155

107



108



P5 UV-induced crosslinking of the polybutadiene domains in lamellar
polystyrene-block-polybutadiene block copolymer films - An in-
depth study

Erik Rettler, Tobias Rudolph, Andreas Hanisch, Stephanie Hoeppener, Markus Retsch,

Ulrich S. Schubert, Felix H. Schacher,

Polymer 2012, 53, 5641-5648.

109



110



Polymer 53 (2012) 5641-5648

journal homepage: www.elsevier.com/locate/polymer

Contents lists available at SciVerse ScienceDirect

Polymer

polymer

UV-induced crosslinking of the polybutadiene domains in lamellar
polystyrene-block-polybutadiene block copolymer films — An in-depth study

Erik F-]. Rettler *P<, Tobias Rudolph®®, Andreas Hanisch 9, Stephanie Hoeppener *®, Markus Retsch®,

Ulrich S. Schubert®™¢* Felix H. Schacher **

* Laboratory of Organic and Macromolecwlar Chemistry (IOMC), Friedrich-Schiller- University Jena Humboldiso: 10, 07743 Jena, Germany
© Jena Center far Saft Matter (JCSM), Friedrich-Schiller-University Jena, Philosophemwveg 7, 07743 Jena, Gennany

© Durch Palymer Instimete { DPf), John F. Kennedydaan 2, 5612 AR Endhoven, The Nethe dands

4 Macramelecwlar Chemisty I, Universitar Bayreuth, Universitdsstrae 30, 95440 Bayreuth, Germany

“ Physical Chemistry—Palymeric Systems, Universitat Bayrewth, Universitatssirafie 30, 95440 Bayreuth, Germany

ARTICLE INFO ABSTRACT

Article Ristany:

Received 5 Angust 2012
Received in revised form

27 September 2012

Accepted 2& September 2012
Available online & October 2012

We present an in-de pth study of the UV-induced crosslinking of the polybutadiene domains in lamellar
polysty rene-block-polybutadiene (P5-b-PB) block copolymer flms. The crosslinking process is followed
Iy a combination of depth-sensing indentation, Raman spectroscopy, amnd differential scanning calo-
rimety (DSC) investigations, Indentation assesses changes in the mechanical properties of the overall
polymer films while Baman experiments directly monitor the consumption of the PB double bonds.

Immediately after a short UV exposure, a loose network is formed and the glass transition temperature
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increases, whereas changes in the mechanical properties of the materials require far longer hardening
times. We show that both processes are strongly affected by the amount of crosslinker { Luciin-TPO" )
added {within a range of 5 to 50 wt. % with respect to the PB fraction of the material).

@ 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Different synthetic approaches allow for the control over molar
mass, functionality, composition, and architecture of polymeric
materals. This applies to both homo- and copolymers. In particular
block copolymers are of great interest due to the covalent linkage of
at least two blocks of monomers in a sequential manner.

The incompatibility of different constituting segments in block
copolymers typically leads to microphase separation in the bulk[1].
Different morphologies have been observed, including lamellae,
cylindrical, or gyroidal structures, most often determined by the
volume fractions of the respective segments or the interaction
between adjacent compartments [2—4|. Such systems can be
further modified or transferred into the solution state by the
selective crosslinking of one of the blocks, as has been shown, eg.,
for the polybutadiene (PB) compartment of polybutadiene-block-
poly{ 2-vinylpyridine - block-poly{ tert-butyl methacrylate) (PB-b-
P2VP-b-PtBMA) triblock terpolymers [5,6]. In general, the ability of

* Corresponding authors. Laboratory of Organic and Macromalecular Chemistry
(MOMC ), Friedrich-Schiller-University Jena, Humboldtstr. 10, 07743 Jena, Germany.
E-mail addresses: ulrichschubert@uni-jenade (US. Schubert), felbcschacher@
uri-jenade (FH. Schacher).

0032-3861/% — see front matter @ 2012 Elsevier Ltd. All ights reserved.
http:/jdxdoion 10.106 (. pelymer2 012.09.054

block copolymers and related materials to form well-defined
nanostructures with different morphologies and tunable period-
icity or size is probably the main driving force for the intense
research interest in this field over the past decades [7—9].

Different methods for the controlled crosslinking of polymeric
materials containing, e.g., viny| bonds were investigated within the
last years. Most commonly, radical crosslinking or so-called cold
vulcanization processes are used. Radical initiators usually
decompose upon iradiation or heating, generating radicals which
initiate the crosslinking of adjacent polymer chains [10]. In that
respect, Decker and coworkers studied the UV-induced cross-
linking of polystyrene-block-poy butadiene-block-polystyrene (SBS)
triblock copolymers using a variety of photoinitiators [11] as wellas
the use of multifunctional thiols or acrylate-based crosslinkers to
accelerate the network formation within such films [12].

Another possibility is to selectively crosslink one domain of the
bulk structures of AB diblock copolymer or ABC triblock terpoly-
mers, followed by swelling in non-selective solvents and
sonication-assisted dissolution into core-crosslinked micellar
structures. In that way, Miiller and coworkers were able to realize
Jonus micelles, cylinders, and discs from polysytrene-block-poly-
butadiene-block-polymethacrylate triblock terpolymers {SBM, the
last block is poly({methyl methacrylate) and SBT), where the T
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resembles poly|tert-butyl methacrylate) [ 13,14]. On the other hand,
such processes have also been realized in thin films [15] or in
solution, where either core or corona in block copolymer nano-
structures {micelles) could be selectively crosslinked [16—18].

Among the multitude of block copolymers and related systems,
PS(PB systems comprise a rather versatile class of materials where
many different arc hitectures ( block, graft, and star-shaped systems)
and compositions have already been synthesized. All these
different materials feature a great variety of properties, turning
them into probably the most intensively investigated block copoly-
mer combination, especially with regard to possible applications
in mubber technology [19]. Herein, one important aspect is the
mechanical and thermal properties under different environmental
conditions, If necessary, additives can be used to improve and fine-
tune the materal charactenstics according to the requirements of
the specific application. As polybutadiene still contains remaining
double bonds, such materials offer the possibility of post-
processing steps such as crosslinking by sulphur additives or UV
irradiation. In case of crosslinking reactions, the vinyl groups in the
side chain of 1,2-FB are far more reactive if compared to their 1,4-FB
analogues.

Concerning the mechanical properties, Adhikar et al. investi-
gated the effect of different morphologies in PS-b-PB block copol-
ymers and compared the results with blends of the respective
homopolymers [20]. This study was extended to composite
materials of SB5 triblock copolymers and particles of different
dimensionalities as fillers using microhardness indentation testing
in a more recent publication [21]. In general, the most common
methods used for the mechanical characterization of these rubbers
are tensile testing [20], microhardness indentation [20,21] and
rheology [22]. All these methods reguire comparatively large
quantities of material, sometimes limiting the applicability for
materials produced in small scale.

Force microscopy methods clearly possess an advantage here, as
only small sample areas are investigated, as shown by Chizhik etal.
for the micromechanical properties of several solution-cast poly-
mer thin films [23]. A similar approach was used by Blach et al. to
monitor the degradation of polyisoprene (Pl) under UV irradiation
by force spectroscopy [24]. However, in both cases mainly the
sample surface has been investigated. As an altemative, Raghavan
et al. combined force microscopy (AFM) and dynamic mechanical
analysis {DMA) during the annealing of PS/PE polymer blends to
assess the mechanical properties of the resulting materials [25]. In
this case, also auto-crosslinking took place during the annealing
treatment at 80 °C due to oxidation.

Tsou et al. investigated the mechanical properties of several
formulations of two different elastomers by dynamic indentation at
different degrees of crosslinking and in relation to the depth of
indentation [19]. The main advantage of this technique is that it
requires only very small amounts of sample materal. In general, the
method can be performed on polymer thin films or any kind of bulk
material fixed on a substrate, as long as it provides a flat, smooth
surface. In this method, a measurement probe of known geometry
i5 pushed into the material up to a defined force {or a certain
displacement) and then the probe is retracted. During this proce-
dure, both force and displacement are recorded, resulting in force—
displacement or indentation curves. With certain assumptions on
the material tested, the mechanical properties of the sample can be
calculated from these indentation curves [26].

Herein, we present a detailed investigation of the UV-induced
crosslinking process of a polystyrene-block-polybutadiene (PS-b-
PB) diblock copolymer film. Crosslinking was performed through
the incorporation of a suitable UV-photoinitiator into solution-cast
films of a PSs, -b-PBE'] diblock copolymer The subscripts represent
the weight fractions of the corresponding segments and the

superscript the overall molar mass in kg/mol The influence of
different amounts of crosslinker on the crosslinking efficiency was
studied using Raman spectroscopy, depth-sensing indentation
{DS1) measurements, and differential scanning calorimetry (DSC)
for various irradiation times.

This work has been inspired by recent efforts on the sonication-
assisted dissolution of various PB-containing triblock terpolymers
[3.5]. Especially for materials exhibiting cylindrical bulk morphol-
ogies, in some cases spherical micelles were observed as side prod-
ucts, hinting towards incomplete crosslinking of the PBE domains on
the timescale of our experiments (1-5 h). Our aim was not only to
achieve network formation (ie. the generation of insoluble *gel”
material) but also to monitor the conversion of the remaining
double bonds of PB and to study the mechanical properties of the
material at different stages of crosslinking.

2. Experimental part
21. Synthesis

The block copolymer, PSsy-b-P 73'3. was synthesized by
sequential living anionic polymernzation in THF at low tempera-
tures, First, styrene (14.28 g, 0.14 mol ) in THF {600 mL)was initiated
by the addition of sec-butyl lithium (02 mL of a 1.4 M solution in
hexane, 028 mmol) at — 70 °C. The reaction was allowed to proceed
for 15 min before 1,3-butadiene ( 14.83 g, 0.27 mol) was added using
a pre-cooled burette and the reaction was warmed to 15 °C. At this
temperature the polymerization was continued for additional 3 h
before the reaction was terminated using degassed isopropanol.

The subscripts denote the weight fractions of the corresponding
blocks and the superscript is the molar massin kg/mol Under these
conditions, approximately 90% of 1,2-PB is generated [3]. The molar
mass of the first block, PS, was determined by size exclusion
chromatography with THF as eluent using PS standards for cali-
bration. For the second block, PB, the molar mass was estimated by
comparing the respective signals in 'H NMR spectroscopy. The
corresponding SEC traces are shown in Fig. 1 and the molecular
characteristics of the employed material are as follows: the
precursor, PS, has a molar mass (M) of 37.400 g/mol and a narrow
molar mass distribution (PDI) of 1.02. The diblock copolymer,
P551-b-PBE'], has a molar mass (M) of 73.300 g/mol and a PDI of
1.02. The corresponding degrees of polymerization {DPs) are 374 for
PS5 and 660 for PB, respectively and the formation of a lamellar bullk
morphology can be expected according to the volume fractions of
the constituting segments.

PS!T.4

— PSgq-b-PBag

2 23 24 1‘5 26 n 28 F 30
Elution volume [mL]

Fig. L THF-SEC traces for the precursor PS*™ (solid grey line) and the PS;, -b-PR?
dibleck copelymer (solid black linel
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22 Sample preparation

Small amounts (50 to 100 mg) of PS5, -b-F 73,'3 were weighed
into glass vials. Referring to the weight fraction of the PBE segment,
the corresponding amounts of the UV-photoinitiator, Lucirin-TPO®
(5, 10, 20, 30, 40 and 50 wt. &), were added to the diblock copol-
ymer. The mixture was then dissolved in 1 mL chloroform and
drop-casted onto gold-coated 12-well microscopy glass slides and
allowed to dry in the dark overnight. The film thickness was
approximately 200 pm. The gold-coating was produced by vapour
deposition and was necessary to achieve a good signal-to-noise
ratio during the Raman measurements. The general measurement
cycle was performed in the following order for each time specified:
the sample was first investigated by Raman spectroscopy (content
of vinyl groups), afterwards analysed by depth-sensing indentation
(DsI), followed by 1 h of irradiation in a Hinle UVACube 100
(equipped with a 100 W mercury lamp). The distance between
sample and the light source was approximately 15 cm. All
measurements have been performed on the same specimen.

For the polymer sample containing 20 wt % of TPO, the
measurement procedure was following the same cycle except that
12 different sample films have been drop-casted on the same glass
slide. After the indentation measurements, the respective specimen
was removed from the glass slide with a scalpel and the polymer
film was subjected to differential scanning calorimetry {DSC)
measurement.

2.3, Optical profilometry

The film thickness of the samples was determined with a Wyko
MNT 9100 optical profilometer from Veeco.

2.4, Depth-sensing indentation

The measurements were performed on a Hysitron Tribolndenter
with a conospherical diamond indenter tip of approximately 4.7 pm
radius. [n a typical experiment, the tip was loaded up to a maximum
force of 2500 pN in 1 s, then held at this load for 10 s and
consecutively unloaded in 1 5. The measurements were performed
in ‘open-loop’ mode, meaning that no force feedback is applied on
the tip which would be used to compensate the time-dependant
behaviour of the material. Instead, the hold period at maximum
load is introduced to minimize the influence of the time-dependant
behaviour of the investigated material on the unloading segment.
The reduced moduli (E,) were derived from the unloading curve,
utilizing the method proposed by Oliver and Pharr [27]. The
indentation moduli, E;, were calculated from the E values according
to Equation {1):

1-2
Ej _ . sample 1)
l ;indemer
Er Eindem.er

where ¢ is the Poisson's ratio of the respective material. For the
investigated samples, a Poisson's ratio of 0.36 has been assumed (as
the average value from each of the two pure components according
to the weight fractions) [28 29].

2.5 Raman spectroscopy

The Raman spectra were recorded on an Avalon Instruments
RamanStation with a 300 mW infrared laser (wavelength: 785 nm).
A spedal lens for thin film applications was used for the
measurements. As UV-Vis measurements have shown, the

photoinitiator does not show absorption peaks above ~410 nm.
Thus, it can be safely assumed that the laser in the Raman spec-
trometer did not induce decomposition of the UV-photoinitiator or
further crosslinking of the diblock copolymer

26 Differential scanning calorimetry (DSC)

The DSC thermograms were recorded on a Netzsch DSC 204 F1
instrument equipped with an autosampler in an automated run
under nitrogen atmosphere. The samples were heated from 70°Cto
200 °C at a heating rate of 20 °C min ', then cooled to —70 °C at
40 °C min ' and again heated to 200 °C at 20 °C min " The glass
transition temperatures were determined from the second heating
cycle, Midpoint values have been used for the evaluation.

27, Atomic force microscopy (AFM)

The AFM images have been recorded with a NanoScope llla
Multimode instrument {Veeco ) in semi-contact mode. MicroMasch
MSC 35 cantilevers have been used for the investigations.

28 Small angle X-Ray scattering { SAXS)

SAXS measurements on drop-cast films from PSs, -b-l’li:‘;.;,'3 were
performed on a Bruker AXS Manostar (Bruker, Karlsruhe, Germany),
equipped with a microfocus X-ray source (Incoatec IpSCu E025,
Incoatec, Geesthacht, Germany), operating at 4 = 154 A. A pinhole
setup with 750 pm, 400 pm, and 1000 pm {in the order from source
to sample) was used and the sample-to-detector distance was
107 cm. Samples were mounted on a metal rack and fixed using
tape. The scattering patterns were corrected for the beam stop and
the background (Scotch tape) prior to evaluations.

3. Results and discussion

The aim of this work was to follow the crosslinking of the
polybutadiene domains in microphase-separated block copolymer
structures via a suitable method combination. We used a
polystyrene-block-polybutadiene (PSs;-b-PBEj3~, the subscripts
denote the weight fraction of the respective segment and the
superscript corresponds to the overall number average molar mass
in kg/mol) block copolymer as a model system. This, to our opinion,
can be directly compared to literature examples where the FB
segment of block co- and terpolymers has been selectively cross-
linked in so-called bulk templating processes [5,6,14]. The block
copolymer was synthesized using sequential living anionic poly-
merization in THF at low temperatures, generating mainly 1,2-PB,
and exhibits a narrow molar mass distribution of 102,

Films of the diblock copolymer, PS5, -b- PB}';" ,were prepared on
glass slides by dmop-casting from solutions in chlomform. As
a crosslinker, Lucirin-TPO® was chosen, as acylphosphine oxides
are known to undergo fast photolysis (decolouration of THF
solution within 15 min) and generate very reactive radicals,
rendering this class of phowminitiators particularly efficient [30].
Both PS5 -b-PB}3* and the eguivalent amount of crosslinker
(0—50 wt. %, calculated according to the fraction of PB) were
dissolved, drop-casted onto the respective substrate and dried in
the dark overnight. Any preference of the TPO crosslinker for either
the FS or the PB phase is difficult to estimate. The average film
thickness was around 200 pm as determined by optical profilom-
etry. The dried films were first analysed using Raman spectroscopy
(reference for the determination of the amount of vinyl groups) and
then subjected to depth-sensing indentation (DSI) measurements.
Afterwards, the specimen was irradiated for 1 h with Uv-light {the
UV-lamp was equipped with a quartz filter, i.e. a cut-off at 300 nm
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Crosslinked lamellae

Scheme 1L Schematic representation of the crosslinking procedure for the
PS“-h-I’B:;] diblock copolymer and the respective methods used for the investiga-
tions. The material exhibits a lamellar morphology, any preference of the TPO cross-
linker for ene of the two blocks is difficult to estimate. After irmdiation, a dense
network is formed within the PE domains.

to avoid additional unwanted crosslinking of PS). This cycle was
repeated until the sample showed no further changes according to
its indentation modulus, which we assume to represent the
maximum crosslinking that can be reached. For the sample with
20 wt. % TPO, the film was removed after each irradiation step and
separately analysed by DSC to determine the Ty of the material.
Scheme 1 shows an overview on the film preparation, the diblock
copolymer structure/morphology, and the different technigues
used for the investigation of the film morphology or for monitoring
the crosslinking procedure.

According tothe weight fractions, a lamellar morphology can be
anticipated for PSs;;-b-PBj3 . We therefore first used atomic
force microscopy (AFM) for one representative specimen of the
material on a glass slide. As can be seen in Fig. 2, a lamellar

structure with a spacing of approximately 53 + 6 nm is obtained.
The height image is shown in Fig. 2A, whereas Fig. 2B shows the
corresponding phase image (Fig. 2C shows a higher magnification;
the two parallel grey bars represent the domain spacing and the
white bar spans over ten sequences of AB lamellae). The lamellae
show a tendency to broaden in the outer part of the spherical phase
separated areas and the images show both parallel and perpen-
dicular onentation of the lamellae with respect to the underlying
substrate. The herein used indentation-tip with a size of approxi-
mately 4.7 pm isa factor of approximately 100 larger if compared to
the domain spacing of the block copolymer bulk morphology with
53 nm.

Both domain spacing and the overall morphology were further
confirmed using small angle X-ray scattering experiments (Fig, 3.
The characteristic peaks for lamellae at integer multiples of the first
order peak are visible. The relative reflex positions1:2: 3:4:5 are
related to the [100] : [200] : [300] : [400] : [500] reflections. From
the SAXS measurements, the long Feriod was calculated to
diag = 50 + 3 nm {with g, = 0.0128 A ! for[100], g = 00256 A !
for [200], and g, = 0.0369 4" for [300]; an error of approximately
5% was taken into account due to the rather broad reflections
observed in SAX5) and is in good agreement with the results ob-
tained from AFM (dyay apg = 53 +£ 6 nm).

The indentation expernments were performed in three consec-
utive segments: first, application of the load (A), followed by a hold
at maximum load (B), and finally release of the load (C). These
segments can be clearly distinguished from the indentation curves
in Fig. 4 (the letters A, B, and C represent the corresponding
segments of the measurement). During the hold segment, the
indentation depth increases while the load decreases. This is the
result of the material's time-dependant behaviour under constant
force, As can be seen, the maximum indentation depth decreases
with increasing irradiation time and the slope of the unloading
curve is getting steeper. Both effects indicate a toughening of the
materal caused during the crosslinking process.

Furthermore, during the hold segment, the time-dependant
behaviour of the block copolymer can be visualized as the inden-
tation-tip continues to penetrate into the matenal, while the
(nominal) force is held constant. This results in an increase in
indentation depth with a simultaneous decrease in the (measured)
force dunng the hold segment. This observation may be first
interpreted as tip-sample adhesion, but this can be excluded, as at
the end of the unloading segment no significant negative forces are
measured (which would be expected for the polymer sticking on
the tip while the latter is being retracted).

With increasing irradiation time, this effect significantly
decreases, visible through smaller differences of both force and
displacement at the beginning and the end of each hold segment.
As the unloading curve is used for the calculation of the elastic

Hg. 2. APM investigations of a block copolymer film containing 5 wt % crosslinker; A) tapping mode height. B) phase image, ) shows a higher magnification, the two grey bars

indicate the domain spacing; the averaged thickness of the lamellae is 53 + & nm.
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Fig. 3. SAXS pattern obtained for a drop-cast film of the PS;,-b-PEJ2? diblock
copolymer.

modulus, increasing slopes result in higher moduli for the material
after longer irradiation times. Fig. 5 depicts the indentation moduli
for PS5-b-PBj3Y with different amounts of TPO over the course of
stepwise irradiation up to a total of 11 h; the corresponding
indentation moduli are listed in Table 1 In general, an increase of
the indentation modulus by a factor of 10 can be seen for all used
photoinitiator concentrations. Exemplarily, for 20 wt, £ TPO the
respective values range from 0.4 GPa in the beginning to 3.97 GPa
after 11 h. Asa comparison, pure P5 (M, = 30.000 g/mol, PDI = 1.05)
films did not show significant changes in modulus after 10 h of
irradiation under identical conditions {native: 4.2 + 0.1 GPa, irra-
diated: 4.5 + 0.2 GFa).

If films without any additional TPO are investigated, the hard-
ening of the PB due to auto-crosslinking starts after 6—7 h of
irradiation, visible through changes in the materials properties.
As shown by Decker et al. [11,12], the initial formation of cross-
links occurs within a few seconds after imradiation, although
without immediate changes in the mechanical properties [30].
Therefore, the initially formed network is only loosely crosslinked.
The material still behaves like a rubber while, after several hours,

1200 5

Lond [

200 -1

the material is fully crosslinked and should rather be compared to
a thermoset.

While the incorporation of 5 wt. £ TPO (short dashes) does not
show a significant difference if compared to the sample without
TPO (dash-dotted line), significant changes in the materials prop-
erties for the samples with higher amounts ( 10% {dashed curve),
20%( black curve), and 30% CL (dark grey diamonds)) can be already
seen after 2—3 h. In particular, the initial modulus is doubled after
~7 h of iradiation without and with only 5 wt. % TPO, while it
takes only ~3 h for the 10—30% samples. In case of even higher
amounts of CL added (40% (light grey diamonds) and 50% (light
grey crosses)) the mechanical reinforcement is apparent already
after the first hour of crosslinking. This may be explained by an
initiation period where radicals are formed and mainly intra-
chain crosslinking occurs, until their concentration in the mate-
rial is high enough to form crosslinks. A simplified depiction of this
process, showing both intra- (right hand part) and inter-chain
crosslinking (left hand side), is presented in Scheme 2.

After the initiation period, the material undergoes a transition in
which crosslinks are formed. Apparently, the initiation period is
concentration dependant, Le. shortens with increasing amount of
crosslinker in the block copolymer films. While the incorporation of
only 5 wt. % CL does not show a significant difference to the auto-
crosslinking of the pure polymer, for higher percentages, the
effect becomes more pronounced. For the 40 and 50 wt. % samples,
the initiation period is no longer detectable; however, such high
amounts of crosslinker are not practical and were only investigated
to gather information about the onset of the crosslinking process.

The radicals then migrate until they react with a double bond in
one of the polymer chains, forming a larger macro-radical. These
macro-radicals can either undergo recombination reactions or lead
to intra- or inter-chain crosslinking, Intra-chain crosslinking will
not significantly increase the elastic modulus of the matenal, as
new bonds are only formed within the same polymer chain,
forming ring-structures which mainly retain the degrees of
freedom regarding chain movement and realignment. The tough-
ening of the material can be attributed to inter-chain crosslinking,
as a dense polymer network with lower degrees of freedom is
formed. This causes the moduli to increase rather sharply during
the transition and afterwards level off to a plateau value which we
comrelate with fully crosslinked rubber domains.

- H.. BlR

600
Depiacement jum|

Fig 4 Representative depth-sensing indentation responses { application of the lead (A} followed by a hold at maximum load (B and finally release of the lead (C) ) of PS5, -b-PEE 2

block copolymer flms with 20 wt % TPO after different imadiation times.
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Indantation Modulus [GPa]

Irradiation Time [h)

Fig. 5 Development of the indentation meduli during the stepwise irmdiation of PS5 -b-PBi2* with diffierent amounts of TPO; lines represent sigmoidal fits for the obtained
datapoints and error bars refer to one standard deviation among 16 measurements each and may be smaller than the symbols

For the samples containing 40 and 50 wt. % crosslinker, the
increase in the modulus values is linear, as the formation of radicals
probably exceeds both their migration and reaction rate. As the
concentration of TPO in the polymer is comparatively high, also the
concentration of radicals formed in the very beginning of the
irradiation is high. Assuming that the UV-photoinitiator, Lucirin-
TPO, is evenly distributed over the whole block copolymer film, the
polybutadiene immediately reacts upon radical formation, forming
a new macro-radical. As the total amount of C=C functionalities
exceeds the number of radicals, it can be assumed that recombi-
nation reactions are less likely to occur if compared to inter-chain
crosslinking. Hence, the formery entangled block copolymer
chains form a densely crosslinked network and exhibit a higher
elastic modulus.

Fig. 6 shows the normalized intensity ratio of the peak areas of
the C=C band and the aromatic C—H walences as measured by
Raman spectroscopy. The aromatic C—H valences are assumed to
not take part in the crosslinking process and can therefore be used
as an internal standard. As can be seen, the intensity of the C=C
band linearly decreases with increasing irradiation time. Contrary

Tahle 1
Indentation moduliofthe imvestizated films of PS;,-b-FE3E Y withdiffierent amounts
of TPO as depicted in Fig. 3.

Time [h] Indentation modulus [GFa)*

ox0” 5% 0% 0% 30K x X
L] 04 036 036 042 041 041 042
i 04 043 05 053 059 084 103
2 041 044 057 055 069 1.4 1495
3 053 044 078 107 084 202 1495
4 043 045 134 i7i 104 230 13
5 049 05 261 245 256 291 303
[ 0&ET 065 3m 3z
7 084 095 363 353
& 265 241 381 350
Q 336 287 381 375
10 366 333 396 396
i1 3403 374 308 4.13

4 Determined via depth-sensing indentation.
 Added amount of crosslinker (Lucirin-TPO™ | with respect to the overall weight
of the PE segments.

to the results from the mechanical testing, no initiation period is
found. Both findings support the assumption that the formation of
radicals is continuous and slow if compared to the reaction step.
Furthermore, any intramolecular crosslinking occurring  also

Scheme 2 Crosslinking of the PE domains in films of PS;;-b-PBE? induced via

photolysis of an UV-pheteinitiator, Lucinin-TRO™.
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Fig. 6. Decrease of the normalized Raman signal of the (=C stetching vibration for different amounts of CL during cmsslinking. Lines are added as a guide to the eye

decreases the amount of C=C functionalities without significantly
altering the elastic modulus of the material.

Fig. 7 shows a comparison of all measured properties of
a 20 wt. % sample over the course of the crosslinking process. This
amount of added crosslinker can be nicely compared to earlier
work on the bulk crosslinking of SET or BVT samples [5.14]. As can
be seen, both the Raman signal and the Tg values show already
a significant change after the first hour of irradiation, hinting
towards loose network formation. The onset of the material
hardening can be observed after about 3 h of irradiation.

Furthermore, the T; values increase from —5 °C to roughly 30 °C
with increasing irradiation time (and crosslinking of the material)
and finally, after around 8 h, no Ty can be detected. This is in
accordance with the indentation experiments, as the 20 wt. %
sample is significantly hardened after ~6 h, indicating a high
degree of crosslinking. At this state, the PS-b-PE rather behaves
like a thermaoset. The glass transition temperature determined
initially corresponds to the PB domains, as mainly 1.2-poly-
butadiene is present and the Ty of the styrene block is expected to
be above 100 °C
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Fig. 7 Development of the crosslinking process for a sample with 20wt. % CL content_ A: Indentation Modulus; B: Mormalized Raman signal of the C=C stretching vibration; C: Shift

of the glass transition temperature during crosslinking; Aand B are reproduced for clarity. Lines are added as a guide to the eve
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4. Conclusion

We show that the UV-assisted crosslinking of the polybutadiens
block in drop-cast films of PSs;,-b-PB;3® diblock copolymers with
a lamellar bulk morphology can be studied vio a combination of
depth-sensing indentation, Raman scattering and DSC measure-
ments. The pendantvinyl groups form a loose network after a short
iradiation period where the material still behaves like a rubber. After
several hours of UV exposure, a dense network is formed, signifi-
cantly hardening the block copolymer films, shown by the shift ofthe
glass transition temperature as well as significant changes in the
material's modulus. Raman spectroscopy was used to monitor the
consumption of the C=C bonds dunng the crosslinking procedure.

For the system investigated here, the incorporation of 10-20 wt. %
of crosslinker (Lucirin-TPO®) represents an optimum amount and
complete crosslinking/consumption of the vinyl groups of the PB
domains can be reached within 10 h of irradiation. With regard to AB
diblock copolymer or ABC triblock terpolymers bulk templating
approaches reported in literature, our study implies that longer rra-
diation times might be necessary to achieve full crosslinking of, eg.,
the PB domains{inour own studies we used 1-2 hupto now) [3,5]. On
the other hand, varying degrees of crosslinking might lead to different
swelling degrees of the crosslink ed domains in non-selective solvents,
which is desirable if further chemical modifications are targeted.
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Poly(2-oxazoline)s arc suitable materials to study structurc—property relationships as their preparation
by a living cationic ring-opening polymerization procedure and the relatively facile monomer synthesis
allow accurate control over the molecular structure. In this contribution, the number of carbon atoms

in the linear side-chain is systematically varied from a short methyl- to a long nonyl-group. As some of

the materials are known to be hygroscopic, the effect of water uptake on the mechanical properties is

investigated in detail. The combination of water uptake measurements, FT-IR spectroscopy and

indentation revealed that only the samples with very short side-chains show significant hygroscopicity,
while samples with longer side-chains exhibit crystalline behavior. Furthermore, depending on the
polymer structure, it could be differentiated between side-chain and main-chain crystallinity.

Introduction

Poly(2-oxazoline)s have regained major interest in the past few
decades, due to their relatively facile monomer synthesis and
greal variability in properties, such as water solubility and
crystallinity. As these properties are mainly governed by the type
and length of the side-chains, they can be easily fine-tuned by
copolymerizing various 2-oxazoline monomers.'?

As can be seen from recent reviews, poly(2-oxazoline)s also
have received significant attention for biomedical applications®*
due to their structural similarities with polypeptides, high
biocompatibility and thermo-responsiveness, making them ideal
compounds for drug delivery devices. Also, possibilitics for the
use as immunosuppressors have been discussed.*® A recent
review on the biomedical applications of poly(2-methyl-2-oxa-
zoline) and poly(2-ethyl-2-oxazoline) and a comparison as an
alternative to PEG has been discussed in ref. 7.

Lichkus er al. have investigated the hydrogen-bonding inter-
action of poly(2-ethyl-2-oxazoline) in blends of different ratios
with  poly(ethylene-co-methacrylic  acid).* The authors

“Laboratory of Macromolecular Chemistry and Nanoscience, Eindhoven
University of Technology, P.OQ. Box 513, Den Dolech 2, 5600 MB
Eindhoven, The Netherlands. E-mail: ulrich.schubert@uni-jena.de; Fax:
+49 3641 948202

"Dutch Polymer Institute (DPI), John F. Kennedylaan 2, 5612 AB
Eindhoven, The Netherlands
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Germany

4Jena Center for Soft Matter (JCSM ), Humboldtstrasse 10, 07743 Jena,
Germany

“Department of Physical Chemistry, University of Duisburg-Essen,
Schuctzenbahn 70, 45117 Essen, Germany

determined the fraction of “free” carbonyl-groups from peak-
fitting results in the carbonyl region. Later, Cai and Litt used
a similar approach to determine the ratio of hydrogen-bonded/
“free” carbonyl-groups in a series of decenyl/heptyl oxazoline
copolymers.®

Earlier work from our group'® has focused on the material
properties under idealized conditions, minimizing water uptake
of the samples by working under dry conditions. Also the
behavior of several oxazoline copolymers at different levels of
humidity has been investigated." For applications in the
biomedical sector, materials should ideally retain their properties
also under ambient conditions. Thus, the aim of this study is to
clucidate the mechanical properties of the materials in relation to
their water uptake behavior under ambient conditions. The
obtained results will also be related to the polymer crystallinity
based on temperature-dependent FT-IR spectroscopy.

Results and discussion
Water uptake

The macroscopic water uptake as a function of relative humidity
was cvaluated for a range of poly(2-oxazolinc)s by analyzing the
mass change. The polymers investigated in this study are shown
in Table 1. Fig. 1 depicts the weight change of the investigated
oxazolines due to water uptake from a humid environment. Only
MeOx and EtOx show significant hygroscopicity, displaying
weight changes of 62% and 37% at 90% relative humidity,
respectively. Moderate water uptake (9% weight change) has also
been found for a sample with an isopropyl side-chain, thus
hinting that also structural parameters play a role for the
hygroscopic bechavior and not merely the number of carbon

This journal is © The Royal Society of Chemistry 2011
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Table 1 Schematic representation of the
chemical structures of the poly(2-N-alkyl-2-
oxazoline)s used in this investigation and their
respective abbreviations

OH
N
n=60
R /\O
R= Abbreviation
CH; MeOx
-C,H; EtOx
-C;H; PropOx
~CH(CH,), i-PrOx
—-C4Hy ButOx
-CsHyy PentOx
—CgHy3 HexOx
CHs HeptylOx
Colio NonOx
70 —
60 — x
- MeOx
—~ 50— A EtOx
= —8— PropOx
% «pge j-Prox
g 40— |-m ButOx i A
= - j-ButOx
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=
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@
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Fig. 1 Weight change as a function of relative humidity at 30 °C due to
water uptake of the investigated polymers.

atoms in the side-chain. As discussed earlier,'? the weight change
in the hygroscopic polymers is non-linear due to the entropy-
hindered formation of a first hydration shell. By forming
hydrogen-bonds with the associated water molecules, the poly-
mer chains adapt a new conformation which is more favorable to
additional water uptake. Thus, subscquent hydration shells arc
formed more easily. The polymers with a propyl- or longer linear
side-chain do not exhibit hygroscopic behavior. Their weight
change is in all cascs less than 5% at 90% relative humidity.

Temperature-dependent FT-IR investigations

To gain an insight into the molecular interactions with varying
temperature of water-saturated polymers, FT-IR measurements
were performed. Two important phenomena could be observed
by the temperaturc-dependent IR-measurcments: hydrogen-

bonding and melting processes. Both could be assessed by the
observation of the dominant carbonyl absorption (~1645 cm™).

Hydrogen-bonding

As the samples were saturated with water prior to the measure-
ments, the associated water evaporates during the measurement
duc to the increasing temperature. This is observed by a shift of
the peak maximum of the carbonyl band towards higher wave-
numbers'*'* as well as the decrease of the water stretching band
in the 3500 em™' region.

Asillustrated in Scheme 1, the carbonyl group can take part in
hydrogen-bonding processes, which weakens the »(C=0)
absorption band (lower wavenumbers). With decreasing amount
of associated water, the »(C=0) band becomes stronger, thus the
peak maximum shifts to higher wavenumbers.

This peak shift (8~10 cm™') can be observed in all samples that
showed hygroscopic behavior, but not in the samples with butyl-
or longer side-chains. It has also been found for the PropOx,
which does not show a significant weight change in the water
uptake measurcments, thus, the FT-IR analysis sccms to be more
sensitive in detecting the water association behavior than the
macroscopic thermal gravimetric analyses. Tig. 2 depicts the
temperature induced peak shift of the carbonyl region for the
MeOx as an illustrative example. Furthermore, during the
cooling of the EtOx, the peak maximum shifts back to lower
wavenumbers by only 6 cm ', thus proving that the additional
peak-shifting resulted from the hydrogen-bonding with water.
Butyl- and longer side-chains seem to shield the C=0 bond from
being accessed by water. These samples show no significant water
uptake and also no significant shift of the carbonyl peak in the
IR-spectrum.

Crystallinity

Previous work revealed endothermal peaks in the differential
scanning calorimetric (DSC) heating runs of samples with
a butyl- or longer n-alkyl side-chain.'” Furthermore, for ButOx,
PentOx and i-PrOx, small exothermal peaks between T, and the
endothermal peaks have been observed. We attributed these
transitions to melting and crystallization (ButOx, PentOx and i-
PrOx) processes of the samples, thus terming them (semi-)erys-
talline without further evidence. Polarized optical microscopy
did not reveal Maltese Cross patterns as would be expected for
crystalline domains within the material, but this could also be
due to a small crystallite size. This is in agreement with the

Nt T e,
T

rR__o" i
Y SN
A 0

Proposed mechanism for hydrogen-bonding in poly(2-oxa-
zoline) chains, (A) low amount of water and small side-group R; (B)
saturated conditions.

Scheme 1
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Fig. 2 Peak shift in the FT-TR spectrum of the water-saturated MeOx
sample during heating (carbonyl region only).

Fig.3 Polarized optical microscopy image of the edge of a MeOx sample
after two years of storage at ambient conditions (see ref. 16). Inset
dimensions are 100 pm squared.

observations of Cai and Litt,"> who proved by scattering exper-
iments that at lcast the HeptylOx and samples with longer side-
chains are semi-crystalline.

Nonetheless after a long time of storage under ambient
conditions, Maltesc Cross patterns were observed for MeOx as
depicted in Fig. 3.%¢

As MeOx only has a very short side-chain, it may be concluded
that the crystallization process observed here results from an
alignment of the main-chains. Demirel et al'” have observed
main-chain crystallization for i-PrOx. The authors examined the
crystallization process by AFM, DSC and XRD techniques and
concluded that the crystallization was caused by alignment of the
dipolar amide-groups. They also emphasized the importance of
incorporated water to increase the backbone mobility and,
thereby, allow for chain alignment.

In analogy to Fig. 2, Fig. 4 shows the development of the
NonOx carbonyl-peak during heating. Two features can be
directly distinguished: at 30 °C, the carbonyl region is dominated
by a sharp peak at ~1645 cm !, while at 200 °C, the broad
absorption at ~1653 cm™!' is dominant. At temperatures above
150 °C, the 1645 cm ' absorption loses intensity until it disap-
pears in the shoulder of the 1653 cm ' peak. This corresponds
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Fig. 4 Temperature-dependent FT-IR-spectra of water-saturated
NonOx during heating (carbonyl region only).

well with the endothermal peak of the NonOx found in the DSC
(149.1 °C). Similar behavior is found for PropOx through Hep-
tylOx as well.

Fig. S depicts the full-width-at-half-maximum (FWHM) of the
carbonyl absorptions of the investigated samples. The values
have been obtained by peak-fitting a Gaussian profile to the
carbonyl band (linear baseline ~1535 to 1776 cm™") from which
the FWIIM was calculated.

For the investigated samples with a propyl through pentyl or
isopropyl side-chain, an increase in the peak maxima at 1645
cm~' is observed during heating. For the samples that also show
cxothermal peaks in the DSC response, this behavior is attrib-
uted to (further) crystallization of the material. The increase in
the peak maximum should not be confused with a loss of water
(found for the McOx through PropOx and i-PrOx), which can be
followed by the decrease of the water stretching vibration around
~3500 cma~'. It may be easily confused from only observing the
FWHM valucs, as both processes will decrease the FWHM
value, but only the crystallization will increase the peak
maximum as well.

Fig. 5 shows that after an initial decrease (which may arise
either from the loss of associated water, or from crystallization of
the sample), the FWHM values stay almost constant until
approximately 150 °C. This temperature corresponds well with
the endothermal peaks found in the DSC.'" At 150 °C, the
FWHM values increase sharply and eventually level off. This
increase, indicating a broadening of the peak, is usually observed
during melting of (semi-)crystalline materials.’*'* During the
cooling of the samples, the FWHM values for the semi-crystal-
line poly(2-oxazoline)s sharply decrease at around 135 °C due to
the sharpening of the carbonyl-pcak upon crystallization. Data
for the EtOx and PropOx heating above 165 °C could not be
calculated due to the low quality of the spectra caused by an
undesired flow of the material between the KBr discs at high
temperatures. As these samples do not show endothermal peaks
in the DSC response, no increase in the FWIHM is expected.

A special casc is found in the i-PrOx sample. Having a 7, of
~67 °C, it is not brought to full crystallization during the prep-
aration. As can be seen from Fig. 6, the FWHM sharply
dccreases around 115 °C which is caused by peak-sharpening duc

This journal is © The Royal Society of Chemistry 2011
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Fig. 5 Full-width-at-half-maximum values of the carbonyl absorptions of the investigated poly(2-oxazoline)s during heating (MeOx through NonOx)
and cooling (EtOx, ButOx, PentOx and dried ButOx). The values are shifted for better separation.
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Fig. 6 Full-width-at-half-maximum of the carbonyl absorption of the i-
PrOx sample during heating and cooling.

to further crystallization of the sample. During the cooling, there
are no sharp transitions, pointing out that crystallization is slow
compared to the time-frame of the experiment.

Mechanical properties

Fig. 7 shows typical load-displacement responses for MeOx,
EtOx and HeptylOx in both dry (~5% RH) and ambicnt
conditions (~40% RH). From these responses it is observed that
the hygroscopic poly(2-oxazoline)s are significantly softer at
ambient conditions compared to low humidity conditions: the

slope of the loading response is less steep and the material creep
during the hold time is significantly increased. For the non-
hygroscopic samples, the dilferences between the indentation
responses at low humidity are smaller: the slopes during loading
and the extent of creep during the hold time at low and ambient
humidity do not differ as much as for the hygroscopic samples.

The negative loads observed at the end of the unloading for the
HeptylOx and especially the EtOx result from tip-sample adhe-
sion. This tip—sample adhesion may influence the load-displace-
ment response at the start of the unloading, which is used for the
calculation of the elastic modulus. However, based on the work
of Zhao et al.'® and the relevant parameters for the experiments
discussed here, we estimate that the influence of adhesion on our
data is negligible.

The mechanical properties of the investigated poly(2-oxazo-
line)s have alrcady been discussed for idealized conditions.'® For
comparison, the data have been reproduced in Fig. 8, together
with the new results under ambient conditions. Under ambient
conditions, the indentation moduli significantly drop by almost
50% for the hygroscopic materials, while for the semi-crystalline
materials, the decrease is very small to negligible. As discussed
previously, the general trend within the library is related to the
glass transition temperatures of the materials and to the presence
of crystallinity.

Fig. 8 shows that at ambient conditions the trend is the same as
under dry conditions. The measurements have been performed at
room temperature. Therefore, MeOx through PropOx are still in
the glassy state, while the 7, of the rest of the library is at (for
ButOx) or below room temperature. The lower values for the
indentation moduli (&) of the hygroscopic samples can be

17334 | J. Mater. Chem., 2011, 21, 1733117337

This journal is © The Royal Society of Chemistry 2011



Downloaded by Thuringer Universitats und Landesbibliothek Jana on 04 June 2012
Published on 04 October 2011 on http://pubs.rsc.org | doi:10.1039/C1IM12541 A

View Online

2500 —

2000 —

1500 —

Load [uN]

1000 —

500 —

-500 —

= HeptylOx dry
= = HeptylOx ambient

--"‘7 EtOx ambient

0 500 1000 1500

I I T I 1
2000 2500 3000 3500 4000

Displacement [nm]

Fig. 7 Selected indentation curves for MeOx, EtOx and HeptylOx in dry (RH ~5%) and ambient atmosphere (RH ~40%), measured at high loads.

8 =
74 R
u  Low relative humidity
6 — \ A Ambient humidity
5 —4
v "
O, 47 \
uj 3 ] \E
24 AN
1 -4
0 —
I [ I I I I [ I
Me Et Prop But Pent Hex Heptyl Non

Increasing number of carbon atoms in linear side-chain —

Fig. 8 Indentation moduli of poly(2-oxazoline)s with linear side-chains
at low and ambient humidity. The error bars represent one standard
deviation of the measurements and may be smaller than the symbols. The
lines are added to guide the eye only.

explained by a plasticising cffect of the incorporated water. The
moisture taken up from the environment causes a swelling of the
polymers, thus increasing the interchain volume. This results in
a higher flexibility of the polymer chains. Therefore. the elastic
modulus of the material is decreased.

Furthermore it can be seen that the MeOx cxhibits an
unusually high modulus of ~7.4 GPa at low humidity and drops
to ~2.7 GPa at ambient conditions. This behavior at low
humidity may be explained by traces of water still present in the
MeOx even after the drying procedure or by water uptake of the
material from the remaining ~5% humidity. Due to their low
amount, water molecules may hydrogen-bond with two C=0

functionalitics from different poly(2-oxazoline) chains (Scheme
1A), thus providing additional interaction between neighbouring
polymer chains and therefore increasing the material stiffness.

Experimental
Synthesis

The different poly(2-alkyl-2-oxazoline)s have been prepared by
microwave-assisted cationic ring-opening polymerization in
acetonitrile. Methyl tosylate was used as initiator with a mono-
mer to initiator (M/I) ratio of 60, resulting in relatively well-
defined (PDI < 1.3) poly(2-oxazoline)s with ~60 repeating units.
A schematic representation can be found in Table 1. The
synthesis is described elsewhere.'

Water uptake

The water uptake measurements were performed on a Q5000 SA
thermogravimetric analyzer from TA Instruments. Both sample
and reference pans were enclosed in a humidity and temperature
controlled chamber. A dried nitrogen gas flow was split in two
paths, one passing through a water-saturation chamber. The
desired relative humidity in the sample chamber was adjusted by
mixing proper proportions of both the dry and the wet N stream
(regulated by mass-flow controllers). The temperature was kept
constant at 30 °C and was controlled by Peltier elements. The
measurements have been performed according to the protocol
described by Thijs et al.*?

Temperature-dependent FT-IR investigations

For the temperature-dependent 1R-measurements, the samples
were dissolved in chloroform (p.a. quality from Fisher Scientific,
used without further purification), except for the McOx sample,

This journal is © The Royal Society of Chemistry 2011
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which was dissolved in deionized water due to its low solubility in
chloroform. The solutions were dropcast onto KBr discs and
dried under reduced pressure. The discs were kept in a humid
atmosphere overnight to allow for water uptake by the materials.
For the measurements, a second KBr disc was placed onto the
sample to prevent a possible melt-flow of the sample films at
higher temperatures. The KBr-“sandwich” was clamped onto
a heating block in the beam path of the spectrometer. The
temperature (controlled with a Hotset RR 210) was increased in
steps of 5 °C from 30 to at least 200 °C (max. 235 °C for ButOx,
depending on the melting behavior of the individual sample),
allowing a period of 5 min time for temperature equilibration at
each step. After the heating run, cooling of the samples was
performed in the same stepwise manner. The spectra were
recorded on a Bruker IFS 28 FT-IR/FT-NIR-spectrometer. 32
scans were co-added for each spectrum with a spectral resolution
ofdem .

Mechanical properties

To prepare the samples [or the indentation measurements, the
poly(2-oxazoline)s were dissolved in chloroform (except for the
McOx which was dissolved in deionized water because of its low
solubility in chloroform) and dropcast onto 12-well Teflon-
coated microscopy glass slides using an Analytik Jena FasTrans
automated pipetting station. The Teflon coating prevents the
solution from spreading over a too large area. These sample films
were dried under reduced pressure at 45 °C over two weeks to
remove the solvent residues.

The mechanical properties of the samples were measured with
a Hysitron TriboIndenter, the ecmployed measurement protocol
can be found elsewhere.'® The reduced moduli (£,) were derived
from the unloading segment, utilizing the analysis method
proposed by Oliver and Pharr.?® Values arc averaged from at
least five measurements each. The indentation moduli (£;) were
calculated from the reduced moduli, assuming a Poisson’s ratio
Veample Of 0.4, according to:

1
1/ E e — (1

v
sample ( 1 )

Ei =
i,sample 3 =
vmdenler) / Eindenter

For the measurements at low humidity, the sample compartment
of the TriboIndenter was purged with dried air to lower the
humidity that the samples were exposed to. Measurements were
started after equilibration at 5 + 1% RH, measured with a Testo
608-H2 hygrometer.

For the measurements at ambient humidity, the samples were
simply stored for two weeks at ambient conditions after the
drying procedure. During the measurements the ambient
humidity was within 40 + 5% RH.

Conclusion

By applying temperature-dependent FT-IR-spectroscopy and
depth-sensing indentation, it was possible to explain the
mechanical properties of a library of poly(2-oxazoline)s with
varying alkyl side chain length under the influence of water
uptake and to relate them to the sample’s hygroscopic behavior
determined by water uptake measurements. At ambient condi-
tions, the water-saturated samples exhibit lower moduli duc to

a plasticising cffect of the incorporated water.?® The water
molecules hydrogen-bond to the polymer as shown by FT-IR-
spectroscopy. At low humidity, however, small amounts of water
still present in the dricd MeOx may increasc the material’s
modulus as they give rise to additional interactions between
neighbouring polymer chains. The extreme case of this behavior
is found in supramolecular polymers, where hydrogen-bonding is
the driving force for the formation of crosslinks.?

Furthermore, crystalline behavior of the carbonyl-band was
shown for poly(2-oxazoline)s with a linear side-chain of at least
three carbon atoms’ length. All FT-IR-spectroscopic results are
based on the observation of the C=0 bond, which represents the
“junction point” between the side-chains and the polymer
backbone. Therefore, it can be concluded that crystalline
behavior found for the C=O0 vibration results from side-chain
crystallization for ButOx and longer side-chains (which corre-
lates with the melting peaks found in the DSC), whereas for
shorter side-chains, the crystalline behavior is caused by an
alignment of the polymer backbones. The crystallization of i-
PrOx, ButOx and PentOx is slower than for longer alkyl side-
chains, as shown by the exothermal peak in the DSC, indicating
that during the first cooling run, the crystallization was not
complete.

For very small side-chains (MeOx through i-PrOx), main-
chain crystallization can occur. Moisture absorbed from the
surrounding air provides the mobility necessary for this crystal-
lization process and may be incorporated into the crystallites.
The main-chain crystallization of MeOx was a slow process, as
the Maltese Cross patterns were only observed after prolonged
storage (months). The FT-IR results give rise to the conclusion
that even the PropOx is slightly crystalline, as it shows a similar
increase in the carbonyl peak maximum as samples with a longer
side-chain. However, no melting peak in the DSC response could
be observed. As the PropOx also does not show significant
hygroscopicity, the necessary chain mobility for crystallization
may result from the lower glass transition temperature (37.8 °C)
comparced to the MceOx (71.8 °C) and EtOx (59.2 °C).

A more detailed investigation on the side-chain crystallization
processes of poly(2-oxazoline)s will be given by generalized two
dimensional correlation spectroscopy in a future contribution.
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ABSTRACT: High-throughput experimentation (HTE) represents
a promising and versatile approach for polyurethane (PU)
research as a tool to rapidly screen and characterize a large
number of samples in an automated way. To realize a unique
HTE workflow for the research and development of PU elasto-
mers (PUEs), the use of parallel automated formulation and
coating platforms at Flamac were explored. To evaluate the
applicability of HTE for PUEs, four different PU systems were
investigated with different reactivities and viscosities. All pre-
pared PUEs were evaluated by conventional physical testing
methods measuring the E-modulus, tensile-elongation and the
hardness properties revealing similar trends as conventionally
prepared PUEs indicating the viability of the HTE approach. In
addition, the properties of the PUEs were also investigated

using downscaled microtensile bars as well as depth-sensing
indentation, again, revealing similar trends. With this proof of
principle study, we demonstrated for the first time that HTE
can also be extended to polymeric materials based on high re-
active and viscous raw materials in combination with complex
technologies. The reported results provide a basis for the use
of HTE approaches for preparing, screening and characterizing
large numbers of PUEs for R&D purposes. © 2010 Wiley Peri-
odicals, Inc. J Polym Sci Part A: Polym Chem 49: 301-313, 2011

KEYWORDS: depth-sensing indentation; high performance coat-
ings; high-throughput experimentation; mechanical properties;
polyurethane elastomers (PUEs)

INTRODUCTION Combinatorial research  represents a
dynamic field, which was originally developed in the phar-
maceutical industry. After a fast progress, high-throughput
experimentation (HTE) techniques have also been extended
to other research fields such as materials science for the de-
velopment of new polymers and catalysts.""**

The application of combinatorial methods for the develop-
ment of organic coatings is extensively reported by Chisholm
et al.'® ' In most cases, the starting materials are liquid
and, thus, can be easily transferred by a liquid handling
robot?® which is utilized for the production of arrays of
liquid coatings.”’ Other research groups** and compa-
2426 4lso invested significant efforts to develop advanced
HTE techniques to identify new coating solutions. Nowadays,
these processes include many independent chemical variables
and parameters as well as many time-consuming steps.

nies

Recently, we reported high-throughput approaches to acceler-
ate investigations on the preparation of polyurethane (PU) pre-

polymers.?”?® In this contribution, a concept is reported for
the high-throughput preparation and screening of polyur-
ethane elastomer (PUE) samples that are mainly applied
within the automotive industry as covering materials for dash-
boards, cup holders, ashtrays, door panels and interior parts
of cars. Other applications include usage as encapsulation
materials for car windows or other electrical parts. Depending
on the raw materials, recipes, preparation and moulding condi-
tions of PUEs, large property variations are accessible in the
final products,?>*® thus automation of their preparation pro-
cess is essential for a fast and sustainable research.

The raw materials for the preparation of PUEs are very vis-
cous and reactive. Therefore, their handling requires a highly
flexible and fast high-throughput tool. Nowadays, these non-
cellular PU materials are mainly processed in a manual way
enabling the preparation of a maximum of 20 elastomer
samples per day per person which does not allow a fast
innovation. The growing markets and demands for new PU
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FIGURE 1 Overview of the high-throughput formulation
form at Flamac.

plat-

materials are pushing the companies towards the use of
high-throughput technology as the key approach to discover
and develop new polymer products faster than before.

In this contribution, we report a proof of principle study for a
high-throughput workflow for PUEs consisting of three inde-
pendent units: (a) a compounding platform for the prepara-
tion of isocyanate and polyol blends, (b) a coating platform
for a two component reactive system and (c) a physical test-
ing unit. The designed equipment should be able to cope with
high viscosities and a large number of raw materials, as well
as with 20 to 30 s reaction time counting from the moment
of mixing of the two blends. In an ideal case, the same
platform should also be applicable for the preparation and
testing of cellular PU materials.®" Although there are scientific
contributions in the field of HTE applied to PU systems,***3
to the best of our knowledge, this is the first reported high-
throughput method for highly reactive PU elastomer research.

EXPERIMENTAL

Materials

Polyurethane Elastomers

Elastomer systems PUE1, PUE2, PUE4 were based on a tri-
functional ether polyol while PUE3 was based on an OH-pre-
polymer obtained from Recticel N.V. (Belgium).

The solvents N-methylpyrrolidone (NMP) and acetone were
used for cleaning purpose. All chemicals (polyol, isocyanate,
catalysts, etc.) were used as received without further purifi-
cation. The applied formulation recipe is the property of
Recticel N.V. (Belgium).

High-Throughput Instrumentation and Workflow

The high-throughput formulation (Fig. 1) and coating plat-
forms (Fig. 2) at Flamac (Zwijnaarde, Belgium)** developed
in close collaboration with HTE AG (Heidelberg, Germany)>®
were used for the preparation of the selected PUEs. The two
workstations, controlled by the automation software suite

302

hteControl™, had to be synchronized to prepare PUEs in an
automated way under well-defined reaction conditions.

The formulation platform is equipped with a robotic arm
and with a gripper mounted on a linear track for flexible
sample transfer in combination with an individual bar coding
system for the vessels, as well as a storage facility for the
empty or filled vessels. The viscosity range for weight based
dispensing of formulations without cross contamination is
17 to 8300 mPa s. The dispensing range was available from
50 mg to 100 g with an accuracy of 0.5% to 1%. Accurate
dispensing of the raw materials was realized by a mini spool
valve (Techcon Systems, CA), an olive TE 14GA needle (Miya-
chi Europe BV, Eindhoven, The Netherlands) and seven bar
nitrogen pressure on the containers. Mixing of the dispensed
materials in the glass vessels was performed by an overhead
mixer with a maximum speed of 2000 rpm. After each mix-
ing step the impeller was cleaned in a brush bath filled with
different solvents and dried by compressed air. The formula-
tion platform consisted of three independent dispense mod-
ules with nine containers each with a maximum volume of
600 mL. With this current workflow, 50 to 100 formulations
per day could be realized depending on the complexity of
the preparation procedure.

The coating platform for high speed applications was
equipped with a specially designed heated mould and a
round shaped bar coater for the preparation of the PUEs
using a doctor blade process. This step was realized by a
powerful articulated robot arm which enables fast processes
for high reactive materials such as PUs. The mould for the
doctor blade process was preheated to 65 °C before the coat-
ing step started. Optionally, the prepared elastomers could
be stored in a substrate hotel (6 storage racks, 120 hotel
positions). After 10 min curing time, the elastomers were
removed from the mould and placed for 7 days at room
temperature for final curing. The mould applied had to be
manually cleaned after each elastomer preparation. The

FIGURE 2 Detailed view of the high-throughput coating plat-
form at Flamac.
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FIGURE 3 Schematic representa-

tion of the developed workflow
for the PUE preparation.

temperature (20 °C) and the relative humidity of the labora-
tory were kept constant.

PUEs Preparation in a High-Throughput Workflow
Manually prepared, ready-to-use materials (formulations)
including all components were provided to Flamac for the
HTE to focus on the most challenging steps, namely the mix-
ing of the two reactive formulations and the coating process
(see Fig. 3). It is strongly believed that these steps are the
most crucial in the whole high-throughput workflow for pre-
paring PUEs. The polyol formulation (PF) was manually pre-
pared in a 1 L beaker made out of polypropylene and the
compounds were weighed together in the same order as
listed in Table 1.

After adding all materials manually into the beaker an over-
head mixer at a speed of 6000 rpm was used to prepare a
homogeneous, highly viscous mixture. Similarly, the isocya-
nate formulation (IF) was also prepared manually ina 1 L
polypropylene beaker according to the recipe stated in Table
1. These ready-to-use formulations were delivered to Flamac,
filled into the dispense modules on the formulation worksta-
tion and finally pressurized under 7 bar nitrogen. The polyol
formulations containing solid particles (e.g, water scav-
engers) were continuously mixed by an overhead mixer at
500 rpm to keep it homogeneous. Fresh materials were pre-
pared for the high-throughput experiments and all contain-
ers, valves and tubing were daily changed after the experi-
ments. Before each dispensing procedure, a purge step was

PREPARATION QF PUES IN A HIGH-THROUGHPUT WORKFLOW, MAJOROS ET AL.

[flﬂiy automated coating roliot|

65 mm

= -

Polyurethane elastomer (PUE)
skins for material testing

applied for both PF and IF into a waste container to avoid
cross contamination and inhomogeneity during dispensing.

To start the high-throughput preparation of the PUEs, the
robot arm mounted on a linear track moved the vessels to
the dispensing station on a balance after the bar coding step.
First the PF and secondly the IF was dispensed gravimetri-
cally into the vessels. In our PU formulations, the reaction
between the two reactive formulations started solely when
the mixing step was applied since no significant chemical
reaction took place on the surface of the two layers without
efficient mixing. In a next step the robotic arm placed the
vessel in a specially designed nest with a lift system. This
vessel contained the two mixtures layered on top of each
other. Afterwards, the polymerization was started by mixing
the two components in the vessel with an overhead mixer of
the formulation platform exactly for 10 s at 2000 rpm. The
developed lift system with a nest facilitated the fast manual
removal of the vessel as well as the pouring of the mixture
on the preheated mould of the coating platform. From the
moment when the mixing started until the pouring step, the
required processing time was ~25 s. The doctor blade pro-
cess was carried out afterwards by the precisely synchron-
ized robot arm of the coating platform with a round shaped
bar coater. After 10 min curing time (demould time), the pre-
pared elastomer with a dimension of 100 x 65 x 1 mm was
removed from the mould. The round shaped bar coater was
washed automatically but the stainless steel mould had to be
cleaned and dried manually before the next experiments
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TABLE 1 Formulation and Selected Properties of the Four Investigated PUEs Systems

Properties

Polyol Formulation (PF)

I0H value of PF (mg KOH/g)
Viscosity of PF (mPa.s)
Isocyanate Formulation (IF)

NCO value of IF (%)
Viscosity of IF (mPa.s)
Index

Fiber time® (s)

Materials

Component 1 (g)
Component 2 (g)
Component 3 (g)
Component 4 (g)
Component 5 (g)
Component 6 (g)
Component 7 (g)
Component 8 (g)
Component 9 (g)
Total (g)

Used amount of PF (g) for one
PUE (high-throughput way prepared)

Component 1 (g)
Component 2 (g)
Component 3 (g)
Component 4 (g)
Total (g)

Used amount of IF (g) for one
PUE (high-throughput way prepared)

? Fiber time = Time from the moment of mixing of the two reactive
formulations until the materials can form fibers by pulling it with a

could be started. In this manner, in total 40 PUEs (PUEL,
PUEZ, PUE3, PUE4) have been prepared (4 systems; for each
system 10 identical samples) in a reduced dimension (see
schematic representation of the entire workflow in Fig. 3).

PUE1

81
4
4
0.25
5.5
0.5
6
0.3

101.625

8.27

166
874
51.2
0.22
0.5
51.92
3.73

27.6
1172
100
42

PUE2

81
6
4
0.25
5.5
0.5
6
0.3

103.625

7.87

194
905
51.2
0.22
0.5
51.92
4.13

27.6
1172
100
35

PUE3

60
20

0.25
5.5
0.5

0.3
104.55
7.92

190
1892
51.2

0.22
0.5
51.92

4.07

27.6
1172
100
30

PUE4
66

0.25
5.5
0.5

0.3
88.625
6.78

221
965
51.2
15
0.22
0.5
66.92
5.22

20.7
2453
100
35

glass rod. It gives an impression about the reactivity of the system.

During the entirely automated operation, the only manual
step was the pouring step. At this stage of our research, we
particularly focused on proving the concept of the prepara-
tion of PUEs in a high-throughput manner, which goal could

FORMULATION PLATFORM
Compounding
step (PF +IF) 25s )
Yessel placed Mixing and Finish the operation|
in the nest pouring steps on the formulation
platform
Reference point for
the coating platform
COATING PLATFORM |
s 25s
b + '
Initialization of the Break| Watting step Start doctor blade
coating platform process and
prepare PUEs
304

FIGURE 4 Synchronization of the two

platforms.
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TABLE 2 Summary of the Physical Testing Methods of the Prepared PUEs

Dimensions of the Number of
Type of Sample Physical Test Standards Test Specimen (mm) Measurements
PUEs prepared in a Tensile strength (N/mm?) ASTM D1708 38 x 15 x 1 (microtensile specimen) 3]

high-throughput way  and elongation at break (%)
E-Modulus (MPa)

IRHD DIN ISO 48
Tensile strength (N/mm?)
and elongation at break (%)
E-Modulus (MPa)

IRHD DIN ISO 48

PUEs prepared in
a conventional way

Tensile strength (N/mm?)
and elongation at break (%)

PUEs prepared in
a conventional way

be reached without the development of a high cost auto-
mated pouring unit.

Synchronization of the Two High-Throughput Platforms
In general, the formulation and the coating platforms are
functioning independently from each other. For our purpose,
the use of the two separate platforms in one workflow was
essential to deal with the very fast reaction (30 s reaction
time), and therefore, synchronization of the formulation and
the coating platforms had to be performed (see the time line
of the synchronization in Fig. 4). First of all, the overhead
stirrer was completely turned off during the compounding
step of the two formulations (PF and IF). After the vessel
was placed in the nest by the robotic arm and ready for mix-
ing, the stirrer was turned on again. Turning on the stirrer
was the reference point for the coating platform and, from
this moment on (starting point), the software of the coating
platform was started after 25 s. Due to the fact that initiali-
zation of the coating platform required 34 s, the robot sys-
tem was ready for the coating application after 59 s. As a
next step, the mixing was started on the formulation plat-
form, which together with the pouring step required 25 s. To
be on time for the doctor blade process using the coating
robot (SIAS robot), a 25 s waiting step was introduced. This
synchronization enabled sequential operation on the two
platforms and eliminated the possible source of errors (e.g.,
small time delays) of the manual pouring step.

Conventional PUEs Preparation

To compare the macroscopic mechanical properties of the
PUEs prepared in a high-throughput manner, chemically equal
PUEs have also been prepared in a manual, conventional way.
The same batches of the ready-to-use raw materials were
used for the preparation of the samples. In this case, the PF
was weighed on an analytical balance in a 1 L polypropylene
cup and premixed for 10 s at 4000 rpm with an overhead
mixer. The appropriate amount of PF was filled in a 50 mL sy-
ringe, injected into the polyol formulation and then mixed fur-
ther for 10 s at 4000 rpm with the same mixer. The well-
mixed reactive mixture (with ~35 s gelling time) was poured
onto a preheated (65 °C) mould and the doctor blade process
was applied to obtain 40 pieces of PUEs (4 systems; for each
system 10 identical samples) with a conventional dimension

PREPARATION QF PUES IN A HIGH-THROUGHPUT WORKFLOW, MAJOROS ET AL.

ASTM D1708

DIN 53504 S1

ASTM D790-I B 50.8 x 12.7 x 1 (microtensile specimen) 3

38 x 15 x 1 (microtensile specimen) 3

ASTM D790- B 50.8 x 12.7 x 1 (microtensile specimen) 3

115 x 25 x 3 (conventional specimen) &

of 13.5 x 40 x 0.3 cm. The mixing to pouring required 25 s.
The total amounts of samples are between 153 g and 156 g
depending on the system used, see Table 1.

Physical Analysis of PUEs

The tensile-elongation (tensile strength and elongation at
break) macroscopic properties of the PUEs were determined
according to ASTM D1708, the bending test (E-modulus)
according to ASTM D790-1 B and IRHD (International Rubber
Hardness Degrees) according to DIN I1SO 48. Four different
systems have been defined (PUE1, PUEZ2, PUE3, PUE4) and
ten pieces of PUEs have been prepared for each system,
thus, in total 40 pieces of PUEs have been obtained by high-
throughput preparation and 40 pieces of PUEs by conven-
tional elastomer preparation, respectively. On each PUE,
three times tensile strength, three times bending and 5 times
IRHD measurements have been consecutively performed and
the average values were calculated for comparison. The
dimensions of the reduced sized specimen (microtensile) are
summarized in Table 2.

For comparison, the PUEs prepared in a conventional way
were also tested according to the same standards using the
microtensile specimens. All dimensions of the test specimens
and the number of measurements are detailed in Table 2.

Finally, the tensile-elongation properties of the convention-
ally prepared PUEs were also measured according to test
methods DIN 53504 S1 using conventional specimens. These
results were compared with the values obtained using micro-
tensile specimens.

In many cases, the characterization of the prepared samples
is considered to be the bottleneck of a high-throughput
workflow. To overcome this problem, we have implemented
depth-sensing indentation measurements into our workflow
to validate this characterization tool for these types of PUEs.
The measurements were solely performed for PUEs prepared
in a high-throughput way using a Hysitron Tribolndenter
(Minneapolis, MN) with a conospherical diamond tip of ~4.7
um radius>% The machine was calibrated with a fused
quartz standard. A load-hold-unload pattern of 10-1-10 s
was used up to a maximum displacement of 1000 nm in the
sample materials. The samples were measured in a high-
throughput approach. All 40 samples were glued at regular
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FIGURE 5 Fluid container equipped with overhead stirrer for
storage of the formulations (PF and IF). [Color figure can be
viewed in the online issue, which is available at wileyonline
library.com.]

positions onto glass substrates, which were fixed to the sam-
ple stage by reduced pressure. Gluing and setting-up the
experiment took ~1 and 3 hours, respectively. The indenta-
tion measurements were carried out in an automated run
overnight. In total, 480 indents were made, six per sample
on two different positions per sample. The analysis method
proposed by Oliver and Pharr®® was applied to calculate the
reduced modulus from the unloading curves.

RESULTS AND DISCUSSION

Optimization Procedures for the Formulation Platform
Nowadays, all steps of the conventional PU elastomer pre-
paration are carried out manually in the R&D process. All
components of the polyol formulation (PF) and isocyanate
formulation (IF) are weighed together and mixed separately
by a dynamic mixer. At first, the PF has to be premixed and
the IF is quickly added. After 10 s mixing, the material is
manually poured onto a prepared mould, which is either
open or closed and mostly heated. The total processing time
is ~30 s. The de-moulding time strongly depends on the for-
mulation but it takes generally ~10 min.

In this contribution, we discuss a high-throughput workflow
for PU research using two individual platforms for mixing
and dispensing as well as coating. This setup was investi-
gated to develop and to prove the high-throughput prepara-
tion concept for different PU elastomers. To be able to han-
dle and process fast PU reactions that could reach a gelling
time in 25 to 30 s, almost all steps of the workflow had to
be slightly modified or optimized.

Potential sources of errors in a high-throughput worktlow
can arise during the liquid handling and the processing
(coating) steps. For the liquid handling step, problems might
occur due to inaccurate dispensing, isocyanate incompatibil-
ity, inefficient mixing of the raw materials and cross-contami-
nation in particular when using viscous materials.*® During
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the processing step, attention should be paid to avoid slow
pouring, inadequate surface coverage, variability in film
thickness as well as poor curing.?! The system should cope
with all these challenges to develop a robust HTE setup.

To realize such a fast, automated and robust high-throughput
workflow, we have developed and optimized the following
modules: the pneumatically driven nest enabling fast re-
moval of the vessel after the mixing step, the flat-bottom
glass vessels with straight wall for the mixing of the two re-
active formulations, an effective mixing impeller allowing
complete homogenization of the formulations and, finally, the
specially designed mould for the PUE preparation.

Due to the fact that the PF contains solid particles (e.g.,, water
scavengers) which could sediment within 20 min, a continu-
ous mixing of this dispersion was an absolute requirement
during the HTE operation. Without mixing, the dispensed ma-
terial might not fulfil the exact criteria of the formulation
and the morphology as well as properties of the prepared
samples might vary significantly. For this reason, the ready-
to-use materials were stored in special 600 mL fluid contain-
ers (Fig. 5). The mixing speed was set to 500 rpm, which
ensured acceptable homogeneity as verified by the solid par-
ticle content measurements of the upper and lower parts of
the viscous mixture after one day. In addition, to ensure the
quantity of the dispensed formulations and to minimize the
air contact during the process, the dead volume from the tub-
ing and valve was rinsed by dispensing into the waste before
each dispense step. With this setup, a sampling accuracy
could be reached within 3 wt % for both formulations.

To keep the vessel in place during mixing of the reactive
mixture after the weighing step, a pneumatic lift system with
a nest was applied (Fig. 6). The vessel was transferred auto-
matically into the nest by the robotic arm. The pneumatic
drive allowed fast removal of the vessel by fast sinking of
the nest before the pouring step.

The next module that was optimized was the 20 mL vessel
with straight wall design, which enabled the use of a mixing
impeller with 19 mm diameter in a 22 mm diameter vessel.
Inhomogeneity of the reactive mixture could result in
unreacted material (mainly polyol) on the surface of the

lift system

FIGURE 6 Photo of the pneumatic driven lift system for the
vessels containing the reactive mixture. [Color figure can be
viewed in the online issue, which is available at wileyonline
library.com.]
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FIGURE 7 Images of the round shaped bar coater (left) and the mould equipped with heated substrate holder (right). [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

prepared PUEs, which should be avoided since this can dra-
matically influence the macroscopic properties of the materi-
als. An even more crucial point in this mixing step was found
to be the efficient mixing close to the walls of the vessels.
This was solved by reducing the difference between the di-
ameter of the impeller and the diameter of the vessels as
much as possible, in particular for highly viscous materials.
Thus, the specially designed vessels ensured efficient mixing
at the walls by the impeller and simplified the pouring pro-
cess of the viscous mixtures since there was no physical bar-
rier for pouring the liquid. As a result, the maximum amount
of mixed material could be poured onto the mould and used
for the doctor blade process. In this manner, the surface of the
mould was almost entirely covered with elastomer to obtain
PUEs in a rectangle shape (dimension: 100 x 65 x 1 mm).

The mixing of the reactive formulations was carried out by
an overhead mixer of the formulation platform. Next to the
newly designed straight-wall vessels, a specially designed
axial disc impeller was used for the experiments, which
allowed fast and effective mixing of the raw materials within
10 sec. After the impeller was immersed into the mixture,
the mixer started to turn on with an acceleration time of 2 s
to reach 2000 rpm. The system required additional 2 s for
the deceleration of the mixer reaching 0 rpm. In fact, the
effective mixing was performed for 6 s at full speed. To
obtain the highest efficiency during this limited time interval,

o eveos wiy FeNAS A0

FIGURE 8 PUEs prepared using the high-throughput workflow.
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the impeller was moved to the lowest position in the vessel
and then the mixing was performed in an oscillation mode
between two set points, that is, the mixer was moved up 4
times and down 3 times. The mixer was stopped at the
upper point about 2 mm deep in the mixture allowing fast
removal of the vessels.

Optimization Procedures for the Coating Platform

The doctor blade experiments were performed with a round-
shaped bar coater (Fig. 7, left) and a preheated mould (Fig.
7, right). Therefore the mould was placed in a heated sub-
strate holder, which was reposed in the vacuum table. The
thermal heater was adjusted to 95 °C to ensure 65 °C at the

FIGURE 9 Conventional test specimen for physical characteriza-
tion according to norm DIN 53504 S1 (left); microtensile speci-
men for the physical characterization according to norm ASTM
D1708 (right).
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TABLE 3 Comparison of the Macroscopic Properties Measured Using Microtensile Specimen for the PUEs Prepared in a
High-Throughput Way and Conventional Test Bars for the PUEs Obtained in a Manual Way

Manner of PUEs Preparation  High-Throughput

Conventional, Manual

High-Throughput Conventional, Manual

Type of test specimen Microtensile Conventional Microtensile Conventional
Standards ASTM D1708 DIN 53504 S1 ASTM D1708 DIN 53504 S1
Macroscopic properties Elongation at break (%) /standard deviation/ Tensile strength (N/mm?) /standard deviation/
PUE1 75 /5.1/ 82 /6.6/ 4.0 /0.4/ 4.8 /0.22/

PUE2 79 /4.4 88 /4.4/ 5.4 /0.3/ 6.7 /0.26/

PUE3 82 /12.2/ 86 /9.4/ 6.2/0.4/ 6.6 /0.27/

PUE4 81/6.5/ 83 /5.3/ 5.7 /0.4/ 6.2 /0.17/

surface of the mould. This temperature is required to imitate
and replicate the conventional preparation of the PUEs.

Before the start of the coating process, the table was man-
ually placed in the starting position. During the coating pro-
cess (doctor blade), the table was automatically moved at
100 mm/s speed. A pause was introduced after the coating
process to finalize the curing process. Afterwards, the bar
coater was moved to the solvent bath where it was cleaned
with NMP. The mould had to be cleaned manually after each
shot as mentioned previously. Eight prepared PUEs with a
dimension of 100 x 65 x 1 mm are shown in Figure 8.

Discussion of the Results Obtained by Physical Testing

To be able to analyze the PUEs prepared in a high-through-
put manner, the dimension of the tensile test specimens had
to be reduced as depicted in Figure 9. The miniaturization of
the samples was a key issue, because the same trends
should be identified with both types of specimens. To per-
form the same physical testing of PUEs obtained in the high-
throughput workflow and by conventional methods, addi-
tional physical testing norms had to be determined for
screening the samples with microtensile specimens. For the
comparison of the samples, the same macroscopic properties
were measured such as E-modulus, elongation at break, ten-
sile strength and [RHD for elastomers obtained in the con-
ventional way and in the high-throughput manner using the

TABLE 4 Overview of the Measured Physical Parameters of PUE1

same standards (test methods) with the same sample sizes
(microtensile specimen, 38 x 15 x 1 mm).

Table 3 shows a comparison between the tensile-elongation
properties obtained by microtensile (38 x 15 x 1 mm) and
the conventional test bars (115 x 25 x 3 mm). Several
measurements have been performed to evaluate the differ-
ence between the two test methods. In this case, two differ-
ent international standards have been applied using chemi-
cally the same kind of high-throughput manner as well as
conventional way prepared PUEs, respectively. The experi-
mental data were collected for each system (PUE1-PUE4) in
Table 3.

These experimental data were the average values of the
measurements on 30 specimens which were prepared from
10 identical PUEs by die-cutting three specimens from each
identical elastomer skin. Thus, 30 data points have been
averaged resulted in the data given in Table 3 and compared
for each PUE (PUE1-PUE4) system. A very good correlation
could be obtained between microtensile and conventional
test bars (Table 3) demonstrating the possibility to reduce
the dimension of the prepared PUE samples without influ-
encing the macroscopic properties of the material. This
observation is important for the preparation of PUEs by a
high-throughput workflow: the miniaturization of the sam-
ples had certain advantages, such as faster and more reliable

PUE1

Number Manner of Standard Relative Standard
Standards of Tests Physical Test Preparation Average Deviation Deviation (%)
ASTM 790-1B 30 E-modulus (MPa) Conventional 24 2.0 8

30 E-modulus (MPa) High-throughput 26 4.7 18
ASTM D1708 30 Elongation at break (%) Conventional 74 10.4 14

30 Elongation at break (%) High-throughput 75 8.5 1

30 Tensile strength (N/mm?) Conventional 357 0.3 8

30 Tensile strength (N/mm?) High-throughput 4.0 0.7 17
DIN ISO 48 50 IRHD Conventional 81 2.2 B

50 IRHD High-throughput 81 25 3
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PUE2
Manner of Standard Relative Standard

Standards Number of Tests Physical Test Preparation Average Deviation Deviation (%)
ASTM 790-I1B 30 E-modulus (MPa) Conventional 47 6.2 13

30 E-modulus (MPa) High-throughput 55 9.0 16
ASTM D1708 30 Elongation at break (%) Conventional 78 10.6 14

30 Elongation at break (%) High-throughput 76 9.6 13

30 Tensile strength (N/mm?) Conventional 5.2 0.4 9

30 Tensile strength (N/mm?) High-throughput 5.4 0.3 6
DIN ISO 48 50 IRHD Conventional 87 2.0 2

50 IRHD High-throughput 87 2.8 3

preparation of the PUEs, simpler automation of the physical
testing method and the requirement of smaller amounts of
raw materials, which is accompanied by a reduced environ-
mental impact and cost saving.

The same raw material batches have been used for the paral-
lel preparation of the elastomers in a conventional way and
in a HTE approach with the same output number (4 x 10
elastomers). In this way, the comparison and evaluation of
the physical parameters of these two sets of elastomers
were most reliable. For each PU system, 10 pieces of PUEs
have been prepared, thus, at the end of the high-throughput
workflow, 40 pieces of PUEs have been obtained, analyzed
and compared with the same number of conventionally pre-
pared elastomers. For each of the 10 samples prepared form
each formulation, three samples have been taken for the
physical testing (E-modulus, elongation at break and tensile
strength), resulting in 30 measurements for each type of
test. For IRHD test, each individual samples have been meas-
ured five times resulting in 50 data points. The results of the
physical testing are summarized in Tables 4-7.

The average values were in each case calculated by meas-
uring three samples per prepared PUE meaning that three
specimens were prepared for bending test (E-modulus),
three specimens for tensile-elongation (tensile strength and

TABLE 6 Overview of the Measured Physical Parameters of PUE3

elongation at break tests) and five specimens for IRHD meas-
urements by die-cutting.

The obtained results showed that the two different ways of
PUE preparation were comparable demonstrating that simi-
lar PUEs could be prepared in a high-throughput manner
allowing acceleration of the research and development of
these kinds of materials. For each PUE system, ten times
the same elastomers were prepared in the same way. By
investigating the average values of the mechanical properties
(E-modulus, elongation at break, tensile strength and IRHD)
of the conventional and the high-throughput PUEs, it can be
noted that the values were in the same range revealing the
same trends. The standard deviation of these experimental
data was below 13.7 and the relative standard deviation
(RSD) revealed less then 17%. It should be noted that all data
were used for the calculation of the average values and no
outliers were omitted to validate the overall concept related
to the high-throughput preparation of PUEs. The validity of
the HTE approach will be illustrated by comparison of some
of the PUEs. The main difference between PUE1 and PUE2
was the amount of crosslinker used. In total, 50% more cross-
linker was applied in PUE2 to modify the formulation and,
thus, the elasticity decreased significantly. Indeed, this phe-
nomenon could be clearly seen from the E-modulus value

PUE3

Number Manner of Standard Relative Standard
Standards of Tests Physical Test Preparation Average Deviation Deviation (%)
ASTM 790-1B 30 E-modulus (MPa) Conventional 51 4.1 8

30 E-modulus (MPa) High-throughput 7 11.9 17
ASTM D1708 30 Elongation at break (%) Conventional 81 8.3 10

30 Elongation at break (%) High-throughput 85 13.7 16

30 Tensile strength (N/mm?) Conventional 5.2 0.3 5

30 Tensile strength (N/mm?) High-throughput 6.2 0.6 9
DIN ISO 48 50 IRHD Conventional 88 2.3 B

50 IRHD High-throughput 89 2.3 3

PREPARATION QF PUES IN A HIGH-THROUGHPUT WORKFLOW, MAJOROS ET AL.
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TABLE 7 Overview of the Measured Physical Parameters of PUE4

PUE4

Number Manner of Standard Relative Standard
Standards of Tests Physical Test Preparation Average Deviation Deviation (%)
ASTM 790-I1B 30 E-modulus (MPa) Conventional 48 7.1 15

30 E-modulus (MPa) High-throughput 59 9.8 16
ASTM D1708 30 Elongation at break (%) Conventional 76 7.9 10

30 Elongation at break (%) High-throughput 81 11.2 14

30 Tensile strength (N/mm?) Conventional 52 0.3 7

30 Tensile strength (N/mm?) High-throughput 5.7 0.5 8
DIN ISO 48 50 IRHD Conventional 87 2.5 3

50 IRHD High-throughput 88 1.7 2

which served as indication for the detection of differences
between the elastomers systems.

In some cases, significant trends were randomly observed
independent from the type of measurement (e.g., tensile
strength or elongation at break) and from the type of PUE
(PUE1, PUE2, PUE3, PUE4). Therefore it has been decided
that none of the data should be disregarded to provide a full
picture about the material properties and the correlation. In
addition, the macroscopic mechanical properties of the PU
samples are significantly depending on the sampling location
on the elastomer skin, that is, from which location of the
skin the samples are taken for analyses.

A crucial parameter for validating the high-throughput work-
flow is the reactivity of the PU system. The higher the reac-
tivity, the shorter the gelling time, which requires faster han-

Conventionalvs high throughput way prepared

dling of the reacting mixture. Our setup for the automated
preparation of complex PU elastomer systems was found to
be applicable with a gelling time above 30 s. Even though
the gelling time, that is, the reactivity of the systems signifi-
cantly decreased from PUE1 to PUE3 (see Table 1), all PUEs
have been obtained with a full surface coverage and without
incomplete curing.

The most important observation was that the same trends
could be found for the PUEs prepared conventionally and by
HTE (Tables 4-7). Figure 10 shows the comparison between
the conventional versus the high-throughput data to rein-
force our statements regarding the trends in macroscopic
properties observed for each PUE system. This observation
facilitates the high-throughput screening of a large number
of PUEs in a short labour time. After certain trends are
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FIGURE 10 Correlation of the results between conventional versus high-throughput way prepared elastomer samples.
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TABLE 8 Comparison of the Depth-Sensing Indentation Results with Those Obtained by Physical Test Methods Using Standard

Conventional Physical Testing (ASTM 790-1B)

Measurement Microtensile Specimen (50.8 x 12.7 x 1 mm) Depth-Sensing Indentation
E-Modulus Standard Relative Standard Reduced Standard Relative Standard
(MPa)? Deviation Deviation (%) Modulus (MPa)® Deviation Deviation (%)
PUE1 26 4.7 18 205 64.7 32
PUE2 55 9.0 16 270 65.5 24
PUE3 71 11.9 17 380 94.8 25
PUE4 59 9.8 16 273 46.7 17

? The data are an average value of 30 measurements analyzed by con-
ventianal physical testing methods using microtensile specimen.

obtained by comparison of the data from the screening of
thousands of PUEs, the most promising and versatile leads
possessing special macroscopic properties can be further
developed and optimized by conventional techniques. We
believe that the high-throughput workflows can accelerate
the R&D of these materials independently from the complex-
ity of the formulation.

The final part of this study focused on fast physical charac-
terization of the PUEs from HTE by depth-sensing indenta-
tion. The sample preparation for the indentation as well as
the measurement itself could be carried out in one night for
all 40 PUEs prepared in the workflow demonstrating that
such mechanical tests will not be a bottleneck in the com-
plete high-throughput workflow. In the future, our goal is to
change entirely to depth-sensing indentation as a first
screening tool for PUEs prepared in a high-throughput
manner to predict the macroscopic properties. Nevertheless,
it is believed that the conventional physical analysis cannot
be excluded, but it should be used in the next stage of
development after an initial, profound screening of the
elastomers.

In Table 8, the E-modulus obtained by a conventional test
method (bending test, standard ASTM 790-IB) and the reduced
modulus obtained by depth-sensing indentation measurement
are compared. As it can be directly observed, the indentation

Conventional physical testing vs
D epth-sensing indentation
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P’ m Conentional
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23 100
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0
1 2 3 4
Type of PUE

FIGURE 11 Correlation between canventional physical testing
versus depth-sensing indentation data.
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P The data are an average value of 120 measurements analyzed by
depth-sensing indentation experiments.

values differ by an order of magnitude from those measured
by the conventional testing method see also Figure 11.

Herewith, we should note that the obtained values from physi-
cal testing methods are no real true material properties but
depend on many facts, such as testing conditions, cure state of
the material and so forth, In general, the values obtained from
indentation experiments were found to be higher than those
from bending tests. This is probably due to material creep and
to pile-up around the indent. Creep results in a too high stiff-
ness S obtained from the unloading response (eq. 1), and
therefore a too high Er. Pile-up results in an increased contact
area. In the mathematical analysis of the measurements, this
phenomenon was not taken into account since the amount of
pile-up cannot be easily quantified (eq. 1).

E= YT s (1)
2 VA

A, = contact area, S = stiffness obtained from the unloading
response.

Due to the pile-up, the area was underestimated (it was
actually larger than the one that was used for the calculation
of this value). As a result, the calculated reduced modulus
was overestimated. Since we could not estimate this over-
shoot, it is assumed that the pile-up depends on the modulus
of the materials and, thus, it will not affect the observed
trends. In addition, the surface roughness might influence
the results. In the current measurements the mould sides of
the samples were used for indentation, which were smooth
enough not to influence the indentation as revealed by inter-
ference microscopy.

In general, the indentation data represented the same trends
as the results obtained by conventional physical testing for
the modulus. Even small deviations in the macroscopic prop-
erties, for example, PUE2 versus PUE4 could be detected
with this technique. As it was previously discussed, the most
important advantage of HTE is the identification of certain
trends in the comparison of various PUEs to indentify the
most promising leads which might be further evaluated and
optimized. Moreover, it is generally accepted that during the
primary screening a rough characterization of the physical
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parameters and the identification of the general trends is of-
ten sufficient.*

CONCLUSIONS

In this study, the high-throughput preparation of PUEs has
been discussed. The raw materials of these systems are
highly viscous and reactive compounds and their processing
is rather complex from a technology point of view. Further-
more, a fully automated high-throughput workflow which
contains only one manual pouring step has been described.
With this setup it was possible to prepare PUEs with a gel-
ling time of 30 s, which requires fast processing and, thus,
shows the proof of concept.

In total four different PUE systems have been tested prepar-
ing ten identical pieces from each to validate the robustness
of this workflow. Furthermore, the PUEs from HTE have
been compared with those prepared in a conventional (man-
ual) way and it was found that the results represent the
same trends. In addition, depth-sensing indentation measure-
ments have been introduced into the high-throughput strat-
egy to develop a complete workflow from compounding up
to fast characterization. A good correlation between the
results measured by conventional physical testing and depth-
sensing indentation has been obtained. Thus, these results
provide an unprecedented basis to further develop high-
throughput approaches for high viscous and reactive
materials.

In the present study, we have introduced this first-generation
high-throughput workflow, but we are confident that most of
the limiting steps of the current setup, such as the pouring
and the curing steps, can be further optimized and devel-
oped. In fact, we believe that HTE will revolutionize PU
research providing even more reliable results excluding
several potential sources of errors. Since the fashion of the
preparation of PUEs was very close to the conventional way
of preparation, the demonstrated strategy will also allow
easy up-scaling of the developed materials while stimulating
new products in the commercial production of PUEs by
allowing fast process optimization.

The authors thank the European Union Research Funding
(Marie Curie Host Fellowship, FP6) for financial support and
Flamac for the collaboration. They also thank the CombiTeam
of Recticel N.V. (Belgium) for the fruitful discussions and
physical testing measurements.
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Thermal, mechanical, and surface properties of a library of poly(2-oxazoline)s are inves-
tigated. These polymers are suitable to study structure/property relationships as their
cationic ROP and the relative facile monomer synthesis allow for control over the

molecular structure. The number of carbon atoms in
the linear side-chain is systematically varied from
methyl to nonyl. Relations between chemical struc-
tures, thermal transitions, surface energies, and elastic
moduli are discussed. It is shown that the mechanical
and thermal properties of the polymers depend on the
presence of a crystalline phase in the material. The ,
amorphous polymers reveal a decrease in the reduced
moduli along with a decrease in their respective glass
transition temperature with increasing length of the °*

side-chain.

Introduction

Considering the large number of monomers available, and
the variation in chain length and polymer architectures
that can be achieved, a vast amount of different polymers
can be synthesized. For copolymers also the block sequence
inthe polymer chain can be varied, extending this potential
structural variation even more. It is therefore no surprise
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that combinatorial approaches, originally stemming from
pharmaceutical research, have found their way into
polymer research as well*~*] The search for a polymer
exhibiting the desired properties often requires extensive
screening without guaranteeing success. However, the
information obtained from such screenings also allow to
study and, hopefully, to understand the relationship
between the properties of the material and its structure.

Since combinatorial approaches utilizing automated
platforms have facilitated and accelerated organic synth-
esis, aneven larger variety of monomers is nowadays easily
accessible. These basic “building units” can be assembled
to form a tremendously large variety of (co-)polymers
in different shapes and architectures, all with different
material properties.

Since high-throughput synthesis techniques are already
frequently used in polymer chemistry, we also aim at
implementing efficient approaches for the characterization
of the resulting material libraries, focusing on the determi-
nation of structure/property relationships. In this way, we
aim at a full high-throughput experimentation (HTE) cycle
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for synthesis and characterization where the structure/
property information gathered by the characterization can
be used to design the next combinatorial experiment.

Depth-sensing indentation (DSI) has been proven to be a
versatile technique for the high-throughput characteriza-
tion of the mechanical properties of polymeric materials, as
it is fast and requires only small amounts of materials as
well as it provides a means of measuring brittle materials,
where the sample preparation for standardized tensile or
compression testing is more than challenging.*%]

In this characterization technique, a stiff measurement
probe is driven into the sample material while both
the force exerted by the probe and the displacement of
the probe into the sample material are recorded. While the
application of the force (loading) causes elastic and plastic
deformation of the material, the release of the force
(unloading) is often predominantly elastic. In that case,
the elastic modulus can be obtained from the unloading
response [**]

Poly(2-oxazoline)s have been chosen to serve as a model
system because their synthesis allows for a good control
over the main chain length and over the side-group. Earlier
work on 2-oxazoline copolymers showed that the mechan-
ical properties strongly depend on the side-chains: the type
of side-chain governed the glass transition temperature of
the polymer, as well as the presence of crystallinity, and,
therefore, the modulus of elasticity of the resulting
material °*# Furthermore, the mechanical properties also
depend on the humidity of the surrounding atmosphere.
For some poly(2-oxazoline)s, small amounts of water still
present in the samples at low humidity induce hydrogen
bonding and/or polar interactions between the polymer
chains, resulting in relatively high elastic moduli.

In the current work, the thermal and mechanical
properties as well as the surface properties of linear
poly(2-oxazoline)s are investigated in a high-throughput
approach and structure/property relationships are dis-
cussed in detail.

Experimental Part

Synthesis

The different poly(2-alkyl-2-oxazoline)s have been prepared by
microwave-assisted cationic ring-opening polymerization in
acetonitrile, using methyl tosylate as initiator, resulting in the
polymers depicted in Table 1. The details of the synthesis can be
found elsewhere.1**!

The thermal properties have been investigated on two polymer
libraries prepared with a monomer-to-initiator (M/I) ratio of 100
and 60, resulting in ~100 and ~60 repeating units, respectively. The
surface energies have been investigated on the M/I= 100 series,
while the indentation experiments were performed on the
M/1 =60 series samples. Typical values of the polydispersity index

Macromol. Chem. Phys. 2010, 211, 24432448
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the poly(2-alkyl-2-oxazoline)s used in this investigation and their

Table 1. Schematic representation of the chemical structures of
respective abbreviations.

" /\ /O H
/K n =60, 100 Abbreviation
> N
R 0
R—

—CH,3 MeOx
—C,Hs EtOx
—CsH, PropOx
—C4H, ButOx
—CsHiq PentOx
—CeHys HexOx
—C,His HeptylOx
—CoHig NonOx

(PDI) are 21.2 for the M/I=100 and 1.1 for the M/l =60 series,
respectively.

Thermal Properties

The thermal behavior of the materials was investigated by
differential scanning calorimetry (DSC) using a Netzsch 204 F1
instrument in an automated run. The materials were subjected to
three subsequent heating/cooling cycles. After cooling from 200 to
—100°C at 10K-min™", the melting temperatures (Tn) were
obtained from the second heating run (10K - min~"). Subsequently,
the sample was cooled and heated again (both at 40K - min~, from
—100 to 200 °C) to determine the Ty. Peak values of T, are used,
while for the determination of Ty, midpoint values are reported.

Mechanical Properties

Prior to the measurements of the mechanical properties, the
materials were dissolved in chloroform (except for the MeOx which
was dissolved in deionized water because of its low solubility in
chloroform) and drop-cast onto 12-well Teflon-coated microscopy
glass slides using an Analytik Jena FasTrans automated pipetting
station. The Teflon coating prevented the solution from spreading
over atoo large area. These sample libraries were dried under reduced
pressure at 45 °C over 2 weeks to remove the solvent residues.

The mechanical properties of the samples were measured with a
Hysitron TriboIndenter, using a conospherical diamond indenter
tip of ~4.7pm radius. The indentation measurements were
performed for each material employing a measurement protocol
of 10 loading, 10 s hold at maximum load and unloading in 1s in
the force range of 2100-2500uN. All measurements were
performed in a single automated run in less than 3 h. The reduced

DOI: 10.1002/macp.201000338



Thermal, Mechanical, and Surface Properties...

moduli (E,) were derived from the unloading segment, utilizing the
analysis method proposed by Oliver and Pharr.® Values are
averaged from at least five measurements each. The indentation
moduli (E;) were calculated from the reduced moduli, using a
Poisson’s ratio v of 0.4, according to

(1 *'”gamplc)

Eisample = ————————5 (1)
,Samp 2
( 1 _ 1*Vmc1cnm>
Ersarple  Eindenter

The sample compartment of the TriboIndenter was purged with
dried air prior to the measurements to lower the humidity the
samples were exposed to. The measurements were started after
equilibration of the relative humidity (RH) at 5+ 1%.

Surface Energies

For the surface energy measurements, thin films of the polymers
were prepared by spin-coating of chloroform solutions
(20mg-mL™Y) of each polymer. A WS-400/500 spin-coater from
Laurell Technologies Corp. was used at 1000rpm for 90s.
Annealing of the spin-coated samples was conducted in a
laboratory oven at the given temperatures overnight. The samples
were allowed to cool slowly to room temperature prior to the
contact angle measurements.

The contact angles have been measured using an automated
OCA 30 instrument from Dataphysics. From the contact angles of
ethylene glycol and diiodomethane, the surface energies have been
calculated using Neumann's equation of state.!***”) Measurements
have been performed with drop volumes of 1 pL (diiodomethane)
and 3 pL (ethylene glycol), respectively, on four different spots for
each coating.

Results and Discussion

Thermal Properties

Figure 1 shows the DSC response of the investigated
polymers. Glass transitions can be found for the MeOx

Normalized DSC heat flow (endo —)

1
-850 0 50 100 150 200
Temperature [°C]

Figure 1. DSC response (second heating cycle) of the investigated
poly(2-oxazoline)s (M/I = 60).
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through the PentOx samples. For ButOx through NonOx,
endothermal peaks around 150°C were observed. Since
these peaks only occur within the polymers with longer
side-chains, they are attributed to side-chain crystalliza-
tion. While the glass transition temperatures constantly
decrease with increase in length of the side-chain (MeOx
through PentOx), the melting temperatures of the semi-
crystalline polymers (ButOx through NonOx) stay constant
around 150 + 10 °C, thus showing that T,,, isindependent of
the side-chain length. Up to the PropOx sample no melting
peaks were observed, indicating that a minimum length of
the side-chain is required to induce crystallization further
evidencing the side-chain crystallization and that the
MeOx, EtOx, and PropOx samples are completely amor-
phous, while the rest of the library is semi-crystalline.

For the ButOx and PentOx, exothermal peaks have been
found in the temperature regime between T, and Ty,,. These
peaks are attributable to the recrystallization process of a
polymer which had been given insufficient time to fully
crystallize during the preceding cooling step. Thus, upon
crossing T, in the next heating step, polymer chain
segments become mobile enough to continue the crystal-
lization process, resulting in the exothermal peaks.

Figure 2 shows a comparison of the characteristic
transition temperatures of both series (M/I=60 and
M/I=100) of the poly(2-oxazoline)s. In agreement with
earlier work™! the glass transition temperatures of the
polymers show a linear decrease throughout the library
with increasing length of the linear side-chain.

The samples prepared with a M/I ratio of 60 show the
same trend as the ones prepared with a ratio of 100. With
increase in length of the side-chain, the material's Ty is
lowered due to the increased distance between the polymer
main chains. Longer side-chains will result in a larger free
volume of the amorphous phase of the material, a reduced
packing density and therefore a reduced steric hindrance of
the chains, thus increasing the segmental mobility and
decreasing the T, values.!

- ]
150 — PO - - ----u

o

> 100 m T, Mil=60
s e T, M/I=60
o 0 T, M1=100
£ O T, Ml =100
e

room temperature 24+1 °C

T T T T T T T T
Me Et Prop But Pent Hex Heptyl Non
Increasing number of carbon atoms in linear side-chain —

line)s (Tr: peak values, Tg: midpoint). Lines are linear fits to the

I Figure 2. Thermal properties of the investigated poly(2-oxazo-
data points.
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On the other hand for the samples with a butyl or with
longer side-chains, the effect of crystallinity on the glass
transition temperatures starts to play a role. According to
struikl*®! and Mizuno et al,**! a larger crystalline volume
fraction in a semi-crystalline polymer disturbs the amor-
phous phase, increasing the materials Tg. This may be the
reason for the deviation of the PentOx in the M/I = 60 series
from the general trend, since for the M/I =100 series, the
overall crystalline volume fractionis lower due to the longer
main chains. For the materials with a hexyl or longer side-
chains, no T, values could be determined, which may be
caused by their large crystalline volume fraction. The T, of
the M/I=60 HexOx sample would be expected between
0°C and room temperature, since the length of the side-
chain increases, thus decreasing the T,; while, on the other
hand, the crystalline volume fraction increases further,
increasing the T, (both compared to the PentOx sample). As
already indicated inFigure 1, the melting temperatures stay
constant in a range of +10°C.

Mechanical Properties

Figure 3 shows examples of the load-displacement
responses obtained from the indentation experiments.
The load/hold/unload segments can be observed clearly for
each sample. Due to the experimental settings (so called
“open-loop”), the load decreases during the hold period.
Thus, the deviation seen here results from material creep
under the applied load. The MeOx, EtOx, and PropOx are
relatively stiff, however, the PropOx shows significant
time-dependent responses to the mechanical deformation
(as dothe other samples with longer side-chains). Thisis due
to the lower difference of the measurement temperature to
the T, Withincrease in length of the side-chain, the samples
become softer (as seen by the lower maximum load), as the
T, is constantly decreasing. From the indentation curves,
one can clearly distinguish the samples being measured
above or below their respective T;. The interchange in the

3000

2000

1000 —|

Force [pN]

0 500 1000 1500 2000
Displacement [nm]

Figure 3. Indentation responses of the investigated poly(2-
oxazoline)s with M/1= 60, obtained at high loads.
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Figure 4. Indentation moduli of the poly(2-oxazoline)s with
M/I —60. The error bars show one standard deviation of the
measurements and may be smaller than the symbols. The line is
inserted to guide the eye only.

indentation responses of the ButOx and PentOx samples
within the trend may be due to impurities in the sample
material, such as residual solvent that can plasticize the
material.

Upon increasing the length of the alkyl side-chain from
methyl- to butyl-, the modulus of elasticity, E;, decreases
almost linearly (Figure 4). This is related tothe decrease in Ty
of the samples (Figure 2). As the distance between their T,
and room temperature decreases, E; decreases as well.
When the material is tested below Tg, the polymer is in the
glassy state. Motion of the chains is severely restricted.
Upon reaching T, the mechanical properties change
drastically. Brownian motion is enabled for longer chain
segments, resulting in a higher flexibility of the polymer
chains and therefore lower moduli.

The dependency of E; on the side-chain length is also
related to the phases present in the material. The MeOx,
EtOx, and PropOx samples are in the glassy state when
probed at room temperature, while the polymers with the
longer side-chains are semi-crystalline and measured
above their respective T;,. The value of their reduced moduli
of ~0.8 GPa is common for polymers tested between their
glass transition and melting temperatures.® The ButOx
sample consists at the testing temperature (24 =1°C) of a
crystalline and an amorphous phase very close to its T,
(~23°C), resulting in a similar reduced modulus as the
polymers with longer side-chains.

Surface Energies

Earlier work on oxazoline di- and triblock copolymers has
shown a dependency of the surface energy on the presence
of a block with a long alkyl side-group.***® If such a block
was present in the copolymer, the contact angles were
considerably higher and the surface energies were sig-
nificantly lower than without. This is attributed to

DOI: 10.1002/macp.201000338



Thermal, Mechanical, and Surface Properties...

preferential orientation of the nonyl side-chains to the
surface of the sample material which makes the surface
more hydrophobic, thus increasing the contact angles 22!
Inthe aforementioned references, only the MeOx, EtOx, and
NonOx blocks were investigated as the linear side-chains,
although preliminary results for an incomplete library of
side-chain lengths were also previously reported.** This
work takes these investigations further, as thelength of the
side-chains is systematically increased throughout the
sample library. Figure 5 shows the surface energies
calculated from the surface angles using Neumann’s
equation of state for the investigated library of increasing
side-chains. With the given T; at approximately room
temperature, again, the ButOx sample marks the change in
material property. All samples that are measured above
their respective T, show low surface energies, due to
segregation of the longerside-chains to the surface, whichis
favored by the higher flexibility of the polymer chains as Ty
is at or below room temperature. The samples that are
measured below the T, are frozen and cannot orient the
side-chains to the surfaces, resulting in exposure of both
side and main chains to the surface and, thus, a higher
surface energy.

Upon annealing at different temperatures, this critical
side-chain length is shifted to shorter side-chains. During
annealing, the temperature is raised sufficiently to let even
the propyl side-chains segregate to the surface. This already
starts from an annealing temperature of 30 °C, even though
the glass transition temperature (238 °C) is not yet reached.
Still, the MeOx and EtOx do not show this behavior. Even at
annealing temperatures of 90°C (data not shown), no
further shift is observed, pointing out that the methyl and
ethyl side-chains are too short to fully cover the surface.
The C=0 bond in the side-chain (Table 1) contributes to the
high surface energies. This group makes the polymer
surface more hydrophilic. In the polymers with the longer
side-chains, the C=0 bonds are shielded from the polymer
surface by the side-chains, however, for the MeOx through
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8 20 [0 annealed @ 50 °C
£
5
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20— T T

T T T T T
Me Et Prop But Pent Hex  Hept Non

Increasing number of carbons in linear side-chain —

I Figure 5. Surface energies of the investigated poly(2-oxazoline)s
with M/I=100. The lines are sigmoidal fits to the data points.
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PropOx samples, the side-chains are too short to effectively
shield the C=0 bonds.

Conclusion

In this contribution, we have investigated the thermal,
surface, and mechanical properties of a systematic library
of poly(2-oxazoline)s with increasing length of the linear
side-chains. We used combinatorial preparation and
measurement techniques to diminish possible error sources
and to provide reproducible results in a rapid manner. DSI
was chosen as a tool for the determination of the
mechanical properties of the samples, as it requires only
small amounts of material and can be performed in an
automated measurement run.

With these tools, structure/property relationships could
be established. It was shown by means of DSI and DSC
measurements that both the mechanical and thermal
properties of the materials are related to the phases present
in the material. The amorphous samples show a linear
decrease in E; with increasing side-chain length. This linear
decrease is also found for the T, values. For all of the
investigated semi-crystalline poly(2-oxazoline)s, both E;
and Ty, values are constant and independent of the length of
the side-chain.

Furthermore, it was shown by contact angle measure-
ments, that the surface energies of the semi-crystalline
samples are much lower due to segregation of the side-
chains to the surface, which makes the surface more
hydrophobic. This segregation can be promoted by
annealing the samples down to a minimum length of the
side-chain of three carbon atoms, pointing out that the
driving force for segregation to the surface is still sufficient
for a side-chain of only three carbon atoms length. In
contrast, four carbon atoms are required to induce side-
chain crystallization.
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