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Shapeable and flexible pressure sensors with superior mechan-
ical and electrical properties are of major interest as they can be
employed in a wide range of applications. In this regard,
elastomer-based composites incorporating carbon nanomateri-
als in the insulating matrix embody an appealing solution for
designing flexible pressure sensors with specific properties. In
this study, PDMS chains of different molecular weight were
successfully functionalized with benzoxazine moieties in order
to thermally cure them without adding a second component,

nor a catalyst or an initiator. These precursors were then
blended with 1 weight percent of multi-walled carbon nano-
tubes (CNTs) using an ultrasound probe, which induced a
transition from a liquid-like to a gel-like behavior as CNTs
generate an interconnected network within the matrix. After
curing, the resulting nanocomposites exhibit mechanical and
electrical properties making them highly promising materials
for pressure-sensing applications.

Introduction

Pressure sensors are devices that can detect pressure by
transforming it in a measurable electrical signal output.[1,2] This
signal transduction operation makes it possible to exploit this
type of devices in a wide variety of domains: automotive,
medicine, industrial production, consumer goods and
construction.[1,3–6] Conventional pressure sensors are made of
inorganic materials that operate in rigid devices with limited
flexibility and stretchability, as well as a low sensitivity.[5,7,8]

Nowadays, the demand is growing to produce pressure sensors
with increased mechanical and electrical properties to fulfill the
requirements of the next-generation wearable devices, in terms
of flexibility, stretchability, foldability, conformability, and
sensitivity.[1,2,4] Many studies have been conducted on innova-
tive ways to create flexible, stretchable, and sensitive force

sensors.[9] Those sensors typically use conductive materials that
are applied onto a flexible and stretchable polymeric
substrate.[10–12] Those materials enable the sensors to function
using various transduction mechanisms, including
piezoresistive,[13,14] piezoelectric,[15,16] and capacitive[17,18] princi-
ples. Nanocomposite materials that are piezoresistive are of
interest due to their high sensitivity, ease of manufacturing,
simple read-out mechanism and low power consumption.[19]

One particularly promising class of such materials is polymer
nanocomposites that contain carbon nanomaterials such as
graphene and carbon nanotubes (CNTs). They can be custom-
ized to meet specific application requirements and are expected
to show superior sensitivity, chemical stability, mechanical and
electrical properties.[20] In particular, polymer/CNTs composites
reported in the literature often exhibit better electrical con-
ductivity, strength, flexibility and stability than their counter-
parts with other types of nanofillers.[21–23]

Elastomers have been extensively used as flexible and
stretchable insulating matrices coupled with a percolated
network of CNTs for pressure-sensing composites.[1,24,25] These
materials allow the sensor to be molded into different geo-
metries, extending its range of applications.[5] The silicone
rubber polydimethylsiloxane (PDMS) is the first choice as
elastomeric matrix for the flexible electronic composites
because of its low elastic modulus, inherent flexibility, high
transparency, excellent chemical and thermal stability, and ease
of use.[2,26–28] To become an elastomeric material, the initial
PDMS has to be chemically cross-linked.[29,30] Various curing
methods are known and commercialized to produce silicone
resins:[31,32] (1) The cross-linking can be achieved by an addition
reaction. It is performed by reacting vinyl-terminated polymers
with SiH groups carried by functional oligomers. (2) A
condensation reaction can also induce curing of a formulation
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consisting of a hydroxy-terminated PDMS and a large excess of
methyltriacetoxysilane. (3) Peroxide curing can also be em-
ployed. Organic peroxides are decomposed to form highly-
reactive radicals that chemically cross-link the vinyl-containing
PDMS chains. (4) Making the PDMS prepolymer sensitive to
ultraviolet wavelengths is an alternative approach to PDMS
processing.[33,34] The curing is then induced upon exposure to
UV light. Even if these approaches work well and are used in
large-scale production, they share some inherent drawbacks:
they can leave by-products and often need a catalyst complex,
an inhibitor and potentially specific reaction conditions.[35]

An alternative approach to cure PDMS polymers, while
overcoming the shortcomings of other synthetic methods, is to
functionalize the PDMS pre-polymer chain ends with benzox-
azine moieties. Indeed, the oxazine rings can be used to
generate cross-linking networks.[36] They are readily formed by a
combination of a phenol, a primary amine, and formaldehyde in
1 :1 : 2 molar ratio via a one-pot Mannich condensation. The
synthesized compound then undergoes thermally-accelerated,
cationic ring-opening polymerization without any additional
initiator. Since the phenolic structure formed during the curing
acts as an additional initiator and catalyst, the processing is
autocatalyzed.[37] This class of thermosets are known to show
good thermal and electrical features.[36–38]

Recently, we demonstrated experimentally[39–41] and
theoretically[42,43] that benzoxazine resins facilitate the disper-
sion of CNTs without requiring a surface functionalizing agent,
because of intrinsic favorable interactions between the two
components. The use of a sonication probe can easily achieve a
uniform dispersion state, resulting in nanocomposites with low
electrical percolation thresholds, i. e., with amounts of CNTs as
small as 0.5 wt%. This feature could therefore promote
synergies with the high affinity of PDMS chains for adsorbing
onto CNTs, which is driven by CH-π interactions between the
methyl groups in the PDMS and the π-electron-rich surface of
the CNTs.[44–46]

The addition of siloxane to benzoxazine moieties has been
a popular option in the literature for improving the polybenzox-
azine properties, including its ability to impart excellent
flexibility and high thermal stability.[47–49] Various studies have
integrated distinct siloxanes into benzoxazines, resulting in
improved characteristics in the resulting polybenzoxazines,
such as enhanced glass transition temperature (Tg) and
toughness,[49–55] better thermal stability,[49,51—69] increased flame
retardancy,[53,55,66,70] higher surface hydrophobicity,[71] improved
mechanical properties,[51,58,62,64,72,73] enhanced shape memory
effect,[48] corrosion resistance[74] and lower dielectric constant
(low-k).[53,54,58,60,63,74,75] Particularly, Chou et al.[50] have been able
to successfully synthesize a silicon-containing benzoxazine
monomer prepared from 1,3-bis(3-aminopropyl)tetrameth-
yldisiloxane (BATMS), phenol and formaldehyde aqueous
solution for property modification on conventional phenol-
based polybenzoxazines. Qi et al.[49] prepared the same mono-
mer to incorporate it in a copolymer to significantly improve
the toughness of the polybenzoxazines. Along the same line,
our group[46] synthesized a benzoxazine-terminated polydimeth-
ylsiloxane (PDMS� Bz) from amino-terminated PDMS, parafor-

maldehyde and phenol to promote epoxy/PDMS compatibiliza-
tion, as the benzoxazine moiety is reactive towards the epoxy
system. In that case, the intended objective was to improve the
thermal and flame-retardant properties of epoxy-based materi-
als.

To the best of our knowledge, an elastomer including
benzoxazine moieties was never used as the matrix for flexible
pressure sensors. In this study, we explore more deeply the
synthesis of PDMS� Bz (Table 1) by preparing three different
polymers from aminopropyl-terminated PDMS of 1000 g.mol� 1,
2500 g.mol� 1 and 5000 g.mol� 1. The thermal and mechanical
properties of these three compounds are then fully character-
ized before and after addition of 1 wt% multi-walled carbon
nanotubes in order to determine the effect of the filler.

Results and Discussion

Structure of PH-PDMS

The three PH-PDMS benzoxazine compounds studied in this
work were synthesized according to the one-pot Mannich
condensation from phenol, bis(3-aminopropyl)-terminated
poly(dimethylsiloxane), and paraformaldehyde in bulk, as
shown in Scheme 1. To confirm the complete formation of the
benzoxazine moieties at the chain end of the PDMS backbone,
the 1H NMR and 13C NMR spectra of the PDMS-based
benzoxazines of different molecular weights were recorded
(Figure 1). In the 1H NMR spectra, the characteristic proton
resonance signals of the oxazine ring, assigned to the Ar-CH2-N
and O-CH2-N protons, appear in all compounds as two singlets
at 3.98 and 4.86 ppm, respectively. The resonant protons of the
aminopropyl group are represented by peaks at 0.54, 1.58 and

Table 1. PH-PDMS benzoxazines synthesized.

Name Chain Architecture

PH-PDMS structure

Molecular weight (g.mol� 1)

PH-PDMS1000 ~1250

PH-PDMS2500 ~2750

PH-PDMS5000 ~5250

Scheme 1. Synthesis of the PH-PDMS benzoxazine.
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2.73 ppm.[49,51] The protons in the methyl groups of the PDMS
chain correspond to the intense peak at 0.06-0.09 ppm. Based
on our previous work on a trifunctional benzoxazine,[38] the
peaks in the aromatic region between 6.74 and 7.14 ppm were
unambiguously attributed to benzoxazine moieties also at-
tached to the aminopropyl group, based on two-dimensional
NMR analyses. It must be pointed out that some oligomers are
inherently formed during the synthesis. The Mannich bridge
protons of opened oxazine rings are typically located at
approximately 3.70 ppm; the presence of proton peaks in this
region thus indicates the formation of ring-opened oligomeric
species from the monomers.[76]

In the 13C NMR spectra of all the compounds, the signals at
54.8 and 82.7 ppm are the characteristic methylene carbon

resonances of Ar� CH2-N and O� CH2-N of the oxazine ring
structure, respectively.[38,48,49] The peaks at 5.7, 22.1 and
50.5 ppm correspond to the resonant carbon of the amino-
propyl group. The chemical shift at 1.2 ppm is assigned to the
methyl groups of PDMS chain. Similar to the 1H NMR, the
aromatic carbon signals between 115.5 and 154.5 ppm can be
assigned based on our previous work.[38]

The three PH-PDMS studied here were also analyzed by
FTIR, shown in Figure 2. As expected, the characteristic signals
of the PDMS chain increase with the molecular weight at the
expense of the characteristic peaks of the benzoxazine moieties,
which are almost undetectable for PH-PDMS5000. For all the
samples, the PDMS absorptions appear at about 787 cm� 1 for
the stretching vibrations of the Si-C,[49] 1015 cm� 1 for the

Figure 1. The 1H (left) and 13C (right) NMR spectra of (A) PH-PDMS1000, (B) PH-PDMS2500, (C) PH-PDMS5000.
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asymmetric stretching vibrations of Si� O� Si,[77] 1258 cm� 1 for
the Si-CH3 bending vibration and 2962 cm� 1 for the C� H
symmetric stretching vibrations of CH3.

[48] Regarding the
benzoxazine parts, we can detect the C� O� C asymmetric
stretching mode at about 1229 cm� 1 and the band at 932 cm� 1

characteristic of the oxazine ring mode.[38,78] It must be pointed
out that the C� O-C symmetric stretching mode at 1033 cm� 1 as
well as the =C� H stretching vibrations of the aromatic ring at
3040 cm� 1 and the C� H symmetric stretching vibrations of CH2

propyl chains at about 2860 cm� 1 are masked by the other
peaks.

Polymerization of PH-PDMS

The three precursors (PH-PDMS1000, PH-PDMS2500, and PH-
PDMS5000) were subjected to Differential Scanning Calorimetry
(DSC), Thermogravimetric Analysis (TGA), and Dynamic Rheo-
logical Analysis (DRA) measurements to track structural changes
with temperature, reactivity, and thermal stability. These results
are collected in Figure 3, and the important values are listed in
Table 2. The DSC exothermic peak maximum, which corre-
sponds to resin curing (the schematic network is presented in
Scheme 2), coincides with the onset of the increase in complex
viscosity η* obtained by DRA, as typically observed in the cross-
linking of Bz compounds;[38,79,80] in a control experiment, we
have checked that a similar heat treatment applied to non-
functionalized PDMS yields no solid material. Notably, the onset,
maximum, and enthalpy of the exotherm as well as the
temperature corresponding to the increase in η* all rise with
the PDMS chain molecular weight, which is attributed to the
dilution effect:[81,82] the benzoxazine moieties are increasingly
diluted by PDMS, which raises the benzoxazine ring-opening
temperature. The initial degradation step detected by TGA
above 250 °C, which has been linked to the volatilization of
imine products as a result of secondary rearrangement
reactions connected to the curing process,[79,83] takes place in
the same range as the exothermic peak and the rise in η*,
suggesting that the degradation process starts in the final
stages of the polymerization of the precursors. However, it
seems that the small weight losses during curing do not
significantly affect the PH-PDMS ability to cure, as bulk materials
could be produced without any issues. Thus, the PH-PDMS
precursors can be simply heated to be cured without the use of
a catalyst or initiator.

Addition of multi-walled carbon nanotubes and
characterization of the uncured blends

After the synthesis and characterization of the PH-PDMS
precursors, their mixtures with 1 weight percent of CNTs were
prepared. To fully exploit the extraordinary capabilities of CNTs
in a polymer composite, it is well recognized that the degree of
dispersion within the polymer matrix is of utmost
importance.[39,41,84] A rheological method was used before

Figure 2. FTIR spectra of the uncured (A) PH-PDMS1000, (B) PH-PDMS2500,
(C) PH-PDMS5000.

Figure 3. DSC (red), TGA (blue) and viscosity (green)-temperature curves of
PH-PDMS1000, PH-PDMS2500 and PH-PDMS5000.

Table 2. Thermal properties of PH-PDMS1000, PH-PDMS2500 and PH-PDMS5000 as determined by DSC, TGA and DRA.

Sample Tponset from
DSC[a] (°C)

Tpmax
[b]

(°C)
Enthalpy[c]

(J.g� 1)
Weight loss at
Tponset from
DSC[d] (%)

Weight loss
at Tpmax

[e]

(%)

Tponset from
η*[f]
(Pa.s)

Weight loss at
Tponset from
η*[g] (%)

PH-PDMS1000 178 223 33.6 4 5 222 5

PH-PDMS2500 240 277 13.0 3 6 288 7

PH-PDMS5000 267 304 5.1 2 3 291 3

[a] Onset temperature of the reaction exotherm as obtained by DSC. [b] Maximum temperature of the reaction exotherm as obtained by DSC. [c] Reaction
enthalpy as obtained by DSC. [d] Weight loss at the onset temperature of the exotherm as obtained by TGA-N2. [e] Weight loss at the maximum
temperature of the exotherm as obtained by TGA-N2. [f] Onset temperature of the increase of the complex viscosity η* as obtained by DRA. [g] Weight loss
at the onset temperature of the increase of the complex viscosity η* from the viscosity–temperature curve as obtained by TGA-N2.
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curing, as this approach is efficient to characterize the confine-
ment and the dispersion of particles within a polymer
matrix.[39,85] The amplitude sweeps on the three PH-PDMS
precursors without CNTs in Figure 4 reveal that the storage (G’)
modulus (elastic properties) is smaller than the loss (G”)
modulus (viscous properties) in the linear viscoelastic regime,
indicating a fluid behavior. When the filler is added to the PH-
PDMS, the two moduli strongly increase and G’ now exceeds
G”, which is characteristic of a gel-like behavior and is
significant of the presence of good interactions between CNTs
and PH-PDMS chains. Indeed, when particle/matrix interactions
are favored in liquid polymers, CNTs can therefore disentangle,
separate from each other, disperse, reorganize themselves and
create an interconnected network. This structural network is

responsible for the enhancement of G’ and G” and for their
independence versus the shear strain in the low shear strain
range, manifesting as a plateau in Figure 4.

The frequency sweeps performed on the PH-PDMS precur-
sors and their nanocomposites with CNTs are presented in the
Figure S1 (Supporting Information). Based on the prior ampli-
tude sweeps, the applied shear strain was selected to be in the
linear viscoelastic zone. The same conclusions can be deduced
from these experiments: samples without filler exhibit a
viscoelastic liquid-like behavior and adding CNTs imparts a
solid-like behavior to the blends, significantly increasing G’ and
G” and making them frequency-independent in all the probed
range, indicating good interactions between CNTs and PH-
PDMS matrix.

Molecular dynamics (MD) simulations have been employed
to provide a detailed understanding of the interfacial inter-
actions between uncured PH-PDMS polymer chains and carbon
nanotubes. As the experimental CNT diameter of approximately
9.5 nm exceeds the atomistic limits of the MD simulations, to
simplify the model, a graphene sheet was substituted for the
CNT, serving as a representative local region of the nanotube.
On the length scale of the MD simulation box, the outer surface
of a 10-nm diameter MWCNT is virtually flat and our previous
studies[42,43] have shown that considering multi-layer graphene
instead of a single layer to represent the carbon surface does
not modify significantly the nature and strength of the
interactions with the resin, hence the use of a single graphene
sheet here. Simulation boxes, containing periodic 9.4×9.4 nm2

graphene sheets, were loaded with 350 and 100, PH-PDMS1000
and PH-PDMS5000 polymer chains, respectively. These resulting
structures were then equilibrated at room temperature and

Scheme 2. Schematic representation of the network formed upon polymer-
ization of PH-PDMS.

Figure 4. DRA curves (amplitude sweep, frequency=1 Hz at room temperature) of the uncured PH-PDMS1000, PH-PDMS2500 and PH-PDMS5000 and their
mixtures with 1 wt% MWCNTs.
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atmospheric pressure under the NPT ensemble (Figure 5.A). The
simulations revealed a specific interfacial arrangement of the
PH-PDMS polymer chains relative to the graphene surface. This
can be elucidated via local density profiles as a function of the
distance from the graphene layer. As shown in Figure 5.B, a
dense interface region approximately 2 nm thick is formed, with
the highest peaks representing the primary layer of chains
adhering to the surface due to strong π-π and CH-π interactions.

To evaluate the interfacial energy Eint, we carried out three
separate simulations to determine the different terms in the
equation Eint=EPH-PDMS/graphene - EPH-PDMS - Egraphene. These simula-
tions involved equilibrating PH-PDMS/graphene, bulk PH-PDMS,
and bulk graphene structures. Additionally, we computed the
density of π-π interactions between graphene and benzoxazine
moieties, as they are expected to contribute markedly to the
matrix/CNT interactions. The results indicate a favorable inter-
facial energy for both systems, with values of 305.1 mJ.m� 2 for
PH-PDMS1000 and 281.6 mJ.m� 2 for PH-PDMS5000. The slightly
higher interfacial energy for PH-PDMS1000 can be attributed to
a higher density of π-π interactions (0.78 π-π/nm2) compared to
PH-PDMS5000 (0.35 π-π/nm2), which aligns with earlier
findings.[42] These results rationalize the favorable distribution of
CNTs in the PH-PDMS matrices, which we observe experimen-
tally.

Curing of the PH-PDMS resins and their nanocomposites

Cross-linked polybenzoxazine networks were prepared by
curing the PH-PDMS precursors and their nanocomposites with
1 wt% MWCNTs according to the conditions described in the
Experimental Section.

Conventional DSC measurements failed to identify the glass
transition temperature Tg of the cured materials. Thus,
thermomechanical analysis was used to determine the mechan-
ical transition temperature Tα associated with the Tg. Since the

ultimate goal is to fabricate a matrix for flexible pressure
sensors, dynamic mechanical analysis (DMA) was used in
compression mode to determine the properties of the materials
in the final state after curing. The results are shown in Figure 6
and the important values are summarized in Table 3. Concern-
ing the pristine resins, it appears that the Tg of the material
decreases with the molecular weight of the PH-PDMS, which is
associated with a higher segmental mobility between cross-
links. Concomitantly, the height of the tan δ peak, which is
linked to the cross-link density, increases. Since tan δ is the ratio
of the viscous to elastic response of a viscoelastic material, this
increasing height is associated with a higher segmental mobility
and thus indicates of a lower degree of cross-linking.[86] This is
confirmed by the lower value of the storage modulus in the
rubbery area.

When PH-PDMS is filled with 1 wt% CNTs, no significant
change of Tg or height of the tan δ peak is observed. Only a
slight increase is obtained for the rubbery plateau. These results
suggest that CNTs alter only slightly the mobility of the chains
between cross-links.

Figure 5. (A) Snapshot from the MD simulations illustrating the PH-PDMS/graphene interface; silicon: yellow; oxygen: red; nitrogen: blue; carbon: grey. (B)
Local density of PH-PDMS1000 and PH-PDMS5000 structures, varying with the distance from the graphene sheet.

Table 3. Thermomechanical properties of the cured PH-PDMS1000, PH-
PDMS2500 and PH-PDMS5000 resins and their nanocomposites with 1 wt%
MWCNTs as obtained by DMA.

Sample Tα[a]

(°C)
E’[b] at 25 °C
(MPa)

PH-PDMS1000 � 97 0.561

PH-PDMS1000+1wt%MWCNT � 92 0.861

PH-PDMS2500 � 101 0.015

PH-PDMS2500+1wt%MWCNT � 105 0.024

PH-PDMS5000 � 107 0.007

PH-PDMS5000+1wt%MWCNT � 104 0.054

[a] Temperature of maximum tan δ peak as obtained by DMA. [b] Storage
modulus at 25 °C as obtained by DMA.
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Overall, it appears that the presence of MWCNTs still allows
molecular chain mobility in the rubbery state; this makes it
possible to generate nanocomposites with high flexibility at
room temperature, which is ideal for flexible pressure sensors.

The cured materials were tested by DRA in the oscillatory
shear mode. A strain amplitude sweep test at room temperature
and 1 Hz was first performed (Figure 7). The shear resistance of
the materials at room temperature can thus be determined by

Figure 6. DMA thermograms (temperature sweep, frequency=1 Hz, and ramp rate=3 °C.min� 1) of the cured PH-PDMS1000, PH-PDMS2500 and PH-PDMS5000
resins and their nanocomposites with 1 wt% MWCNT.

Figure 7. DRA curves (amplitude sweep, frequency=1 Hz at room temperature) of the cured PH-PDMS1000, PH-PDMS2500 and PH-PDMS5000 resins and their
nanocomposites with 1 wt% MWCNTs.
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these experiments. The storage (G’) shear modulus at the zero-
strain limit decreases with the molecular weight of the PH-
PDMS. Also, G’ of PH-PDMS2500, PH-PDMS5000 and their
nanocomposites remains constant over a larger shear strain
range compared to the PH-PDMS1000 and its nanocomposite,
which emphasizes that they are softer materials that can
withstand larger deformation. The G’ value in shear mode
increases with the filler, which is attributed to the cluster-free
and uniform dispersion of CNTs that leads to a slight decrease
of the molecular chain mobility.[87]

The frequency sweep at shear strain=0.01% and room
temperature of the material shows that G’ is frequency
independent in all the probed angular frequency ω in shear
mode. This confirms the results obtained by strain amplitude
sweep test. The details of these data are presented in the
Figure S2 (Supporting Information).

As already observed for PDMS,[88] the overall picture from
the mechanical measurements is that the addition of MWCNTs
into the PH-PDMS matrix does not affect drastically the
viscoelastic behavior of PH-PDMS in compression (as obtained
by DMA) and under shear (as obtained by DRA).

Electrical measurements were finally performed on the
various materials to detect the formation of electrical percola-
tion paths of the CNTs within the PH-PDMS matrix by the
increase of the conductivity σ. Table 4 shows the electrical data
obtained for the different PH-PDMS and their nanocomposites
with 1 wt% MWCNTs. Remarkably, the conductivity is improved
by a factor 105-106 when the CNTs are added in the matrix.
These values are in the same range as the nanocomposites of
PDMS/1 wt% MWCNTs[89–91] and polybenzoxazine/1 wt%
MWCNTs[39,41] reported in the literature.

This strong increase in the conductivity confirms the results
reported above regarding the formation of a network-like
structure of the CNTs in the nanocomposites observed by DRA
analyses, giving rise to electrical percolation paths within the
material.

Conclusions

Benzoxazine-terminated PDMS polymers (PH-PDMS) of three
different molecular weights were successfully synthesized from
bis(3-aminopropyl)-terminated poly(dimethylsiloxane), phenol
and paraformaldehyde. Their thermal curing shows that the
resins can be obtained without the use of any initiator or

catalyst, contrary to the conventional PDMS for which a
hardener or a catalyst is needed.

Adding 1%wt CNTs leads to an interconnected network
within the PH-PDMS matrices, which induces the transition
from a liquid-like to a gel-like behavior for the blend and a
major increase in the storage shear modulus. This reflects the
good dispersion of CNTs within the PH-PDMS matrices, which is
spurred by favorable interfacial interactions identified with MD
simulations.

Thermomechanical analysis of the cured resins shows that
the Tg and the cross-linking density are only slightly affected by
the presence of 1 wt% CNTs, highlighting that the PH-PDMS
based nanocomposites have elastomer properties. This behav-
iour is further confirmed with amplitude and frequency sweeps
analyses by shear mode in DRA at room temperature.

Finally, electrical measurements confirm that a network-like
structure is formed by the CNTs within the matrix, which
drastically improves the electrical conductivity of the resin.

These results show that the conventional PDMS can be
thermally cured to generate an elastomer, without the use of
an additional component when it is end-functionalized with
benzoxazine moieties. The systems developed here do not
require either any surface treatment or functionalization of the
CNTs to promote their dispersion within the matrix, which
makes them promising for pressure-sensing applications.

Experimental Section

Materials

Poly(dimethylsiloxane), bis(3-aminopropyl) terminated
(1000 g.mol� 1 and 5000 g.mol� 1) were purchased from ABCR where-
as the 2500 g.mol� 1 polymer was acquired from Sigma-Aldrich.
Phenol (>99%) was obtained from Merckmillipore. Paraformalde-
hyde (>99%), diethylether and chloroform were used as received
from VWR. Multi-walled carbon nanotubes (MWCNTs - NC7000™,
diameter of ~9.5 nm and an average length of ~1.5 μm) were
purchased from Nanocyl.

Preparation of Benzoxazine-Terminated
poly(dimethylsiloxane) 100 preparation of Benzoxazine-
Terminated poly(dimethylsloxane) 1000 g mol� 1 (PH-
PDMS1000)

Phenol (1.02 g, 0.011 mol) and paraformaldehyde in excess (0.72 g,
0.024 mol) were introduced into a 50 mL round-bottom flask and
immersed in an oil bath preheated at 120 °C. The mixture was

Table 4. Electrical properties of the cured PH-PDMS1000, PH-PDMS2500 and PH-PDMS5000 resins and their nanocomposites with 1 wt% MWCNTs.

Sample Conductivity σ (S/m)

PH-PDMS1000 1.85×10� 10

PH-PDMS1000+1wt%MWCNT 6.38×10� 5

PH-PDMS2500 2.26×10� 10

PH-PDMS2500+1wt%MWCNT 1.11×10� 4

PH-PDMS5000 4.35×10� 10

PH-PDMS5000+1wt%MWCNT 3.29×10� 5
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stirred until the complete melting of phenol and the subsequent
formation of a homogenous white solution. Poly(dimethylsiloxane),
bis(3-aminopropyl) terminated 1000 g.mol� 1 (4.9 g, 5.44×10� 3 mol)
was then added into the mixture. The addition of the diamine leads
to the gelation of the mixture resulting from the condensation of
the diamine and formaldehyde and the subsequent formation of a
triazine network.[92] At this temperature, the triaza compound reacts
quickly with phenol and the gel is disrupted in 2 min. The mixture
was then allowed to react 10 min under continuous stirring. After
cooling to room temperature, the reaction mixture was then
dissolved in ET2O, filtered by Büchner, and dried under vacuum to
obtain PH-PDMS1000 as a transparent viscous liquid. 1H NMR
(500 MHz, CDCl3, 25 °C, TMS): δ= 7.11 (m, 2H; Ar� H), 6.99–6.91 (m,
2H; Ar� H), 6.89–6.80 (m, 2H; Ar� H), 6.77 (m, 2H; Ar� H), 4.86 (s, 4H;
O-CH2-N), 3.98 (s, 4H; Ar-CH2-N), 2.77–2.70 (t, 4H; N-CH2), 1.64–1.54
(tt, 4H; CH2), 0.58–0.51 (t, 4H; CH2-Si), 0.08 (s; Si-CH3).

13C NMR
(126 MHz, CDCl3, 25 °C, TMS): δ= 154.19 (O� Ar), 127.51 (Ar), 127.39
(Ar), 120.32 (Ar), 120.23 (CH2-C), 116.27 (Ar), 82.44 (O-CH2-N), 54.57
(N-CH2-Ar), 50.17 (N-CH2), 21.87 (CH2), 15.46 (Si-CH2), 1.23 (Si-CH3).
FTIR (cm� 1): ν˜= 2962 (m) (C� H symmetric stretching of CH3), 1258
(s) (bending of Si� CH3), 1229 (w) (asymmetric stretching of C� O� C),
1015 (s) (asymmetric stretching of Si� O� Si), 932 (w) (oxazine ring
mode), 787 (vs) (stretching of Si� C).

Preparation of Benzoxazine-Terminated
Poly(dimethylsiloxane) 2500g mol� 1 (PH-PDMS2500)

Phenol (0.37 g, 3.92×10� 3 mol) and paraformaldehyde in excess
(0.26 g, 8.92×10� 3 mol) were introduced into a 50 mL round-bottom
flask and immersed in an oil bath preheated at 120 °C. The blend
was stirred until the complete melting of phenol and the
subsequent formation of a homogenous white solution.
Poly(dimethylsiloxane), bis(3-aminopropyl)-terminated 2500 g.mol� 1

(4.9 g, 1.96×10� 3 mol) was then added into the mixture. The
addition of the diamine leads to the gelation of the mixture
resulting from the condensation of the diamine and formaldehyde
and the subsequent formation of a triazine network.[92] At this
temperature, the triaza compound reacts quickly with phenol and
the gel is disrupted in 5 min. The mixture was then allowed to react
60 min under continuous stirring. After cooling to room temper-
ature, the reaction mixture was then dissolved in ET2O, filtered by
Büchner, and dried under vacuum to obtain PH-PDMS2500 as a
transparent viscous liquid. 1H NMR (500 MHz, CDCl3, 25 °C, TMS): δ=

7.18–7.05 (m, 2H; Ar� H), 7.00–6.89 (m, 2H, Ar� H), 6.89–6.80 (m, 2H;
Ar� H), 6.77 (m, 2H; Ar� H), 4.86 (s, 4H; O-CH2-N), 3.98 (s, 4H; Ar-CH2-
N), 2.77–2.70 (t, 4H; N-CH2), 1.64–1.53 (tt, 4H; CH2), 0.58–0.51 (t, 4H;
CH2-Si), 0.16–0.04 (s; Si-CH3).

13C NMR (126 MHz, CDCl3, 25 °C, TMS):
δ= 154.43 (O� Ar), 127.77 (Ar), 127.65 (Ar), 120.57 (Ar), 120.48 (CH2-
C), 116.52 (Ar), 82.69 (O-CH2-N), 54.82 (N-CH2-Ar), 50.42 (N-CH2),
22.12 (CH2), 15.72 (Si-CH2), 1.22 (Si-CH3). FTIR (cm� 1): ν˜= 2962 (m)
(C� H symmetric stretching of CH3), 1258 (s) (bending of Si-CH3),
1229 (w) (asymmetric stretching of C� O� C), 1015 (s) (asymmetric
stretching of Si� O� Si), 932 (w) (oxazine ring mode), 787 (vs)
(stretching of Si� C).

Preparation of Benzoxazine-Terminated
Poly(dimethylsiloxane) 5000g mol� 1 (PH-PDMS5000)

Phenol (0.18 g, 1.96×10� 3 mol) and paraformaldehyde in excess
(0.13 g, 4.31×10� 3 mol) were introduced into a 50 mL round-bottom
flask and immersed in an oil bath preheated at 120 °C. The blend
was stirred until the complete melting of phenol and the
subsequent formation of a homogenous white solution.
Poly(dimethylsiloxane), bis(3-aminopropyl) terminated 5000 g.mol� 1

(4.9 g, 9.8×10� 4 mol) was then added into the mixture. The addition

of the diamine leads to the gelation of the mixture resulting from
the condensation of the diamine and formaldehyde and the
subsequent formation of a triazine network.[92] At this temperature,
the triaza compound reacts quickly with phenol and the gel is
disrupted in 10 min. The mixture was then allowed to react 60 min
under continuous stirring. After cooling to room temperature, the
reaction mixture was then dissolved in ET2O, filtered by Büchner,
and dried under vacuum to obtain PH-PDMS5000 as a transparent
viscous liquid. 1H NMR (500 MHz, CDCl3, 25 °C, TMS): δ= 7.11 (m,
2H; Ar� H), 6.94 (m, 2H; Ar� H), 6.85 (m, 2H; Ar� H), 6.76 (m, 2H;
Ar� H), 4.86 (s, 4H; O-CH2-N), 3.98 (s, 4H; Ar-CH2-N), 2.77–2.68 (t, 4H;
N-CH2), 1.58 (tt, 4H; CH2), 0.59–0.50 (t, 4H; CH2-Si), 0.16–0.02 (s; Si-
CH3).

13C NMR (126 MHz, CDCl3, 25 °C, TMS): δ= 154.46 (O� Ar),
127.76 (Ar), 127.65 (Ar), 120.56 (Ar), 120.50 (CH2-C), 116.52 (Ar),
82.72 (O-CH2-N), 54.83 (N-CH2-Ar), 50.43 (N-CH2), 22.13 (CH2), 15.72
(Si-CH2), 1.22 (Si-CH3). FTIR (cm� 1): ν˜= 2962 (m) (C� H symmetric
stretching of CH3), 1258 (s) (bending of Si-CH3), 1229 (w)
(asymmetric stretching of C � O � C), 1015 (s) (asymmetric stretch-
ing of Si-O� Si), 932 (w) (oxazine ring mode), 787 (vs) (stretching of
Si� C).

General Formulation of PH-PDMS+1 wt% CNTS

PH-PDMS and CNTs (1%wt) were mixed in chloroform at room
temperature and sonicated via ultra-sound probe in a pulse mode
for 1 min. The solvent was then evaporated to give a black soft
solid.

Curing of PH-PDMS and PH-PDMS+1 wt% CNTS

The PH-PDMS polymers as well as their mixture with CNTs were
cured at 140 °C, 160 °C, 180 °C, 200 °C, 220 °C and 230 °C for 1 h at
each temperature, respectively.

Characterization

1D 1H and 13C NMR spectra were recorded on a Bruker AMX-500
(500 MHz) NMR spectrometer in chloroform-d (CDCl3) with TMS as
an internal standard. Fourier Transform Infrared (FTIR) spectra were
obtained using a Bruker Tensor 17 FTIR spectrometer, operating in
ATR-FTIR («Attenuated Total Reflectance-Fourier Transform Infra-
Red») mode. Differential Scanning Calorimetry (DSC) data were
obtained from a DSC 2920 apparatus (TA Instruments) at a heating
rate of 10 °C.min� 1 in a nitrogen flow (88 mL.min� 1) for all tests.
Thermogravimetric Analyses (TGA) were performed on a TGA Q50
device (TA Instruments) at a heating rate of 10 °C.min� 1 under a
nitrogen flow of 60 mL.min� 1 for all tests. Dynamic Mechanical
Analyses (DMA) were carried out with DMA 850 (TA Instruments) in
parallel plate compression mode using a temperature sweep at a
heating rate of 3 °C.min� 1 from approximately � 130 °C to 200 °C
and a frequency of 1 Hz with an amplitude of 10 μm. The samples
were 10 mm diameter and roughly 6 mm-thick. Dynamic Rheolog-
ical Analyses (DRA) were performed with a MCR 302 rheometer
(Anton Paar) in parallel plate shearing mode using: a) a strain
amplitude sweep from 0.001% to 100% shear strain at room
temperature and a frequency of 1 Hz; b) a frequency sweep from
0.1 rad.s� 1 to 200 rad.s� 1 of angular frequency ω at room temper-
ature and a shear strain of 1% and 0.01%. The samples were
25 mm in width and roughly 1 mm-thick. This MCR 302 rheometer
(Anton Paar) in parallel plate was also used in temperature ramp
mode at 1 Hz and 1% strain using a heating rate of 3 °C.min� 1 from
30 °C to 360 °C. The samples were 8 mm in width and 1 mm-thick.
Electrical conductivity measurements were performed on a high-
resistance meter (6517B, Keithley) for the non-conductive samples
and on a digital multimeter (DMM 7510, Keithley) for the
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conductive CNT based samples. The resins samples (25 mm in
diameter and roughly 1 mm-thick) were then placed on a circular
interdigitated electrode pattern (Figure S3) and then tested at
room temperature.

Modelling

Materials Studio 7.0 package was used to generate and build the
PH-PDMS model systems. Initially, structures were established at a
relatively low density (0.4 g.cm� 3) and subsequently equilibrated in
the NVT ensemble at 500 K for 5 ns. This was followed by an NPT
simulation at 500 K for 20 ns and an additional 20 ns at 300 K,
leading to the formation of a dense equilibrated phase. The
simulations were performed using the LAMMPS package and the
OPLS-AA forcefield.[93] Atomic charges were determined using the
iterative Gasteiger method.[94] The van der Waals interactions were
modeled using Lennard-Jones (12-6) with a cutoff distance of
1.2 nm. The electrostatic interactions were calculated using the
Particle-Particle Particle-Mesh (PPPM) method with an accuracy
value of 1.0e� 4.

Supporting Information

Frequency-sweep DRA curves (Figures S1 and S2); set-up of the
electrical measurements (Figure S3).
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Our study focuses on preparing ben-
zoxazine-terminated poly(dimeth-
ylsiloxane) (PH-PDMS) and developing
elastomeric nanocomposites by incor-
porating multi-walled carbon
nanotubes (MWCNTs). Through
thermally curing, these nanocompo-
sites demonstrate excellent electrical
conductivity and mechanical stability,
attributed to favorable MWCNT-matrix
interactions which enable efficient dis-
persion of MWCNTs. These findings
highlight the potential of these
materials for pressure-sensing applica-
tions.
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