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The elastic properties of new polyurea elastomers have been studied by varying the segmental
molecular weight and the chemical nature of the polymer end groups showing up to two
plateaus.
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The elastic properties of new polyurea elastomers have been studied by varying the segmental molecular
weight and the chemical nature of the polymer end groups. Three different types of elastomers were
synthesized leading to three different types of response. The elastomers with high degree of
polymerisation and primary amines as terminal groups show two plateaus: at high temperature, the

common permanent plateau related to the rubber behaviour of elastomeric systems and, at low

temperature, a transient plateau associated with the hydrogen bonding of the urea motives occurring in the
interfacial zone between the soft polyetheramine and the hard crosslinker domains. The elastomers with

low degree of polymerization and primary amines as terminal groups show that the transient plateau is
masked by the glassy plateau because the hydrogen bonds occur in the same temperature range than the
glass transition effects, except for very slow heating rates for which the transient network can be resolved.

Lastly, the elastomers with no hydrogen bonding just show the common step in the elastic behaviour from

the rubbery to the glassy state.

Introduction

Polyurethane, polyurethane/polyurea, and polyurea materials can
be found in several day-to-day applications in the medical field,'*
i.e., cardiovascular applications, reconstructive surgery,
gynaecology and obstetrics, organ regeneration in tissue
engineering, and medical supplies, which can be formed by
machine moulding, liquid moulding and fibre spinning for tubing,
coatings, foams, fibres, sheets and films production.5

Polyurea chemistry is based on a chemical reaction between
the electrophilic isocyanate group and the nucleophilic amine
group to form urea motives which establish hydrogen bonds.
Polyurea elastomers are very attractive materials due to their
enhanced mechanical properties and their chemical resistance
when compared to polyurethanes. Unlike the latter, the fast
reaction between isocyanates and amines does not require a
catalyst.>” Moreover, the chemical structure and molecular
weight of both the phase-separated soft (amino compound) and
hard (isocyanate compound) domains, as well as the
stoichiometric ratio, control the final mechanical and chemical
properties of the engineered polyurea material. When chemically
crosslinked polyurea elastomers combine the mechanical
properties of chemical (covalent bonds) and physical (hydrogen
bonds) networks in one single material.*'!

The reaction between a diamino- or triamino-terminated
polymer melt and a polyisocyanate leads to polyurea elastomers
characterized by both soft domains coming from the low glass
transition temperature segment of the amino-functionalised
polymer, and hard domains from the polyisocyanate core and
urea motives appearing during the reaction.'” These urea groups
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have the ability of establishing hydrogen bonds in a mono- or
bidentated fashion'*'> which act both as fillers and physical
crosslinking sites. The corresponding reinforcement of the
polymer network due to these hydrogen bonds grants polyurea
systems the ability to act as high performance polymers with
better mechanical and chemical resistance, flexibility, toughness,
excellent electrical insulating, and good adhesion properties than
standard polyurethanes.'>?'

Numerous experiments were performed to study the behaviour
of the complex shear modulus at different temperatures and
frequencies. For example, Dynamic Mechanical Analysis (DMA)
experiments were carried out on a huge variety of polyurethane?”
2 and polyurea®?? elastomers, which are characterized by a
glassy plateau stemming from the soft domains followed, when
the temperature is increased, by a short rubbery plateau and, at
high temperatures, by a zero value of the storage modulus
resulting from the melting of the hard semicrystalline domains.
As we have shown previously, this melting/flowing at high
temperatures could be avoided by imposing chemical crosslinks
leading to a second rubbery plateau, which can be observed when
introducing urea motives instead of urethane groups.®'!

In this paper, the elastic properties of this new kind of polyurea
elastomer, obtained via sol-gel chemistry,® are investigated by
systematically changing the degree of polymerisation and
architecture of the polymer backbone between -crosslinking
points, as well as the capability of hydrogen bonding between the
urea motives for primary and secondary amines. The
measurements of the complex shear modulus G* = G* + iG” were
performed as a function of frequency and temperature with a
piezoelectric rheometer. In addition, complementary experiments,
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namely Differential Scanning Calorimetry (DSC) for the
detection of the phase transitions, Fourier-Transform Infrared
(FTIR) spectroscopy for the identification of the hydrogen
bonding between the urea motives and stress-strain experiments
for the evaluation of the Young’s modulus, were also used to
characterize these new elastomers.

Experimental Part
Materials

The three linear diamino-terminated polyetheramines Jeffamine™
D-400 (M, = 460 Da, DP = 6), D-2000 (M, = 2060 Da, DP = 34)
and D-4000 (M, = 4000 Da, DP = 68), the three star-like
triamino-terminated polyetheramines Jeffamine® T-403 (M, =
486 Da, DP = 6), T-3000 (M, = 3180 Da, DP = 50) and T-5000
(M, = 5712 Da, DP = 85), the two secondary amino-terminated
polyetheramines Jeffamine® SD-2001 (M, = 2050 Da, DP =~ 33)
and ST-404 (M, = 565 Da, DP ~ 6) were supplied by Huntsman
International LLC. The triisocyanate crosslinker Basonat™ HI-100
(M, = 505 Da) was provided by BASF SE. All chemicals were
used as received. Acetone (Aldrich) was used without further
purification for the crosslinking of the polyetheramines. The
chemical structures for all polyetheramines and the crosslinker
are shown in the Supporting Information (Fig. ESI-1).

Preparation of the polyurea elastomers

The typical procedure to obtain networks with 15% (w/v) of solid
content is described in the literature,*!" giving as an example the
synthesis of the elastomer ED-2000. In two separate 30 mL
flasks, the polyetheramine (3.850 g in 8.78 g of acetone) and the
crosslinker (0.651 g in 11.41 g of acetone) were dissolved. After
2 h with occasional shaking of the solutions, the contents of the
two flasks were mixed and ready to put in a glass capsule. The
cast sample was ambient dried after 24 h of reaction at room
temperature to make sure that a good crosslinking process took
place.

Techniques

Differential Scanning Calorimetry (DSC) experiments were
carried out on a Netzsch DSC 200 F3 Maia apparatus with
heating and cooling-rates of 5, 10 and 20 K-min™ under nitrogen
atmosphere, using 20 pL aluminium pans with holes. The first
heating run was use to remove all effects due to thermal history
of the elastomer and only second, third and fourth heating and
cooling runs were used at different rates on the same piece of
elastomer.

Fourier-Transform infrared (FTIR) spectra of elastomers were
obtained by using a Bruker Tensor 27 FTIR spectrometer
equipped with a diamond MKII Golden Gate single attenuated
total reflection (ATR) system. Elastomers were scanned over the
range of 4000 to 600 cm™ with a resolution of 2 c¢cm” and
averaged over 64 scans.

Stress-strain experiments were performed with a self-
constructed apparatus. In a cell controlled by a Haake-F6
thermostat and equipped with a Pt100 thermoresistor, the
elastomer was stretched by one Owis SM400 microstep motor
and controlled by an Owis SMKO1 microstep controller. The
stress was measured by a HBM PW4FC3 transducer load cell
(300 g) and analysed by an HBMKW3073 high-performance
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strain gage indicator. All relevant data such as temperature,
uniaxial strain ratio (4 = L/L,, where L and L, are the lengths of
the film in the stretched and unstretched states) and uniaxial
stress (o) were continuously logged. A personal computer
controlled the deformation stepwise as specified by a script file.
After each deformation step, the uniaxial stress was determined at
equilibrium (determined by the slope and the standard deviation
of the continuously logged data).

The measurements of the complex shear modulus G* were
performed with the piezoelectric rheometer which has been
developed over more a decade for studying the rheological
properties of several types of materials of soft matter: liquid-
crystalline elastomers,™** liquid crystal and conventional
polymers,”**® uniaxial magnetic gels,*” suspension of magnetic
particles,”® and polyelectrolyte films.*. This device is a plate-
plate rheometer operating with piezoelectric ceramics vibrating in
the shear mode. The principle of measurements is shown in Fig.
1. A very small strain ¢ is applied on to the sample through the
glass slide attached to the emitting ceramic, and the stress o
received on the opposite glass slide is measured by the receiving
ceramic attached to this glass slide. The complex shear modulus
G* is given by the stress-strain relationship G* = ofe.

opﬁcal_szsivaﬁon amplifier

shear displacement &

sinusoidal excitation

(Vi)

emitting shear ceramics
—

sample-cover silica slide
i —_— applied strain: & =é =V,
sample L in

%
(thickness L)
sample-bearing silica slide

— Lo
measured stress : \ out

receiving shear ceramics

[ electric charge
l amplifier

received signal
Vot @

Fig. 1 Block diagram of the piezoelectric rheometer.

The measuring cell is placed in an oven with a temperature
controlled to within a tenth of a degree Celsius. The device can
acquire data in a very wide frequency range from /= 2-102to 10*
Hz, by imposing very low strains, from & = 10° to 107 to
samples whose thickness, L, can vary from about ten micrometers
(liquid) to a few centimetres (soft solid). The amount of sample
required to perform measurements is very small and constitutes
another advantage of this device. The temperature range studied
can vary from 7'=-60 to +150 °C.

In the present study, the various samples were first heated up
to 100 °C outside the piezoelectric rheometer cell, and then
placed in the piezoelectric theometer cell at room temperature.
The cell was heated to high temperature (~ +100 °C), and the
measurements were taken in a wide temperature range, first by
decreasing the temperature down to a low temperature (~ -50 °C),
and then by increasing the temperature up to the initial
temperature. The cooling and heating rates between two
temperatures where the data were taken were 1 h (3 K-h™"), and
the time required for taking a frequency spectrum at each
temperature of measurement was 1 h. Slower (d7/dz = 1.5 K-h™)
and faster (d7/dz = 18 K-h™") cooling/heating rates were also used
for one elastomer (ED-400). G* was determined for frequencies
ranging from £ = 0.2 up to 10* Hz. The applied strain was very
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small & ~10*, and the validity of the linear response checked
experimentally. A PC monitoring the measuring system allowed
the measurements to be carried out automatically. The samples
were films with thickness around 300 um and a surface area 4
around 1 cm? To be certain that the mechanical response was not
affected by the thickness of the film, samples with higher
thickness (750 pm for EST-404 and 1000 pm for ED-400) were
also studied.

Results and discussion

Mechanical and thermodynamic behaviour of the elastomers
containing diamino-terminated polyetheramines as a function
of temperature

A series of four polyurea elastomers containing diamino-
terminated polyetheramine (linear polymer) was synthesized by
varying the molecular weight of the polymers belonging to the
soft domain and the degree of substitution of the amine group.
This series includes three samples with primary amino groups
ED-400, ED-2000 and ED-4000, which lead to disubstituted urea
motives, and one sample with secondary amino groups ESD-
2001, which led to trisubstituted urea motives. This choice was
done in order to monitor the effect induced by the degree of
polymerisation of the polyetheramine as well as the ability to
form hydrogen bonds as function of the degree of substitution in
the urea motive.

Fig. 2 shows the temperature dependence of G’, at the
frequency of 1 Hz, for the elastomer ED-2000. At high
temperatures, the behaviour of G’ is that of a conventional
elastomer (G ~ kgT, where kg is the Boltzmann constant). As we
will see later in the section dealing with the behaviour of the
elastomers as a function of frequency, G’ is frequency
independent and G” « f; for the frequencies below ~ 300 Hz. This
frequency behavior is the one expected for the mechanical
response of an elastomer in the hydrodynamic regime. The
material is therefore chemically cross-linked at high temperature,
which supports our previous statement indicating that the
temperature dependence of G’ in the high temperature range is
that of a conventional elastomer. By decreasing the temperature,
a strong increase in G’ of about two orders of magnitude is
observed between T ~ +45 and 0 °C. Given that the FTIR
measurements have revealed the presence of hydrogen bonds in
this temperature range,® and no sign of crystallinity was observed
from X-ray experiments in the wide-angle region proving the
amorphous nature of the samples,® the mechanical reinforcement
of the elastomer can be attributed to a transient network formed
by these hydrogen bonds. By increasing the temperature, the data
of Fig. 2 show that the mechanical reinforcement disappears at T’
~ +70 °C. This temperature can therefore be considered as the
melting temperature of the transient network formed by the
hydrogen bonds. This melting temperature is clearly much higher
than the temperature of formation. The large difference between
the two temperatures comes from the fact that the hydrogen
bonds formation is more difficult to achieve than their breaking.
Indeed, upon cooling, the molecules must find each other in order
to form the clusters that are at the origin of the network. This
effect does not exist in the heating process, leading thus to the
large hysteresis observed between the heating and cooling
processes.

In order to definitely ascertain that the transient network is
caused by the presence of hydrogen bonds, the elastomer ESD-
6 2001, which exhibits no hydrogen bonds, was studied. The
temperature dependence of G’ is also plotted in Fig. 2 to allow
for a direct comparison with the behaviour observed for the
elastomer ED-2000. The results show that the strong increase in
G’ observed by cooling the temperature between 7 ~ +45 and 0
6s °C has disappeared and is replaced by the classical kT
behaviour. This result confirms that the transient network of the
clastomer ED-2000 comes from the formation of hydrogen
bonds. The data also show that the value associated with the kg7
contribution is higher than that of the elastomer ED-2000, which
70 could be due to the difference in the architecture or in the
crosslinking density during sample preparation between the two
elastomers. Finally, the strong increase in G’ that occurs below T’
~ -20° C reflects the influence of the glass transition that is
located around 7, ~ -65 °C. This influence of the glass transition
75 could also be observed on the G’ behaviour of the elastomer ED-
2000.°
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Fig. 2 Comparison between the temperature dependence at f'= 1
Hz of G’ for the elastomer ED-2000 (primary amino-terminated

os polyetheramine which reacts forming disubstituted urea groups
with bidentated hydrogen bonds) and the elastomer ESD-2001
(secondary amino-terminated polyetheramine which reacts
forming trisubstituted urea groups without bidentated hydrogen
bonds) both at d7/ds = 3 K-h''. The data for the elastomer ED-

100 2000 show the presence of a transient network associated with the
formation and breaking of hydrogen bonds. The solid lines
represent the classical kg7 behaviour.

Furthermore, elastomers containing both a lower (ED-400)

10s and a higher (ED-4000) molecular weight diamino-terminated
polyetheramine polymer (as compared to ED-2000) were also
studied. Fig. 3a shows that the behaviour observed for the
elastomer ED-4000 is similar to that for the elastomer ED-2000,
demonstrating that the response of the elastomer results from the

1o contribution of two components: the classical one (chemical)
occurring at high temperature, and a transient one (physical)
associated with the formation and the breaking of hydrogen
bonds occurring at low temperature. The results obtained for the
elastomer ED-400 are shown on Fig. 3b at slow (d7/dz = 1.5 K-h

ns ) and fast (d7/d¢ = 18 K-h™") cooling/heating rates. It can be seen
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that the cooling curve is independent of the small or high value of
the cooling rate and does not reveal the presence of the transient
network. In contrast, the heating curves depend on the heating
rate, and the plateau associated with the transient network is

s revealed only by the slow heating rate. These observations
indicate that short polymers have reduced mobility when
crosslinked, which firstly increases the T, value, and secondly
reduces the time for the reformation of any interaction between
the urea motives.

10 1 09 T T T T T T T
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10°+ o cooling §
15 104 E
—_
é: %Wamg 20%%
o 10°4 "oy % 1
)
) )
o L]
20 10°+ 2332006 E
1 ()4 T T T T T T T
-60 -40 -20 0 20 40 60 80 100
T (°C)
» 1 09 E T T T T T T T T T T T
b) f=1Hz ED-400
o 20 1.5 18Kh'
1073 % %o @ o heating
] %& o o o cooling
1 s,
30 1074 o 290000000 o 4
—~ E Q" %
[ ] o °
e/ 4 aOQ)Q Oo
- 6 © .
CHES i
3 10° 5
1 04 T T T T T T T T T T T T T T T
-60 -40 -20 0 20 40 60 80 100

T (°C)

Fig. 3 Temperature dependence at f = 1 Hz of G’ for a) the
elastomer ED-4000 (long primary  amino-terminated
polyetheramine) at d7/ds = 3 K-h'', and for b) the elastomer ED-
400 (short primary amino-terminated polyetheramine) at d7/ds =

s 1.5 and 18 K-h'. The solid lines represent the classical kT
behaviour.

40

The same conclusion is supported by the stress-strain
experiments performed at 25 °C on the pristine elastomer and
so after annealing the sample at 100 °C (Fig. 4). It can be seen that
the Young modulus of the elastomer ED-400 after annealing
(Er0025 = 3.58-10° Pa) is smaller than that of the pristine
elastomer (E,s = 2.55-107 Pa). This difference in the thermal
history of the sample shows that the annealed elastomer becomes

ss softer due to the removal of the hydrogen bonds which cannot be
reformed during the time scale of the experiment (i.e., the time
for annealing and for heating and decreasing the temperature,
which is typically less than 1 h). This is consistent with the G’

values obtained at low cooling rate (G° ~ 10° Pa) and at low
o heating rate (G’ ~ 107 Pa). DSC experiments at d7/ds = 10 K-min’
! also showed the removal of the hydrogen bonds upon heating
the elastomer ED-400, which only reappeared after leaving the
elastomer for long time at room temperature. Fig. 5 shows that
the first scan on the elastomer ED-400 reveals the presence of
65 hydrogen bonds by the two peaks at Tyg ~ 64 & 81 °C (AHyg ~
5.2 I.gh), but after cooling down the sample, the second and
posterior heating curves do not show any signal of hydrogen
bonds indicating that at this time scale the urea motives could not
find each other. After one day at 25 °C, the first heating scan
70 shows one peak at Ty ~ 68 °C with 25% of the initial enthalpy
(AHys ~ 1.3 J.g"), and only after three weeks the two peaks
emerge again at Typ ~ 68 & 76 °C recovering 60% of the initial
energy (AHys ~ 3.2 J-.gh). In conclusion, this short segmental
molecular weight polymer (DP = 6) needs very slow temperature
75 variation in order to make visible the reversible removal of
hydrogen bonds. The presence of the two DSC peaks observed
when the time is enough for forming the H-bonds suggested that
the formation of H-bonds is sensitive to the environment.

v 110 5 25510 pa
9

N E 5x10° p

N’

o
% 0_- E,..=35810°Pa

1.000 1.002 1.004 1.006 1.008 1.010
A

os Fig. 4 Stress-strain curves for the elastomers ED-400 at 7'= 25 °C
after annealing the sample at 100 °C (@) and directly measured
from the synthesis (@). The solid straight lines are the fits of the
data belonging to the purely elastic region.

100 The presence of the transient networks can also be confirmed
by FTIR experiments performed on the four elastomers at
different temperatures ranging from 25 to 150 °C. The evolution
of four absorption peaks was monitored from 1400 to 1800 cm™:
i) the isocyanurate peak (NCO); from the crosslinker at wco =

105 1690 cm™'; ii) the amide I peak corresponding to the C=0

stretching of the urea motives from 1630 to 1660 cm’; iii) the

amide II peak corresponding mainly to the N-H bending of the
urea motives from 1505 to 1570 cm’'; and iv) the CH, bending at

Vorp = 1460 em™ (Fig. ESI-2).%® It should be noted the reversible

character of the samples after heating at 150 °C and cooling back

to 25 °C, which demonstrates the stability of both the
isocyanurate and urea functional groups with no dissociation or
further reactions. The results show that both non-urea-related
peaks have small shifts upon heating: the isocyanurate peak has

11s an upshift of Awyco = +3 cm’’, and the methylene peak has a

downshift of Avey, = -3 cm’, though we can consider them as

1

S
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constant peaks. The amide I peak shows an upshift and the amide
I peak a downshift upon heating of the sample. Both peaks
strongly depend on the chemical structure of the soft polymer
backbone. The network containing the low molecular weight
s polymer (ED-400) or the network with non-hydrogen bonding
(ESD-2001) show shifts of around Av = +15 cm’!, while the
networks containing hydrogen bonded high molecular weight
polymer (ED-2000 and ED-4000) show broader shifts of around
Av = £25 cm.>* The most relevant difference comes when
10 comparing the peak positioning of both amide I and II at room
temperature. Elastomers with a transient network (ED-400,

15
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—— 1" heating curve l l rubber

30 2 heating curve
10—
=
~
g |
S
-~
< I After 1 day at 25 °C
35 ~ 5 =
I
. | |
N
- After 3 weeks at 25 °C
0 T T T T T T T T
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Fig. 5 a) Different heating and cooling DSC thermographs for the
elastomers ED-400 at 20 K-min"' showing the presence of

45 enthalpic peaks. b) Zoom in on the heating thermographs on the
same elastomer ED-400 sample directly after the synthesis (T ~
64 & 81 °C, AHyp ~ 5.2 J-g™), after 1 day (Typ ~ 68 °C, AHyp ~
1.3 J.g') and 3 weeks later (Tjyp ~ 68 & 76 °C, AHyp ~ 3.2 J-g™h).
Note: the second heating curves do not show any enthalpic peak,

so indicating that the hydrogen bonds have not enough time to
reform during the experimental time scale.

ED-2000 and ED-4000) have the amide I peak around v, = 1630
cm’! and the amide II peak at v = 1566 cm’!, whereas the
ss sample with no transient network (ESD-2001) have the peaks at
Vg = 1640 cm” and v,y = 1521 cm’, respectively, which
confirms the presence of ordered hydrogen bonds for the
disubstituted urea motives and disordered hydrogen bonds for the

trisubstituted urea motives. All peaks at 25 °C together with the
¢ corresponding shifts upon heating the samples at 150 °C are
collected in Table 1.

The presence or absence of the urea motives can be deduced
from the analysis of the DSC curves of Fig. ESI-3 obtained on the
four elastomers. The curves corresponding to the elastomers ED-

6s 2000 and ED-4000 (i.e., the elastomers with disubstituted urea
motives and long segmental molecular weight of the polymer)
show a low glass transition temperature, 7, ~ -65 °C and -71 °C,
respectively, and an endothermic peak related to the hydrogen
bonding of the urea groups around Tyg ~ 40 and 60 °C, which

70 might be associated to different nature - bidentated or
monodentated - of the hydrogen bond between the urea groups.
The observation of an endothermic peak for the elastomers ED-
2000 and ED-4000 is consistent with the jumps observed in G

7s Table 1 Absorption FTIR peaks at 7 = 25 °C and the
corresponding shifts observed upon heating to 7= 150 °C for the
four elastomers containing diamino-terminated polyetheramine
polymer.

Sample | wco AWco Va Ava  Van Avin Vem: Aven:
(em™) (em™) (em™) (em™) (em™) (em™) (em™) (em™)
ED-400 1685 +3 1631 +12 1563 -15 1460 -5
ED-2000 |1689 +2 1630 +26 1567 -27 1461 -4
ED-4000 |1689 +2 1630 +21 1567 -31 1461 -4
ESD-2001 | 1691 +1 1640 +12 1521 -13 1461 -4

80
In contrast, the DSC curves (second and posterior heating
curves) of the eclastomer ED-400 (i.e., the elastomer with
disubstituted urea motives and short segmental molecular weight
of the polymer) only show a change in the slope of the curves
ss revealing the presence of a glass transition with a glass transition
temperature 7, ~ -24 °C due to the reduced mobility of the short
polymer leading to a greater difficulty for the urea motives to
interact as explained before. Finally, the DSC curves of the
elastomer ESD-2001 (i.e., the elastomer with trisubstituted urea
%0 motives and long segmental molecular weight of the polymer)
show a glass transition temperature at 7, ~ -74 °C but no
endothermic peak. This is consistent with the absence of the
increase observed in G’ that indicates that trisubstituted urea
motives cannot form hydrogen bonds. To close this section it
os should be noted that the DSC curves obtained by cooling do not
reveal the presence of the hydrogen bonds, in contrast to the shear
measurements which shows a huge increase in the G” behaviour.

Table 2 The number average molecular weight M,,, the segmental
10 molecular weight M, in the rubbery plateau (the values in

parenthesis correspond to the segmental molecular weight when

there is hydrogen bonding between the urea motives), the storage

modulus G’ and the Young’s modulus £ both measured at 25 °C,

and the glass transition temperature 7, for the four elastomers
10s containing diamino-terminated polyetheramine polymer.

Sample M, M, G’ cooling E T,

(gmol') (gmol')  (Pa) (Pa) _ (°C)
ED-400 460  712°(460) 6.67-10° 2.55-10" -24
ED-2000 | 2060 2312%(2060) 2.81-10° 7.54-10° -65
ED-4000 | 4000 4252°(4000) 2.51-10° 4.79-10° -71
ESD-2001| 2050 2302° 431-10°  1.18:10° -74
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Note: The segmental molecular weight M, for these
polyetheramines is the number-average molecular mass M,
plus twice the hexylisocyanate mass from the crosslinker
(126 Da): * M, = M, + 252.

This is due to the difference in the cooling rate, which is slow
enough (d7/dr = 3 Kh' between two temperatures of
measurement plus 1 h for taking a frequency spectrum at each
temperature of measurement) for forming the hydrogen bonds in
the mechanical measurements, and too fast (d7/d¢ = 5 K-min™) in
the DSC measurements.

The number average molecular weight A, the segmental
molecular weight M., the storage modulus G’, the Young’s
modulus E, and the glass transition temperature 7, for the four
elastomers containing diamino-terminated polyetheramine
polymer are shown in Table 2.

Mechanical and thermodynamic behaviour of the elastomers
containing triamino-terminated polyetheramines as a
function of temperature

A series of four polyurea elastomers containing triamino-
terminated polyetheramine (star-like polymer) was prepared by
varying the molecular weight of the soft domain and the degree
of substitution of the amine group. This series consists of three
elastomers, ET-403, ET-3000 and ET-5000, with primary amino
groups leading to disubstituted urea motives and one elastomer
EST-404 with secondary amino groups forming trisubstituted
urea motives. This choice allowed us to study the effect of the
degree of polymerisation of the polyetheramine, the ability to
form hydrogen bonds as function of the degree of substitution in
the urea motive, and the presence of another crosslinker coming
from the star-like architecture of the polyetheramine.

Fig. 6a shows the results obtained for the elastomer ET-403.
As previously observed in the case of ED-2000, G’ exhibits a
sharp increase when the temperature is decreasing and a sharp
decrease when the temperature is increasing. However these
effects cannot be associated with the formation and melting of a
transient network formed by hydrogen bonds, as in the case of
ED-2000, because the sample response is under the influence of
the glass transition which is very high for this compound since it
occurs at around 7, ~ +10 °C. Fig. 6a also shows that the
breaking of hydrogen bonds takes place at a temperature lower
than the temperature of the hydrogen bonds formation, which is
contrary to the situation observed for the other elastomers, and
which might be due to a coupling between the glass transition
effects and the hydrogen bonds.

To clarify the behaviour observed for the elastomer ET-403,
we studied the elastomer EST-404 which exhibits no hydrogen
bonds. The results obtained for this elastomer, are reported on
Fig. 6b. They show that G’ exhibits a steep variation of nearly
two orders of magnitude on a temperature range similar to the
one corresponding to the increase and decrease observed for ET-
403 (Fig. 6a). Given that the glass transition temperature is
around T, ~ +29 °C, and that there are no hydrogen bonds formed
due to the presence of trisubstituted urea motives, this huge
variation can clearly be attributed to the dynamics of the glass
transition, and the elastic plateaus observed below T ~ +10 °C
and above 60 °C to the glassy plateau and to the permanent

plateau, respectively. As the values of these plateaus are almost
e identical to the values found for the two plateaus of the elastomer
ET-403, these latter two plateaus can therefore be attributed to
the glassy and to the permanent plateau, respectively.
These results therefore lead to the conclusion that the
behaviour previously observed for ET-403 results from the
es contributions of both the dynamics of the glass transition and of
the hydrogen bonds occurring in the same temperature range. The
contribution of the glass transition is more sizable than that of the
hydrogen bonds, since the value of the glassy plateau of ET-403
is of the same order of magnitude than the one of EST-404. The
70 contribution of the hydrogen bonds is reflected by the thermal
hysteresis observed between the heating and the cooling
processes.
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Fig. 6 Temperature dependence at /= 1 Hz of G’ for a) the

105 elastomer ET-403 (primary amino-terminated polyetheramine
which forms disubstituted urea groups with bidentated hydrogen
bonds) at d7/dr = 3 K-h'!, and for b) the elastomer EST-404
(secondary amino-terminated polyetheramine which forms
trisubstituted urea groups without bidentated hydrogen bonds) at

1o d7/dt =3 K-h™'. The step variation comes from the contribution of
the glass transition for EST-404, and from the simultaneous
contribution of the glass transition and of the hydrogen bonds for
ET-403. For both eclastomers, the solid lines represent the
classical kT behaviour.

115

We consider now the elastomers ET-3000 and ET-5000,
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which exhibit very low glass transition temperatures, T, ~ -60 °C
for ET-3000 and T, ~ -67 °C for ET-5000. The glass transition
effects should therefore not interfere with the formation or
breaking of the hydrogen bond network. Fig. 7a (ET-3000) and

s 7b (ET-5000), respectively show that this is effectively the case
since for both elastomers the temperature of formation of the
transient network is located well above the glass transition
temperature, as it is the case for the elastomers ED-2000 and ED-
4000. It can also be seen that the variation of G’ as a function of

10 temperature when the glass transition is approached, is different
from that of the diaminino-terminated polymer-based elastomers.
This difference in behaviour reflects the difference in the
chemical composition and architecture (trifunctionalized vs.
bifunctionalized polymers) of the samples.
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Fig. 7 Temperature dependence at f = 1 Hz of G’ for the
elastomers containing primary amino-terminated polyetheramines
at d7/dt = 3 K-h™': a) the elastomer ET-3000, and b) the elastomer
ET-5000. The solid lines represent the classical kg7 behaviour.

45

50
FTIR experiments confirmed the presence or the absence of a
transient network as discussed before (Fig. ESI-4). The two
elastomers containing the low molecular weight polymer (ET-403
and EST-404) show shifts of around Av = +15 cm™ for both
ss amide absorption bands, while the two elastomers containing the
high molecular weight polymer (ET-3000 and ET-5000) show
bigger shifts of around Av=+25 cm™'. The three elastomers with
the transient network (ET-403, ET-3000 and ET-5000) have the

amide I peak around v,; = 1634 em™! and the amide II peak at v,y
0= 1563 cm™, whereas the elastomer with no transient network
(EST-404) has the peaks located at v,; = 1631 em? and vy =
1525 cm', respectively, differentiating the ordered disubstituted
urea motives from the disordered trisubstituted urea motives. All
peaks at 7 = 25 °C together with the corresponding shifts
6s observed upon heating the elastomers to 7'= 150 °C are collected
in Table 3.
Similar observations can be deduced from the analysis of the
DSC curves taken for the four elastomers. Indeed, Fig. ESI-5
shows that the elastomers ET-3000 and ET-5000 with
70
Table 3 Absorption FTIR peaks at 7 = 25 °C and the
corresponding shifts observed upon heating to 7= 150 °C for the
four elastomers containing triamino-terminated polyetheramine

polymer.
75

Sample | wco AWco Va AV Van Avin Vem: Aven:
(em™) (em™) (em™) (em™) (em™) (em™) (em™) (em™)
ET-403 1684 +2 1636 +10 1561 -13 1458 -3
ET-3000 |[1689 +2 1634 +23 1564 -23 1460 -3
ET-5000 |[1690 +1 1633 +21 1565 -25 1460 -3
EST-404 |1685 +3 1631 +15 1525 -15 1459 -3

disubstituted urea motives and long segmental molecular weight
of the polymer show a low glass transition temperature, and an
endothermic peak related to the hydrogen bonding of the urea
so groups around Typ ~ 40 and 60 °C, as observed previously in the
case of elastomers ED-2000 and ED-4000. Fig. ESI-5 also shows
that the elastomers ET-403 and EST-404 with disubstituted or
trisubstituted urea motives of the polymer and short segmental
molecular weight exhibit only a glass transition temperature at
ss high temperatures, and no endothermic peak. For the elastomer
EST-404 the absence of an endothermic peak is consistent with
the absence of a jump in G’, while for the elastomer ET-403, the
situation is slightly different since this elastomer exhibits a
transient network, which is not directly observed because of the
o0 proximity of the glass transition, but which is detected from the
hysteresis effect between the cooling and the heating curves. As
for the elastomer ED-400, mechanical experiments at very slow
heating rate and up to high temperatures should allow detecting
the jump in G’, as observed in Fig. 3b where the transient plateau
os occurs below 70 °C.

The number average molecular weight M,, the segmental
molecular weight M, the storage modulus G’, the Young’s
modulus E, and the glass transition temperature 7, for the four
elastomers containing  triamino-terminated  polyetheramine

100 polymer are shown in Table 4.

Finally, we compare the measurements of G’ to the
measurements of £ deduced from the stress-strain experiments
performed at 7= 25 °C (Fig. 8). Since the Young’s moduli £
were obtained after heating the elastomers to remove all effects

10s due to their thermal history, the comparison must be made with
the values of G’ determined on cooling. Owing the static
character of the E-measurements, this comparison also requires
that the measurements of G’ at f = 1 Hz correspond to the
hydrodynamic regime. The results reported in Tables 2 and 4
110 show that the relationship £ = 3G’ of the Gaussian rubber
elasticity, is verified to within 10% for all the elastomers for

This journal is © The Royal Society of Chemistry [year]
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which the G’-measurements at f = 1 Hz belong to the
hydrodynamic or almost-hydrodynamic regime. This also
indicates that the G’ were performed at
thermodynamic equilibrium. On the other hand, the relationship £
s = 3G’ does not apply for elastomers ED-400 and ET-403, for
Table 4 The number average molecular weight M, the segmental
molecular weight M, in the rubbery plateau (the values in
parenthesis correspond to the segmental molecular weight when
there is hydrogen bonding between the urea motives), the storage
10 modulus G’ and the Young’s modulus E both measured at 25 °C,
and the glass transition temperature 7, for the four elastomers
containing triamino-terminated polyetheramine polymer.

measurements

Sample Mn Mc G'cooling E T,

(gmol’) (gmol')  (Pa) _ (Pa) _ (C)

ET-403 486 274*(148)  9.76-107  1.39-10° +10
ET-3000 | 3180 1182°(1056) 1.47-10° 4.17-10° -60
ET-5000 | 5712 2026°(1900) 7.77-10° 2.25-10° -67
EST-404 565 301° 6.97-107  1.95-10° +29
Note: Since these polyetheramines contain a trifunctionlaized
15 crosslinker, the segmental molecular weight M, is a third of
the number-average molecular mass M, plus the

hexylisocyanate mass from the crosslinker (126 Da): * M, =
(M, —41)/3 + 126 and ® M, = (M, — 13)/3 + 126.

20
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Fig. 8 Stress-strain curves at 7 = 25 °C for the elastomers ED-
s0 400, ED-2000, ED-4000 and ESD-2001 (a), and for the
elastomers ET-403, ED-3000, ET-5000 and EST-404 (b). The
solid straight lines are the fits of the data belonging to the purely
elastic region.

1000  1.002 1.010

ss which both the hydrogen bonds and the glass transition effects
contribute to G” at 7= 25 °C, which suggests that both elastomers
were not at thermal equilibrium during the G* measurements. Fig.
9 gives the plot of £ versus G’ for all the elastomers studied. The
discrepancies between the E-measurements and some of the

o previous reported results,® could be attributed to the sample
preparation and to the thickness of the films used to perform
these experiments.

10° 3
65 ] °
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(o]
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e
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75
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so Fig. 9 F versus G* at T = 25 °C for the various elastomers
studied. The £ and G’ measurements were taken after cooling the
elastomers. The data are consistent with the relationship £ = 3G’
represented by the solid straight line, except for elastomers ED-
400 and ET-403, for which both glass transition effects and

ss hydrogen bonds contribute to G’ at this temperature.

&

We conclude this section by underlying that the segmental
molecular weight — degree of polymerisation — of the networks
plays a big role on the glass transition temperature and on the
mechanical properties. More precisely, for each series ED or ET,
reducing the polymer length between the crosslinking points
increases the glass transition temperature (Fig. 10).>>7 The
presence of a soft crosslinker, as it is the case for the series ET,
which acts as an impurity to the system, reduces the extrapolated
glass transition temperature T,”, as observed when the Fox-Flory
empirical model is applied.”>>® This soft crosslinker does not
contribute to any extent to the shear storage modulus of the
permanent network at high temperature, as observed in Fig. 11.
The elastomer ESD-2001 and EST-404 — with secondary amino-
terminated polyetheramine — are not following the Fox-Flory
empirical model because of the absence of bidentated hydrogen
bonds and the presence of bulky isopropyl groups which infer a
different mobility to the segmental polymer length. The fact that
the values of G’ as a function of the segmental molecular weight
10s M, lay on a straight line for all the elastomers belonging to the

ED and ET series shows the good agreement between the
mechanical experiments and the chemistry of these elastomers. It
also shows that the difference in the architecture of the ED and
ET elastomers plays a minor role on their elasticity. In contrast,
1o the large difference between the G’ values of the EST-404 and
ESD-2001 with respect to the corresponding hydrogen bond-

9
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containing elastomers (ET-403 and ED-2000, respectively)
indicates that the architecture of the EST-404 and EST-2001
elastomers strongly differs from that of the ET-403 and ED-2000
elastomers. One possible explanation can be the presence of
s defects — dangling chains or longer chains — due to a mismatch in
the stoichiometric ratio between the isocyanate and the amino
groups, which gives an apparent segmental molecular weight
bigger than the theoretical one while keeping unchanged the
relationship £ = 3G’. This could also explain why the elastomers
10 EST-404 and ESD-2001 do not follow the Fox-Flory law
observed for the ED and ET series (Fig. 10b). Moreover, the
presence of the disubstituted urea motives allow for the formation
of well-ordered hydrogen bonds which lead to the formation of a
transient network. This transient network vanishes upon heating
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Fig. 10 a) linear-linear plot and b) log-log plot for the variation of

so the glass transition temperature 7, as function of the segmental
molecular weight M, for the eight elastomers, showing for each
series ED and ET that the short polymers raise the glass transition
temperature due to the low mobility of the polymer segments
between crosslinking points. 7,” is the extrapolated glass

ss transition temperature at infinitum segmental molecular weight
from the Fox-Flory empirical model. The elastomers ESD-2001
and EST-404 do not follow the Fox-Flory laws for the ED and ET
series because of their different architecture.

o the elastomers above 7 ~ 60 °C, as shown by the mechanical
response of the samples and the shift of the amide I and amide 11
absorption peaks in the FTIR spectra (Fig. ESI-6). Only samples
with bidentated urea motives (ED-400, ED-2000, ED-4000, ET-
403, ET-3000 and ET-5000) show the presence of such

os behaviour. The transient network cannot be mechanically
detected from the G’ values for ET-403 elastomer with low
segmental molecular weight and ordered bidentated hydrogen
bonds due to the proximity of the glass transition temperature, but
from the hysteresis effect when comparing cooling and heating

70 curves. Finally, trisubstituted urea groups show no effect in the
mechanical properties of the corresponding polymer networks
ESD-2001 and EST-404.
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o Fig. 11 Log-log plot of the shear storage modulus G’ as a
function of the segmental molecular weight M, for the eight
elastomers at 7= 80 °C, where the measurements correspond to
the elastic plateau of the chemical network. For each series ED
and ET, the data are consistent with the relationship G* oc M,
represented by the solid straight lines. The fact that the data of the
elastomers EST-404 and ESD-2001 are not on the solid straight
lines associated with the ED and ET series shows that the
architecture of these two elastomers strongly differs from that of
the elastomers of each series.

©
S

100

Mechanical behaviour of the various elastomers as a function
of frequency

In this section, the frequency-response of the various elastomers

will be presented and discussed. Firstly, we consider the
10s elastomers that exhibit no hydrogen-bonds, i.e., the elastomer
ESD-2001 and EST-404 based on a diamino-terminated polymer
and on a triamino-terminated polymer, respectively. Fig.12a
(ESD-2001) and 12b (EST-404) show that a master curve can be
constructed for each elastomer by applying the time-temperature
superposition method, which allows determining the frequency-
response of each elastomer in their hydrodynamic, viscoelastic
and glassy regimes. It should be noted that these master curves
were obtained without making a shift along the G-axis. The
differences in the hydrodynamic values of the shear modulus (G’
11s ~ 4-10° Pa for ESD-2001 compared to G* ~ 2-10° Pa for EST-

404), and in the width of the viscoelastic regime (ranging from /'~

11

=)
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10” Hz to 10° Hz for ESD-2001, and from 10” Hz to 10" Hz for
EST-404) reflect the difference in the architectures of the
elastomers (differences in the segmental molecular weight and in
the nature and concentration of the crosslinkers).® Note that the

s viscoelastic behaviour is Rouse type (G° = G”) for both
elastomers.

Secondly, we consider elastomers which exhibit a physical
(transient) network due to hydrogen bonds and occurring at a
temperature much higher than the glass transition temperature.

10 These elastomers are the long segmental molecular weight
elastomers ED-2000, ED-4000, ET-3000 and ET-5000, which are
based on a diamino-terminated or triamino-terminated polymer.
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Fig. 12 a) Master curve for the sample ESD-2001 (long

ss secondary amino-terminated polyetheramine) showing the
frequency response of the system from the hydrodynamic region
up to the glassy region. The reference temperature is Tp = -45.7
°C, and the temperature used to build the curve is 7= -3.6 °C. b)
Master curve for the sample EST-404 (short secondary amino-

so terminated polyetheramine) showing the frequency response of
the system from the hydrodynamic region up to the glassy region.
The reference temperature is Tyf = 27.5 °C and the temperatures
used to build the curve are 7=+53.1 °C and +79.3 °C.

55 The experiments performed as a function of frequency on
these elastomers above the temperature where the transient
elastomer forms show that the frequency response is composed of
two regions: a low frequency region, which corresponds to the

hydrodynamic behaviour for which G’ is frequency independent

o and G” « f; and a high frequency region characterized by a power
law of G’ and G” as a function of frequency. A typical example
of the response is illustrated by Fig. 13 relative to ED-2000. This
frequency behaviour confirms that the material is an elastomer
and not a relaxing liquid. Fig. 14 shows the results obtained as a

es function of frequency for the same elastomer at two temperatures,
which, as a result of the wide frequency range given by the
piezorheometer, are sufficiently close to cover the frequency
response from the rubbery to the glass transition.

ED-2000

75

80

f(Hz)

ss Fig. 13 Behaviour of G” and G” as a function of frequency for the
elastomer ED-2000 at a temperature located above the
temperature of formation of the transient elastomer showing that
the low frequency response of the material is that of a chemically
crosslinked elastomer and not that of a long chain polymer.
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Fig. 14 Behaviour of G’ and G” as a function of the frequency for
the elastomer ED-2000 showing that the time-temperature
superposition method does not work. The shift factor corresponds
to the one used to obtain the master curve for the loss angle ¢,

1o represented in the insert of the figure. A shift factor of 17 along
the G-axis would be needed to obtain a master curve for G’ and
G”.

It can be seen that a single curve for the loss angle ¢ can be
115 obtained by making a shift along the frequency-axis, but this shift
does not allow obtaining single curves for G’ and G”. This
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demonstrates that the time-temperature superposition method
does not work for G’ and G”. In contrast to the samples without
hydrogen bonds, an additional shift, along the G-axis, is needed
to obtain a single curve for G’ and G”. Vertical shifts are in fact
allowed, but these shifts must be small since they correspond to
density variations.> The analysis of the elastomers ED-4000, ET-
3000 and ET-5000 also shows that the time-temperature
superposition method does not apply for these elastomers. This
comes from the fact that the hydrogen-bonds and the polymer
10 chains do not follow the same temperature dependence. As a
result, the viscoelastic behaviour is clearly not of the Rouse-type,
in contrast to the one for ESD-2001 and EST-404.
Finally, we consider the elastomer for which the contributions
of the glass transition and of the hydrogen bonds occur in the
1s same temperature range. This elastomer is ET-403 with short
segmental molecular weight triamino-terminated polymer. Fig. 15
shows the frequency-variation of the loss angle ¢ for the sample
ET-403 at 7= +50.1 and +61.9 °C. The lack of superposition of
the two curves demonstrates that the time-temperature
20 superposition method does not work because of the simultaneous
presence of the hydrogen bonds and glass transition effects.

o
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Fig. 15 Behaviour of the loss angle ¢ as a function of frequency

40 for the elastomer ET-403. The temperatures of measurement are
T=+50.1 °C and +61.9 °C. The last curve has been shifted along
the frequency axis to show that the time-temperature
superposition method does not work.

Conclusions

4s We have studied the mechanical properties of a new kind of
polyurea elastomers prepared by sol-gel chemistry, as a function
of the segmental molecular weight and the chemical nature of the
polymer end groups. We show that their mechanical response
depends on the temperature range investigated. At high

so temperatures, where the hydrogen bonds are not present, the
response of the elastomers is the one of conventional elastomers,
while at lower temperatures, when the urea motives are become
hydrogen-bonded, the response of the elastomers corresponds to
that of physical elastomers.

ss  In addition to the glassy plateau, the elastomers with primary
amines as terminal groups and segmental molecular weight
bigger than M, ~ 1000 g-mol™ (ED-2000, ED-4000, ET-3000 and

ET-5000) show two well separated elastic plateaus respectively
corresponding to the chemical and the physical components of

o the elastomers, while the elastomers with lower segmental
molecular weight show either only the chemical plateau because
the contribution of the hydrogen bonds overlaps with that of the
glass transition (ET-403), or again the two plateaus (chemical and
physical), but only when the heating rate is low enough for the

6s hydrogen bonds to have time to break (ED-400). When the
terminal group is a secondary amine (EST-404 and ESD-2001),
which leads to the formation of trisubstituted urea motives, the
corresponding elastomers show only the chemical plateau, as for
the common rubber-like materials.

70 All elastomers from the ET series have a soft crosslinker in the
chemical composition. At low temperatures, the influence of this
second crosslinker has an impact on the glass transition
temperature 7, as shown by the lower value of the extrapolated
glass transition temperature obtained when compared to the ED

75 series. In contrast, at high temperatures, this soft crosslinker has
almost no effect on the hydrodynamic mechanical response of the
elastomers, and both ED and ET elastomers fall onto the G’
versus M, straight line.

For all elastomers with bidentated urea motives and

s0 segmental molecular weights higher than M, = 1000 g-mol, the
rigidity of the elastomers is reinforced by hydrogen bonds by
more than one order of magnitude. These systems combine the
mechanical properties of physical and chemical elastomers which
form in the temperature range investigated, and can therefore be

ss considered as selective composite materials, due to the presence
of microphase separation of the hard (crosslinker) and soft
(polymer chain) domains. Thus, further NMR relaxometry and
Multiple Quantum NMR (MQ-NMR) experiments will be
performed in order to elucidate the change in the segmental
molecular weight from the transient to the purely chemical
network, and the dynamical and topological influence of
constraints to the polymer chains in the different polyurea
elastomers.
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