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ABSTRACT:
Understanding the interfacial phenomena involved in the adhesion between elastomer layers

on a molecular basis is an important topic from both fundamental and applied aspects.



Nevertheless, this topic has been poorly addressed experimentally. This report aims at rationalizing
differences in the adhesion behavior of polyurethane (PU) elastomers cured on an ethylene-
propylene-diene terpolymer (EPDM) substrate, based on a detailed description of their local
network-like topology, determined thanks to 'H solid-state nuclear magnetic resonance (NMR)
spectroscopy. The polyurethanes, composed of the same fraction of hydroxy-terminated
poly(butadiene) and isophorone diisocyanate, were cured under different reaction conditions —
nature and concentration of the catalyst as well as the crosslinking temperature. The rigid domains
formed by the hard segments, the proportion of elastically-active chains and the distribution of the
topological constraints in the soft domains were investigated by 'H solid-state NMR, taking
advantage of magic sandwich echoes and double quantum-based experiments. The PU network
topology within 20 pm-thick slices collected near the interface with the EPDM layer was
systematically compared to the one observed for 60 um-thick slices, located 500 um from the
interface, corresponding to bulk regions. Curing at low temperature (30°C) with a low amount of
catalyst (0.02 wt %) leads to elastically-active poly(butadiene) chains close to the interface with,
on average, higher molecular weights between topological constraints than the ones in the bulk.
Such differences between interfacial and bulk regions are not observed any longer as the catalyst
concentration is increased to 0.2 wt %. These variations of the local PU network topology,

occurring over several tens of micrometers, allow to account for the adhesion testing results.



1. INTRODUCTION

Adhesion phenomena play a crucial role in various fields of applications in materials science
or biophysics/bioengineering for instance. However, adhesion mechanisms are intrinsically
complex and as a result, the processes involved are often difficult to model. Interestingly, it was
realized some years ago that the adhesion between soft polymer materials, among which cross-
linked elastomers, had been poorly investigated in the past.! Experimental works were dedicated
to a detailed characterization of the adhesion behavior between two chemically-distinct elastomers,
using mechanical testing (peel or lap shear tests for instance). Some attempts were more recently
proposed to rationalize the adhesion behavior on the basis of molecular/macromolecular
arguments, > despite the relationships between the macroscopic and the microscopic behaviors are
not easy to derive from an experimental point of view.* Along this line, Yu et al. performed careful
measurements of both work of adhesion and work of separation for non-extracted and extracted
silicone networks, with various cross-link densities.® In this contribution, attempts to account for
the different adhesion strengths of the systems investigated were proposed. In particular, the
authors used the fraction of free or dangling chains at the surfaces of both silicone components to
rationalize the differences in the work of adhesion and the work of separation among the networks
considered. However, the amount of both free chains and dangling chains near the interfaces was
not experimentally determined. Such a measurement is indeed very difficult, if not impossible, to
fulfill since it would assume the detection of a very weak amount of chain portions. Nevertheless,
establishing correlations between the macroscopic adhesion behavior of two elastomers and
parameters related to the network topology in the interfacial regions, such as the fraction of
dangling (or elastically-active) chains or the local cross-link density, is an appealing approach that

should help to derive models to describe and predict the adhesion behavior. To the best of our



knowledge, such an experimental approach has not yet been used in the field of elastomer
adhesion. This contribution aims at establishing the proof of concept of such an approach, using
the interphase between EPDM (a terpolymer based on ethylene, propylene and diene units) and a

polyurethane (PU) elastomer.

EPDM/polyurethane elastomer interfaces indeed play an important role for several important
applications in both automotive and aerospace industries and in particular, in the design of solid
propellant rocket case.® In such systems, the propellant is converted into gaseous combustion
products displaying a high temperature. The cross-linked EPDM component, usually containing
filler particles, thus acts as a thermal insulation layer allowing to protect the case while the PU
component serves as a binder between the EPDM layer and the solid propellant. Adhesion should
be high enough between both EPDM and PU components, in order to keep the combustion profile
unchanged. PU elastomers are usually selected for such applications because they offer a wide
range of chemical structures for both hard segments (HS) and soft segments (SS). Besides, they
can be synthesized from liquid precursors, at room temperature, and without any resulting by-
products.” Nevertheless, the various reactions between the isocyanate and the polyol precursors
are known to be highly sensitive to the experimental conditions such as the reaction time, the
reaction temperature or the nature and amount of catalyst. These preparation conditions are
expected to influence the topology of the network resulting from the reactions of the hydroxyl
groups of the polyol chains with the isocyanate ones. One possibility to design new PU elastomers
with satisfactory adhesion with EPDM substrates relies on a systematic testing of their adhesive
behavior, using peel tests or tension pull tests for instance. Another possibility is to determine the

influence of the PU network topology on the adhesion with the EPDM layer and, in particular, the



influence of the fraction of elastically-active chains (as well as the fraction of dangling chains and

the one of free chains) in the interfacial regions.

Beyond the fractions of elastically-active chains near the interfaces, another important feature
to be considered is the distribution of the cross-link density for each of both layers in contact,
evaluated once again within the interphase. Indeed, such a macromolecular parameter also
contributes to the elastic modulus of the interfacial regions and thus, should influence the adhesion
behavior. It may be tempting to consider that the cross-link density in the PU interphases is similar
to the one of the bulk materials, prepared under similar experimental conditions than the PU
formed after deposition on the EPDM layer. However, depending on the kinetics of the PU’s
formation, diffusion of the liquid PU precursors towards EPDM may occur and the local
composition near the interface might differ from the initial one. Such a feature may induce a
different network topology in the interphase, which may influence the adhesion behavior. Under
these conditions, an experimental approach allowing to determine selectively the local cross-link

density at the interphase of EPDM/PU systems would be required.

Solid-state NMR has proven to be a powerful tool to study both chemically- and physically-
cross-linked elastomers over various length scales.®’ Beyond the spectroscopic approaches that
allow to monitor the evolution of the chemical structure of the network chains at the molecular
scale during cross-linking or aging for instance,'” time-domain NMR may provide complementary
information on the network topology, at the chain level.''"!3 In this contribution, solid-state NMR
is used to investigate the PU network topology in the interfacial region of cross-linked elastomers
in contact, EPDM and PU, in order to get a deeper understanding of the adhesion behavior between
both components. In particular, the fraction of repeat units involved in free, dangling and

elastically-active chains near the interfaces as well as the distribution of the cross-link density will



be determined and compared to the same parameters, determined in the bulk, further from the
EPDM/PU interfaces. The influence of the reaction conditions on the PU network (temperature,
nature of the catalyst, amount of catalyst) was assessed for both interfacial and bulk-like regions
and these results allowed to understand the adhesion performances of these various materials. The

experimental approach proposed here relies on 'H solid-state NMR — 'H transverse relaxation'*!>

and 'H double quantum-based experiments'>!3

— which are intrinsically highly sensitive and as a
result, may be applied with a rather low amount of samples. This feature indeed makes possible

the distinction between the interphases and the bulk regions, located far from the interfaces.

2. MATERIALS AND METHODS

2.1. Materials

The preparation of the polyurethane materials involves several alcohols: one polyol, a
hydroxyl-terminated poly(butadiene) prepolymer (HTPB), and two low-molecular-weight
alcohols (chain-extender alcohols). HTPB was the polyol selected to prepare the PUs considered
in this work because the aim was to investigate EPDM/PU assemblies that are currently used in
the aerospace industry and in particular, in the design of solid propellant rocket cases. For this
application, a PU elastomer serves as a liner between the thermal insulator (EPDM) and the
propellant. As most of the composite propellants are based on HTPB, this latter is also used for
the design of the PU liner, thus allowing to enhance the compatibility with the propellant binder

and therefore, the bonding between both components, PU and propellant.

HTPB was purchased from Cray Valley under the reference Poly bd® R45 HTLO and used

without further purification. Its number-average molecular weight and its polydispersity index, as



determined by size exclusion chromatography, are equal to M, = 2900 g.mol* and PDI = 1.8 while
its functionality was estimated to 2.5 by potentiometry®®. Isophorone diisocyanate (IPDI) was
obtained from Evonik and served as a curing agent. Its purity was higher than 99.5 wt %, as
determined by gas chromatography. The NCO/OH molar ratio was set to 1. In order to obtain a
shear-thinning material in the non-cured state, required for its spraying on thermal insulation layers
(EPDM sheets) used in the industrial production of rocket cases, this mixture is filled by carbon
black, with a filler content of 12 wt %. Additives (antioxidant, adhesion promoter, catalysts)
amount to less than 5 wt % of the whole formulations. The chemical structure of these additives
as well as the one of the two chain-extender alcohols are not reported, for the sake of

confidentiality.

Four polyurethanes prepared with the same HTPB, the same chain extenders and IPDI, all
used in the same proportions, were considered in order to assess the possibility to perform the
curing process at room temperature thanks to a new catalyst. In particular, the efficiency of this
latter will be compared to the one observed using a reference one. The conditions used for the
preparation of these polyurethanes are reported in Table 1. The hydroxyl-terminated
poly(butadiene) prepolymer, the low-molecular-weight alcohols (chain extenders), carbon black
and the additives were degassed and mixed at 65°C under vacuum for 4 hours. After cooling down
to room temperature, both isophorone diisocyanate and catalyst were added and a mixing of 20
minutes was carried out, again under vacuum. The mixture was poured either on a non-stick mold
or on an EPDM substrate with a thickness of 1 mm and then cured at 65°C or 30°C. Both surface
composition and morphology of the EPDM sheet, which are important parameters, have been
characterized. In particular, the FTIR spectrum, obtained using the ATR mode with a germanium

crystal, and XPS data are reported in Figure S1.



Sample Catalyst Catalyst Curing Duration | Extractable | Swelling
name content temperature fraction Ratio
PUO Reference 0.04 wt % 65°C 7 days 14 % 4.7
PU1 New 0.02 wt % 65°C 7 days 15 % 5.1
PU2 New 0.02 wt % 30°C 2 months 22 % 6.2
PU3 New 0.2 wt% 30°C 2 months 34 % 8.5

Table 1. Curing conditions, extractable fraction and swelling ratio at equilibrium of the four

polyurethane materials.

2.2. Rheology

The viscosity increase of the HTPB/chain extenders/IPDI mixtures over curing at a given
temperature was monitored with a rotational rheometer (Bohlin rheometer CVOR 120) equipped
with a cone-plate geometry (40 mm cone diameter, 4° cone angle). The measurement conditions
were identical for all the investigated materials: the shear rate was set to 0.215 s and one

measurement was performed per hour during 24 hours.

2.3. Swelling measurements

After curing, samples of initial weight w; (about 3 g typically) were swollen in toluene, which
is known to be a good solvent of poly(butadiene). The sample weight at the swelling equilibrium,
ws, and the one after subsequent drying (1 week in a fume hood), wq, were determined, allowing

to calculate both the swelling ratio Q = wy/wq and the extractable fraction, (wi-wa)/wi.

2.4. Mechanical tests
The mechanical tests described below are performed to assess the performances of the

prepared polyurethane materials regarding acceptance tests.




Tensile tests were performed on films corresponding to a 1 mm-thick tensile specimen
standard H2, using a single-column Zwick-Roell Z 1.0 machine with grip roll. The strain rate was
set to 50 mm/min and the temperature was regulated at 20°C. Measurements were averaged over

5 H2 specimens for each material.

Adhesive properties were evaluated by means of tensile tests carried out on
EPDM/polyurethane cylindrical samples (diameter of 25 mm, EPDM thickness equal to 5 mm,
polyurethane thickness of 1 mm, see Supplementary Information, Figure S2). For these
experiments, the PUs were prepared according to the protocol described in Section 2.1 and after
curing, samples with a cylindrical shape were die-cutted, the axis of the cylinders corresponding
to the normal to the EPDM and PU layers. The strain rate was fixed to 10 mm/min and the
temperature was kept at 20°C. For each system, 3 separate experiments were systematically

performed.

2.5. 'H solid-state NMR

The 'H solid-state NMR experiments were carried out on a 300 MHz Bruker Avance 111 HD
spectrometer, with a 4 mm "H-X double-resonance MAS probe used under static conditions. The
sample temperature was maintained at 80°C. The 90°('H) pulse length teo- was equal to 2.54 us
and the recycle delay was fixed to 3 s, which is higher than 5 times the relaxation time T1('H) of

the samples investigated, at 80°C.

The 'H transverse relaxation functions were determined in the short-time regime (0 — 200 ps)
using the Magic-Sandwich Echo (MSE) experiment.'>!” The 'H multiple-quantum (MQ) build-up
curves were recorded using the approach developed by Saalwichter et al.!>!3 For this purpose,

both the multiple-quantum (MQ), mostly double-quantum (DQ), coherences and the reference



signal were monitored as a function of the excitation time, texc. This latter was chosen as a multiple
of the cycle time t, equal to 154 ps in the present case. Besides, the finite length of the 'H pulses
was taken into account by rescaling the texc values by the factor (1 - 12Xtgge/tc), thus leading to the

effective 'H DQ excitation time, tpq.

These experiments were performed on 10 — 20 mg of polyurethanes. In particular, slices from
the cylinder-shaped samples used to test the adhesive properties were cut with a microtome,
perpendicular to the cylinder axis, within the 1 mm-thick PU layer cured on the EPDM sheet. The
slice thickness was adjusted to 20 pm when collected near the interface with the EPDM substrate
and 60 um when collected in the bulk polyurethanes, as schematically illustrated in Figure S2. At
this stage, it should be emphasized that here, the term "bulk" refers to PU samples microtomed in

the 1 mm-thick PU layer, but far (about 500 um) from the EPDM/PU interface.

3. RESULTS

3.1. Kinetics of urethane group formation

The time evolution of the viscosity was measured for each HTPB/chain extenders/IPDI
mixture, during the curing process, as shown in Figure 1. As expected, the viscosity is found to
raise up over time during curing, as a result of the formation of urethane groups. The time evolution
observed for the polyurethanes prepared at 65°C (PUO and PU1) displays at least two stages over
the probed time range, which are assumed to result from the different alcohol and isocyanate
functions present in the formulation. Such a feature has already been observed for HTPB/IPDI
systems.'® HTPB, obtained by free-radical polymerization, indeed displays a functionality higher

than 2 (2.5 in the present case) and the corresponding hydroxyl groups are involved in primary

10



functions among which hexene-2-1-type, vinyl-type and geraniol-type OH (Scheme S1), as
evidenced by 'H and '*C solution-state NMR. As expected, the reactivities of such hydroxyl
functions were shown to be significantly different.!” Besides, the secondary NCO group of IPDI
also displays a higher reactivity than the primary one.?’ Lastly, the reactivities of the hydroxyl
functions from the chain extender alcohols should also be considered and add further complexity.

Concerning PU2 and PU3, only one stage may be observed over the probed time range (Figure 1).

Compared to the reference formulation PUO, the kinetics of the viscosity increase at 65°C is
faster for the composition PU1, which is prepared with a different catalyst, although this latter was
present in lower concentration than the one used for PUO. When the curing process is performed
at lower temperature (30°C) on a mixture identical to PUI, the viscosity increases much more
slowly, in comparison to PU1 (See Figure 1, PU2). Nevertheless, when the catalyst content is ten
times higher than for PU2 (system PU3), the kinetics of the viscosity increase at 30°C gets faster
than for PU2 and interestingly, even faster than for the reference material PUO, though cured at
65°C. These results indicate that the pot life may be tuned with both temperature and catalyst

content.
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Figure 1. Viscosity increase for PU1 (O), PU2 (¢) and PU3 ([J) over curing. Data obtained for

the reference system, PUO (A), are included for the sake of comparison. The curing

conditions are indicated in Table 1.

3.2. Polyurethane network topology: swelling measurements

The swelling ratio at equilibrium, Q, and the extractable fraction were determined for each of
the four polyurethane materials investigated in this study and the results are reported in Table 1.
The relatively high value of the extractable fraction,?' although the initial NCO/OH molar ratio
was equal to 1, may be assigned to the fact that the considered HTPB contains a non-negligible

fraction of monofunctional chains, with a hydroxyl group at a single of both chain ends, due to the

12



method used for its synthesis:'® such a OH group may not allow the chain to be linked to the

network and then, the corresponding chain contributes to the extractable fraction.

PU1 and PUO, which only differ by the chemical nature of the catalyst used for the curing
process, are characterized by very similar values of both swelling ratio Q and extractable fraction.
The comparison between the data related to PU2 and PU1 suggests that when the curing process
is performed at 30°C, the resulting network displays a higher swelling ratio and should thus be less
cross-linked than for PUI. Such a trend should origin from the effect of the side reactions as the
temperature is decreased.?? These latter typically consist of reactions of isocyanate groups with
moisture that decrease the chemical crosslink density. Moreover, Table 1 indicates that the curing
at 30°C, carried out with a higher amount of catalyst in the initial mixture (concentration multiplied
by 10), does not allow to reduce the measured swelling ratio compared to the one obtained for

PU2.

3.3. Mechanical tests

Tensile tests carried out on the PU films, prepared without any EPDM substrate, are reported
in Figure 2. From a qualitative point of view, all the stress-strain curves display a similar rubber-
like profile.* The data obtained for PUO and PU1 are nearly identical and in particular, the secant
modulus at 50 % strain for instance is the same for both samples (3.0 MPa), in agreement with the
similar value of their swelling ratio at equilibrium. The stress-strain curves of both polyurethanes
PU2 and PU3 are also quite close, especially in the low deformation regime, in which a secant
modulus at 50 % strain of about 1.9 MPa — 1.5 times lower than the one determined for PUO and
PUI — is observed. Therefore, both PU2 and PU3 display poorer mechanical performances than
PUO and PUI. Such a decrease is also consistent with the swelling measurements: for PU2 and

PU3, Q was indeed found to be lower than the values measured for PUO and PUI.
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Figure 2. Tensile tests for PUO (—-), PU1 (—), PU2 (- - -) and PU3 (——-), formed in a mold,
without any EPDM layer. The stress-strain curve obtained, under the same
experimental conditions, for the EPDM sheet used, in the following, as a substrate to

prepare the PU elastomers is included in the plot, for the sake of comparison (e e e ).

Tensile tests on EPDM/PU cylindrical samples are presented in Figure 3. The first part of the
curves (strain lower than 5 %) corresponds to the elastic deformation, occurring mostly within the
PU component since this latter is a softer material than the considered amorphous EPDM
elastomer. The secant modulus at 50 % strain of this EPDM substrate is indeed found to be about

5.7 MPa, as can be seen on Figure 2. Figure 3 shows that as the strain is further increased, the
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stress reaches a maximum, corresponding to the onset of the cavitation within the PU.?*> The
cavitation is followed by the deformation of fibrils until debonding. Both stress-strain curves
obtained with PU1 and PU3 are close to the one determined for the reference system (PUQO) and
from the industrial point of view, these materials meet the bonding specifications. Though
displaying a similar elastic deformation behavior as PU3 (Figure 2), a worse behavior is observed
for PU2, as far as the bonding properties are concerned. The results deduced from a quantitative
analysis of the adhesion tests carried out for three specimens of each of the four EPDM/PU samples

are reported in Table S1.

At this stage, it should be noted that the comparison of the relative position between the strain-
stress curves reported in Figure 2 and Figure 3 may be delicate to discuss for several reasons. Due
to the intrinsic difference between both kinds of mechanical tests used (uniaxial tension and poker-
chip experiments), the strain distribution within the specimens and the nature of the measured
apparent modulus are not the same. Moreover, the apparent modulus determined in the uniaxial
tension experiments (Figure 2) is related to the PU component only whereas the tensile tests shown
in Figure 3 involve the apparent modulus of EPDM/PU assemblies (see Figure S2) and are thus
related, but not equal, to the modulus which would be obtained with a poker-chip of neat PU or
neat EPDM. Lastly, the strain rate for both sets of tests are significantly different (50 mm/min for

the uniaxial tension tests and 10 mm/min for the poker-chip experiments).

15



Nominal stress (MPa)

0 50 100 150 200 250
Strain (%)

Figure 3. Tensile tests on EPDM/PU cylindrical samples performed for PUO (— -), PUI (—),

PU2 (- - -) and PU3 (— —-).

The results of the acceptance tests reported in Figure 2 and Figure 3 allow to optimize the
experimental conditions to be used to form polyurethanes with satisfactory mechanical properties,
in regard of their targeted application. Thus, when the new catalyst is chosen for preparing the
polyurethanes at 30°C, PU2 and PU3 are found to display rather similar stress-strain curves under
uniaxial deformation whereas the amount of catalyst required to achieve adhesive properties
similar to the one of the reference material (PUQO) should be much higher than 0.02 wt % (PU2): it

may be, for instance, equal to 0.2 wt % (PU3). However, the understanding of such differences in
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the mechanical behavior requires to investigate these systems at the macromolecular length scale

and therefore, in the following, the network topology within these polyurethanes will be probed.

3.4. Polyurethane network topology far from the EPDM interface: 'H solid-state NMR

3.4.1. Network-like structure of bulk PU1

The polyurethanes considered in this work, prepared with IPDI as a diisocyanate, were found
to display a significant extent of phase separation between HS and SS. Nevertheless, Kojio et al.
have recently reported that the symmetry of the chemical structure of the diisocyanate plays a very
important role on the degree of phase separation in polyurethanes: a high symmetry of the
diisocyanate tends to promote the formation of hydrogen bonds between the HS and in some cases,
their crystallization, thus resulting in a higher degree of phase separation.?* From this point of
view, IPDI corresponds to an asymmetric and bulky structure. This feature, combined to the
occurrence of two stereoisomers, should make the ordering of the HS more difficult within the
polyurethanes investigated here. For these latter, the HS were anyway found to aggregate
significantly, as evidenced by FTIR experiments performed on a polyurethane of the same
composition.”> These measurements demonstrated that the percentage of hydrogen-bonded N-H
functions amounts to about 90 % while the one of the carbonyl groups is estimated to about 97 %.
The high percentages of bonded N-H and bonded C=0 determined for this polyurethane, together
with their similar value, indicate that a significant aggregation of the HS occurs in this material:
an important degree of microphase separation is thus observed. Despite the asymmetry of IPDI,
such an aggregation of the HS is driven by the fact that HTPB is a non-polar prepolymer: under
these conditions, the polar HS which contain the urethane groups and the short-chain diols strongly

tend to interact, thus forming the so-called "rigid domains".
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The polyurethane network topology was investigated by complementary 'H solid-state NMR
approaches. The 'H transverse relaxation signal was first determined in the short-time regime,
which corresponds to 0 — 200 us in the present case. For this purpose, the Magic Sandwich Echo
pulse sequence was used. The result obtained on the PU1 material far from the EPDM layer is
depicted in Figure 4. A fast-relaxing component is detected over the first 20 microseconds,
indicating the presence of protons involved in strong 'H-'H dipolar couplings, which are not
efficiently averaged by molecular reorientations. Such protons should correspond to the ones
involved in the domains formed by the HS within this polyurethane. From this point of view, this
NMR experiment thus leads to a two-phase description of PU1, which is consistent with the
microphase separation scheme previously evidenced by FTIR. As shown in Figure 4, a satisfactory

fit of the experimental data could be performed using the following expression:

axt? q.Mpxt? _t
MO — fux e 2 +(1—fy) X e 2 Xe T 1)

My
fu denoting the fraction of protons present in the rigid domains and a, the fit parameter aimed at
describing the fast-relaxing component. The first term of eq 1 corresponds to the protons from
species which are immobile, or nearly immobile, over a few tens of microseconds. In the context
of phase-separated polyurethanes, such protons may be assigned to the ones of the HS forming the
rigid domains. The dipolar couplings for proton pairs within these domains are not, or nearly not,
averaged by reorientational motions, and thus result in a Gaussian-shaped relaxation component,
with a fast decrease occurring over about 20 us, typically, in the absence of any molecular mobility.
The second term of eq 1 may be assigned to the protons from the PU soft domains. Well above
their glass transition temperature, a significant part of the PU chain portions contributing to these
domains displays fast and anisotropic reorientational motions, due to the topological constraints

limiting them (cross-links, trapped entanglements, branching points, anchoring points to rigid
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domains). As a result, both the 'H dipolar couplings, related to the anisotropy of the segmental
motions, and the 'H T relaxation time, related to the segmental fluctuations, are responsible for
the transverse relaxation of the protons from such chain portions, as expressed by the terms exp(-
q.M2xt?/2) and exp(-t/T2), respectively, in eq 1. It may be noted that the occurrence of chain
portions with anisotropic segmental dynamics in the soft domains makes the second term of eq 1
different from a pure exponential decay. In a first step, the parameters q.M> and T are only used
to provide a phenomenological description of the 'H transverse relaxation decay in the time
interval between about 40 ps and 200 ps, for which mobile protons only contribute to the measured

signal.

M(H)/M,

3 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20
t (ms)

Figure 4. 'H transverse relaxation signal determined at 80°C for PU1, using the Magic-Sandwich
Echo pulse sequence. The solid line (—) corresponds to the fit of the experimental data

using eq 1.
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As shown in Table S2, the T2('H) values deduced from the fits of the 'H MSE signals using
eq 1 are somehow shorter than the ones that may be determined using the 'H Hahn echo
experiment, which are of the order of a few milliseconds at the temperature considered. Such a
difference origins from the fact that in contrast to the Hahn echo pulse sequence, the MSE approach
does not refocus the contributions of several effects which induce a faster 'H transverse relaxation
decay. Among them, one may cite the NMR magnetic field inhomogeneities, the diamagnetic
susceptibility effects, occurring at the polymer/filler interfaces for instance, and the presence of
protons with distinct 'H chemical shift values. A more detailed analysis of the molecular motions

within the PU soft domains will be performed in the following.

For the PUI system, fy was found to be 13.0 % (£ 0.3 %). A similar value of fy was derived
for the three other polyurethanes: fi; was indeed found to range between 13.0 % (+ 0.3 %) and 15.5
% (£ 0.3 %) (see Supplementary Information, Figure S3 and Table S2). This result is consistent
with the fact that the proportion of HTPB, chain extenders and IPDI is the same for the four
systems: only the nature and the concentration of the catalyst and the curing conditions differ.
Besides, the measured values of fy are consistent with the estimation based on the polyurethane
composition and the proton density related to the components involved in the rigid domains (IPDI,

chain-extender alcohols). Such an estimate indeed leads to fy = 13.5 %, as detailed in Table S3.

Let us now consider the soft domains, mainly composed of the HTPB chains. These latter
display a network-like structure since their segmental motions are constrained by three kinds of
topological constraints: rigid domains formed by the HS, HTPB branching points and trapped
entanglements. In the following, the topology of these HTPB-based domains will be investigated
for the polyurethane PU1, obtained after curing at 65°C. In a second step, the influence of the

nature and the amount of catalyst as well as the curing temperature will be addressed. At this stage,
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it is worth noting that the bulk samples which will be investigated in this section were all collected

on EPDM/PU assemblies, far from the interface with the EPDM layer.

The network topology formed by the HTPB chains and, in particular, the molecular weight
between two topological constraints (M.), was determined by means of '"H DQ-based experiments.
The analysis of such measurements was described in details in [12] and the different steps used to
obtain the normalized DQ build-up curve Ipg(tpg), based on the raw data recorded at 80°C, are
illustrated for PU1 on Figure S4. The curve Ipq(tpg) thus-obtained, depicted in Figure 5, does not
depend on the measurement temperature, at least above 50°C, as illustrated in Figure S5. This
feature indicates that the growth rate of the '"H DQ coherences may be interpreted as a result of the
distribution P(Dyes) of the 'H-'H residual dipolar coupling Dyes (Dres being inversely proportional
to M.), related to the chain portions constrained by the three kinds of topological constraints, either
rigid domains, branching points or trapped entanglements, which may be considered as frozen over

the millisecond time scale.

It is interesting to determine the "H-"H dipolar coupling values involved in the soft regions of
the polyurethanes since these latter are directly proportional to the density of topological
constraints which restrict the motions of the chain portions and in this respect, play an important
role in the elastic behavior of these materials. The description of the build-up curve Ipg(tpg)

obtained for PU1 using the expression derived for a single Dres value:
Ing(tpg, Dres) = 5 (1 — e7(©378Dres 00)™ x c05(0.583 Dy tpg)) 2)

is not satisfactory (see Figure 5) and as a result, a distribution of Dyes was used. In particular,
attempts to use symmetrical distributions P(Dres), such as the Gaussian one, did not allow to

account for the Ipg(tpg) curve accurately. These fitting attempts suggested to use asymmetric
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distributions and the log-normal distribution was found to be well-suited for the soft regions of
PU1, as shown in Figure 5. The extension of the P(Dyes) thus-obtained towards the low-Dyes (high-
M.) values indicates the presence of elastically-active chains displaying significantly higher M.

values compared to most of the other chains of the same network.
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Figure 5. (a) Normalized 'H double-quantum (DQ) build-up curve for PU1 (bulk regions) at
80°C (O). The dashed line and the solid line are the fits of the experimental data using
a single Dres value (—) and a log-normal distribution of Dyes, P(Dres) (—). (b) Log-

normal distribution P(Dres) deduced from the 'H DQ NMR data reported in (a).

Another important feature to investigate the elastic behavior of the polyurethane materials is
the fraction of elastically-active chains within the soft domains. This latter may be derived from
the analysis of the reference signal, Sre(tpg), recorded through the 'H DQ NMR experiments.

More precisely, prior to the normalization of the build-up of the DQ coherences, Spg(tpg), by the
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sum [Spo(tpg) + Sref(tpg)] to determine the normalized build-up Ipg(tpg), Sref(tpq) should be
subtracted from the contributions from the protons involved in the species freely diffusing in the
network as well as the dangling chains. In the present case, the dangling chains may correspond to
chain portions defined by a free end at one extremity and an anchoring point to a rigid domain or,
alternatively, an entanglement or a HTPB branching point at the other extremity. For PUI, the
reference signal Sref(tpq) measured at 80°C displays two decays above 5 ms, as shown in Figure
S4: a slowly-relaxing component which may be identified above 26 ms and assigned to the sol
species; an intermediate relaxation component, related to the dangling chain portions, which may
be observed between 5 and 17 ms. Both decays may be described using an exponential function
and the fraction of protons fsorL involved in the sol (fpc for the dangling chains, respectively) is
deduced from the amplitude AsoL (Apc respectively) of the corresponding fit to the experimental
data (see Figure S4 and Table S4). Taking into account the fraction fu of protons located in the

rigid domains, fsor and fpc may indeed be expressed as:

_ _ AsoL _ _ Apc
fsor = (1 —fu) X [Spq(t=05) + Sper(t=05)]’ fpc = (1 —fu) X [Spq(t=05) + Spes(t=05)] (3)

For PU1, fy was found to be 13.0 % (£ 0.3 %), so that fsor and fpc may be thus estimated to 3.4
% (£ 0.1 %) and 9.0 % (+ 0.4 %), respectively. Correspondingly, the fraction of protons involved
in the elastically-active chains amounts to 74.6 % (+ 0.8 %). Taking into account the content of
IPDI and chain extenders in PU1 prior to the formation of the urethane groups, one may estimate
the expected fraction of protons which should not display significant reorientational motions over
the tens of microseconds time scale, once involved in the rigid domains. As mentioned earlier, a
percentage of about 13.5 % was obtained, which is very close to fu (fu = 13.0 %), determined by

the MSE measurements. This feature suggests that the soft domains are mainly composed of
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butadiene repeat units from HTPB and that the fraction of dilute HS in the soft domains may be
neglected. Therefore, the network-like structure of PUl may be considered as consisting in a
distribution 75 % /9 %/ 3 % of butadiene repeat units involved in elastically-active chain portions,
dangling chains and unentangled free chains. Lastly, it should be noted that the sol fraction fsor,
deduced from these NMR measurements, is lower than the one determined using swelling
experiments (Table 1). Indeed, only short, unentangled free HTPB chains and low-molecular-
weight molecules contribute to fsor. The extractable fraction deduced from swelling measurements
should also include long, entangled free chains as well as uncrosslinked chains involved in rigid

domains formed by the HS.

3.4.2. Influence of the curing conditions

Similar 'H solid-state NMR approaches were used to probe the other materials, PUO, PU2 and
PU3, thus allowing to evaluate the influence of the curing conditions — nature and amount of
catalyst, curing temperature — on the polyurethane network topology. The fractions of each kind
of network components are reported in Table S4 and Table S5 and the normalized 'H DQ build-

up curves, Ipg(tpg), measured for the different systems are shown in Figure 6.

The comparison between PUO and PU1 indicates that the chemical nature of both catalysts
considered in this work does not influence the network structure. The fractions of elastically-active
chain portions, dangling chains and unentangled free chains are very similar for both materials
(Table S5) while the distribution of the molecular weight between topological constraints, Mc,
remains the same, as evidenced by the superimposition of both Ipg(tpg) curves (Figure 6a). From
another point of view, the 'H DQ NMR data obtained for PU2 and PU3 (Figure 6b and Table S5),
which were both cured at 30°C, demonstrate that the amount of catalyst introduced in the initial

mixture, before curing, does not play a significant role on the final structure of the polyurethane
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network. Lastly, the curing temperature was varied between 65°C (PU1) and 30°C (PU2). As can
be seen on Figure 6c¢, the evolution of Ipg with tpg differs for both systems and in particular, the
growth rate of the DQ coherences is weaker for PU2. Such a variation indicates that the elastically-
active chains within PU2 display lower Dres and thus, higher Mc-values than the ones within PU1.
Besides, Table S5 shows that the fraction of butadiene repeat units contributing to these network
chains remains nearly the same, within the experimental accuracy, for both polyurethanes.
Therefore, the combination of both features indicates that the reduction of the curing temperature
leads to the formation of a network composed of a lower quantity of elastically-active chains,

which are nevertheless longer, thus involving a constant overall number of repeat units.
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Figure 6. Comparison of the normalized 'H double-quantum build-up curves for the bulk regions

of: (a) PUO (A) and PU1 (O), (b) PU2 (¢) and PU3 (), (¢c) PU1 (O) and PU2 (©).
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3.5. Curing process near the interfaces with an EPDM substrate

The adhesion behavior of the polyurethane layer prepared on an EPDM substrate should
strongly depends on its network structure and, in particular, the one close to the interface between
both polymer components. Therefore, the PU topology was probed by means of the same 'H solid-
state NMR approaches as the ones used to study the bulk PU systems, the ones being located far
from the interface with the EPDM component. However, in the present case, the experiments were
carried out on 20 um-thick slices, located in the PU side of the interfacial regions between the
EPDM and the PU layers. Despite the rather limited total amount of slices obtained using a
microtome (about 10 mg), such NMR measurements were possible because of the high intrinsic
NMR sensitivity of 'H, combined with the use of a relatively high value of the NMR magnetic

field (300 MHz), compared to low-field time-domain NMR equipments.

For each polyurethane, 'H MSE experiments were performed on 20 pm-thick slices collected
close to the EPDM component in order to determine the fraction of protons involved in the rigid
domains, fy, in this part of the PUs. As shown in Figure S3 and Table S2, fy was found to be
unchanged, within the experimental accuracy, for the four interfacial samples. Besides, these
values, determined for the interphases, are also identical to the ones measured for the bulk regions
(Table S2). This result indicates a homogeneous concentration of protons in the rigid zones formed

by the HS, whatever the location from the EPDM substrate.

In the following, the PU network topology in the soft domains will be investigated for the
interphases. Figure 7a shows the comparison of the '"H DQ build-up curve obtained on the
interfacial regions of PU1 and PUO, prepared at 65°C, under the same conditions: only the nature
of the catalyst used for the urethane formation differs. The result obtained on the bulk regions of

PU1 is also included in Figure 7a, for the sake of comparison. All the curves Ipg(tpg) may clearly
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be superimposed. Moreover, the fraction of protons involved in the elastically-active chains, the
dangling chain portions and the sol remains similar for the interfacial zones of PU1, PUO and the
corresponding bulk regions (Table S5), within the experimental accuracy, which was estimated to
+ 0.8 %, = 0.4 % and + 0.1 % respectively. Therefore, the network structure in the interfacial
regions remains clearly identical, whatever the nature of the catalyst, and is also found to be

unchanged compared to the one of the bulk regions of the same PU materials.

At this stage, it may be worth reminding that in the bulk polyurethanes, a reduction of the
curing temperature from 65°C (PU1) down to 30°C (PU2) results in longer elastically-active
chains, but involving the same total number of poly(butadiene) (PB) repeat units. As expected, the
same trend is observed when the interfacial regions of PU1 and PU2 are selectively probed, as
evidenced by Figure 7b and by the nearly constant fraction of protons related to the constrained
chains for both interfacial materials (about 75 %, see Table S5). However, while the PU1 network
topology formed at 65°C is homogeneous over several tens of micrometers length scale (identical
Ipo(tpg) curves for both interfacial and bulk regions, Figure 7a), one may observe that for PU2,
prepared at 30°C, the variation of Ipg with tpg measured close to the interface with the EPDM
substrate display significant differences with the one determined in the bulk regions (Figure 7b).
Indeed, from a qualitative aspect, the amplitude of the DQ coherences increases more slowly with
the excitation time when interfacial regions are considered. More quantitatively, as for the bulk
regions, the attempts to account for the Ipo(tpg) curve using a symmetric distribution P(Dyes) were
not successful while an asymmetric, log-normal distribution of Dres led to a satisfactory description
of the experimental data (see Figure 7b). The corresponding distributions, compared in Figure
7c¢, show a significant decrease of the most probable Dres value in the PU-side of the interface

(73 Hz for the interfacial regions against 113 Hz for the bulk ones), together with the presence of
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a lower fraction of protons displaying relatively high Dies components (higher than 120 Hz,
typically). Lastly, the amount of PB chain segments contributing to the elastically-active chains is
rather similar for both interfacial and bulk zones (Table S5). As a result, the analysis of the 'H DQ
NMR experiments demonstrates that as the formation of the urethane groups is performed at lower
temperature (30°C), the resulting increase of the elastic network chain length is more pronounced
close to the EPDM substrate than in the bulk PU2 material. Considering the thickness of the sample
slices which were investigated in these NMR experiments, one may conclude that at 30°C, a
gradient of the M. value occurs at the micrometer length scale, with a decreasing M. from the
interface with EPDM towards the bulk regions. Such a gradient is not detected at 65°C

(polyurethane PU1).

29



IDQ

IDQ

0.8}F

0.6}

0.4}

0.2}

0.0

0.6

0.4

0.2

0.0

10

(@)

e PUL1, Interface
A PUO, Interface
PU1 / PUO, Bulk

PU2, Interface
e PU1, Interface
PU2, Bulk
...
L ]
[ )
[
«
L}
| X3 " " " "
0 2 4 6 8
t_ (ms)

bQ

= PU3, Interface
PU2, Interface
PU3 / PU2, Bulk

Figure 7.

1 2 3 4 5 6
tho (ms)

0.8 . .
PU2, Interface
—— PUL1, Interface
0.6} PU2, Bulk
Q o4}
[a
0.2}
00 [y i i i
0.0 0.2 0.4 0.6 0.8 1.0
D, (kHz)
0.8 r r r
—— PUS3, Interface
PU2, Interface
0.6
Q 04
o
0.2
0.0 L L L
0.0 0.2 0.4 0.6 0.8 1.0
D (kHz)

res

Influence of (a) the nature of the catalyst, (b), (c) the curing temperature and (d), (e)

the catalyst concentration on the relative change of the PU network topology observed

30



between interfacial regions (close to the EPDM/PU interface) and bulk-like regions

(500 um away from the interface).

As for the bulk PU materials, the influence of the amount of catalyst used for the urethane
group formation was evaluated at a curing temperature of 30°C. In the case of the interfacial PU
regions, the fractions of protons involved in the elastic chains, the dangling chain portions and the
unentangled free chains remain once again identical (Table S5) as the proportion of catalyst is
multiplied by a factor ten (0.02 wt % for PU2 and 0.2 wt % for PU3). However, the Ipg(tpg) curves
for PU2 and PU3 slices located at the EPDM/PU interfaces are not identical, as illustrated in
Figure 7d. The log-normal distribution of Dyes, P(Dres), which were found to account for the
experimental data obtained for both polyurethanes, are plotted in Figure 7e. An increase of the
Dres value at which the maximum of P(Dres) is reached — from 72 Hz to 108 Hz — is detected as the
catalyst content is raised up. Moreover, a broadening of P(D:es) together with an extension towards
the relatively high Dres components are observed. All these features suggest that the topology of
the network formed close to the interface is more strongly cross-linked as the amount of catalyst
in the initial mixture, before reaction, is multiplied by ten. Such a behavior differs from the one
displayed in the bulk regions of PU2 and PU3, for which the proportion of catalyst used was found
to let the network structure of the soft domains unchanged. Interestingly, Figure 7d indicates that
the higher catalyst content used to prepare PU3 leads to an identical network structure near the
interface with EPDM and in the bulk, while for PU2 (lower amount of catalyst), weaker cross-
linking densities were, on average, detected in the interfacial zones. The main results derived from
the analysis of the solid-state NMR data shown in Figure 7 are schematically summarized in

Table 2.
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Sample Mec,bulk Me,interface Differences
PUO 4520 4520 No
PU1 4520 4520 No
PU2 5800 8990 Yes
PU3 5800 5800 No

Table 2. Summary of the main results deduced from the analysis of the NMR data reported in
Figure 7. Mcpuk and Mg interface correspond to the most probable molecular weight
between topological contraints, determined far from and close to the EPDM/PU
interface. These M. values were obtained using the distributions P(Dres) and the

equation: Dyes = [656 Hz.kg.mol']/M.."?

4. DISCUSSION

Let us first quickly consider the network topology in the bulk of the PU materials considered
in this work, which corresponds to the part far from the interface with the EPDM substrate. These
systems will indeed serve as references for the description of the network structure in the interfacial
regions with the EPDM component. The influence of the nature and the content of the catalyst as
well as the reaction temperature were investigated. Among these parameters, the temperature was
found to be the only one influencing the resulting density of topological constraints, which include
anchoring points of the PB chain ends to domains formed by HS, branching points along the PB
chains and trapped entanglements. As the composition of all the PUs investigated was identical,
the difference in the density of topological constraints observed as the addition reaction

temperature was varied between 30°C and 65°C might be, at least partly, assigned to a variation

32



in the extent of the urethane group formation. At this stage, it may be worthy recalling that the
residual 'H dipolar coupling Dres is inversely proportional to M., the molecular weight between
both topological constraints limiting the considered elastically-active chain portion. For PB-based
networks, the constant of proportionality was estimated to 656 Hz.kg.mol!.!?2 For the polyurethane
prepared at 65°C (PUI), the most probable value of Dy, derived from the maximum of the
distribution of P(Dyes), is equal to Dyes = 145 Hz, which corresponds to M. ~ 4520 g.mol'. When
the formation of the PU network is performed at a lower temperature (30°C, PU2), P(Dxs) displays
a maximum for a weaker value of Dyes (113 Hz), related to a higher M (about 5800 g.mol™!). More
generally, the comparison of the distributions P(Dres) derived on the polyurethane networks PU1
and PU2 indicates that the network prepared at 30°C (PU2) is composed of a higher proportion of
long elastically-active chains, typically longer than 3680 g.mol’!, than the one formed at 65°C
(PU1). This latter value corresponds to the M. related to the intersection of both P(Dyes)

distributions.

From another point of view, the M. value for which P(Dyes) reaches a maximum may be used

to get a rough estimate of the Young modulus E of the polyurethane PU1, using the relationship:

E = 3XdXRXT (4)

M,

with d, the density of PU1, assumed to be close to the PB density; R, the ideal gas constant and 7,
the temperature. Using d = 0.91 g.cm™ and T =293 K, E may thus be estimated to about 1.5 MPa
for PU1. As expected, this value is lower than the one deduced from the tensile test measurements,
6 MPa since the contribution from the filler particles (carbon black) was not taken into account in
this estimate of E. When the formation of the PU network is performed under the same

experimental conditions, but at lower temperature (30°C, PU2), the NMR results indicate that the
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main fraction of the elastically-active chains are longer than the ones of PU1 while the number of
PB repeat units involved by these chains remains the same. As a result, the Young modulus of PU2
is expected to be lower than the one measured for PU1, which is indeed the case, as shown by the
stress-strain curves reported in Figure 2. This mechanical testing also shows identical behavior
for PUO and PUI, prepared at 65°C, as well as for PU2 and PU3, prepared at 30°C, again in
agreement with the 'H DQ NMR results. The distribution P(Dys) was indeed found to be

superimposed for PUO and PU1 (Figure 6a) as well as for PU2 and PU3 (Figure 6b).

The following part of the discussion will focus on the PU elastomer topology at the interface
of the EPDM layer. It should be first noted that the fraction of protons in the rigid domains formed
by the HS remains nearly the same both in the interphase and in the bulk, whatever the PU system
considered (see Figure S3 and Table S2). Assuming that the characteristic size of these regions
also keeps the same value whatever their distance from the interface with the EPDM substrate, the
number of these topological constraints per unit volume should then be identical for both sample
locations (interphase and bulk). This feature allows a direct comparison of the density of
topological constraints for the chains within the soft domains in the interfacial and in the bulk
regions. Such a comparison points out the occurrence of heterogeneities at the micrometer length
scale when the PU network is synthesized at 30°C, with a quantity of the new catalyst equal to
0.02 wt % (PU2). Indeed, the PU2 network in the interfacial regions is composed of longer
elastically-active chains than in the bulk part, with a M value of about 8990 g.mol™!, against
5800 g.mol! far from the interface with EPDM. Both M. were obtained by considering the Dres at
the maximum of P(Dres) (Figure 7¢). Moreover, the molecular weight M. between two topological
constraints is found to be less distributed close to the EPDM layer than in the bulk, as evidenced

by the narrower P(Dres). From the mechanical point of view, these features imply that the interfacial

34



regions of PU2 correspond to soft layers, characterized by a local elastic modulus Ein which can
be roughly estimated using eq 4 : Eint = 0.7 MPa, against E = 1.2 MPa in the bulk PU2. Such a
reduction of the local elastic modulus close to the EPDM substrate allows to rationalize the

debonding of the PU2 layer occurring during the mechanical testing reported in Figure 3.

Interestingly, when the PU synthesis is carried out at 30°C, but with a higher amount of
catalyst (0.2 wt %, system PU3), the adhesion between the PU and the EPDM layers significantly
differs from the one observed for PU2/EPDM (Figure 3). In particular, the peak stress occurs for
a higher value of the strain for PU3 than for PU2 and the plateau stress disappears for PU2. In this
respect, the behavior displayed by PU3 is similar to the one determined for PUO and PUI.
Correspondingly, the '"H DQ NMR experiments clearly evidence that for PU3, the distribution of
the molecular weight M. between two topological constraints close to the interface with the EPDM
layer again becomes identical to the one in the bulk (Figure 7e), as for the samples prepared at
65°C (PUO and PUTI). Therefore, the NMR data suggest that from the mechanical point of view,
the local elastic modulus related to the PU3 interphase should be identical to the one in the bulk
and as for PUO and PU1, this condition allows to prevent debonding of the PU layer at too low
strain values (Figure 3). More generally, these results show that while the elastic behavior of the
PU elastomers observed on Figure 2 is consistent with the 'H NMR DQ measurements of the bulk
regions, the adhesion performances of the PU layers at the interface with the EPDM substrate
(Figure 3) may be rationalized by the network topology in the interphase as well as the local elastic
modulus that may be estimated by solid-state NMR. The NMR approaches used in this study thus
offer a unique avenue to get a selective description of the PU network within the interfacial regions,
at the macromolecular length scale, which allows a deeper understanding of the adhesion behavior,

at the macroscopic level.
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As mentioned above, the difference of the network topology between the interfacial region and
the bulk, observed when the PU elastomer is prepared with 0.02 wt % of catalyst, is not detected
any longer when the same reactions are performed at the same temperature, but with a higher
catalyst concentration ccat (0.2 wt %). Such a result may be rationalized by a transition occurring
within the interphase between a control of the PU elastomer formation by diffusion at low ccat and
a control by the reaction kinetics at high cca.. Indeed, at 30°C, the use of a low amount of catalyst
results in a slowing-down of the addition reactions. Therefore, under these conditions, the diffusion
rate of the catalyst from the PU interfacial regions towards the EPDM substrate may be of the
order of, or higher than the reaction rate. This diffusion process leads to a decrease of the local
concentration of catalyst in the PU layer at the interface and a lower density of topological
constraints is on average obtained. Increasing ccat up to 0.2 wt % leads to a speeding-up of the
reaction kinetics so that the formation of the PU elastomer gets fast enough to limit the effect of
diffusion towards the EPDM layer that occurs at the same time. In that case, the value of ccat in the
interphase remains nearly unchanged during the network formation and the process is now
controlled by the reaction kinetics. A similar competition between diffusion and reaction kinetics

should also apply for IPDI.®

The diffusion of HTPB chains, IPDI and the other reaction components from the upper side
of the cross-linked EPDM sheet into its bulk should occur over a characteristic length scale of at
least 40 — 50 A from the initial EPDM/HTPB interface.”’” As the polyaddition occurs, the PU
elastomer chains are not only formed in the layer deposited on the EPDM substrate, but also in the
part of the interphase located below the upper face of the EPDM sheet. Part of the PU elastomer
network is thus formed among cross-linked EPDM chains. This structure is very important to

ensure bonding between both elastomers (PU and EPDM), at the macroscopic length scale.
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Nevertheless, the physical interactions that may be developed between both EPDM and PU

network chains are somehow very limited, since these elastomers are incompatible.

5. CONCLUSIONS

Polyurethanes (PUs) obtained by using a hydroxyl-terminated poly(butadiene) oligomer
(HTPB) and isophorone diisocyanate (IPDI) were prepared under various conditions on an EPDM
substrate. The composition of all the elastomers investigated was kept unchanged and only the
nature of the catalyst, its concentration and the reaction temperature were modified. In a first step,
the kinetics of the network formation was monitored by viscosity measurements. In a second step,
two kinds of mechanical testing were carried out: tensile tests on bulk PU systems, prepared under
the same conditions, but without any EPDM layer, which enable to probe the elasticity of the
global network; tensile tests on the assembly of both elastomeric layers (EPDM and PU), which
aim at probing the adhesion behavior of the formed PU networks. In a last step, the PU network
topology was investigated using 'H solid-state NMR: the fraction of protons in the domains formed
by the HS as well as the fraction of the elastically-active poly(butadiene) chains and the
distribution of the molecular weight between topological constraints in the soft domains were

determined.

In the case of the bulk PU elastomers (far from the EPDM layer), the nature as well as the
concentration of catalyst were not found to influence their final bulk organization. The addition
temperature is the only parameter which plays a role in the resulting cross-linked structure: as the
reaction temperature gets lower, the network is characterized by a similar number of repeat units

in the elastically-active chains, but these latter are on average longer, a feature which results in a
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lower elastic modulus. In this respect, 'H solid-state measurements and tensile test on bulk PUs

were in total agreement.

The most salient result concerns the distribution of the molecular weight between topological
constraints measured close to the interface with the EPDM layer. As the reaction temperature is
high enough (65°C), this distribution and the fraction of elastically-active chains do not depend on
the distance from the EPDM substrate, independently of the nature of the catalyst. In contrast, as
the formation of the PU network is carried out at a lower temperature (30°C) while keeping the
catalyst concentration unchanged (0.02 wt %), the network structure in the interfacial regions with
EPDM differs from the one in the bulk: the M. values become significantly higher while the total
number of repeat units in the elastically-active chains remains identical. Such a variation in the
network topology suggests the occurrence of a lower value of the local elastic modulus than the
one found further from the interface. From a mechanical point of view, such heterogeneities in the
distribution of the density of the topological constraints along the normal to the interface result in
debonding for a weaker value of the strain than for the PU prepared under the very same conditions,
but at higher temperature (65°C). Interestingly, a ten time increase of the catalyst concentration
leads to suppress the gradient of the topological constraint density from the interface towards the
bulk regions. This feature is assigned to the transition from a network formation controlled by the
diffusion at the interface to a control by the reaction kinetics. Interestingly, these observations,
performed at the molecular length scale, are consistent with the level of adhesion performance

recovered as the catalyst concentration is raised up from 0.02 wt % to 0.2 wt %.

In a more general way, this work demonstrates the possibility to account for the adhesion
behavior of elastomers by using a description at the molecular level. At this stage, it may be worth

noting that the approach used in this work remains valid for any other kinds of PU elastomers.?®

38



Only the temperature at which the NMR experiments will be performed should be adapted to
ensure that the segmental motions related to the a-relaxation of the chain portions in the soft
domains are thermally activated over a characteristic time scale lower than the 'H DQ excitation
time tpq, i.e. a few milliseconds typically. Besides, due to its high sensitivity, 'H solid-state NMR
provides a unique opportunity to probe the network structure within the interfacial regions between
two elastomer layers, the thickness of which was equal to 20 um in the present work. The high
sensitivity of these NMR approaches might even provide the avenue to determine the evolution of
the network topology from the interface towards the bulk PU and therefore, the characteristic
thickness of the interphase, by considering slices systematically collected along the normal to the
EPDM/PU layers. The spatial resolution of such a profile, determined by the microtome

characteristics, could be reduced to few micrometers.
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in the dangling chain portions and the unentangled free chains for the PU materials (bulk and
interphase) and their corresponding relaxation time T, as deduced from the 'H DQ experiments
(Table S4); Fraction of protons involved in the rigid domains, the elastically-active chains, the
dangling chain portions and the free extractables, deduced from the combination of 'H MSE and

'"H DQ NMR experiments (Table S5).
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Figure S1. Characterization of the surface composition of the EPDM sheet on which the PU

layers of the EPDM/PU assemblies were prepared: (a) FTIR spectrum obtained
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using the ATR mode with a germanium crystal. This latter leads to a probed depth
of about 0.6 um at a wavenumber of 1000 cm™; (b) XPS spectrum (survey scan)

and the corresponding composition.
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Bulk I $ 60 um
PU

I 500 pm

Interface B $ 20 um

EPDM

Figure S2. Mechanical set-up used to evaluate the adhesive properties of polyurethanes on an
EPDM surface. The location of the microtomed slices used for the *H solid-state

NMR experiments (interface and bulk domains) are schematically represented.
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Sample name | Cavitation Cavitation Stress at Strain at Energy
stress (MPa) strain (%o) break (MPa) break (%) (I/ecm?d)
22212441 129/145/
PUO 43/41/43 19.5 39/41/36 105 52/5.3/4.0
20.3/22.6/ 221/213/
PU1 46/41/4.2 219 51/5.0/5.7 959 9.1/83/10.6
PU2 36/35/35 | 3 M a1y31/31 | 23724120 | 09709711
16.8/19.7/ 135/181/
PU3 46/43/47 18.3 40/43/4.1 160 53/6.9/6.2

Table S1. Adhesion properties of the EPDM/PU materials prepared with the four different PUs.

For each system, the results obtained on three specimens are indicated.
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(a) PUO, Bulk

PU2, Bulk

PU3, Bulk

l-l
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(b) PUO, Interface
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t (ms)

Figure S3. H transverse relaxation signals obtained for (a) PUO, PU2 and PU3 far from the
EPDM substrate (bulk); (b) PUO, PU1, PU2 and PUS3 at the interface with the
EPDM layer. These measurements were carried out at 353 K, using the Magic-

Sandwich Echo pulse sequence and a single MSE cycle.
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Bulk fr (%0) a (ms?) g.M2 (ms?2) T2 (Ms)
PUO 13.1 7847 18 0.43
PU1 13.0 9156 20 0.39
PU2 12.5 7805 19 0.33
PU3 15.5 8113 18 0.40
Interphase fr (%0) a (ms?) g.M2 (ms) T2 (Ms)
PUO 10.2 9184 17 0.44
PU1 13.6 9284 23 0.38
PU2 11.0 7382 17 0.39
PU3 13.8 7946 18 0.37

Table S2. Parameters resulting from the fit of the H transverse relaxation signals shown in
Figure S3, by eq 1. The percent error on the value of the fraction fu of protons

located in the PU hard domains is estimated to +2 %.
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HTPB 70.8 % mol H
IPDI 17.4 % mol H
Diol chain extenders 9.1 % mol H
Carbon black 0.00 % mol H
Antioxidant 0.70 % mol H
Bonding agent 2 % mol H

Catalyst negligible

Table S3. Composition of the polyurethane PUOQ, allowing to estimate the fraction of protons

for the moieties involved in the hard domains.
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Figure S4. (a) Evolution of Spg (®) and Srer (W) with tpg, measured for PUl at T = 353 K. (b)

Fit of [Sref — Spo](tpg) in the long-time regime, using a single-exponential decay,

AsoLxexp(-too/T2,soL). The solid line corresponds to the fitting curve. (c) Variation

of Spo (®) and [Srer - AsoLxexp(-tog/T2,soL)] (A) with tpg. (d) Fit of [Sgref -

AsoLxexp(-too/T2,soL) — Spg](tbg) by a single-exponential decay (Apcxexp(-

too/T2,0c)), in the intermediate time range. The solid line stands for the fitting line.
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(e) Comparison between Spo(tog) (®) and [Srer - AsoLxexp(-tog/T2soL) -
Apcxexp(-too/T2,oc)](tog) (@). This latter corresponds to the reference signal,
Sref(tpg), subtracted by the contributions from the protons related to *H-H dipolar
couplings averaged to zero, due to isotropic reorientational motions over the tens
of microseconds time scale, at T = 353 K. (f) Normalized *H double-quantum build-
up curve, Ipg(tog), determined by dividing Spo(tbg) by the corrected reference

signal.

S11



Bulk (II?IEE;] c AsoL (%0) T2soL (mMSs) Aobc (%) T2,pc (MS)
PUO -1.47 0.68 3.7 31.1 9.5 4.3
PU1 -1.47 0.68 3.9 26.0 104 3.7
PU2 -1.65 0.72 4.2 22.6 12.7 3.5
PU3 -1.65 0.72 3.9 28.3 10.9 4.0
Interphase (ELI?;)] c AsoL (%0) T2soL (mMSs) Aobc (%) T2,pc (MS)
PUO -1.47 0.70 2.7 30.6 9.4 3.9
PU1 -1.47 0.70 2.7 40.1 9.6 4.6
PU?2 -1.91 0.85 3.7 26.4 12.9 4.4
PU3 -1.62 0.78 3.5 29.2 10.2 4.1

Table S4. Parameters  describing the log-normal distribution of Dres, P(Dyes) =

_ (nDyes—In Dg)?

. 252 . The fractions of protons present in the soft domains,

VI Dros ©
belonging to dangling chain portions (Apc) and unentangled free chains (AsoL), are
reported, together with their corresponding transverse relaxation time, T2 soL and
Topc, determined using the reference signal Sref(tpg). The percent error on In[Do
(kHz)], o, AsoL, T2,s0L, Apc and Tzpc is estimated to +2 %, +8 %, +1 %, +1 %, +2

% and 1 %, respectively.
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Bulk fn (%0) feac (%) foc (%0) fso (%0)
PUO 13.1 75.4 8.3 3.2
PU1 13.0 74.6 9.0 34
PU2 125 72.7 111 3.7
PU3 155 72.0 9.2 3.3
Interphase fr (%0) feac (%) foc (%0) fsoL (%0)
PUO 10.2 78.9 8.5 2.4
PU1 13.6 75.8 8.3 2.3
PU2 11.0 74.1 115 34
PU3 13.8 74.4 8.8 3.0

Table S5. Fractions of protons involved in the rigid domains formed by the hard segments (fi)
and the different populations present in the soft domains: elastically-active chains
(feac), dangling chain portions (foc) and unentangled free chains (fsor). The percent
error on fu, fso, foc and feac is estimated to +2 %, +3 %, +4 % and +1 %,

respectively.
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Figure S5. Comparison of the *H DQ build-up curves, Ibg(tog), obtained for PUO at T = 80°C

(®) and 100 °C (O).
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(a) (b) (c)

/o /
OH HO
— OH

Scheme S1. Chemical structure of (a) hexene-2-1-type, (b) vinyl-type and (c) geraniol-type

hydroxyl groups found along the HTPB chains.
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