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Abstract

Porous elastic and pressure-sensitive conductive polyurethane (PU) monoliths were
synthesized by concentrated emulsion templating. A toluene solution containing tolylene
diisocyanat (TDI), castor oil, and a surfactant was used as the continuous phase of the
concentrated emulsion, and deionized water was used as the dispersed phase. In order to make
the monolith conductive, acid-treated multi-walled carbon nanotubes (MWCNTS) was
introduced into, which were distributed in both phases spontaneously. After the continuous
phase of the concentrated emulsion was cured, toluene and water were removed, a highly
porous elastic monolith was obtained. The MWCNTSs in the continuous phase was embedded
in the bulk PU matrix forming a conductive network and those previously in the dispersed
phase were precipitated on the surface of the pore wall. It was the touch degree of the
MWCNTs on the pore wall rendered the monolith with pressure-sensitive conductivity. A
compression strain about 40% could cause a reduction of resistance by two orders of
magnitude.
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Introduction

Concentrated emulsions are commonly defined as inverse emulsions (w/o0) in which the
dispersed phase occupies at least 74% of the volume; this corresponds to the maximum

> In this system, the dispersed phase is

packaging fraction of monodispersed droplets
usually an agueous medium and the continuous phase contains one or more monomers. After
the continuous phase polymerized and the dispersed phase is removed, a porous monolith
remains. In addition, the porous polymer prepared by concentrated emulsion template usually
possesses a partial or full open-cell structure. The interest in these porous monoliths is driven
by a large number of applications like catalytic supports®, electrochemical sensors’, and
scaffolds for tissue engineering .

Despite of the simplicity of its preparation, the curing of the continuous phase are limited
to chain polymerization, with the majority being free radical polymerization of vinyl
monomers™ ***°, Polycondensation was seldom tried because the functional groups on the
monomers may be highly harmful to the stability of the concentrated emulsions. Furthermore,
porous monoliths so far synthesized by concentrated emulsion templating are hard and brittle,
few reports are about elastic or flexible porous polymers® "%,

Polyurethane (PU) elastomer has received considerable attention in recent years, because
of their excellent mechanical properties, abrasion resistance, high flexibility, damping
property, and good biocompatibility?®*. In many applications, a porous structure of the PU

elastomer is necessary for their biocompatibility and biodegradability®**

. However, at
present, the elastic PU foams were mainly free-rise PU foams which are obtained from the
simultaneous reaction of a polyisocyanate with polyols and water and the porous structure is
formed by a gas liberation (foaming). With such technology, the pore size and its distribution
are not controllable. Therefore, concentrated emulsion templating is doubtless a suitable way
to control the morphology and pore structure of the elastic PU foam.

The purpose of controlling porous structure in PU elastomer in general may be to
manipulate its mechanical properties, damping behavior, or biomedical performance.

Distinctively, this study is aimed to adjust the conductive property. As commonly practiced,

acid-treated multi-walled carbon nanotubes (MWCNTSs) were introduced as conductive filler,
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443 and PU elastomer with

because of their higher conductivity and larger aspect ratio
controlling porous structure was fabricated by concentrated emulsion templating. The
MWCNTSs were firstly acid-treated to improve the dispersion in PU matrix. Interestingly, in
the preparation of the concentrated emulsion templating, a spontaneously distribution of the
acid-treated MWCNTs would be achieved and lead to a strain-response conductivity. The
MWCNTSs in the continuous phase was embedded in the bulk PU matrix forming a conductive
network and those previously in the dispersed phase were precipitated on the surface of the
pore wall. Therefore, the conductivity of a highly compressible material could be tuned with
applied pressure. The compression would facilitate the MWCNTSs on the pore wall to cross
through the interconnecting macropores and come close to each other. As a result, the
conductivity of the foam would increase obviously (Scheme 1). To the best of our knowledge,
this study is the first on the pressure-sensitive conductive PU monolith with a uniform

porosity by concentrated emulsion templating. The obtained elastic press-sensitive conductive

foam has the potential application on biosensors, electromagnetic interference (EMI)

shielding, and fuel cell membranes ***’.
Concentrated emulsion
MWCNTs introduced into oil phase formation
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Scheme 1. Formation of press-sensitive conductive porous PU.
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Experimental

Materials
Tolylene diisocyanat (TDI) was supplied by Tianjing Chemical Co., China. Castor oil
was purchased from Inner Mongolia Weiyu Biological Technology Co., Ltd. Mutli-walled

carbon nanotubes (MWCNTS) with purity>95%, 10-30 nm diameter and 0.5-500 um length
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were supplied by Shenzhen Nanotech Port, China. Polyglycerol polyricinoleate (PGPR,
Cs,04H104) Was bought from Henan Tianrun Biological Technology Co., Ltd, and its structure

was illustrated in Scheme 2. Toluene was provided from Xilong chemical Co., Ltd.

Scheme 2. The structure of PGPR

Preparation of acid-treated MWCNTSs

The raw MWCNTSs were dispersed in concentrated sulfuric acid for 24 h, then refluxed
in the mixture of concentrated acids (HNOs/H,SO4=1/1, vol/vol) at 140°C for 30 min. The
oxidized MWCNTSs were washed with the de-ionized water until the filtrate was neutral.
Preparation of porous PU monolith

The organic phase, the mixture of toluene 1.496g, TDI 1.742g, castor oil 3.388g, and
PGPR 1.575¢g, was put into a 100ml round-bottomed flask equipped with a high-speed stirrer.
In the preparation of conductive monolith, acid-treated MWCNTSs were also introduced into
the organic phase. The aqueous phase (de-ionized water) was slowly added dropwise to the
continuous phase through an injector under a mechanical stirring of 200 rpm until a certain
volume fraction was reached. The addition of the latter lasted about 30 min and a milky
concentrated emulsion was obtained.

The concentrated emulsion was transferred to glass test tube, sealed, and then put into a
vacuum oven at 70°C for 6 hours to complete the curing. After the volatile species were
removed, a porous PU monolith was obtained.

Characterization

The morphology of porous PU monolith was characterized by scanning electron
microscopy (SEM, S-4700, JEOL Ltd., Tokyo, Japan) instrument operated at an accelerating
voltage of 20 kV. The resistance of porous PU monolith was characterized through a digital

hand-hold multimeter (VC9801A", VICTOR, Guangdong. China) and a super-high resistance
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meter (ZC43, Shanghai. China). Apparent densities of the porous monolith were calculated
from the weight and the physical dimensions of the samples according to GB/T6343-1995 and
in each group five samples were taken into account. Thermo-gravimetric analysis (TGA,
Netzsch TG 209c) was conducted at a heating rate of 10 °C/min from room temperature to

700 °C under nitrogen.

Results and discussion

Influence of the surfactant concentration on the porous morphology

Figure 1. SEM images of porous PU monolith with different surfactant concentrations: (a) 1.9, (b)
3.8, (c) 7.6, (d) 15.2, (e) 22.8 wt% of the continuous phase. Toluene was 26 wt% of the continuous

phase; Castor oil was 42.5 wt% of the continuous phase; The dispersed phase was 75 vol%.

In order to maintain the stability of the concentrated emulsion, a reactive surfactant
PGPR was employed in this work. From Scheme 2, each PGPR molecule possesses three
—OH groups, and for this reason it may participate the curing reaction with TDI. This reaction
may thicken the interface between the two phases and strengthen the barrier to block the
reaction between TDI and water, and inhibit the coagulation of the aqueous droplets, and thus
made the porous structure finer %,

The SEM micrographs based on various surfactant concentrations were presented in
Figure 1. It was found that the average pore size kept decreasing with increasing PGPR
content until it was 15.2 wt% relative to the amount of the continuous phase. When the PGPR

content increased from 15.2 to 22.8 wt%, the average pore size stopped decreasing, however,
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the pore structure became more uniform. This behavior demonstrated that the concentration of
15.2 wt% was enough to maintain the stability of the concentrated emulsion and kept the
dispersed droplets from coalescence. However, the porous structure was non-uniform. At
higher PGPR content of 22.8 wt%, an excess reaction heat would be generated, and the
system would be locally over-heated. As a result, localized coalescence of droplets would
occur, especially for those with small sizes. This effect would finally lead to more uniform

porous structure.

Influence of the amount of castor oil on the porous morphology

7} "\ d % ivw}',‘
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Figure 2. SEM images of porous PU monolith with different amount of castor oil: (a) 0; (b)

17.0; (c) 34.0; (d) 42.5; (e) 51.0; (f) 59.5 wt% of the continuous phase. Toluene was 26 wt%
of the continuous phase; PGRP was 22.8 wt% of the continuous phase; The dispersed phase

was 75 vol%.

The bulk of PU monolith in this work was formed essentially from the reaction between
TDI and castor oil, although the reaction between TDI and the reactive surfactant PGPR
may also be taken in account. Since the castor oil constituted the soft segments of the PU
network, the content of castor oil would be the predominant factor for the stiffness and
the porous structure of the monolith.

The SEM images in Figure 2 presented the porous structure of the PU monolith derived
from various castor oil contents. One may notice that when the content of castor oil was

low (Figure 2a~d), the PU network was somewhat rigid and the morphologies of the
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concentrated emulsion precursor could be maintained, most of the pores left by the
aqueous droplets were spherical. However, it could be found that the size of the pores
became larger with the increasing content of castor oil. Because the higher the content
of castor oil, the less the ability of the pore wall to inhibit the coagulation, and the larger
final pores were generated. When the content of castor oil was 51.0 wt% (Figure 2¢), the
pore wall became so flexible that the pores was deformed and deviated from spherical
shape. Further increasing the castor oil content to 59.5 wt% (Figure 2f), the pore wall
lost the rigidity and became collapsed. A different type of pore structure with small and
irregular pores was observed. The collapse of the pore wall made the PU foam denser
and shortened the distance among them, which, as will be clear later, provided a

necessary structure for the pressure-sensitive conductivity.

Influence of acid-treated MWCNTSs on the pore structure

cight (%)

W

Figure 3. Photographs of (A) pristine PU/MWCNTs monolith, and (B) pressed PU/MWCNTs monolith;

100 200 300 400 500 600
Temperature (T)

(C) TGA curves of porous PU monoliths with (a) free MWCNTS, (b) 2 wt% MWCNTS.

In order to make the PU monolith conductive, MWCNTs were introduced into the
concentrated emulsion. After the curing reaction of the continuous phase and removal of the
volatile species, a black and elastomeric PU monolith was obtained (Fig 5. (A) and (B)).
Moreover, it could be found from TGA curves that the weight loss at 500 °C of the porous PU
monolith without MWCNTSs was 91.49% and that of the sample with 2 wt% MWCNTSs were
93.47% (Fig 5.(C)). The 1.98wt% of difference value agreed with the weight of the
introduced MWNTSs. The densities of the PU porous monoliths with different amount of
acid-treated MWCNTSs were listed in Table 1. The plenty of micropores contributed the lower
density and then lighter weight of the monolith. Compared with the PU porous monoliths

without MWCNTSs, the densities increased a little with the introduction of MWCNTSs. All the
7
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results identified that the elastomeric polymer foam was obtained and the MWCNTSs were

successfully introduced into.

Table 1. The densities of PU porous monoliths with different amount of MWCNTSs.

MWCNTSs content (wt %)  0.00 0.75 1.00 2.00
densities (g/cm®) 0.193  0.249 0.257  0.265

A

£ 4

Figure 4. Pictures of the unstable concentrated emulsions: (a) acid-treated MWCNTSs free, (b)

acid-treated MWCNTS present. Castor oil was 59.5 wt % of the continuous phase; Toluene
was 26 wt% of the continuous phase; PGPR was 22.8 wt% of the continuous phase; The
dispersed phase was 75 vol%; The mass fraction of acid-treated MWCNTs was 1.0 wt% of

the continuous phase.

The MWCNTSs used in this work was pre-treated with HNO3s/H,SO, acids, and bore some
polar groups like -OH, -COOH, -C=0 on the surface®>". As a result, the MWCNTSs were
hydrophobic in bulk and somewhat hydrophilic on the surface. For this reason the MWCNTs
could be dispersed in both oil continuous and aqueous dispersed phases. Figure 4 showed that
the distribution of MWCNTSs in the two liquids used as the continuous and dispersed phases
of a concentrated emulsion, the upper layer was the oil phase and the lower the deionic water.
Without MWCNTSs, the oil phase was milky and water was transparent. After the MWCNTS
were introduced, the oil phase became black and water became dark, which indicated that the
solubility of the MWCNTSs in two phases was not equal. A quantitative measurement showed
that about 74.6 wt% of the MWCNTs was in the continuous phase and the rest in the
dispersed phase.

Although the MWCNTs were introduced a few percentages, the property of the

8
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concentrated emulsion might be changed. First of all, the viscosity of both phases could be a
little increased, which was favorable to the kinetic stability of the system. In other hand, the
MWCNTs were hydrophobic in bulk and hydrophilic on the surface, which may be harmful to
the stability. The balance of the two effects could be detected from the porous morphology of
the final monolith, which was presented in Figure 5. Figure 5a was the SEM micrograph for
the sample default of the MWCNTS, and Figure 5b and c were those containing 1.0 and 1.5 wt%
MWCNTs. A comparison among Figure 5a through c, one may generally tell that no obvious

change was detected.

Fig 5. SEM images of porous PU monolith with different amount of acid-treated MWCNTS:
(@) 0.0, (b) 1.0, (c) 1.5 wt%. Castor oil was 59.5 wt % of the continuous phase; Toluene was
26 wt% of the continuous phase; PGRP was 22.8 wt% of the continuous phase; The dispersed

phase was 75 vol%.

Influence of acid-treated MWCNTS on the resistance of porous PU monolith

400 |

300

200 -

Resistance, M£Q

1 L 1 1 L
0.5 1.0 15 2.0 25 3.0
MWCNT, wt%

Figure 6.Influence of the amount of loaded MWCNTSs on the resistance of PU monoliths.
Castor oil was 59.5 wt % of the continuous phase; Toluene was 26 wt% of the continuous

phase; PGRP was 22.8 wt% of the continuous phase; The dispersed phase was 75 vol%.

As discussed above, the major part of MWCNTSs was presented in the oil phase and after

9



RSC Advances

curing of the concentrated emulsion, was embedded in the pore-wall; and the rest MWCNTSs
was first in the dispersed aqueous droplets, after the water removal, would precipitate on the
surface of the pore-wall. With such a structure, the monolith was conductive because the
MWCNTSs in the bulk formed a continuous network, the MWCNTSs on the surface made a
little contribution to the conductivity.

The influence of the amount of MWCNTSs loading on the resistance of porous PU was
presented in Figure 6. As expected, the resistance of PU monolith decreased with increasing
amount of MWCNTs. When the mass fraction of the MWCNTSs was 0.75 wt%, the resistance
was as high as 500 MQ, and this value decreased sharply to 155 MQ as the MWCNTs loading
became 1.0 wt%. Thereafter, the change in resistance became flattened but still kept
decreased. When the content of MWCNTSs increased to 3.0 wt%, the resistance of the
monolith was only 2 MQ. In other words, a decrease of two orders of magnitude was

observed.

Influence of compression strain on the resistance of porous PU monolith

500 |

n 0.75%
400 s 1.00%
A 2.00%

300

200

Resistance, MQ

0 10 20 30 40 50 60

Compression strain, %
Figure 7. Influence of compression strain of porous PU monolith on the resistance (mass
fraction of acid-treated MWCNTSs: 0.75wt%, 1.00wt%, 2.00wt%).Castor oil was 59.5 wt % of
the continuous phase; Toluene was 26 wt% of the continuous phase; PGRP was 22.8 wt% of

the continuous phase; The dispersed phase was 75 vol%.

When a pressure was applied on the PU monolith, it would deform and make the
MWCNTSs better touched, thus decreased the resistance. Using the lowest MWCNTSs content,

0.75 wt%, the effect of compression strain on the resistance was shown in Figure 7. When the

10
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compression strain was less than 40%, the resistance of PU monolith decreased sharply with
increasing compression strain, a decrease about two orders of magnitude was observed.
Further increasing the compression strain, the resistance leveled off. This meant that a
compression strain about 40% was enough to make the MWCNTSs sufficiently touched each
other and provide a low resistance. However, the critical compression strain was depended on
the content of MWCNTSs, the higher the MWCNTSs content, the lower the critical compression
strain. When the higher content of MWCNTSs was introduced, some MWCNTSs on the surface
might percolate, which lead to improved conductivity but weakened pressure-sensitive of the

PU monolith, as shown in Figure 7.

Conclusions

Porous elastic PU monolith with a pressure-sensitive conductivity was prepared by
concentrated emulsion templating. Acid-treated MWCNTSs was introduced into the precursor
concentrated emulsion, the major part of MWCNTs was present in the continuous phase
forming a conductive network, the rest of MWCNTSs would dispersed in the aqueous droplets
and would precipitate on the surface of the pore wall of the monolith after the removal of the
dispersed phase, which constituted an additional path for applied current. When the monolith
was subjected to compression, the MWCNTSs accumulated on the surface contacted each other
and further decreased the resistance. As a result, the monolith was pressure conductive

sensitive and could be used as a pressure sensor.
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