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1 Abstract

1.1 English

Polymer-nanoparticle composites (PNCs) play an increasing role in technology. The properties of
polymers can be significantly changed by incorporating nanoparticles, which yields a great potential
for applications. We present dynamic mechanical analysis (DMA) measurements of a type of polyurea
elastomer and nanocomposites based on polyurea elastomers containing inorganic M oS, nanotubes
and M ogS21s nanowires. Polyurea is a spontaneously occurring PNC, exhibiting a phase segregated
structure with hard nanodomains embedded in a soft (elastically compliant) matrix. Two distinct peaks
can be observed in tan ¢ in both the pure elastomer and composites of elastomer and nanoparticles.
The first peak at T}; is attributed to a glass transition occurring in the soft matrix, the second peak
at T,o to regions near the hard domains which experience a slowing down of dynamics. This can be
considered as being the inverse situation compared to glass forming liquids in rigid porous matrices,
which also have been investigated by DMA-measurements in context with the glass-transition and
comprehensively described[1]. It is demonstrated that the glass transition temperature Ty of the
nanocomposites is increased by adding small amounts of inorganic nanotubes, whereas the transition
temperature T, remains unchanged. That influence of the filler leads to an upshift in 7}, suggesting
an attractive interaction between the nanoparticles and the polymer. Focusing on the already phase
seperated structure of the pure polyurea elstomer, it has been discovered that the temperature 7y,
of the glass transition related to the soft matrix can be tuned by chemically controlling the volume
fraction of soft to hard domains ¢, during manufacture of the sample. The interaction between the
soft matrix and the hard nanodomains is selfevidently attractive in the pure polymer. It is shown
that increasing the fraction of the hard domains leads to an increase in Ty;. A further increase in the
relative volume of the hard domains eventually causes the two transition temperatures to match at
a certain volume-fraction ¢,. = 0.6, i.e. Ty; = Tyo. It is found that ¢,. corresponds closely to the
percolation threshold of randomly oriented overlapping ellipsoids of revolution with an aspect ratio of
about 1:4 - 1:5. It is therefore concluded, that reaching a volume-fraction of ¢,. of hard domains,
polyurea-elastomers are transformed from a system of hard domains inside a soft matrix to a hard

matrix containing soft domains.



1.2 German

Polymer-Nanopartikel-Komposite (PNCs) spielen eine zunehmende Rolle im technologischen Bereich.
Die Eigenschaften von Polymeren konnen durch die Zugabe von Nanopartikeln signifikant verdndert
werden und dies birgt ein grofles Potential fiir verschiedene Anwendungen. Wie préasentieren DMA
Messungen von Polyurea-Elastomeren und auf Polyurea-Elastomeren basierenden Nanokompositen,
welche anorganische MoS; Nanorohrchen und MogSsIg Nanodrahte beinhalten. Polyurea ist ein
spontan auftretendes PNC und weist eine segregierte Struktur mit in einer im elastischen Sinne
weichen Matrix eingebetteten harten Nanodoménen. Zwei verschiedene Peaks konnten in tand
beobachtet werden — sowohl in reinen Elastomeren als auch bei Elastomer-Nanopartikel-Kompositen.
Der erste Peak bei T, ist auf einen Glastibergang in der weichen Matrix zurtickzufiihren. Der
zweite Peak bei T} ist einem Glasiibergang in Regionen nahe an den harten Doménen zuzuordnen,
welche eine Verlangsamung der Dynamik erfahren. Verglichen mit glasformenden Fliissigkeiten in
rigiden pordsen Matrizes, die auch durch DMA-Messungen in Zusammenhang mit Glasiibergéngen
erforscht und ausfiihrlich beschrieben worden sind[1], kann dies als umgekehrte Situation betrachtet
werden. Die Glastibergangs-Temperatur 7T};; der Nanokomposite wird durch die Zugabe kleiner Mengen
anorganischer Nanorohrchen erhéht, wahrend die Temperatur Ty, des Glasiibergangs der harten
Doménen unverdndert bleibt. Dieser Einfluss des Fiillers fiihrt zu einer Erhéhung in 7; und verweist
auf eine attraktive Interaktion zwischen den Nanopartikeln und dem Polymer. In Bezug auf die bereits
phasenseparierte Struktur des reinen Polyurea-Elastomers wird gezeigt, dass die Temperatur T}; des
Glasiibergangs der weichen Matrix beeinfluit werden kann, indem der Volumenanteil von weichen
zu harten Doménen ¢, wahrend der Probenherstellung chemisch eingestellt wird. Die Interaktion
zwischen weicher Matrix und harten Nanodoménen ist im reinen Polymer selbstevident attraktiv.
Es wurde gezeigt, dass die Erhohung des Anteils der harten Doménen zu einer Steigerung in T,
fithrt. Eine weitere Steigerung im relativen Volumen der harten Doménen verursacht schlieflich
eine Anpassung der beiden Ubergangstemperaturen bei ¢, , also Ty; = Tyo. Es zeigt sich, dass ¢y
eng mit der Perkulationsschwelle von zufallig angeordneten iiberlappenden Rotationsellipsoiden mit
einem Langenverhéaltnis von ca. 1:4 bis 1:5 korrespondiert. Daraus wird geschlossen, dass Polyurea-
Elastomere die einen Volumensanteil von ¢,. erreichen sich von einem System harter Doménen in

einer weichen Matrix zu einer weiche Doméanen beinhaltenden harten Matrix verkehren.



2 Introduction

The developement of new polymeric materials is a very broad and growing field, encompassing, for
instance, protective coatings [2, 3], large area sensors [4], medical applications or novel photonic
materials [5]. Polymers in general exhibit a wide range of physical and chemical properties, and
can be well tailored to fit very specific requirements [6]. They can quite easily be optimized for
strength or toughness in a given temperature range for the intended application. This can be done
by first of all choosing the right type of polymer and for example changing chemical composition or
cross-linking density. A possible approach of further expanding the range in which the properties of
polymeric materials can be customized and enhanced is to use them as a host matrix for nanoscale
filling components. This has been done with a variety of polymers and filling materials e.g. carbon
particles and nanotubes to change electrical conductivity [7], functionalized carbon nanotubes to
improve mechanical properties [8] or silver to influence optical properties [9] and many more. A
very meaningful and well established way to characterize — not only, but in particular — polymers
is dynamically measuring their mechanical properties in different geometries over their intended
temperature range of operation. This approach of investigating materials by dynamic mechanical
analysis, or in short DMA, is often found to be the most sensitive method available. It is also

particularly well suited to gain information about the glass transition [10].

It has been shown previously [11] that polymers dispersed with nanoscale filling materials can exhibit
two glass transitions at different respective temperatures Tj; <7T,o. This has been done for a variety of
different polymer host matrices all filled with spherical silica nanoparticles to establish the generality
of a second glass transition in polymer-nanoparticle systems. Achieved results have been interpreted
by the authors using the morphological model presented by Eisenberg, Hird and Moore (EHM model)
[12] which was originally intended to describe a similar effect in random ionomers. According to the
mentioned model, regions of strongly restricted mobility of the polymer-chains changing to weakly
restricted and unrestricted mobility with increasing distance to the filler particles are proposed. A
distinct second glass transition temperature Ty, starts to become evident when the regions of weakly

restricted mobility overlap, i.e. when the average distance between the nanodomains goes below the



limit of about 5 to 10 nm. Since this corresponds approximately to the range of sizes of dynamically
correlated regions of glass forming polymers and liquids near 7, [13], the loosely bound regions are
able to undergo their own glass transition. A very similar effect can also be observed in confined
glass-forming molecular liquids [14, 15].

The emerging second glass-transition 7,5 has been further studied and confirmed by Comer et al.[16]
for another range of polymers with regard to surface properties of the filler material using pure Si0O,
and a number of different functionalized silica particles, again of spherical geometry. The reported
tan d curves of the complex mechanical susceptibility with a second peak pertaining to 7, are shown
to be dependent on the surface chemistry of the filler particles. This is in good agreement with MC-
and MD-simulations [17, 18] on polymer/nanoparticle composites demonstrating a possible increase
or decrease of T, depending on the type of interaction between the nanoparticles and the polymer

chains.

The materials to be investigated in the present thesis are different kinds of pure polyurea elastomers
as well as polymer nanocomposites (PNCs) consisting of polyurea hosts containing several different
inorganic filling materials, more specifically, uncoated MoS; nanotubes [19] and M o04S5 I3 nanowires
[20]. Polyurea is a very attractive material for several reasons. It is forming fast, removing the
need for a catalyst to accelerate the reaction, making the process less sensitive to humidity or
temperature changes which is a definite advantage over other polymers like e.g. polyurethanes. It
exhibits high resistance against many chemicals, mechanical abraision and a remarkable capacity
to disperse mechanical shock as occuring explosion blasts or ballistic impacts [3]. Furthermore it
posesses good biocompatibility and is therefore also well suited for medical applications e.g. implants
[21]. Polyurea has a block copolymer structure. It consists of hard areas embedded in a soft matrix,
making it possible to adjust its mechanical properties by influencing the fraction of soft to hard
segments through varying the stoichiometry of it’s components and controlling reaction time [22].
This phase-separated nature of soft and hard domains makes polyurea especially interesting as it will
be shown to exhibit a second glass transition 7,5 even in the absence of any filler. This is due to the
size scale of and distance between the hard segments, forming an intrinsic nanocomposite without the
addition of any nanoparticles. These materials just described will be closely examined in relation to

their respective glass forming behaviour and mechanical properties in the scope of this work.



3 Samples

The range of sample materials consists of various kinds of polyurea elastomers. They strongly differ
in a number of characteristics, particularly average molecular weight, which is related to a specific
average length of the polymer chains, and interaction with water, as some display hydrophilic and
others hydrophobic characteristics. Also, a range of inorganic nanoscopic filling materials was used to

create different polymer nanocomposites (PNCs) in addition to the pure elastomer samples.

All samples were manufactured using the same method and the different kinds of nanoparticles were
also incorporated into the polymer in the same way as in the case of the composites. Furthermore, all
were prepared in the same manner and to the same size in their charateristic dimension pertaining to
the employed method of measurement, in this case length and width of the elastomer strip. There is

some slight variation in thickness of the samples due to differences in preparation.

3.1 Polyurea elastomers

The actual manufacturing process of the materials was done by sol/gel chemistry at the ETH Ziirich
by A. Sanchez-Ferrer as discribed in detail in [22, 23, 24]. To summarize, the polymer and the
crosslinker were each separately dissolved in acetone, then poured together and slowly stirred for
several minutes before casting the mixture into a mold. All polyurea elastomers discussed here are
comprised of a linear molecular backbone, but the possible structures are not limited to this simple
shape, e.g. JT-series polyurea elastomers, which are not subject of this work, consist of a star-like

polymer backbone.

At standard conditions polyurea forms a phase-seperated nanostructure of hard domains embedded
in a matrix of soft polymer chains, with a chemically tunable ratio of the respective relative volumes
of matrix and domains. The hard domains consist of clusters of hard segments linked together by

hydrogen bonding between the urea-moieties (marked in green in figures 3.1 and 3.2), as shown in



urea link

soft segment

hard segment

urea link

urea link

[ustration 3.1: Typical polyurea segment. Carbon atoms are shown in black,

hydrogen in white, nitrogen in blue and oxygen in red.

figure 3.2. This considered, a rigid matrix dispersed with soft domains could form the far end of the
spectrum at a certain ratio of volumes, as will be explored in more detail in 5.3 and 8.3, arriving at

the conclusion that such is indeed the case.
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Mlustration 3.2: Hydrogen bonds between urea-moieties

A comparison of selected qualitative properties of different kinds of polyurea is presented in the
following table:

Name molecular backbone molecular mass  interaction with water
JD-400 linear low hydrophobic
JD-2000 linear medium hydrophobic
JD-4000 linear high hydrophobic
JED-2003 linear medium  hygroscopic, hydrophilic

Table 3.1

3.1.1 Jeffamines 400, 2000 and 4000

The table below compares in detail the three linear hydrophobic diamino-terminated polyetheramines

Jeffamine 400, 2000 and 4000 with respect to their molecular size and mass:
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Name Mn DP le d P P
JD-400 528 13 5.2 4.4 0.39 972
JD-2000 1991 40 14.9 6.4 0.12 991
JD-4000 4024 75 274 7.3 0.07 994
Table 3.2

Mn [g-mol™!] molecular mass of soft domains

DP number of repeating units (monomers)

le [nm] contour length (maximum length)

d [nm] distance between hard and soft segments

o volume fraction of hard domains

p [kg - mol 3] density

The average size of the hard domains in JD-2000 was determined to be a few nanometers and the
distance between them was found to be 6.4 nm by performing SAX and WAXS measurements [23].
Figure 3.7 shows atomic force microscopy (AFM) images of the three different polyurea elastomers
described in table 3.2.

3.2 Fillers: MogS>lg, MoS,

No specific information was available about the nanoparticles used in the first set of composites
based on JD-2000 other than their chemical composition. This, at least, ascertains the same type
of interaction between elastomer and filler, which is attractive for the materials discussed here.
Regardless, wires and tubes have distinctly different surface to volume ratio even without any further
detailed knowledge of the actual dimensions, or even distribution of lengths, the particular particles
might have. The surface area of the nanoparticles is of course a determining factor for the size of
the interfacial regions between the filler and the polymer matrix. These arguments led to expect

noticeably dissimilar results for each kind of sample.

For the JED series of PNCs two different kinds of multiwalled MoS, nanotubes [19, 25] were used.
The samples denoted C'1 contain the thinner and shorter species of the two, samples denoted C2 the
thicker and longer tubes. For these fillers more data pertaining to their size and shape was available,

which ist given in the table below. C'1-tubes were the result of desulfurization of MoS;, whereas the
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variant labeled C?2 is obtained from the decomposition of multiwall M ogSsIg nanowires. It was not

possible to obtain any information as to the exact width of the length-distribution of the tubes.

Designation label length [um]| diameter[nm] wall type

MoS5170 C1 10 80 — 100 multi
Mo0S5628 C2 100 ~ 250 multi
Table 3.3

Nlustration 3.3: Typical single wall M o0Ss-nanotube
sulfur shown in yellow, molybdenum colored

turquoise

3.3 Composites

Concerning the manufacturing process in the case of polyurea-nanoparticle composites, the filler
material was added in the shape of a dry powder to the solution containing the crosslinker and then
ultrasonicated before it was stirred together with the solution containing the polymer. In the next

step the mix was cast into a mold in the same way as with the pure elastomers, see 3.1 and [23, 24].
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3.3.1 JD-2000 nanocomposites

These consist of the hydrophobic elastomer JD-2000 with a linear molecular backbone of medium
molecular weight as described in 3.1, which were filled with approximately 0.1 wt-% nanowires M 0S5 Ig
to create one kind of PNC and ~0.1 wt-% nanotubes M 0S5 to form another. Scant information was
available about the precise characteristics of the filling materials and their distribution inside the
polymer matrix. A third variant of JD-2000 PNC was made at a later time, containing ~1 wt-%
M oS5 nanotubes. The samples were received as small pieces of translucent film. The pieces containing
nanoparticles showed a light grey tint of different shades to the naked eye, depending if they contained

nanowires or tubes, the samples containing the nanotubes appearing darker.

3.3.2 JED-2003 nanocomposites

This is a hydrophilic elastomer composed of linear polymer-chains with medium molecular weight.
2 sets of PNCs were received, one containing 0.1, 0.5 and 1 weight-% of C'l-nanotubes, the other
filled with the same percentages of C'2-nanotubes, which are both described in detail in 3.2 and 8.2.
As with the JD-2000 PNCs, the JED-2003 samples were also received as small pieces of grey-tinted
film. The filler content was also easily discernible with the naked eye, but the difference between the

samples containing the same percentage of C'l- or C2-tubes was not readily apparent.

To get a clearer picture of the actual distribution of the filler particles inside the PNCs Small angle
X-ray scattering (SAXS) measurements were performed on the samples to gain some information
about agglomerates of nanowires/tubes in the samples and more specifically, their shape, size and
orientation. The images were recorded using a Bruker AXS Nanostar.

Because of the rather wide size-distribution and irregular spatial distribution of the clusters results
were not very conclusive and viable fits concerning the shape of the agglomerates could not be
achieved. The best results were obtained by using strongly elongated rotational ellipsoids or rods
capped with half-spheres to model the shape of the aggregates. This still gives a very good hint
for a rough estimate of the general shape of the clusters. Figure 3.8 shows some slight preference
of direction in the orientation of the clusters, note the elliptical distortion of the diffraction image.
This could not be observed at higher concentrations of filler, as can be seen in Figure 3.9, where
the diffraction rings appear perfectly concentric. In both images the rings appear very wide and
not sharply defined, which suggests a rather large range of many different lengths and widths of the
clusters. This is in reasonable agreement with atomic force microscope (AFM) pictures [3], showing

rod-like hard domains of different length and width in a comparable material.
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Scanning electron microscopy (SEM) images were also obtained, using a Zeiss Supra 55 VP microscope.
The images selected for figures 3.10 and 3.11 are typical for all variants of the JED-composites. They
clearly show that despite the quick formation of the polyurea elastomer and all efforts to disperse the
nanoparticles, the filler has already in part accumulated at the bottom of the elastomer and almost
disappeared from the top surface, resulting in a distinct gradient of concentration over the thickness
of the PNC-film. The terms "top" and "bottom" refer to the horizontal orientation of the PNC-film as
it is cast into the Petri-dish during manufacture. During the DM A-measurements the samples were
oriented vertically, changing this references to "front" and "back" respectively, with stress applied
parallel to the surfaces shown in 3.10 and 3.11. This means there is no gradient in the concentration
of the tubes in the direction the sample is deformed during the measurements, which otherwise would
have rendered the gathered data invalid. The absolute values obtained still exhibit an uncertainty
which is difficult to quantify, but affects all samples consistently in the same fashion. Therefore,
although the inhomogenous distribution along the thickness of the samples is disadvantageous, it was

nevertheless possible to compare the samples to each other in a meaningful way.
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3.4 Preparation of samples

The samples were received as thin circular films ~ 100 mm in diameter. From these 3 mm-wide
strips were marked with a sliding caliper and cut by hand with a razorblade. These strips were then
cut down to a length of ~ 10 mm. This particular step does not need to be done very precisely, as
the quantity actually entering into the calculation of the complex modulus is the free length of the
mounted sample. This length is very accurately defined by the fixture clamps of the DMA. The
position of the clamps can be controlled with an accuracy of 1 um. The strip of the material to
be tested can be easily attached to the clamps with an extra length of ~ 1 mm at each end. The
thickness of the film was measured by micrometer gauge. As the material is quite soft at room
temperature, at which the measuring and cutting was done, sample dimensions are affected by the

largest uncertainty of all quantities, £10 pum, amounting to ~ 3% of the sample width.
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Figure 3.1: The phase image of polyurea JD-400 Figure 3.2: In the topographic view of polyurea

shows small hard islands which appear clevated JD-400 the small hard islands can be clearly seen

from the soft matrix as light spots

70.0 200.0 nm
150.0
50.0
40.0 100.0
30.0
20.0 50-0
10.0
0.0
0.0

Figure 3.4: In the topographic view of polyurea
JD-2000 more hard islands can be discerned, and

the dark areas representing the soft matrix oc-

Figure 3.3: The phase image of JD-2000 is less
conclusive than the one of JD-400, but the hard

domains are still discernible.
cupy less space compared to JD-400. Extensive

areas of restricted molecular mobility are also

visible, indicated by mid-tone colors.

-8.0 170.0 nm
-10.0
-12.0
100.0
-14.0
-16.0 50.0
-18.0
0.0
-20.0

Figure 3.5: On the phase image of JD-4000 it is Figure 3.6: Only a few small dark spots repre-

very difficult to recognize the difference between senting the soft matrix remain in the topographic

the soft from the hard areas. image of JD-4000.

Figure 3.7: AFM phase (left column) and topographic (right column) images of JD-400 (top row),
JD-2000 (second row) and JD-4000 (bottom row)
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Figure 3.8: SAX-image of JED with C1 MoS,
nanotubes, 1- 1071 weight-% . The slightly el-
liptic shape suggests a direction of preference in
the distribution of the nanotubes. As the rings
are not sharply defined, but rather diffuse, the
clusters of nanotubes have a rather wide size

distribution.

Figure 3.10: SEM-image of JED with C2 MoS,
nanotubes, ,bottom* side with respect to the
orientation during manufacture of the sample in
horizontal orientation in a petri dish, showing
that the nanotubes have sunk to the bottom dur-
ing the polimerization process in spite of having

been stirred as long as possible.
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Figure 3.11: SEM-image of JED with C2 MoS,
nanotubes, ,top* side with only very few indi-
vidual nanotubes visible as most have sunk down
into the sample in relation to the orientation

during manufacture.



Figure 3.12: JED with C1 MoSs nanotubes Figure 3.13: JED with C1 Mo0S5 nanotubes

Figure 3.14: JED with C1 M oS5 nanotubes
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Figure 3.15: JED with C2 MoSs nanotubes Figure 3.16: JED with C2 Mo0S5 nanotubes

Figure 3.17: JED with C2 MoS; nanotubes
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4 Measurements

4.1 Method: DMA

Dynamic mechanical analysis (DMA), also sometimes called dynamic thermomechanical analysis or
DTMA, is a very well suited method for detecting and analysing phase transitions, and has been
used for investigating the viscoelastic properties especially of polymers for some time now.

In comparison with differential scanning calorimetry (DSC), which is also widely used to measure
phase transition temperatures, DMA is said to be an order of magnitude more sensitive and has the
ability to detect even sidechain and bend-and-stretch movement (or §- and ~-relaxations, respectively)
[10], which cannot be discerned in DSC. Also, the lack of need for a very pure reference sample with
a perfectly well defined heat capacity makes it a very convenient method. DMA can only measure
changes in the bulk of the sample material and cannot detect small localized effects or distinguish

surficial influences.

A sinusoidal force is applied at a given frequency in addition to a static force to a piece of material and
the displacement is measured. This change in position is recorded in relation to time and temperature.
All other DMA data is calculated from these basic quantities.

At any given oscillation period and temperature, Hooke’s Law is used to calculate the elastic

modulus:
o = Fe (4.1)

As the quantities actually measured by the DMA are not stress and strain, but force and displacement,

it may be more conveniently written as:

F=Ea (4.2)
S
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-

F,Al

t

Mustration 4.1: Principle of DMA measurements. The periodically
modulated force F' is shown in red, the corresponding length change of
the sample Al in blue. § denotes the phase shift between them. The

time-axis is labeled ¢.

o stress

E elastic modulus
€ strain

F force

s shape factor

Al displacement

The shape factor s depends on the particular geometry, which is used to perform the measurements.
Calculating the phase shift between force and displacement from their respective time dependencies

allows to determine the complex elastic modulus E*.

o _ mazy(o(t))
B = ez (e®) (4.3)
[ (4.4)
E' = E*cos(0)
E" = E*sin(0) (4.5)

"

— = tan(0)
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t time

B complex elastic modulus

) phase shift of force and displacement
E' Re[E*| x elastic energy storage

E” Im[E*] o proportional to viscous energy dissipation

In DMA, the oscillating force can be applied to the tested material in two fundamental ways:
torsionally or linearly. Instruments constantly shearing the sample in one direction are commonly
called rheometers and are accordingly used for testing liquids and pastes. Most modern examples
though are also able to measure solid samples by applying torsional force in an oscillating manner
and using appropriate fixtures, thus measuring shear modulus G*. Instruments going by the name of
dynamic mechanical analyzer typically use linear force and determine Young’s modulus or E*, but
usually can also be configured to measure shear modulus G*. This creates considerable overlap in the
area of application for these types of instrument. Both are best suited for soft (meaning low modulus)
solid materials, although also very hard and brittle materials can be tested if the measurement
geometry is chosen accordingly and samples can be obtained or prepared in an advantageous shape,
e.g. a long rod or bar for extension mode, a thin film for shear mode or a long, thin bar for cantilever
or 3-point-bending mode.

There are several options concerning measurement geometry and sample shape with using DMA.

The particular geometry best suited for measuring thin films is extension of a strip of material. The
associated shape factor thus becomes very simple, reading “¥, x, y, 2z being the width, depth and
length of the sample, stress, strain as well as [y and Al parallel to the z-axis. The longer the sample
is in z-direction, the better the resolution regarding strain. The usual method for calculating strain,

as employed by software of the used instruments, is Cauchy- or engineering strain:

Al

lo
lo length of the sample at rest without any mechanical stress applied
Al maximum length change

In theory, E* should be identical to Young’s modulus, but in reality there often is a considerable
mismatch. This stems from the fact that Young’s modulus is obtained from the slope of the linear
region of a stress-strain curve at a given temperature, the sample bearing static load. The data used
to calculate the complex modulus E* as evaluated by DMA would represent a single point on such a

0 VS € curve.
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drive shaft

clamp & &

clamp & &
IMustration 4.2: Tension mode

The drawback of extension geometry is, if the sample starts to melt and flow at a certain temperature,
signal noise increases and quickly renders the recorded data unusable in this temperature region. This
is the case for the polyurea-elastomers examined in this work. The situation can be remedied by
switching to a shear setup, measuring the complex shear modulus G*. The corresponding shape factor
for this geometry is 227:", force and therefor also stress being applied along the y-axis. To employ this

method with DMA, two identical samples are needed, as shown in illustration 4.3.

drive shaft

[llustration 4.3: Shear mode. Two identical samples are needed for this setup.

In the case of an isotropic material, the shear modulus G* can be reconverted to modulus £* and
vice versa using the following relation: E* = % For the data presented here, this means the shear
modulus is equal to half of the value of E*, assuming Poisson’s ratio v to be as close to zero to be of
no consequence. As the DMA operates in the linear viscoelastic region of the material and the strain
amplitudes are kept at least 3 orders of magnitude below sample dimensions, no necking of the sample
is expected and any influence on the width and depth of the sample described by Poisson’s ratio
v = —‘;% is negligible. This has to be kept in mind because DMA is not able to detect any lateral
contraction of the sample and the data would just reflect a virtually lowered value of the modulus, as

the applied force would affect a smaller cross-sectional area. Taking care that the whole measurement
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is as a matter of fact performed within the linear viscoelstic region of the material and checking

sample dimensions afterwards usually ascertains this simplification concerning v to be valid.

A typical representation of a DMA measurement on a polymer sample over the temperature range
where the glass transition occurs is shown in figure 4.1. The real part of E’ starts out at a relatively
high value below the glass transition temperature 7;, with the sample in the so called glassy state.
Close to the transition temperature E’ starts to drop and the sample exhibits a leatherlike behaviour.
After the glass transition E’ settles at a value up to several orders of magnitude lower than in the
glassy state. This region is called the rubbery plateau. In the glassy state at temperatures below T
the tan ¢, also called damping, is small, rising to a distinctive peak at the transition temperature, and
dropping down again afterwards. On the rubbery plateau the tan ¢ stays at a more or less constant
value. Typically the damping in the rubbery state is higher than in the glassy state. There exist
several different ways to determine the glass transition temperature 7, from data collected by DMA.
The particular method employed here is using the temperature value at the apex of the peak in tan 6,

which is well established in literature [10].

4.2 Instrument: Perkin ElImer Diamond DMA

The two most common methods in measuring displacement used by DMA are optical and electrical. In
the Diamond DMA, position is detected via linear voltage differential transformer (LVDT), marking it
to be of the latter kind. The acronym is also sometimes rendered in full as linear vertical displacement
transducer, but it nevertheless refers to the same kind of device.

Specifications of the instrument state a temperature range of —150 to 600°C' with the available

accessories. The lowest temperature consistently achieved by the particular DMA used was —138°C.

The instrument had to be modified for cooling by liquid nitrogen to achieve suitable temperature
stability and operational duration for temperature scans with low (< 5K /min) heating rates in

the range from the onset of the glass transition to around 100C*. Specifically, the insulated hose
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Figure 4.1: Typical representation of a glass transition mea-
sured with DMA. The elastic contribution £’ to the complex
modus, shown in red, changes very little until the glass tran-
sition temperature is approached, when it drops drastically,
possibly severeal orders of magnitude. The damping tan(d),
shown in blue, which is defined as the ratio of the viscous
contribution E” to E’, exhibits a pronounced peak in the same
temperature region as the drop in E’ occurs. The dashed line
marks the definition of the glass transition temperature 7°,

used in this work.

connecting the furnace to the dewar was removed and the temperature controller connected to the
valve on the dewar was switched off. The connecting piece of the furnace was directly attached to an
open-topped vessel made from expanded polystyrene, effectively making the former and the latter
communicating vessels. The level at which the surface of a liquid filled into this assembly would
touch the lowest metal parts of the sample fixtures inside the closed up furnace during a measurement
was marked on the polystyrene. A styrofoam lid was cut to cover the opening. In this way the
furnace could be partially flooded with liquid nitrogen without any danger of immersing the sample
or the moving upper part of the fixture connecting to the LVDT (see 4.2). the directly connected
liquid nitrogen reservoir has the advantage of effecting a much more static and closed enviroment
compared to the turbulent gas stream used as the default method of cooling. Moreover, in this way
the sample is not only cooled by the nitrogen gas evaporating from the liquid directly below it, but
by thermal contact to metal parts all around it, which in turn directly touch the liquid nitrogen
reservoir inside the furnace. To keep the system at a constant temperature, it is only necessary

to monitor the liquid level in the polystyrene vessel and refill it to the level corresponding to the
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Figure 4.2: Unmodified Perkin Elmer Diamond  Figure 4.3: Modified Perkin Elmer Diamond
DMA. An insulated hose connects the liquid ni- DMA. The insulated liquid nitrogen reservoir
trogen dewar to the instrument’s furnace. is mounted directly on the furnace. The top cov-

ering of the reservoir was removed and is not

shown in the picture.

desired temperature, which can easily be done without opening the furnace chamber or causing any
noticeable disturbance in the measurement. A possible drawback of this configuration consisted in the
loss of direct temperature control and a steady heating rate. A previous measurement in the original
setup with full temperature control and heating rates of 2K /min, which turned out to be extremely
wasteful concerning nitrogen usage, showed no noticeable difference in the recorded viscoelastic data
to a test-run after the modifications were made. This suggests that, even at the highest heating rate,
the samples were thin enough with an adequately large surface as to be sufficiently near to thermal

equilibrium with the surroundings during the whole run.

The temperature scan with the adapted instrument was effected in such a way that the furnace
chamber was rapidly cooled down with liquid nitrogen, kept at nitrogen boiling point for at least
30 min and then allowed to heat up by thermal conduction from the surroundings through the furnace
insulation. At 0°C' the resistance heater kicked in and supplied a more steady rate up to the upper
temperature limit of the measurement. Heating rates with the fluid bath setup ranged from = 0, 2 to
3,2K /min. Liquid nitrogen consumption was cut down from 50/ to 2/ per measurement because of

the change in configuration.
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5 Results and discussion

5.1 Polyurea nanocomposites with nanowires and nanotubes

The experiments’ performed on the first set of samples (see 8.1) main goal was to compare the pure
sample to PNCs consisting of the same polymer but filled with particles of different geometries [26],
although the used filler materials are somewhat similar chemically. The particular polyurea elastomer
used was Jeffamine JD-2000. Two different composites containing M oS, nanotubes and M ogSs g
nanowires, as well as a batch of pure elastomer to be used as a reference were made. The DMA
measurements show a noticeable upshift in the glass transition temperature, which is larger for the
nanotubes than for the nanowires. The filler materials also cause a reinforcement of the real part £’

of the elastc modulus of up to 15%.
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Figure 5.1: Real (E’) and imaginary (E”) part of the complex Young’s
modulus for the pure polyurea elastomer (PU) and the two nanocom-
posites (PU-MoS; and PU-MogSa1s ).
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Material T, [°C] AT, [°C]
PU —65 -
PU — MogSy 1 —60 +5
PU — MoS5 —56.5 +9

Table 5.1: T}, shift in polyurea PNCs

Depending on the type of interaction between matrix and filler, the glass transition temperature 7,
can either increase or decrease compared to the pure material [27]. For the repulsive case, T, shifts to
a lower temperature, if the matrix interacts attractively with the particles, the glass transition occurs
at a higher temperature T,. Therefore, the materials in table 5.1 are clearly characterized to be of
the latter kind.

Furthermore, a second peak in the tan § curve has been observed (figure 5.2). This occurs not only
in the PNCs, but also in the pure reference material without the presence of nanoparticles. The
additional peak can be attributed to regions of restricted mobility [11] near the hard nanodomains in
polyurea already described in section 3.1. The peak in tan ¢ representing the bulk transition at T} is

denoted «, and the one related to the glass transition near the hard domains at Ty, as .

6 =
- | tan © 10
a o E" |\
= | 0.8
S 4
= =4 | 10
W3 \ 0.6 E
=
L

1 /I \ 0.2
0 el . 0.0

-200 -150 -100 -50 0 50
T[C]

Figure 5.2: Second tan é-peak in polyurea JD-2000

The so called EHM-model [12] states that a second glass transition o' starts to appear when the
distance between the hard nanodomains is smaller than around 5 — 10 nm, which corresponds to the
approximate size of the dynamically correlated regions in glass forming polymers near 7, [13]. If this
is the case, these regions can undergo their own glass transition, at a higher temperature than the

soft matrix. This is in good agreement with data available from literature, where the distance was
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measured to be d = 5.2 nm [24, 23, 22]. The relationship between the size of the correlated regions

and the glass transition temperature is explored in more detail in section 5.3.

5.2 Comparison of different polyurea nanocomposites

The focus of the second series of measurements was to investigate the influence of the loading
percentage and the size of particles with the same basic shape and chemistry. To achive this, further
experiments were conducted on JD-2000 PNCs containing &~ 1 weight-% M oS, nanotubes as well
as new samples. These PNCs were chosen based on the knowledge gained through previous results
with JD-2000/M0Ss. Two kinds of well-characterized nanotubes labeled C'1 and C2 were chosen as a
filler materials, described in a more detailed fashion in table 3.3. This decision was based on the fact
that tubes showed a stronger influence on the complex elastic modulus £E* than wires. Though both
kinds of nanotubes share a lot of characteristics, e.g. basic shape and chemical composition, they
are very different in their average length and diameter. C'1 tubes are much thinner and shorter than
the C2 kind. The reason for this choice of filler material was to maximize the effect the size of the
particles has on the properties of the PNC. Polyurea elastomer JED-2003 served as a host matrix for
both types of nanotubes. JED-2003 possesses an almost identical segmental length [. and average
molecular weight M, compared to JD-2000, which results in a more or less identical volume fraction
®, = 0.12 of hard domains. Using these materials, two sets of PNCs with three different loading

percentages were manufactured as described in sections 3.3 and 3.3.2.

The DMA measurements were performed on the samples as received without any prior treatment.
The insets in figures 5.3 and 5.5 show a distinctive stepped decrease in the real part E’ of the complex
elastic modulus caused by the desintegration of the network formed by hydrogen bonds. A distinctive
influence of the MoSs nanotubes on the temperature at which the hydrogen bonds are removed is
visible in both kinds of composites. For JED-2003 (figure 5.5) this is already noticeable at a typical
scale of the graph showing the whole measurement. For JD-2000 (figure 5.3) it only becomes apparent
by a closer look at the interval of £’ in question. A more detailed view of this is shown in the insets
of both figures. Repeating the experiments with the same samples and also fresh samples annealed at
80°C' for two hours beforehand showed no significant effect on 7Tj,. Moreover, the stepped decrease in
E’ vanishes with the values smoothly levelling out towards the minimum before the melting point of

the sample is reached.

The temperature scans were also performed at multiple frequencies, but the influence on the complex

elastic modulus £* in the range accessible by DMA turns out to be only slight, for more details see
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section &8.2.
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shows the drop in the elastic modulus E’ due to

the removal of the hydrogen bonds.
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5.3 Hard and soft domains in polyurea elastomers

The third set of experiments main concern was to explore the influence of the average chain length of
the polymer on the size and distance of the hard domains in polyurea, which in turn has an effect on
the glass-transition in those materials [28]. To accomplish this, the Jeffamines JD-400, 2000 and 4000
were prepared, the properties of which are summarized in table 3.2. Because of the long backbone
chains in JD-4000 the hard domains are more widely dispersed and the regions of restricted mobility
around them farther apart than in the other two polyurea elastomers. The o/-peak in tan ¢ related
to the area around the hard domains at T} is relatively small in comparison to the a-peak at T},
and is seperated from T}, by a relatively large temperature interval. This means the material mostly
consists of a soft matrix and is only moderately influnced by the presence of the hard clusters, which
only occupy a small fraction of the total volume. The results for JD-4000 and JD-2000 show very
similar behaviour, but the in comparison to JD-4000 and JD-2000 much shorter polymer chains in
JD-400 result in drastically larger and more interconnected hard domains, considerably slowing down
the dynamics throughout the material. This causes the first glass transition at temperature T,; < Ty

to merge into T}», making it impossible to discern the two transitions directly. Only a single peak is

recognizable at any scale of the graph.
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Figure 5.7: E/, E” and tan 6 of JD-4000

In order to describe the broad distribution of relaxation times for the glass transitions in polyurea,
the Havriliak-Negami model presents a suitable choice to fit the data. The reason for that is the
models ability to account for the breadth and asymmetry of the relaxation curve. One instance of the

model is applied to each of the transitions and they are then combined in relation to a common high

frequency limit, as shown in equation 5.1.
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Figure 5.8: E', E” and tan(d) of JD-400. The grey discs show the tan(d) of JD-2000, shifted with
respect to temperature, to illustrate the relative breadth of the tan(d) of JD-400.
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indices representing the o and ' transition

relaxation times

mechanical excitation frequency

exponents related to the broadness and asymmetry of the peak
static elastic modulus for the corresponding j = 1,2 process

elastic Modulus at the high frequency limit

The relaxation times 7; are dependent on temperature, which can be expressed by using a Vogel-Fulcher

relationship:

By

Tj = T()je

T—T,

(5.2)

Tj relaxation time

Toj attempt rate

activation energies

To, Vogel-Fulcher-temperatures of the o and o/ relaxation

This procedure allowed to accurately describe the measured data. Although JD-400 seems to display

just a single peak in tan ¢, it proved impossible to achieve a viable fit result by using just a single
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Havriliak-Negami term, i.e. fitting a single transition. Moreover, there remained the problem of

separating the respective contributions of the two relaxation processes. Varying the static moduli

E; resulted in fits with x? values ranging from 0.28 to 0.39. Albeit T}; could be determined very

accurately, the resulting uncertainty for 7, is comparatively large, amounting to £10.6 K. A table

listing the fit parameters can be found in table 5.3 and in section 8.3.

The temperature dependence of the volume of the correlated regions was calculated using the approach

described in [29], resulting in the following relationship:

/
Noa(T) = T ma (=)

Neorra number of correlated units

ks, Boltzmann constant

N, Avogadro constant

M, segmental molecular weight

AC, [Jg 'K specific heat anomaly at T,

T temperature

w excitation frequency

£ real part of the complex elastic modulus E*

JD-4000 | JD-2000 | JD-400

T [K] 156.6 153.8 221.5
a1 0.78 0.7 0.66
51 0.48 0.39 0.001
To1[s] 101 101 101
B [K] 1755 1755 1755.2
AFE/Es | 0.99 0.97 0.7
Too| K] 206.3 92 171.8
Qo 0.16 0.57 0.61
B2 0.36 0.098 0.17
Toz[s] 1071 1071 101
By K] 565.7 4010 1388
AFE,;/E | 0.009 0.026 0.299

Table 5.2: Havriliak-Negami fit parameters
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A more exhaustive breakdown of the intermediary steps is given in section 8.3. In order to estimate
the actual spatial correlations of hard and soft domains in polyurea two different approaches were
used, both assuming that the dynamic correlations are string-like. First, the number of correlated soft
segments Neor4(T') was calculated with formula 5.3 to determine the correlated volume V,,..(T') =
Neorra(T)/p. The partial derivative of the real part of the elastic modulus dE'(w, T')/dT was calculated

from fits to experimental data.

One approach estimates the correlation length & using cylindrical strings with the approximate
thickness of a polyurea-molecule, d = 2r ~ 0.56 nm, consequently arriving at:

chorr (T)

() =~ (54)

Alternatively, £(t) was calculated by multiplying the number of correlated segments N a(T),
equation 5.3, with the segmental length of polymer, listed in section 3.1.1.

g(T) = NcorrA(T) : lc (55)

Hlustration 5.1: 2 methods for calculating the correlation length in polyurea based on DMA-data

Both methods yield almost identical results, arriving at a correlation length of £(7,1) ~ 43 nm.
Figure 5.9 shows the temperature dependencies of the dynamically correlated regions near the a-glass
transition in JD-2000. Full circles are calculated with equation 5.3, with values for E'(w,T') calculated
from experimental data. The red disks denote Vi = Neopra/ p, blue disks represent & = Vo, /727

and green disks show & = N_,,,.4 - [.. Full lines are fits using parameters listed in section 8.3 and

35



equation 5.6.

Veorr (T) = (56)

o] (T, JD-2000 150
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Figure 5.9: Temperature dependencies of dynamically correlated regions

This leads to the conclusion that the dynamical correlations between the polymer chains increase
with decreasing temperature for the a-process related to T,;. It can be argued that the o'-process
connected with 7,5, which has only marginal influence on the real part E’ of the complex elastic
modulus compared to the a-transition, is related to a freezing of motion in only a small volume of
restricted mobility directly around the hard nanodomains. The restriction is the result of the direct
chemical attachment of the polymer chains to the hard domains, as shown in section 3.1.1. The
estimation of this volume is explained in more detail in section 8.3 and arrive at a value of ~ 30 nm?.
This is significantly larger than the correlation volume V,,,.. in figure 5.9, thus implying that the
volume influenced by the hard domains is sufficiently large to show its own glass transition. This
holds true for all three elastomers JD-400, JD-2000 and JD-4000. Plotting the volume fractions of
the hard domains, see table 3.2, against the respective glass transition temperatures Ty; and Ty
and fitting the data with equation 5.7 [30], as shown in figure 5.10, a critical volume fraction of
®¢ = 0.19 is observed, where the two glass transitions reverse order. As this value matches the
percolation threshold of randomly oriented overlapping ellipsoids [31], this suggests that around a
critical volume-fraction @5 = 0.19 the topology of the system changes completely. The system consists
of a soft matrix containing hard domains, but below this threshold the percolating hard domains

form a rigid matrix with soft inclusions.
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Figure 5.10: Glass transition temperatures dependent on the volume
fraction of hard domains. Insets show 2-dimensional comics of the
configurations of the hard domains and their shells of restricted mobility
inside the soft matrix. The first inset on the left shows widely dispersed
hard domains without any contact of the slowed down regions around
it, corresponding to the situation in JD-2000 and JD-4000. The inset
in the middle gives an impression of how the hard domains start to
continuously interconnect over long distances, and the third inset on
the right shows densely interlocked hard domains, as they can be found
in JD-400. The actual situation is more complex because the domains
are not perfectly eliptically shaped. They are also not of precisely the
same size. Moreover, the real arrangement of the domains is naturally

3-dimensional.
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The strong increase in 7T, with increasing ®, can be explained by arguments pertaining to their
physical origin. As the size of the correlated regions increases for the temperature T approaching the
glass transition at T,;, the surface induced slowing down of dynamics will start to affect polymer
chains farther away from the surface of the hard domains. Since the approximate correlation length at
the glass transition temperature (T} ) is bigger than the average distance between the hard domains,
the soft domains are drastically impeded in their mobility, accounting for the increased glass transition

temperature T;.
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6 Summary and conclusions

The addition of MogS;Iy nanowires and MoSs nanotubes to polyurea to form a PNC causes a
noticeable increase in the real part E’ of the complex elastic modulus. MogSsIg and M oS, interact
attractively with the polyurea matrix, as the glass transition temperature 7}, of the PNCs is also shown
to increase, compared to a reference sample without nanoparticles. The influence of the tubes is more
pronounced than that of the wires, probably due to the larger interfacial area. Focusing on the influence
of different MoSs-nanotubes at various loading percentages, it turns out they are most probably
attached to the polyurea-matrix by hydrogen bonding. DMA data show that the effects attributed to
the presence of the nanotubes vanishes after removing the hydrogen bonds by annealing the samples.
This is in good agreement with theoretical studies by computer simulations [32]. As polyurea-
elastomers can exhibit two glass transition temperatures Ty; and 7T,; even without the addition of
nanoparticles, it can be described as an intrinsic nanocomposite. Polyurea is phase-separated into soft
and hard domains, the size of which can be controlled during manufacture. Depending on the volume
fraction @, of hard domains, polyurea behaves as a soft matrix interdispersed by hard domains. If a
critical value ®¢ for the hard domains is exceeded, the properties change to those of a rigid matrix
of percolated hard domains with soft inclusions, comparable to glass forming liquids in nanoporous
materials [14, 33, 15, 1]. This picture is complemented by a strong reinforcement of £’ measured
in JD — 400 samples when compared to the other two species of polyurea-elastomers. The former

contains a larger, the latter a smaller fraction of hard domains than denoted by this calculated critical
threshold.

The findings in this work are mostly based on a more or less macroscopic and phenomenological
approach and further steps should be taken to complement them by computer simulations and micro-
to nanoscale measurements. Modelling the hard nanodomains with rotational ellipsoids of a single
size works well to describe the principle of the processes investigated in justifiable agreement with
the experimental results. Nevertheless inital AFM, SAXS and SEM measurements already show
that the precise situation is more heterogenous and complicated on a microscale than any simplified

geometrical model. The relaxation times 7(r,T) are found to be larger near the hard domains than
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in the pure polymer for » — oo, but their exact spatial dependence — i.e. r dependency of 75, B and
T, in the Vogel-Fulcher-equation — is completely unknown. Knowledge of these interrelations would
considerably reduce the number of fitting parameters. This necessitates further study employing the

above-mentioned methods.

Apart from the expanded fundamental understanding of the materials investigated, there has been
also gained valuable information regarding possible applications. Based on the data presented here, it
can be expected to be possible to further increase the glass transition temperature 7T, and considerably
extend the thermal operational range of similar polymers by increasing the packing density of the
hard domains. This also would result in a drastic mechanical reinforcement with a much higher elastic

modulus E’.
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7 Glossary of abbreviations

AFM
DMA
DSC
DTMA
LVDT
PNC
SAXS
SEM
TMA

atomic force microscope

dynamic mechanical analysis or analyzer
differential scanning calorimetry

dynamic thermo-mechanical analysis or analyzer
linear voltage differential transformer
polymer-nanocomposite

small angle X-ray scattering

scanning electron microscopy

thermo-mechanical analysis or analyzer
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8.1 Dynamic- and Thermo-mechanical Analysis of Inorganic
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Abstract: We present dynamic mechanical analysis (DMA) and thermomechanical analysis (TMA)
measurements of a new type of polyurea elastomer nanocomposites based on inorganic MoS;
nanotubes and MogS;Ig nanowires. The addition of a small amount of nanoparticles (<1 wt-%) leads to
an increase of the glass transition temperature 7, as compared to the pure elastomeric matrix. A second
peak observed in tano in the pure and mixed elastomer is attributed to a second glass transition
occurring in regions near the hard nanodomains of the microphase separated polyurea system. It is also
found that the small amount of nanoparticles leads to an increase in the Young’'s modulus of up to
15 % in the whole measured temperature range (from -130 °C to 20 °C). The thermal expansion of
doped samples is considerably larger above T,. Below Ty, this difference vanishes completely. A very
similar behaviour was also found in measurements of polyisoprene/multiwall carbon nanotube
(MWCNT) composites. Copyright © 2011 IFSA.

Keywords: Inorganic nanotubes, Polymer nanocomposites, Dynamic mechanical analysis,
Thermomechanical analysis, Glass transition, Elastomer, Polyurea.
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1. Introduction

Polymer nanostructured composites have gained much interest due to their potential use as flexible
large size sensors with superior mechanical and/or electrical properties [1]. TMA (thermomechanical
analysis) and DMA (dynamic mechanical analysis) were performed to study thermal expansion, as
well as temperature and frequency dependence on the nanostructured composite materials. In this work
we present recent results based on TMA and DMA measurements on the nanotubes/elastomer (MoS,)
and nanowires/elastomer (MoeS;Ig) nanocomposites. The polyurea matrix was chosen as the reference
elastomeric system in order to compare the effect due to the presence of nanoparticles in the matrix.
Polyurea synthesis is similar to the one used for polyurethane, which was introduced in 1937 by Otto
Bayer for replacement of natural rubber. Polyurea is an attractive material with many applications such
as coatings, implants or medical devices. It forms by the rapid reaction of isocyanates (rigid
molecules) with polyetheramines (flexible chains). Polyurea exhibits a phase separated structure with
rigid urea domains (hard domains) embedded in a matrix of flexible polymer chains (soft domains)
[2-4]. The mechanical properties of polyurea can be tuned over a broad range by varying the molecular
weight of the components, the relative amount of hard and soft domains, and the loading of
nanoparticles [3, 4]. In the present work, we study the influence of inorganic nanotubes (MoS;) [5] and
nanowires (MogS,Ig) [6] to the mechanical properties and to the glass transition temperature in the
polyurea matrix. The results are compared to recent measurements on polyisoprene/multiwall carbon
nanotube (MWCNT) composites [7].

2. Experimental Part
2.1. Samples Preparation

Three elastomers were synthesized: a reference elastomer (PU) without any nanoparticle, and two
elastomer nanocomposites containing nanotubes (PU-MoS;) and nanowires (PU-MogS;lg). For the
synthesis of the three elastomers, two solutions in acetone were prepared as described in literature
[2-4]: one containing the diamino-terminated polymer, and the other the trifunctionalized crosslinker
with or without nanoparticles. In order to obtain a final solid content of 15% w/v, 3.85 g of Jeffamine
D-2000 (Hunstman) was dissolved in 11.1 mL of acetone, and 0.65 g of Basonat HI-100 (BASF) was
dissolved in 14.5 mL of acetone. In the case of elastomers containing nanoparticles, the Basonat
HI-100 was dissolved in an ultrasonicated acetone dispersion of the corresponding nanoparticles to be
incorporated. The two solutions were mixed and gently stirred for 5 min, and the final solution was
cast onto the glass surface of a Petri dish. One day after the samples were cast, the obtained film was
allowed to dry in the atmosphere and peeled from the surface. Samples were cut from their
corresponding free-standing films (14.6 x 5.0 x 0.75 mm®). The final concentration of nanoparticles
was less than 1 wt-%.

2.2. Experimental Methods

Dynamic mechanical analysis (DMA) is one of the most commonly applied methods for the
determination of the mechanical properties of materials, together with thermomechanical analysis
(TMA) for the determination of the thermal expansion. Materials such as polymers and polymer
networks can be characterized as a function of temperature and frequency. The complex elastic
compliance can be measured in a frequency range from 0.01 Hz to 100 Hz, and for temperatures
between 80 K and 850 K.
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The principle of the DMA technique is based on the sinusoidally modulated dynamic force F’ dynei“’t ata
chosen amplitude and frequency when applying a static force F,. The resulting amplitude u and phase
shift o of the resulting elastic response of the sample are registered via inductive coupling with a
resolution of Au = 10 nm and A6 = 0.1°. The knowledge of u# and ¢ allows determining the real and
imaginary parts of a certain component of the complex elastic compliance tensor Sj;

Sii, = Sii cosoand Sii” = Sii sind (1)

The inverse compliances are the so-called storage (E'=1/S;") and loss (E''=1/Si"") modulus. We
employ two different kinds of DMA instruments: the Perkin Elmer DMA 7 and the Perkin Elmer
Diamond DMA. Table 1 compares the specifications of both instruments as commercially available.

Table 1. Specifications of the Perkin Elmer DMA 7 and the Perkin Elmer Diamond DMA.

DMA 7 Diamond DMA
F.« (maximal force) 25N 10N
AF (resolution) 10°N 10°N
o (frequency range) 0.01 Hz—-50 Hz 0.01 Hz—- 100 Hz
T (temperature range) 90K -850 K 120 K-850 K

The minimal force that can be applied in both instruments is 10° N. The force is transmitted by a rod,
which is also the probe for the position of the upper end of the sample. The Perkin Elmer DMA-7 can
work with quartz or steel rods and sample holders, whereas the Perkin Elmer Diamond DMA works
only with steel holders, which has restricted low temperature performance. The presently used
geometries are the parallel plate stress (PPS) and the tensile stress (TS) arrangements as shown in
Fig. 1.

(a) (b)

stat T den A

Fig. 1. Typical sample geometries for the PPS (a), and the TS (b) methods.

In PPS geometry, a force F3 is applied in the z-direction, and the corresponding change in length A% in
the same direction is measured. This yields the Young’s or elastic modulus of the sample in the elastic
regime £ = 1/833. The strain & is defined as the ration between the change in length with respect to the
initial length of the sample & = Ah/h, and the measured stress o3 as the applied force divided by the
cross section of the element o3 = F3/A4. In the elastic region (for small deformations), both magnitudes
are connected by the Young’s modulus:
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o3 — E &3 = 1/S33 &3 (2)
In this way, the effective spring constant of a material k = F3/Ah = 1/S33 A/h is measured [8, 9].

The Perkin Elmer TMA uses a similar measuring principle as the Perkin Elmer DMA, i.e. the sample
position is measured via inductive coupling at nominally zero applied force. The sample geometry is
usually the same as for the PPS method (Fig. 1a). A small static force of 10° N was applied to keep
good mechanical contact between the quartz or steel rod and the sample for all our TMA
measurements.

3. Results
3.1. TMA Experiments
TMA experiments were carried out in order to analyze the differences in the thermal expansion of both

nanocomposites with respect to the pure elastomer matrix. Fig. 2 shows the temperature dependence of

the thermal expansion of the pure polyurea system (PU) and the two polyurea nanocomposites
PU'MOS2 and PU-MOGSQIg.

0.166

0.164

0.162

0.160 -

0.158

Length (mm)

PU-Mo,S,|,

0.156

T

0.154 — T T T T T T T T |g — T T T T T

-160 -140 -120 -100 -80 -60 -40 -20 0 20
T(T)

Fig. 2. Thermal expansion as function of temperature for the pure polyurea elastomer (PU), and the polyurea
nanocomposites (PU-MoS, and PU-MogS,ls). The curves are normalized to the length of the PU at -120 °C.

Above T, the thermal expansion of the nanocomposite PU-MoS, is considerably increased, whereas
the thermal expansion below 7, is not affected by the presence of the nanotubes (Table 2). This
behaviour is very similar to the one found in polyisoprene/multiwall carbon nanotube (MWCNT) and
polyisoprene/carbon black (CB) composites as shown in Fig. 3. The nanowires containing
nanocomposite (PU-MogS,Ig) has a similar behaviour than the pure polyurea matrix. It seems that
nanowires do not affect that much the thermal properties of the polymer matrix.
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Table 2. Linear thermal expansion coefficients ar = (1/Lo)(AL/AT) of PU, PU-MoS, and PU-Mo,S,Ig calculated
from Fig. 2 with Ly = L(T'=-120 °C). The volume thermal expansion coefficient is &= 3.

aL(T < Tq) a. (T > Tq)
PU, PU MogS,lg 1.310* K" 3.910* K
PU-MoS, 1.310°*K! 6.510* K"

Static Force: 50.00 mN
| Lyc=1mm
5F AUL =ML, I e
— EV-16 MWCNT US

I — EV-12 MWCNT US
41 EV-8 MWCNT US

g — EV-8 CB Printex US

= EV-4 MWCNT US 1
S 3| — EV-4CB Printex US -
3 [ — EV-0OMWCNTUS 1

0 Lo
-150 -125 -100 -75 -50 -25 0 25 50
T(°C)

Fig. 3. Relative length AL/L (AL/L = L(T) — L(T = -160 °C)/L(T = -160 °C)) as function of temperature for the
polyisoprene/multiwall carbon nanotube (MWCNT) and polyisoprene/carbon black (CB) nanocomposites.

The thermal expansion coefficient & of polymer nanocomposites depends on many factors: the type of
interaction between the nanoparticles and the polymer backbones, the shape of the nanoparticles, the
volume fraction of the nanoparticles, and the thermal expansion coefficient of the nanoparticles [19].
Since some of these ingredients like the thermal expansion coefficient of MoS, and Mo¢S,Is are not yet
known, a quantitative analysis of the present thermal expansion data has to wait for a future work.

3.2. DMA Experiments

DMA experiments were performed for the determination of the Young’s modulus and tano as function
of temperature, as well as the glass transition temperatures upon heating the sample. Fig. 4 shows the
temperature dependences of the real (£) and the imaginary (£”) part of the complex Young’s modulus
of pure polyurea (PU) and the two polyurea nanocomposites (PU-MoS, and PU-MosS:lg). The
measurements were performed in TS mode at 1 Hz frequency, with a strain rate of de/ds = 0.1 s™.
Recently performed DMA measurements on polyurea/polyurethane systems at 1 Hz [10] show a very
similar behaviour, where in addition to the 7, around —47 °C some elastic anomalies at Tog = —80 °C
and Ty, = —141°C were found, whose origins are not yet clear.

With the addition of nanotubes (MoS;) and nanowires (MogS:lg), a clear upwards shift in the glass
transition temperature can be observed from the decays in the storage modulus (£”) and the maxima in
the loss modulus (£”) of both nanocomposite samples. The same tendency has been also obtained by
analyzing the thermal expansion data in Fig. 2. The results are summarized in Table 3. A possible
origin for this increase of T, with filler content will be discussed below.
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Fig. 4. Real (£”) and imaginary (£”) part of the complex Young’s modulus for the pure polyurea elastomer (PU)
and the two nanocomposites (PU-MoS, and PU-MoS;l5).

Table 3. Glass transition temperature (7,) and shift of the glass transition temperature (A7,) for the polyurea
elastomer (PU) and the two nanocomposites (PU-MoS, and PU-Mo¢S;15).

T,(°C) (DMA) | AT,(°C) (DMA) | T,(°C) (TMA) | AT, (°C) (TMA)
PU -65 -68

PU-MosS,ls -60 +5 -62 +6
PU-MoS, -56.5 +9 -60 +8

For the nanocomposite with nanotubes (PU-MoS;), an increase in the Young’s modulus up to 15 %
was observed in the whole measured temperature range, while for the nanocomposite with nanowires
(PU-MogS,1g) was up to 12 %.

The reinforcement of a polymer nanocomposite crucially depends on the polymer-nanoparticle
interfacial interaction, the modulus of the filler component, the shape of the filler as well as the relative
orientation of the filler particles with respect to the applied stress [19].

Assuming a simple law of mixture we can estimate the Young's modulus E. of the composite as

E. = Ey(1-¢1) + Exgr, 3)
where E, and Er are the Young's moduli of the polymer matrix and filler, respectively and ¢ is the
volume fraction of the filler.

With ¢ = 0.01, E,(-120°C) = 4 GPa and E{(MoS,) = 120 GPa [20], we obtain E; = 1.3E,, thus a
reinforcement of = 30 % is obtained for the PU-MoS, nanocomposite. Using the more elaborated
Halpin-Tsai model [21] and an aspect ratio (length/thickness) of the inorganic nanotubes or nanowires
of = 100, we obtain even better agreement with our data from Fig. 4: E. = 1.16E,,

However, similar as for the thermal expansion coefficient &, a more quantitative analysis of the
reinforcement effect of PU-MoS,; and PU-Mo¢S,Is needs additional knowledge about the polymer-
nanotube interaction and the value of the Young’s modulus of the PU-nanoparticle system.
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Having a close look to the DMA experiments, a second relatively broad peak (7y,) at slightly higher
temperatures in the tano profile (or equivalently in the loss modulus, £7) was found in addition to the
Ty (Fig. 5). The origin of this second peak or shoulder will be discussed in the next section. It seems
that this broad peak is related only to the polyurea matrix, since it appears already in the reference
system (PU).

6
- r,] tan o 10
a S lII
= 0.8
S8 4 \
= E i
= 06
w 3 \ 5
g 2 \ 04
O \
y 0.2
D ————————— . DD
-200 -150 -100 -50 0 50

T[C]

Fig. 5. Young’s modulus £’ (blue line), tand (red line) and £”’(green line) for the pure polyurea matrix (PU)
measured in TS mode. The read and green arrows show the two glass transitions at 7, and Ty, respectively.

4. Discussion

The most significant findings of the present work on inorganic nanotubes-elastomer nanocomposites
are the upshift of the glass transition temperature 7, with addition of nanoparticles, as well as the
occurrence of a second peak or shoulder in tand and E” above the T peak already observed in pure
elastomeric matrix and both nanocomposites. Molecular dynamics simulations have shown [11] that
the presence of nanoscale structures in the polymer network affects the glass transition temperature
due to a change of the polymer dynamics. In the case of attractive interactions between the polymer
and the nanoparticles, the chain relaxation time is increased and leads to a higher 7, relative to the pure
system. For non-attractive interactions, a slight downshift in 7, is expected. Such influence of
nanoparticles to polymer chain dynamics and glass transitions was indeed experimentally verified [12].
In our case, an attractive interaction between the polymer chains and the MoS, nanotubes and MogS,lg
nanowires should then be proposed to explain the observed increase in 7 relative to the pure polyurea
elastomer.

The second peak observed above Ty in tand and in £ (Fig. 5) was also observed in the reference
sample (PU). Therefore, it cannot be attributed to the presence of inorganic nanoparticles. However, as
mentioned above even pure polyurea is a heterogeneous material consisting of hard nanodomains
embedded in a soft matrix. It was shown [13] that such systems can exhibit two glass transitions at two
different temperatures 7, < Ty,. If the nanodomain-chain interactions are strong enough, the polymer
chains near to a nanodomain exhibit reduced mobility compared to the regions far from the
nanodomain. According to the so called EHM model [14], the second glass transition temperature at
Ty, starts to be detectable when the regions of restricted mobility overlap, i.e. when the distance
between nanodomains goes below the limit of about 5 to 10 nm. Then, the regions of reduced mobility
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can undergo their own glass transition, since the value of 5 to 10 nm is approximately the size of
dynamically correlated regions of glass forming polymers or liquids near 7, [15]. In previous works
[2-4], the microphase separated domains were measured by means of SAXS, and the authors found
distances of d =5.2nm. Thus, this second glass transition at 7 might well be explained in terms of the
nanoconfined hard domains in the polyurea elastomer.

The finding of a second peak in tand and £ is reminiscent of our recent results in a physically and
chemically different but topologically similar system, i.e. the study of molecular liquids (salol, toluene,
ortho-terphenyl, etc) confined in mesoporous Vycor and Gelsil with pore sizes between 2.5 nm and
10 nm [16, 17]. Here the restricted mobility of the molecules occurs due to an attractive interaction of
the molecules near the pore walls, since the molecules form hydrogen bonds with the hydroxyl groups
of the silica surface. Due to the dynamically decoupled motions of molecules far from the pore walls
(faster motion = Ty1) and near the pore walls (slower motion = T), two tand peaks could be clearly
resolved for pore diameters bigger than 5 nm [16]. By silylating the surface of the pores, we could
suppress the pore wall-molecule interaction and also the second glass transition temperature vanished
[18].

5. Conclusions

We have presented thermomechanical and dynamic mechanical measurements on a polyurea elastomer
and polyurea nanocomposites doped with inorganic nanotubes (MoS;) and nanowires (MogS;Ig). The
addition of nanoparticles causes a rather strong (up to 15 %) increase in the Young’s modulus in the
whole measured temperature range (from -130 °C to 20 °C), as well as an increase in the thermal
expansion above the glass transition temperature 7,. The thermal expansion below 7, is unaffected by
the presence of nanoparticles. The same behavior was also found in polyisoprene nanocomposites
doped with carbon black (CB) and multiwall carbon nanotubes (MWCNT).

Adding inorganic nanoparticles to a polyurea matrix leads to an increase in the 7, implying an
attractive interaction between the nanoparticles and the polymer. An attractive interaction is also
consistent with the observed remarkable reinforcement of PU-MoS, and PU-MoS:ls.

A significant feature was the observation of a second broad peak in tand and E” above the glass
transition temperature peak in pure and in doped samples. Since this second damping peak is also
observed in pure polyurea, we argue that this second glass transition is occurring in regions near to the
hard nanodomains. According to the arguments presented above, a separated second glass transition
temperature can only be observed if the average distance between the hard nanodomains is not larger
than 5 to 10 nm, as has been actually measured (d = 5.2 nm) for this system [2-4].

Although many interesting results have been found here for pure polyurea and polyurea/nanotube or

polyurea/nanowire composites, clearly more measurements on well characterized samples with a larger
range of doping concentrations are needed to reach final conclusions.
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The properties of polymers can be significantly rajed

by incorporating nanopatrticles, which yields a grea-
tential for applications. In the present study e nano-
composites of new polyurea elastomers filled with, O
0.5 and 1 wt-% Moghanotubes. Using dynamic mechan-
ical analysis (DMA) measurements we show, that the

1 Introduction
and polymers are attractive materials with a higteptial
for applications [1], due to their flexibility anguperior
electrical, magnetic, mechanical, thermoelectrid apti-
cal properties, etc. [2]. The properties of polysnean be
tuned by adding nanoparticles of different shapes,
spheres, tubes or sheets. Since nanoparticles lhaye

glass transition temperatureg @f the nanocomposites
are increased by small amounts of inorganic namstub
In line with results from computer simulations aifly
mer melts with nanoscopic particles, we explain dbe
served shift of Tto be due to a gradual slowing down of
polymer chain dynamics in the proximity of nanotsibe

Composites of nanoparticles (NPshanometers and the same holds for the averageckskee-

tween them [3]. As we shall show below, the averdige
tance between MgShanotubes is of the order of several
micrometers, i.e. thousand times larger.

The mechanical properties of polyurea elastomensbea
tuned by the relative amount of hard and soft domai
average molecular weight between crosslinking [goiat

surface areas their performance depends stronglthen and also by the loading with NPs [4]. Pure polyuetss-

properties of the interfacial regions between tbé/mer
and the nanopatrticles, i.e. on the type of intévadtattrac-
tive or repulsive) between the nanoparticles armdptbly-
mer matrix, the degree of dispersion of the nartigpes,
etc.

Polyurea networks synthesized by sol/gel chem[Siare
relatively new elastomers with extreme resistancehem-
ical abrasion and service temperatures betweerC-a@t
+200 °C.

tomers exhibit two glass transition temperatures at
Tgr= =65 °C and T~ Ty+25 °C [9] attributed to coopera-
tive motions of molecular segments in the soft dosaf
pure polyurea (J;) and to regions near the hard nanodo-
mains (Ty).

Although there are several techniques availableveduate

T4 one of the most sensitive techniques is dynanmge m
chanical analysis (DMA). Here we present new DMA
experiments where the presence of inorganic Muho-

In the present work we have to deal with a problefm tubes [5] in different PU elastomer nanocompositési-

many scales of length (and time) for the followiegson.
Polyurea elastomers exhibit a phase separatedseya]

with rigid urea domains (hard domains) embedded in

matrix of flexible polymer chains (soft domains)her
average size of the hard domains is of the ordesewéral

ences the polymer chain dynamics and the glassitiam
temperatures of the polymer network.
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2 Experimental Part o
2.1 Samples For the present study, the linear hydro- oon’ @
phobic diamino-terminated polyetheramine Jeffamihe Hard Domains Soft Domains
2000 M, = 2060 dgmol?, p = 991 kdih®) and the hydro- ®
philic Jeffamine ED-2003M, = 2300 dhol™, o = 1068 [ ¢
kglfh's), from Huntsman International LLC, and the triiso- ® b
cyanate crosslinker Basonat HI-100v(= 504 dmol ™, p = e
1174 kgm®), from BASF SE, were used as received. De- &
tails of the synthesis of these PU elastomers alé de- b @
scribed in the literature [4]. Figure 1 Phase separated structure of polyurea elastomers

PU polymers are formed by the chemical reactioweeh

a diisocyanate and a diamine to build urea moietss A first PU nanocomposite containing around 1 wt-% o

shown in Scheme 1. When one of these componerits —MoS, nanotubes (JD-2000/MgS was synthesized after

isocyanate- or amino-containing chemicals - hasentiean crosslinking the corresponding Jeffamine D-2000 9B,

two reacting groups, then networks are obtained. Moreover, two sets of nanocomposites filled witth, @.5
and 1 wt-% of Mog multiwall-nanotubes (Mog$L70: 80-

o o 100 nm diameter, 1QAm length) obtained from the desul-
iHL . R N,n;’N)LN‘-,n-‘N furization of MoS§ nanotubes (JED-C1-X) and of MeS
OCN™ "NCO Hg't i H i H Hj,  multiwall-nanotubes (Mog628: 250 nm diameter, 1Q0n

length) obtained from the decomposition of multiwal

MogS,lg nanowires (JED-C2-X) were prepared after cros-
Scheme 1 Chemical reaction between a diisocyanate and a @iTnking the Jeffamine ED-2003.

amine vyielding the corresponding polyurea compofimdhe red
oval, the urea moiety is shown).

diisocyanate polg/Llrea

2.2 Experimental methods Dynamic mechanical
analysis (DMA) is a technique to measure the |legtdien-
In these PU networks, intermolecular hydrogen bamds cy elastic moduli and damping of materials [7]. tate
formed between the active hydrogen atoms from ama uforce R is sinusoidally modulated by a dynamic force
group (-NH-) and the oxygen coming from the carbBonfqexp(int) at a chosen amplitude and frequency. The
group (>C=0) from another urea moiety (Scheme Xlastic and anelastic response of the sample l&ads

bringing additional properties to the system. change in lengthu and phase shift between force and
amplitude, which is registered via inductive conogli

Sa Normal resolutions for the length and phase shit a

‘@\HRHAdH J}n Aux10 nm andA9d=0.1° respectively. The knowledge of

the sample length and the phase shiffallows determin-
ing the real and imaginary parts of a certain comemd of

Sas, the complex elastic compliance tensgr S
‘@\N'R.’:Nkr\lfﬂ‘ N}
H 'H H Hfj,

Urea

Si'= §icosd and §'=S;sind (1)
Urea
Scheme 2 Intermolecular hydrogen bonds between two urebh€ corresponding storage (E”) and loss moduluy ¢Eé
motifs. defined as E":=1/Sand E"":=1/g", respectively.
DMA experiments were performed on a Perkin Elmer
At room temperature polyurea shows microphase gagreDMA 7 oronthe Perkm Elmer Dlamond DMA. In bpms
tups the complex elastic compliance can be measarad

tion, with hard segments dispersed in a soft mgkigure frequency range between 0.01 Hz and 100 Hz, and for

1). From SAXS and WAXS experiments [4], the averagge L

/ ; - mperatures between 80 K and 850 K. The minimalefo
size of the hard domains and the distance betweemt ., ", pe applied is TON with a resolution of 18 N.
were determined for the Jeffamine D-2000-based EtJ Mhe maximal forces are 2.5 N for DMA 7 and 10 N toe

work, with values in the order of few nanometersl arbiamond DMA. In both instruments the force is trai

6.4 nm, respectively. : .

: . ted via a quartz- (DMA 7) or steel- (DMA 7 and Diana
Two ref(_erence elastomerlc_: sgmples JD-2000 and ‘].EB.WDMA) rod, which also probes the sample size. Tresent
synthesized when crosslinking the two linear diamin

. . ; xperiments were performed in tensile stress (E®)ree-
terminated polyetheramine Jeffamine D-2000 andade . . . )
mine ED-2003, respectively, with the triisiocyardes- ry (Figure 2). For more details concerning the D

) ; thod see e.qg. [7]. Typical sample size was |=9 rw@ imm
slm_ker Basonat HI-100. The vo_Iume fraction of hala t=0.2 mm. The samples were cooled down to about
mains for both PU systems wes= 0.12.

-183 °C and heated again with a heating rate betvie®
and 2 °C/min. Up to 5 heating/cooling cycles wegs-p

Copyright line will be provided by the publisher
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formed. In the present work we always compare f@ta The nanotubes are well dispersed, with an averege d

pure and filled samples that were taken from theesatance between the NPs of several micrometers @and

heating sequence. Fig. 4), i.e. several tens of the diameteft@0 nm) of a
multiwall-nanotube. The JED-C1 samples filled wiltb
wt-% show “clouds” of agglomerated nanotubes wih r

a gions between, where the NPs are relatively weslelised
(Fig. 5). A similar inhomogeneous distribution oPdlwas
also observed for the 1 wt-% JED-C1 samples. Fan-co

T parison, pristine MoSnanotubes usually form bundles or

ropes of up to 10individual tubes [5] which can be up to
many tens of micrometers long.
Figure 2 Tensile stress measurement geometry (left). Thee tv = * 4 : .
right hand pictures show two JED samples with @d @5 wt-% = . 3
MoS,, respectively. Sample size is about 2 mm x 9 mth@2 | TR T
mm thick. it A A o gl

3 Results and discussion In Figures 3-5 optical and | -

scanning electron microscopy images of polyure2000 | < 4
filled with ~1 wt-% Mo$ (Fig. 3) and JED-CL filled with = = ~ st e s
0.1 wt-% Mo0$/170 (Fig. 4) and 0.5 wt-% M@R70 (Fig. : T ¥ o
5) are shown for comparison. : e Spe . St : g T
= I c # ~ e
» £ =
El q - o

Figure 4 Optical (top) and scanning electron microscopyt-(bo
tom) of JED-C1 filled with 0.1 wt-% Mo#&L70. On the SEM pic-
ture separated multiwall-nanotubes are visible sticKs” of
about10um length.

Figure 3 Optical (top) and scanning electron microscopy {bot
tom) [6] images of JD-2000 filled withl wt-% MoS.

Copyright line will be provided by the publisher
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wniversitat
wien

DMA experiments as a function of temperature ared fr
guency were performed.

Figure 6 displays the temperature and frequencernip
encies of tab=E""/E" of pure polyurea JD-2000, showing
two glass transitions atyf —65 °C and T~ T4+25 °C.

tand

0,0 - . , . -
-100 -80 -60 -40 -20 0
T(°C)

Figure 6 Temperature and frequency dependence df tdrthe
pure polyurea elastomer JD-2000. The measurememi® w
performed at a heating rate of/dt = 1 °Cihin™.

The glass transition atyfis attributed to the regions in the
soft domains whereas the highey, Driginates from re-
gions near the hard domains [9]. Such a two glasssit
tion behaviour can be observed when sufficienthpry
particle enthalpic interactions lead to a permarattach-
ment of chain segments to the nanoparticles [24jchv
obviously is the case in the vicinity of the haahthins in
polyurea. A discussion of this two-glass transitlmehav-
iour as well as detailed measurements for polyurets
different molecular weight of the polyetheraminef(
domains) will be the subject of a forthcoming paper

The storage E’ and loss E” moduli anddas function
of temperature are compared for the pure polyutas- e
tomer JD-2000 and the elastomeric nanocomposite JD-
2000/Mo$S (=1wt-% of MoS) in Figure 7. Several meth-
ods are commonly used to determine the glass tramsi
temperature Jfrom DMA measurements [10]. They either
relate ;to the onset-temperature of E” or to the tempera-
ture of the E”"-peak or the tpeak respectively. Irrespec-
tively which method we use to locatg, Tve obtain a shift
of Ty to higher temperatures by the addition of the-inor
ganic nanoparticles. For 1 wt-% Mo®e obtain a shift of
Tq of about +8 °C (Figure 7). Averaging 10 successive

Figure 5 Optical microscopy (top) and SEM (bottom) imagés demperature scans for pure and filled JD-2000,eetsgely

JED-C1 filled with 0.5 wt-% Mog showing “clouds” of Mog
aggregates (top) with relatively well dispersedarg in between
(bottom). Individual multiwall-nanotubes of abol@dlnm thick-
ness and 1Qm length are perfectly discernible.

In order to study the effect of NPs in the polymetrices,

Copyright line will be provided by the publisher

we obtainATy,=8+3 °C. For JD-2000 filled with 0.1 wt-%
MoS, the change in i was smaller than 0.8 °C. In contrast,
Tq is not affected by the presence of inorganic nartep
cles.

It is important to note, that all these measuresishbwn
here were performed on samples that were not aethedl
high temperatures, i.e. the intermolecular hydrolgends
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between polyurea chains were not removed. Staftorg bonded network. One clearly observes an increasbeof
room temperature they were cooled down to low teaypeannealing temperature due to the presence of, N&S.
tures and then heated until the hydrogen netwodkér On the other hand, samples that were annealed aait ab

down.

E' (GPa)

.""""n.-..,..
%,
JD-2000/M0S, ™,
4 ’Nn-.. o

JD-2000 .
\

JD-2000/MoS,

\
0,005 JD-2000 |
\

.
X
20 40 60
.

TCO)

80 100  120]

E" (GPa)
o
(6]

JD-2000

JD-2000/MosS,

0,8

tand

0,6 1

0.4

0,24

0,0-

JD-2000

JD-2000/MoS,

-80 -60

20

80°C for at least two hours prior to measuremaetits hot
show any significant effects of nanoparticles gn T

To study the influence of inorganic nanofillers sorother
polymer we have performed DMA measurements of the
elastomer JED (empty as reference system) and DD f
with 0.1, 0.5 and 1 wt-% M@B.70 (called JED-C1) and
MoS,/628 (called JED-C2). Pure JED exhibits a glass-tra
sition around F=-51°C. Similar as for JD-2000 we found
an increase of the glass transition for increasmgeentra-
tion of M0oS/170 NPs. (Fig. 8) for not annealed samples.
Also here the effect of nanoparticles og venishes with
annealing.

12 -
11""‘&‘*& 071
104 e os]i:
o] ~
& o
LS &
© T W
o
O 67 .
- 54 B
w 4_ 5 10 15 20 25 30 35 40|
3] - JED
>] = JED-CL0.1%
1] JED-C1_0.5%
0] JED-C1_ 1% 0 e
T T T T T T T T T T T
-180-160-140-120-100 -80 -60 -40 -20 0O 20 40 60
T (°C)
JED

JED-C1_0.1%
JED-C1_0.5%
JED-C1_ 1%

1Hz
0.1 2Hz
5Hz
0.0 T T T T T T T T T T T
-180-160-140-120-100 -80 -60 -40 -20 0 20 40 60

T (°C)

Figure 8 Storage E” and loss modulus E™” of pure elastofbr J
compared with JED filled with 0.1, 0.5 and 1 wt-%0%)/170.
The measurements were performed at the heatingdiat =

Figure 7 StorageE’, lossE”” moduli and tad of pure polyurea 1 °Cihin™ with frequencies of 1, 2 and 5 Hz.

JD-2000 compared with the nanocomposite JD-2000A\b%t-

% of M0S). The measurements were performed at the heating The maximum shift of F+7 °C was observed in not
rate d/dt = 1.5 °Grin™ and frequency of 1 Hz.

annealed samples for 1 wt-% of Mo8T4~ +3 °C for 0.1
wt-% and +4 °C for 0.5 wt-% of MgSFor the samples

The inset of Fig. 7 displays the high temperatle pf 104 with larger nanotubes (JED-C2) no significahift

E'(T) drawn on a larger scale to show the changes

in T, was observed (Fig. 9). In both types of composites

Young’s modulidue to the breakdown of the hydrogelajED_C1 and JED-C2) an increase in E~ (reinforcejnen

Copyright line will be provided by the publisher
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was observed at least at temperatures abgv@n3det of The details of the mechanisms giving rise to thenges of
Figures 8 and 9). It is also notable that in batmposites T, measured in polyurea-nanoparticle composites iffie d
the annealing temperature for removing the hydrogenlt to resolve, since the glass transition medmariiself
bonds is influenced by the presence of nanotubédth M/ is not yet fully understood. A possibility to expiahe ob-
creasing concentration it shifts to higher tempe®st by served increase ofylis based on the results of extensive
an amount up to 5 °C for 1 wt-% nanotubes (inseffigf molecular dynamics simulations of polymers with osn
ures 8 and 9). For JD-2000 the shift was more #aAC copic particles [15]. According to these results polymer
(inset of Fig. 7) dynamics is affected in the proximity of the nanuigkes.
Such changes of;Tin nanocomposites are not unusuaPepending on the type of interaction between theopar-
It is well established, that many properties ofypwér na- ticles and the polymers, the chain relaxation
nocomposites depend crucially on the polymeglynamics can accelerate (for non-wetting conditiares
nanoparticle interface [11]. E.g. Bansat, al. [12] have repulsive interactions) or slow down considerablgr (
shown, that the thermomechanical properties of rpely attractive interactions, i.e. wetting or for neutraerfaces).
nanocomposites are critically affected by the paym In the present case the prevalent polymer-nandtubeac-
nanoparticle wetting behaviour. They used Sianopar- tion is most probably attractive [28] occurring doebond-
ticles with a diameter of 14 + 4 nm dispersed jolyste- ing of the hydrogens with the S-atoms of M¢Sig. 10).
rene matrix. For untreated silica surfaces whiah @on-
wetting to polysterene, they found a rather modecs-
crease in §. For 1 wt-% SiQ they obtaidT4(1 %)k1.5 K,
for 5 wt-% the shift is about 4 K. For silica naasficles
grafted with dense polystyrene brushes (“hairy” opmr-
ticles), silica surfaces provide intimate surfacéymer
contact and Jis shifted to higher temperatures, i.e. up to -
K for 5 wt-% of grafted (wetting) nanopatrticles.

10 o

9] 0.1 Hz RRCN

04

g 57 ............
Q 4] ,
i 0 5 10 15 20 25 30 35 40|

39 ——JED-C2 0.1% T¢0)

24 -~ JED-C2_0.5%

1{ ——JED-C2_ 1%

O, i i i i i i i i i ............

-160 -140 -120 -100 -80 -60 -40 20 O 20 40 60
T(°C)
1,0
——JED
. 0.1Hz —— JED-C2_0.1%
i ca, I " 0, . . . . .
’ T —=—jig-g§_o'i;§ Figure 10 Top: Polymer chain relaxation tint€r) as a function

06 wg - of distancer from the nanoparticle surface, at various tempera-
s k tures approachinggT The arrow indicates the spatial increase of
) 04;’"”‘"% the slowed down regions due to the increase oktaiion length
i with T->T,. Bottom: Schematic illustration of the bonding be-

02 tween the hydrogen atoms of polyurea chains anduhghur at-

’ oms of Mo$ nanotubes as proposed in [28].

0’07 T T T & T

-160 -1I40 -1I20 -1I00 —8IO —EIEO 40 20 0 20 40 60 . .
T () Because the size of CRRs increases f&rT], the dynam-

ics of polymer chains at certain distances awaynftbe
Figure 9 Storage E” and loss modulus E” of pure elastofer J hanoparticle surface will slow down, which then|wa-
compared with JED filled with 0.1, 0.5 and 1 wt-%os#628. duce the dynamics of the whole sample, rationajizime
The measurements were performed at a heating réate observed increase of the glass transition temperafinis
dT/dt = 1.5 °Qrin™. picture is in good agreement with our observatighg.7),

Copyright line will be provided by the publisher
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showing that only the glass transition in the slofinains at
Tq is influenced by the addition of inorganic nandisées,

4 Conclusions We have presented extensive DMA
measurements of pure polyurea elastomers and namoco

whereas the regions near the hard domains yielthss gposites of polyurea filled with various concenwas of
transition at T, that is independent of the presence of narorganic nanotubes M@SANn upshift of T, of several °C

noparticles: the molecules near the hard domaiasa&r
ready strongly (chemically) attached, so that tlgimam-
ics is substantially slowed down and thug i not ex-
pected to be much influenced by the interactiorwibr-
ganic nanopatrticles.

A similar decrease of mobility was recently obsere
natural rubber-silica nanocomposites [21]. Evetthin ab-
sence of specific polymer-filler interactions, polgr seg-
ments within a few nanometers of the filler paggclkexhi-
bit relaxation times up to 2-3 orders of magnitsitever
leading to an increase of the glass transition txatpre of
few Kelvin compared to bulk natural rubber.

was observed together with a slight increase of the
Young’s moduli of the composites. The increase pisT
explained in terms of slowing down of local polynoéain
dynamics, i.e. for polymer chains in the vicinity the
nanotubes. A clear cut analytic theory concerninghsa
suppression of dynamics is still missing. Howeven-
lecular dynamics simulations [15, 25] have showgrad-
ual slowing down of the polymer dynamics approaghin
the surface of nanoparticles, that do interact vile
polymer matrix. In the present case, such an iotenabe-
tween polyurea chains and MpoBNPs could be mediated
via hydrogen bonding. Indeed, recent computer smul

In PMMA-C60 nanocomposites with NPs up to 6 wt-% tions [23] have shown that hydrogen may form stable
maximal increase of jTof about 4 K was detected [22],chemical bonds with some low Miller-indexed edgés o

and was also explained in terms of slowed dowrrfextél
polymer/NP regions.

This picture of slowed down interfacial regions ns®S,
NPs may be complemented by the observation, tieaath
nealing temperatures for removing the hydrogen bard
increased with increasing NP concentration (Figlire9).
It suggests that the nanoparticles support the &tom of

MoS,. First principles calculations on a Mo$onolayer
[28] yielded that hydrogen atoms prefer to bon& tatoms
with a length of 1.41 A and a formation energy ¢f1leV.
Although the detailed local geometry of the polymer
nanotube interface cannot be resolved at the manient
seems clear, that the observed slowing down conoes f
such an interaction between the hydrogen atomssahd

intermolecular hydrogen bonding between the polymphur atoms of MoSnanotubes. Also our observation, that

chains (Scheme 2). Such an increase in crossiietwgeen
polyurea chains could explain the observed increaten-
sile strength and would also explain the obserestliced
chain mobility in the vicinity of NP induced crobeking

points and the resulting increase ig Bimilar observa-
tions have been made very recently by Dodatkal.[27].

The authors have studied the influence of,\M&noparti-

for annealed samples (hydrogen bonds are remowed) t
effect of nanotubes ongvanishes, is in accordance with
such a picture.

As we have shown here, in the absence of permatent
tachments of the polymer chains to the Md&s the sys-
tem yields a single, but larger averagg due to the in-
crease of the longest relaxation time. On the ohzerd,

cles on the thermo-mechanical and adhesive pe@epro polyurea opens a unique possibility to study ateodffect

ties of polyurethane. They also came to the coimtshat

of very strong NP/chain enthalpic interactions. RDodts

the WS nanoparticles may induce formation of interphase separated nanostructure into so called matdalt

molecular hydrogen bonding within the polyurethane.

domains (Figure 1), two glass transitions appedchvare

An interesting observation has been made recengly telated to cooperative motions of molecular segmémt
Taschinet al [6] with transient grating experiments othe soft domains @) and to regions near the hard

polyurea JD-2000 filled with=1 wt-% MoS nanotubes.

nanodomains (g), respectively. Due to the strong attrac-

An intermediate dynamics was clearly detected aimro tive nanoparticle — polymer chain interactions plodymer

temperature at the time scaletof 510° s. Since this sig-

nal was absent in the pure samples, the authouedripat
the effect is coming from the interfacial polymérams in
the vicinity of the nanotube surfaces. Taking iatrount

chain motions near the hard nanodomains are coasige
slowed down and as a resulpTurns out to be much larger
than Ty,

More detailed results on the corresponding twogtesn-

that the relaxation time, of the alpha-relaxation in puresition behaviour (Figure 3) in polyureas with vaisomo-

polyurea [21] is of the order af, = 10" s at room tempera-

ture, one could speculate that the observed intiate
dynamics becomes visible in the filled samples ttuan
increase of local relaxation times from™€in the bulk to

lecular weights of the polyetheramines will be prasd in
a forthcoming paper.
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DOl 10.2039/x0xx00000x Polymer-nanoparticle composites (PNCs) play aneiasing role in technology. Inorganic or
organic nanoparticles are usually incorporated iatgpolymer matrix to improve material
properties. Polyurea is a spontaneouslgurring PNC, exhibiting a phase segregated structure
with hard nanodomains embedded in a soft (elasticaimpliant) matrix. This system shows two
glass transitions atg] and Tg,. It has been argued that they are related torteziing of motion

of molecular segments in the soft matrix (usuaypwr a—glass transition atgl) and to regions
of restricted mobility near the hard nanodomainsgrocess) at §, respectively.

We present detailed dynamic mechanical analysis ADMeasurements for polyurea networks
with different segmental lengthg (2.5, 12.1, 24.5 nm) of the polymer chains, i.dfedéent
volume fractionsp, (0.39, 0.12, 0.07) of the hard domains. The twasgltransitions show up in
two distinct peaks in t@nat T, and T,.. Analysing the data using a Havriliak-Negami tefion
the a- and thea’- relaxation, as well as Vogel-Fulcher dependend@ the corresponding
relaxations times, it is found, that theglass transition atgl increases strongly (up toT=70 K)
with increasinggy, whereas thet -transition at T, remains unchanged. At°~ 0.19 the two
curves intersect, i.e.qJ= Tg,. This value of@° is very close to the percolation threshold of
randomly oriented overlapping ellipsoids of revauatwith an aspect ratio of about 1:4 - 1:5. We
therefore conclude, that around 19% of hard nanadglmsnpolyurea changes from a system of
hard nanoparticles embedded in a soft matpp< (@) to a system of soft domains confined in a
network of percolated hard domainspat @°.

www.rsc.org/

| Introduction 1,~100 s or shear viscosities in the range of abotitpidise.® The
main question, whether there is a true thermodyaghase below
The glass transition remains one of the great mgstén material Tg or if it is just a kinetic slowing down at T=0 Ks intimately
sciencedespite of decades of intense research. Accordintheé related to the question of a diverging correlafiemgth& at a finite
work of Adam and Gibb$ the generally observed drastic slowingemperature J below T Substantial progress has been made in
down of the dynamics around,Toriginates from so called recent years to determine such length scales. Quiiferent
“cooperatively rearranging regions (CRRs)”, whose &ifecreases experimental techniques, such as heat capacity trepeopy?
when T approachesgTThe corresponding relaxation timg(€) is  multidimensional NMR® dielectric spectroscopy as well as
given by? computer simulatiofs have been used to monitor a possible
growing length scale accompanying the glass triansin various
7,(8) = Toexp [S;(T)D kA_T] 1) glgss forming materials including molecular liquatsd polyr.ngrs..

It is now generally accepted, that the nature ddpevativity is
dynamic and the obtained dynamically correlatedioregé are
increasing when approaching. However, it is very difficult to nail
down quantitative values fdr exactly. To a great extent this is due
to the unknown shape of correlated regions, whah @change from
compact to string like structures with changingperaturé®®

WhereA is a typical energy scale that depends on thelgathihe
glass former and is traditionally assumed to bestom. (T)
contains the main T dependence @hds the spatial dimension of
correlated regions. The glass transition tempegaiiyr(so called
“laboratory glass transition temperature”) is ubBualefined for
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An appealing method to probe correlation lengthglass forming attributed to cooperative motions of molecular segts in the
materials is to restrict their spatial extghtThe basic idea is the soft matrix (Ty) and to regions in the vicinity of the hard
following: If a growing correlation lengtg(T) for T— Ty would be domains (T,), respectively.

involved in the glass transition, the system shatddt to “feel” the Fitting a Havriliak-Negami function with the VogEllcher
spatial confinement as soon &Ty) ~ d, and the glass transitionsrelaxation time behaviour to the temperature aredjiency
should be finally suppressed fa < &(T,). Indeed, numerous dependence of the experimental&arcurves, we determine the
measurements of confined glass forming materiaks, of thin glass transition temperatures;(fk) and Tg(q,) for various
polymer films!®** molecular liquids in nanoporés™*“as well as concentrationgp, of hard nanodomains.

computer simulatiotd®®  support this idea. In most casesrom the experimental data of the Young's modulss v
confinement leads to a remarkable downshift gfdlie to so called temperature and frequency &) we determine the
“confinement induced acceleration of the dynamicShere are temperature dependence of the linear &iaed volume Y, of
however also cases, where a gradual increase afldbs transition dynamically correlated regions using the multipoint
temperature with decreasing pore size was repoftédiurns out susceptibility approach of Berthiest al. © We show that these
that attractive interactions between the confinesgformer and the obtained values are consistent with the hypoth®&sthat the
pore surface can slow down the motion of moleculear the regions of restricted mobility near the hard domeaiave to
surface, which due to an increase in correlatiorgtie can slow exceed a critical size of the order of,XT,) to exhibit their
down larger regions, leading to an effective ugshf T, own glass transition atyd Moreover, the obtained values of
Interestingly it was found®!° that a second glass transition af(T) turn out to be large enough to explain the obskrve
Ty2>Tg can occur if the interfacial region of slowed domotion is increase of J; with increasing volume fraction of hard
large enough, i.e. of the order of the correlatiofume V,,(Ty) of nanodomains.

dynamically correlated regions. Effects of confimgmnon material

behaviour including freezing and melting have beéstussed in |l Experimental

excellent review article®:*

Exciting interfacial phenomena have been also studby A Samples

incorporation of nanoparticles into a polymer Hédbepending on

the type of interaction (attractive or repulsivelween the polymer For the present study, the three linear hydrophalienino-
chains and the nanoparticles, the relaxation dycsofi the polymer terminated polyetheramines Jeffamine D-400, € 460 dmol
chains close to the nanoparticles may increase fémulsive *, p= 972 kgm™), D-2000 M, = 2060 dghol?, p = 991 kdm™>)
interactions) or decrease (for attractive intema), leading to a and D-4000 If1, = 4000 dhol?, p = 994 kdgm™) from
down- or upshift of F, respectively?>?* In case of permanent Huntsman International LLC, and the triisocyanatesslinker
attachment of polymer chains to nanoparticles are @ven obtain Basonat HI-100 ry,= 504 dmol?, p = 1174 kgh™) from
two glass transitions % one at T, associated with polymer chainsBASF SE, were used as received. Polyurea (PU) misnare
far from the nanoparticles and a secong>T,, associated with formed by the rapid chemical reaction between iaoiryanate
chain segments in the vicinity of the nanoparticlegleed such and a diamine to build urea moieties, as shown it E.
polymer nanocomposites (PNCs) are in many respéctitas to Details of the synthesis of these PU elastomers veeé
confined pure polymers or liquid glass formers @amoporeg® described in the literatuf®. Table 1 compares the main
Polyurea is a unique material,since it offers the possibility to structural characteristics for the three used sasD-400, JD-
study the influence of nanoparticles to the glagsadhics 2000 and JD-4000.

without the need to add nanoparticldége to its microphase

segregated structure into hard and soft nanodomaihsse Table 1 Segmental molecular weightVf) of polyetheramines,
volume ratios can be easily varied by changingrttdéecular segmental length Jl volume fractions ¢) of the crosslinker (hard
weight of the polyetheramines. The type of intdoact domains) and average distance t between hard derfainall three
(attractive vs. repulsive) between the polymer mhaiear the polyurea elastomers.

hard nanodomains is clearly attractive, since tiigmer chains

are chemically attached to the hard nanodomaing tuthe Sample | M, le (O t

complex microstructure polyureas display a veryadroange of (g/mol) (nm) (nm)
mechanical responses under static and dynamic rgadi | JD-400 428 25 0.39 4.8
conditions, which favour their use as abrasionsion JD-2000 | 1990 12.1 0.12 54
protection and blast/ballistic-impact mitigation tevdal. JD-4000 | 4024 24.5 0.07 7.5

In the present work we use samples of polyurea orésvwith
three different segmental lengths(Table 1) of the polymer

backbone (i.e. polyetheramine in our case) resltn three The structure of polyurea chains is shown in Figop).
different volume fractionsp, of the hard nanodomains and,.r-U represents the hard segme(itS) of the polyurea
perform dynamic mechanical analysis measuremeM#\)0as molecule andR” the soft segmentS©, and thus we can

a function of temperature and frequency. Two swigesglass represent the molecules as shown in the bottomgoflE
transition temperatures atgland T, are found and are
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Due to strong hydrogen bonding between urea linkagfe untreated pores) of the bulk glass transitignWith decreasing
neighboring chains or neighboring segments in #reeschain, pore size and the second glass transition,adiSappeared

hard segments (HS) are usually microphase segrbgate so In polyurea one obtains the inverse geometricaé das small
called “hard domains”. enough volume fractiong, of hard domains, as the elastically
hard domains are suspended in the elastically dantp{soft)
matrix. However, with increasing, we can expect a crossover
to a system that is very similar to the case okgléorming
liquids in nanopores.

B Experimental methods

Dynamic mechanical analysis (DMA) is used to measine
temperature dependencies of the low frequencyielasiduli and
damping of polyurea at frequencies between 0.1180dHz. A static
force Ry is sinusoidally modulated by a dynamic forcg.$in(wt)
at a chosen amplitude and frequency. The elasti amelastic
response of the sample leads to a change in lengtid phase shift
O between force and response amplitude with resaisitior the
length and phase shift Au~10 nm andA0=0.1°, respectively. The
knowledge of the sample lengthand the phase shiffallows to
determine the real and imaginary parts of a cedamponent of the
complex elastic compliance tensqr S

HlS HS HS Si'=Sicosd and §'= S;sind (2

| | | | The corresponding storage (E”) and loss modulu3 @& defined as
| | | | E":=1/§" and E":=1/§", respectively and t&+E""/E".
A5 A5 S A5 DMA experiments are performed on a Perkin EImemiziad DMA.
HS HS HS The complex elastic compliance can be measured fiecuency
range between 0.1 Hz and 100 Hz, and for tempe&mthetween
Figure 1 Representation of a typical polyurea chain (top) lgo K and 850 K. The minimal (maximal) force thahdse applied is
) ‘ i " 10 N (10 N) with a resolution of IBN. It is transmitted via a
represents triisocyanate crosslinker Basonat and d&iotes the

T ] ) ) steel-rod. The present experiments are performetbrisile stress
diamino-terminated polyetheramine Jeffamine. Thetdk at the geometry (Fig.2). For more details concerning théADmethod see
bottom shows polyurea molecules built of hard asftisegments. e.g. Refl Typical sample size was 9 x 2 x 0.2 fnifihe samples
were cooled down to about 90 K and heated agaim aviteating rate
between 0.5 and 2 K/min. Up to 5 heating/coolingley were

Atomic force microcopy?® investigations revealed islands Oberformed for each measurement frequency and emopls.

hard domains embedded in the soft matrix whereatrerage

distance between hard domains is of the order wéraé nm

(Table 1) . .

For small volume fractions of hard nanodomains tthEology A F[t]

of phase segregated polyurea is “inverse” to thee caf

molecular liquids confined in meso- or nano-poraikca

frameworks like Vycor or Gelsil. In these systems recently

studied the glass transitions of various glass fogmiquids V

with varying pore diameterg®® E.g. for salol confined in o

nanoporous silica we detect&ttwo glass transitions for pore

sizes larger than 5 nm. We could associate thes dtasisition Figure 2 Sketch of DMA measurement in tensile stress gegmetr

at Ty,>T,; with regions of restricted mobility near the sadaf

the pores. The glass transition gt Was attributed to regions

well inside the pores. Its dynamics was howeveo alewed Il Experimental results

down by surface interactions. This could be provey

silanization of the pore surface: removing the acef Fig. 3 shows the storage modulus E"and @inJD-2000

interactions resulted in a stronger decrease (aspaced to as a function of temperature at various frequencies
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In Fig. 4 and Fig. 5 the same quantities are piiotbe JD-4000
and JD-400, respectively for f=1Hz.

JD-2000 Inspecting Figures 3-5 one recognizes quite sinbkenaviour
for JD-2000 and JD-4000 samples. A typical relaati
behaviour of E'@,T) together with the corresponding peak(s)

T
& . in ta® whose maximum shifts to higher temperatures with
u i increasing frequency. In JD-2000 and JD-4000 arsqmeak
o L (a”) is observed in tabi(Fig. 3 and 4. It can be seen in E”” data
z . A . .
only if the scale is increased. The underlying pescof this’-
ol relaxation will be discussed in detail below. Ndtet there is
180 190 200 20 220 230 only a single broad t&rpeak in JD-400 (Fig. 5).
T (K)
5
& JD-400 1°°
: 44 1Hz
1.0 — =
E—t; 3 10.2 ?5
‘;% 0.8 E - o
£ w
0.6 21
40.1
0.4 1
0.2+
0 T ‘ T ‘ " ’ . y 0.0
0.0 ‘ . ‘ . l — 200 220 240 260 280 300 320 340 360 380
190 200 210 220 230 240 250 260 270 T(K)
TK) 1.9
(x,(;(" JD-400
Figure 3 Temperature dependence of storage modulus E” add ta 1 Hz
of polyurea JD-2000 at various frequencies. 1.04
= §
c
3]
35 fro-g
_— JD-4000 o 0.5+
1H T
254 - o . .
w 2 & ES
% 2.0 \ .:': 1040 0.0 : T T T “r-—-
= 4zl : i 0 220 240 260 280 300 320 340
= B2 T(K)
1.0 2 402 .
l H ° Figure 5 Temperature dependence of storage modulus E’, loss
e " ! modulus E” and tanof polyurea JD-400 (red disks) measured at
0_0, 0.0 - . . . .
s i P e i e R e f=1Hz. The grey disks display t.he shifted (WIthpeGI to T) tad of
T(K) JD-2000 (at 0.5 Hz) for comparison to emphasizebtloadness of the
JD-400 peak.
154 o Q JD-4000
1 1 Hz In all samples we observed also two additional peatklower
f! temperatures, often denoted@&sandy- relaxations. They are
= 104 . related to motions of side groups and other localegular
g E motions and have been also observed in previous DMA
= o measurements of polyure¥. As we focus on ther- anda’-
0.5+ E &) process here we will show these details in a fomhiog paper.
IV Discussion

u u ' u T T T T T 1
100 120 140 160 180 200 220 240 260 280 300

T(K)
The segmental dynamics of polyurea was alreadyiquely

lstedied by dynamic mechanical analysis® as well as by
dielectric spectroscopy®* Contrary to these DMA*?*3 and
specific heaf* measurements our DMA data clearly show (in

Figure 4 Temperature dependence of storage modulus E’,
modulus E”” and tanof polyurea JD-4000 measured at f=1Hz.
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tand of JD-2000 and JD-4000) a second relaxation pro@e¥s Contrary to JD-2000 and JD-4000 the &acurve of JD-400
at a temperature higher than thegeak (Fig. 3 and Fig. 4). Asexhibits only a single peak (Fig. 8), and hence sdoet
we shall show below, for JD-400 (Fig. 5) the twoagfl obviously display two relaxation processes. Howgueris
transitions can only be separated by a carefiuhditprocedure. impossible to fit the data assuming a single relaraprocess
In dielectric spectroscopy measuremefitsa similar second in Eq.(3). On the other hand we cannot uniquehasse thex
relaxation process was found (denoted there alsoa’as and a’- contributions. Therefore we varied the relaxatio
process) and turned out to be about 3 orders ofninate contributionsAE; andAE, in Eq.(3), resulting in fits of similar
slower than thex — relaxation. Calorimetric data shoW that quality characterized by chi-square values rand@iiom 0.28 to
the a- transition in polyurea is very broad withAd = 30 - 35 0.39. However, while g is determined with high accuracy the
K. This indicates a rather heterogeneous dynanficssh a uncertainty of T, is + 10.6 K.
broad distribution of relaxation times can be acted for by Taking into account, that mechanically measuredxagion
fitting a double Havriliak-Negani® term for thea- and then’- times are usually shorter than dielectrically dmieed ones’”
relaxation to the data the fitting parameters in Table 2 are in reasonageeement
with those determined from dielectric spectroscaggta’
AEj 3) Moreover, the main fitting parameters for the pobas with

E'(w)=E,— Y2 ,——L— . . T
(@) ® Z"I[H(imj)“j]ﬁl different hard/soft segment ratios turn out to der similar.

where j=1,2 correspond to thex- and o’-relaxation,

respectively. E is the unrelaxed (high frequency limit) 15/ JD-4000 A O
Young’'s modulusAE,=E,.-E¢; andAE,=E¢-Es, (Es; and E, are ’ 3
the static moduli of the corresponding processe &kponents
0; and Bj describe the broadness and asymmetry of tl = 10.
corresponding spectra. =
The temperature dependencies of the two relaxétiogs T; £
can be written in terms of Vogel-Fulcher relatiass® 0.5
Bj
T = Tojexp <T—Toj> @
0.0 e ——
100 120 140 160 180 200 220 240 260 280 300
where 1y describe attempt rateB; the activation energies and T (K)

Ty the corresponding Vogel-Fulcher temperatures eftithand

o’-process, respectively. Figure 7 Measured temperature dependence df &rpolyurea JD-

4000 (grey disks). The red full line shows a fittwEqgs. (3) and (4).
Orange and blue lines are generated by considerihgr thea- or the

1.4
JD-2000 l o « 0.1Hz a’-relaxation. The inset sketches the spatial regioha and o’
/ relaxations.
1.4
JD-400
1.2
] 1Hz
1.0
@ 4
4 E 0.8': (x'
180 200 220 240 260 0.6 o
T (K) T
0.4
Figure 6 Measured temperature dependence a¥ trpolyurea JD- 0_2;
2000 (disks). The full lines show a simultaneoustdi all measured 1
frequencies with Egs. (3) and (4). Dotted lines gemerated by 0'0200 250 240 960 280 300 320 340
considering either the- or thea”-relaxation. T (K)

Fig. 6, 7 and 8 show fits of t&rio the corresponding data off 19Ure 8 Measured temperature dependence of frpolyurea JD-

JD-2000, JD-4000 and JD-400 using Eq.(3) and EqThp 400 (grey disks). The red line shlows a fit with H§3 a-m.d (4). Here we
resulting fitting parameters are displayed in Table do not show separate curves, since we cannot Ugpidisentangle the
o anda’- contributions.
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Table 2 a anda’ relaxation parameters for the three polyureas JD- — —
4000, JD-2000 and JD-400 obtained from fits with 9 and Eq.(4). 0.10 :i::
—218K
JD-4000 JD-2000 JD-400 0.08- 206K K
To1(K) 156.6 153.8 2215
al 0.78 0.7 0.66 I 0.06-
B1 0.48 0.39 0.001 i
T1(S) 10%° 10%° 10'° = 0.04
B, (K) 1755 1755 1755.2
AE,/E,, 0.99 0.97 0.7 0.02
Too(K) 206.3 92 171.8
a2 0.16 0.57 0.61 0'00-2.0 15 10 05 00 05 10 15 20 25 30
B2 0.36 0.098 0.17 loglm(s™)]
Tox(S) 10°% 10 107 Figure 9 Temperature derivatives of normalized Young’s miodig
B, (K) 565.7 4010 1388 . . )
function of frequency for various temperatures. nBoiare from
AE,/E, 0.0099 0.026 0.299

experimental data of JD-2000 (Fig. 3) and linescaleulated from the
corresponding fits to E4,T).

In the follpwllrg we VIVIH calcul_ate thehtemperatLdehpendclance It is nontrivial to relate the value of} 4 to certain values of
of dy_n.amlca_l y corlre ated regions when .appror;]\c g glgss_ spatially correlated regions. This is due to the,fthat there is
transmo.n . in polyurea JD-2000 usmg the  mu t'pc"nlilo need for the associated correlation volumg,Mo be
susceptibility approach of Ref. 7. In their worketlauthors

| iahtf d boghlcul compact and therefore to scale ag = Ngorr /P [£3 as is the
proposed a very genera but straight orwar met eaicy e case for isotropic correlations. Although some thesp like e.g.
a number of dynamically correlated units - whicleythcall

in al ¢ . ols. Relati the random first-order transition theory (RFOT) glasses
Neorr{T) - in glass forming materials. Relating un-meabie predicts that these correlated regions are commachputer
four-point correlations to an easily accessible poese

" h derivative of i ~~ simulations suggest that CRRs are string-Ifke’®
functlon_, e.g.t e_temperature_‘ erivative of a aiyitatwo-point To get a reliable estimation of the spatial cotiets in
correlation function they obtaifi

polyurea we proceed as follows. Exploiting the apgh
. described above, we calculatg,NAT) (with 3 ACz=0.5 JK'g’
Neorra(T) = ﬁTz{maxw xr(w,T)}? (®) 1 and further the correlation volume(T) (Fig. 10). At the
laboratory glass transition,=198.6 K, defined as;(T4;)=100
where ACp [Jg'K™] is the specific heat anomaly at the glass, we obtain V,(Tg)~10.2 nni. Assuming a compact
transition temperature, Nthe Avogadro constantM. the correlation volume and isotropic correlations thiguld imply
segmental molecular weight of the polyetheramingsft( &=V, leading t0€(Tg)~2 nm. If however, we assume the
segments) ang(t(w,T)=(1/E.)dE" (w,T)/dT is the temperature dynamic correlations in polyurea to be string-likee can
derivative of a suitable correlation function (héhe real part estimate their approximate length scale following different
of the complex Young’s modulus E” normalized wébpect to approaches, which turn out to yield almost idemtiesults
E.). In these units we obtain\ 4 in terms of the number of (Fig. 10). For the first one, we assume that cyloally shaped
correlated soft segments. To calculate an apprigpiliength strings have an approximate thickness of a polyaneéecule
scale we then have to multiply 4 by the corresponding #°, i.e.2r= 0.56 nm — with€ = V./(r*m) — this leads to thelue
segmental length (Table 1). disks in Fig. 10. For the second approach we cateul
Fig. 9 shows the temperature derivatives of the ngosi &(T) (green disks in Fig. 10) from the number of coneda
modulus of JD-2000 as a function of frequency farious segments N, 4 using Eq.(5) with the corresponding segmental
temperatures near thea-glass transition. From thelength (1=12.1 nm for JD-2000) of Table 1.
corresponding maxima, we have calculateg,MT), which is
increasing with decreasing temperature. Values gf, Nfor
many glass forming materials are reported in tteediure "8
and it was shown that this quantity indeed increasten
approaching §, implying that dynamical correlations increase
when approaching the glass transition.
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The size of the hard nanodomains is of the order®f 4 nm. This
nanodomain size was calculated taking into accdhat volume
fraction of both hard and soft domains, the avediggnce between
two hard nanodomains (Table 1) which was obtainexinfthe
maximum intensity peak in the SAXS regiah £ 2r|iq),27 and the
packing of spheres as an ideal model — primitivieic (PC), body-
centered cubic (BCC) and face-centered cubic (FTKR.estimated
radius of this hard domains is proportional to fireduct of the
lattice parameter times the square root of themeldraction of the
crosslinker { « a @p*?; PC:r = a[3@p/(4m]*? , BCC:r =
a[3¢@p/(8M]Y? , and FCCr = a3 ¢p/(16m)]Y2. From the calculated
B e ——— areas of the tanpeaks with respect to ttee and thea -transition,
199 200 201 202 203 204 205 206 207 208 209 210 we have estimated the thickness of the surroundaygr of
T (K) restricted mobility to be of the order »0.2 nm for JD-2000 when
considering a packing of such model spheres witha@l-to-hard
%%main distance of d = 5.4 nm and volume fractib.04 and 0.84

sof.  &(Tg,) JD-2000 150

(nm®)

corr

v

Figure 10 Temperature dependencies of dynamically correlat

regions approaching the-glass transition in polyurea JD-2000. Th . .
few full circles between 204 and 208 K are detegdirfrom the o' the polymer segment directly attached to thedrsanodomain

experimental values of EXT) using Eq.(5) together with interface and the.bulk polymer, respectively. . .
Veor=Neordp (red  disks), E=Veod (") (blue) and&=lNeors (green The corresponding volume of this surrounding sheficlv then

disks). The black open circles of.; are determined by extrapolatingiS Of the order of30 nnt, is larger than the correlation volume
the experimental data of dE'/dT by the fitted ot@00 K. The full Veor{Tg) ~10 nm? (Fig. 10). It implies that the region of
lines are fits with Eq.(7) using the fitting paraers B and T, of restricted mobility is large enough to exhibit ibsvn glass
Table 2. Dotted lines were obtained by varyingékponent in Eq.(7) transition at ,. Similar estimations hold also for JD-4000 and
from 4 to 5.3. for JD-400.

Using the fitting parameters (Table 2) one obtdiRg. 11),
that in the vicinity of thea’-peak the dynamics of these
motions is indeed several orders of magnitude sloas
compared to the dynamics of the polymer chain nmstim the
soft matrix @i—process).

Fig. 10 shows the temperature dependencies.gfandé. The
points represent the experimentally determined eslusing
Eq.(5) and the procedures described above. The Hne fits
using the relatioR®

_ Neorra(T) kB m2 dlnT)Z
Veory () = 224 o B2 (222 ®) »
10°] JD-2000
which by using the Vogel-Fulcher temperature depecd " - 1
Eq.(4) fort(T) Eq.(6) can be written as 10 o 110
10"
Ncorr,a(T) kg .p B2 @ 101 108
Veorr(T) = —E o ——— Py 7) = e
leading to &(T4)=43 nm. Ly 0.4
10%4
After these data evaluations we arrive at the failhg picture 10° ) 1%
for the two-glass transition behaviour of polyur€ar thea- 10— ‘ : . — 0.0

T T T T T T
180 190 200 210 220 230 240 250

process dynamical correlations between moleculeg ¢ -
(K)

increasing with decreasing temperature (Fig. l@yileg to a
collective slowing down of (most probably stringd) Figure 11 Temperature dependencies of relaxation timesdt, for
molecular motions in the soft matrix. JD-2000 calculated from Eg.(4) with the parametdr§able 2. Tad
We argue that the’-process is related to a freezing of thevas measured at 0.5 Hz.
motion of soft segments of restricted mobility e tvicinity of
the hard domains for the following reasons: Copgttarthea- Computer simulation¥?**'show, that the relaxations of chain
transition, thea’-transition affects the real part of the complesegments in the vicinity of nanoparticles are nsagely slowed
Young’s modulus only very little (from Table 2 wdbtain down, if there is an attractive interaction betweanoparticles
AE,~0.027AE,), which is in agreement with the assumptiorgnd polymer chains. This is certainly the case hsirece the
that the a’-transition takes place in a very small sheloft segments (SS) are chemically attached to d@he ¢omains.
surrounding the hard domains (Fig. 7). Under such conditions of permanent attachment PN&se
shown to exhibit two glass transition temperatur&sone
associated with polymer chains in the soft matax from the
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nanoparticles (hard domains in our case), and thermne at surface induced slowing down. Since the averagemntie between

higher temperature is associated with chains invtbimity of
the nanoparticles (hard domains).

Table 3 gives the glass transition temperaturestter three
polyureas obtained from the fitting parameters albl€ 2.

the hard nanodomains is smaller ti§§fy;)~43 nm, the dynamics of
the soft domains is considerably slowed down, naii@ing the
observed increase of the glass transition temperatu

A very similar behaviour was recently found for naomposites of

polyurea JD-2000 filled with 1 wt% of Mg®ianotubes and M8,lg

Table 3 Glass transition temperatures calculated fromnfitti
parameters of Table 2 usinfly)=100 s.

nanowires® Although the inorganic nanoparticles are muclydar
(100 nm diameter, 10n length) and their concentration is 1-2

orders of magnitude smaller as compared to the temddomains, a

Sample Ta Tg,

(K) (K)
JD-400 266.3 + 0.2 217.2 £10)6
JD-2000 198.6 £ 0.4 208.2 £ 2.1
JD-4000 201.4+0.2 222+ 1.4

clear increase of [ was observeéh the presence of nanoparticles,
whereas J, remained constant (Fig. 13). Also in this case the
increase of J; results from a slowing down of molecular motions
near the nanoparticle surface, which due to aneasm of the
correlation lengtlg extends deeply into the matrix.

Fig. 12 shows the dependencies of the glass tramsi

temperatures on the volume fractiapsof the crosslinker (hard o
domains) and a fit with the relatidh 104 g/
bx 0.8 T[]
Ty =T + k— (8) [ &)
gL g9t T gy Q |1\ % Jp-2000Mo08,
T 08 | |1} up-2000Mo,8,
{JD-2000 § J P % eV
300 = = TSN = NV 0.4 “' ‘.‘f L
] ‘-\ ’ 4 ‘-\’ | ®
oll) 2 B ) AP V23
] IS IS SN 0.2+ P
L AL NN B
260 4 ,
= | , 0.0 : . ; ; i .
ém : 180 200 220 240 260 280 300
—> 240 5 TK)
220- = I ng . .
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Figure 12 Glass transition temperatures of three polyureaarés JD- V Summary and conclusions

4000, JD-2000 and JD-400 vs. volume fractignsf the hard nanodomains.
The orange line is a fit with Eq. (8), yieldim§1=(187.9 +6.6) K and
k=(119.6% 17.2 K. The polyurea elastom& ET-403 with a volume fraction
of @ =0.47 (orange open circle) follows the trend rathell.

We have studied the glass transitions in microplsageegated
polyurea networks by measuring the dynamic elastic
susceptibility in a broad temperature range anffemjuencies
between 0.1 — 100 Hz. By varying the chain lengtf the soft
Inspecting Fig. 12 we observe, that around theicatitvolume part of the polyurea molecules between 24.5 nm Zasdnm,
fraction of @ ~ 0.19 the two glass transitions reverse ordef}e volume fractionsp, of hard nanodomains increased from
implying Tg = T for @S This value of 0.19 corresponds to thd % to 39%, implying that the average distandeetween the
percolation threshold of randomly oriented overiagpellipsoidé* hard nanodomains decreases with decreasing chrajthlé.

of revolution with an aspect ratio of about 1:4:5.1t implies, that Two distinct peaks in tanwere clearly resolved at,Tand
for @ less than 19% the system consists of hard nanddemal« > Ta for samples with 7 and 12 vol% of hard nanodomains
embedded in a soft matrix. ¢ the hard nanodomains percolateThey were attributed to glass transitions in thi swtrix (-

For g>@° the system consists of soft islands surroundedabyPeak) and at the interface between the hard nanaidsnand
percolated network of hard nanodomains. the matrix ¢’-peak), respectively. We have fitted the two
Finally we will discuss the physical origin of tsong increase of tam peaks with two Havriliak-Negami terms and Vogel-
Ty With increasingg. Because the sizé of CRRs increases for Fulcher dependencies of the corresponding relaxatioest,

T Ty (Fig. 10), the molecules of polymer chains at diss < & andty-. Using these fitting parameters we have determthed

away from the surface of the hard nanodomains ifdel” the glass transition temperatureg, () and Tp(@y), corresponding
to thea and thea’-process, respectively. It turns out, thgt T

8| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012



increases strongly with increasing volume fractadrthe hard shown in Fig. 11 of Ref. 39 — in an analytic forrguld help to
nanodomains, whereag,Femains almost constant. reduce the number of fitting parameters considgrabt would
The strong increase ofyTwith increasingg, results from the give more physical meanings to the parameterspampared to
fact, that due to the observed strong increase dyreamical the rather phenomenological Havriliak-Negami figtin
correlation lengtlf with T- Ty, the interfacially slowed down procedure.

regions near the hard nanodomains extend deepthetsoft In addition to the obtained fundamental insightse present
matrix, and the longest relaxation timgincreases, resulting inwork yields results that may be also interestingnir the
an increase of the average,TThe effect increases withapplications point of view: The properties of palga can be
increasing density of the nanodomains. Moleculanadyics easily tuned by varying the segmental moleculargiveiof
simulations®233%4¢ corroborate such a picture. On the othgmolyetheramines, i.e. the volume fractiop, of hard
hand the molecules near the hard nanodomains aeadst nanodomains. The glass transition temperature aseefrom —
strongly (chemically) attached, so that their dyi@mis 75°C for@= 0.07 to — 7°C forp= 0.39, i.e. with decreasing
substantially slowed down and thug,Ts not expected to be molecular weight and is accompanied by a strongfostement
much influenced by an increase @f in agreement with the effect of 100%. In principle these properties cobll further
observations. improved if the density of nanodomains could bk isitreased.
At the critical value of@° = 0.19 the two glass transitionlt has been shown that packing fractions of moent@.7 can
temperature curves intersect, implying that at tdeiscentration be reached for ellipsoid®¥ and superellipsoids®® Inserting
of hard nanodomains one cannot longer separatdyth@mics this value into Eq. (8) one obtains a theoretidakg transition
of molecular motions close to the nanodomain iaEeffrom temperature of 194°C. Although such high values malybe
that of the soft matrix. At this critical concerttom, the hard reached in practice, the polyurea elastomer ET-Z08ith a
nanodomains start percolating and microphase segrég volume fraction ofp=0.47 yields a glass transition temperature
polyurea changes from a system of hard nanodomaofs+10°C, which is well predicted by Eq.(8) withetHitting
embedded in a soft matrix to the opposite casesoffigpolymer parameters of the present work (Fig. 12).

confined in a network of interconnected hard domairhis is

also accompanied by a strong reinforcement effieet, the

Young’s modulus at 100 K changes from 4 GPa ¢e0.07) Acknowledgements

to 8 GPa (forp,=0.39). The critical concentration of about 0.19

corresponds to the percolation threshdfd of overlapping The present work was performed in the frame of G@ST
ellipsoids with an aspect ratio between 1:4 and Obcourse Action MP0902 (COINAPO - Composites of Inorganic
such a simple geometrical model has at this stageettaken Nanotubes and Polymers). Financial support fromAtstrian
with caution. E.g. if instead of rotational ellipd® one would Science Fund (FWF) P23982-N20 is gratefully ackmalgkd.
take overlapping spherocylinders, the observed gbetion

threshold*” would imply D/L=1:2-1:3 (D=diameter, L=length

of the spherocylinder). Although such shapes ofodamains

are in reasonable agreement with some previous APNhculty of Physics, University of Vienna, Boltzmagasse 5, 1090
measurement®, more detailed investigations are needed to tagénna, Austria

these predictions which are based on a rather imbehl "Department of Health Sciences and Technology, ETiHCH, Institute
geometrical model. of Food, Nutrition and Health, Food and Soft MaikriScience Group,
Summarizing, our findings lead to interesting imsgyinto the Schmelzbergstrasse 9, LFO, E29, 8092 Zurich, Sistze

two-glass transition behaviour of microphase seajesl
polyurea which are valid for other NPCs, too. Hoer\as they
are based on a rather macroscopic approach and
phenomenological analysis they should be compleadeibty
microscopic measurements as well as computer siioota
Detailed AFM measurements are required to revea th
morphologies of nanodomains in polyureas with défe
hard/soft segment ratios of the chains and to deter the
corresponding average distances between the haotlomains
as well as their exact shape. Molecular dynamitaikitions of
the type of Ref. 39 could help to considerably ioyer the
quality of fitting of dynamic susceptibility datat present we
know, that in the vicinity of nanoparticles
T(r, T)=to(r)exp{&(r,)A(r)/T} with T(r - ) > T (pure polymer)
and we do not have a clue on the specific r-deparide of 7y,

B and T, in the corresponding Vogel-Fulcher equati@iven
the spatial dependence of the relaxation time e tike one

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 9
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