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Electrical Conductivity and Thermal Properties of Functionalized
Carbon Nanotubes/Polyurethane Composites
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Abstract: Multi-walled carbon nanotubes (MWCNTs) functionalized with amine and carboxyl groups were used to prepare polyurethane/
MWCNT nanocomposites in two distinct concentrations: a lower value of 1 mass% (spray coating) and a higher one of ~50 mass%
(buckypaper based). The MWCNT-NH, sample contained only 0.5 mass% of amine groups, whereas MWCNT-COOH contained 5 mass%
of carboxyl groups. The MWCNT functionalized with low amine group content showed improved thermal properties when compared
to neat thermoplastic polyurethane (TPU) and MWCNT-COOH based nanocomposites. The electrical conductivity of the polyurethane
elastomer was greatly increased from 107'* to ~10~ S cm™ in the 1 mass% nanotube composite and to 7 S cm™ for the MWCNT-NH,
buckypaper-based nanocomposite. Furthermore, the relative high content of functional groups in the MWCNT-COOH sample, which
disrupt the sp? structure in the nanotube walls, led to inferior properties; for instance the conductivity of the buckypaper based composite
is one order of magnitude lower when using MWCNT-COOH in comparison with the MWCNT-NH,. These results show the range of
property design possibilities available with the elastomeric polyurethane nanocomposite by tailoring the functional group content and the

carbon nanotube load.
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Introduction

Since the important works by Iijima''?!, carbon nanotubes
(CNTs) have become key materials for the nanotechnology
field because of their exceptional properties®*. One of the most
attractive applications of carbon nanotubes is their incorporation
into polymer matrices to improve the thermal, mechanical
and electrical response of high performance composites®.
Thermoplastic polyurethane (PU) elastomers are versatile
materials with excellent flexibility, elasticity, chemical resistance
and processability. These properties can be tailored by changing
the molecular chain structure and the content of soft segment and
hard segment!®. Polyurethanes with high electrical conductivity
can be used, for instance, to design advanced formulations for
electrostatic  dissipation'”’ and electromagnetic shielding!®®!.
Moreover, the shape recovery of polyurethane/CNT materials has
been presented as an interesting property to be explored!!*!!.

Carbon nanotubes have been introduced into many polymer
matrices!'”!%l. Reported methods to fabricate polyurethane/CNT
composites include solution casting!”*!”!, melting processing!'*!"!
and in situ polymerization'?%2!l, Several chemical treatments on
the surface of CNTs have been shown to enhance interactions
between the CNT and the polymeric matrix!!>!72022 The strategies
to produce nanocomposites with both high and low concentrations
of CNTs must be different in order to take full advantage of the
CNT properties. Low CNT contents (<2 mass%) can be dispersed
successfully and distributed by the solution casting, melting
mixing or other. These methods did not allow for the addition of
more than 20 mass% CNTs due to aggregation and deterioration
of the desired properties. One possible strategy to form materials
with high CNT concentrations is to prepare buckypapers
impregnated with a polymer'>?]. Buckypaper films are exciting
materials from the perspective of applications because they can
be added to plastics and rubber part of aircrafts or automobiles to
offer electromagnetic interference shielding and strike protection.

The influence of chemically functionalized MWCNTs on
the properties of polyurethane/MWCNT composites prepared

by spray-coating and buckypaper infiltration techniques was
investigated in this study. Therefore, we have two types of
nanocomposites with very distinct concentrations. Spray-
coating was used to produce samples with 1 mass% CNT, and
impregnation methods were used to produce buckypaper-based
materials with approximately 50 mass% nanotubes. The interplay
of differences on concentration values, preparation methods and
functionalization degrees of the carbon nanotubes provided a
clear scenario of properties in relation to thermal and electrical
requirements.

Experimental

The thermoplastic polyurethane elastomer used in this
study was purchased from Bayer (TPU 990R Texin). The
chemical structure of TPU was investigated by 1H and 13C
Nuclear Magnetic Resonance (not shown) and confirmed to be
composed mainly of 4,4-diphenylmethane diisocianate (MDI) and
poly(tetramethyleneglycol). The content of hard segment was also
evaluated by the NMR analyses as being between 14-20 mass%!>'.

The short thin MWCNTs, produced by the catalytic carbon
vapor deposition (CCVD) process, were provided by Nanocyl
with metal residue less than 5 mass%, which was confirmed
by thermogravimetric (TG) analysis (Figure 1c). Two types of
MWCNT were used, one of which was functionalized with carboxyl
and the other was functionalized with amine groups (Figure 1b).
The nanotubes have an average diameter of 10 nm and length of
1 um as reported by the supplier and confirmed in our studies.
It is important to note that the -COOH content is approximately
5 mass%, which was confirmed by the TG experiments, whereas
the —NH, content is approximately 0.5 mass%, as reported by the
supplier (XPS — X ray photoelectron spectroscopy measurement).
The TG curve indicates that the amount of amino groups is less
than 1 mass% (Figure 1c).
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Figure 1. a) SEM image for the MWCNT-NH,; b) schematic representation of the functionalization degree in MWCNT-COOH and MWCNT-NH,;
¢) thermogravimetric (TG) curves for both. The TG was performed in dry synthetic air at 5 °C/min.

Composite preparation

Both spray-coating and impregnation of buckypaper were used
to prepare composite sample. All samples of MWCNT reinforced
polymer films were produced in DMF solutions, which proved to
be the most effective solve/dispersant agent. MWCNTs dispersed in
DMEF exhibited good stability (several days) and this stability was
increased further after polyurethane addition.

Fabrication of TPU/MWCNT composites by spray coating

Exact amounts of the different MWCNTs (5 mg) were suspended
in DMF. The suspension was sonicated (in a low ultrasonic bath) for
3 hours, centrifuged for 1 hour, filtered through a PTFE membrane
filter (3 um pore size) and then used to produce a dispersion of
MWCNT in the polymer. In a DMF solution (50 mL), TPU was
dissolved to a concentration of 20 g.L"! and the resultant solution was
added to the MWCNT suspension to obtain a MWCNT-to-polymer
ratio of 1 mass%, which was treated using a combination of long-
term stirring and sonication. The solution was sprayed on stainless
steel substrates and solvent evaporation was carried out at 60 °C. The
composites were maintained in a vacuum oven at 90 °C for 24 hours
to remove residual solvent and stored in a vacuum chamber.

Fabrication of TPUIMWCNT compaosites using buckypaper

Approximately 20-30 mg of functionalized MWCNTSs materials
were dispersed in 50 mL DMF by treatment in a low ultrasonic bath
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for 4 hours. The homogeneous suspension obtained was filtered
through a PTFE membrane filter and then dried. TPU solution
(5 g.L") was allowed to pass through the carbon nanotube mat placed
on the membrane for several hours to allow impregnation. The fleece
like black paper (buckypaper) was removed by peeling from the
filter. After infiltration, a buckypaper was soaked in the TPU solution
(10 g.L'!) system overnight to assure complete impregnation. The
composites were maintained in a vacuum oven at 90 °C for 24 hours
to remove solvent and stored in a vacuum chamber.

Characterization

Differential scanning calorimetry (DSC) was carried out using
a TA Instruments 2920 DSC with a scanning range from —110 °C
and 120 °C at a heating range of 10 °C/min with a He flow rate of
50 mL/min. Two heating/cooling scans were conducted in order to
evaluate the influence of possible residual solvent or adsorbed water
on the thermal properties of the materials. The second DSC heat
scanning was used to determine phase transitions.

Thermogravimetric (TG) measurements were performed with
TA Instrument SDT 2960 simultaneous TG/DTA at a heating rate
of 10 °C/min with a nitrogen flow of 50 mL/min between 25 and
1000 °C. Approximately 5 mg of the sample were used in both TG
and DSC experiments.

The morphology of the composites was investigated by using
a FEI Quanta 200 environmental scanning electron microscope
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(SEM). The composites were attached to an aluminum stub with
the aid of double-slide carbon tape. Fracture surface images were
obtained by fracturing the sample in liquid nitrogen and surface
images were taken by gold coating the composites.

Electrical measurements were carried out in an Eco
Chemie impedance frequency analyser Autolab PGSTAT 30 for
nanocomposites produced by spray-coating and pure TPU. An
experimental cell with two gold electrode collectors was used for
conductivity measurements in 0.5 to 5x 105 Hz frequency range
using a 50 mV amplitude. Measurements by direct current were
performed for buckypapers due to their high conductivity values.
Four point measurements were carried out with a KEITHLEY 238.

Results and Discussion

The surface images of the composites produced by spray-
coating (Figure 2a,b) revealed good distribution of MWCNT in the
polymeric matrix similar to a previous work with the same kind of
nanotube!®!. The nanotubes were more difficult to find in the images
of the MWCNT-NH, composite.

Figure 2c,d,e,f shows images for the composites fabricated
using buckypaper. The surface images of composites (Figure 2c,e)
revealed that the MWCNT are spread homogeneously over the
surface. Continuous and distributed networks were formed in the
composites with such a high carbon nanotube loading. The fracture
surface images (Figure 2d,f) showed that the TPU matrix was
impregnated throughout the buckypaper.

The buckypaper based nanocomposites prepared from
carboxyl and amine functionalized nanotubes exhibited similar
dense morphologies in the SEM images (Figure 2). Blighe et al.**!
recently prepared porous buckypapers by infiltration of polystyrene.
The strong interaction between functionalized nanotubes and
polyurethane as well as the long period of infiltration used in this
work likely resulted in the absence of porosity in our materials.
Either dense or porous materials can be used as polymer materials
depending on the desired properties of the final product.

Thermal characterization

Figure 3 shows the first derivative of weight loss versus
temperature for the composites. The thermal degradation of TPU
is a particular process as hard and soft segments may respond
differently during heating!"*?’?%. In the case of the low hard
segment content TPU investigated in this work, however, it was
not possible to distinguish between specific mass losses associated
to each domain. The polyurethane exhibited two main stages of
decomposition in N, as showed in Figure 3. The first decomposition
temperature (at 326 °C) did not appreciably change, although it
showed decoupled behavior, whereas the second decomposition
temperature increased with the addition of 1 mass% of MWCNT to
spray-coating composites from 398 to 412 and 421 °C for MWCNT-
COOH and MWCNT-NH,, respectively. An increase in thermal
stability was observed for other polyurethane/CNT composites with
a low content of nanotubes!"*?”%!, This behavior may be attributed
to the high thermal stability of CNT and a favorable interaction
between the MWCNT and the polyurethane chains>").

Figure 3c,d shows the first derivative of weight loss versus
temperature for the composites prepared from buckypaper. As the
polyurethane degrades in nitrogen the concentration of MWCNT
can be estimated from the residue. The concentrations of MWCNTs
are approximately 52 mass% for MWCNT-COOH and 55 mass%
for MWCNT-NH,,.

The thermal stability for the buckypaper based nanocomposites
showed as general trend, a slightly decrease in comparison with neat
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TPU. This is a surprising behavior in comparison with the results
for the 1 mass% nanotube composites. The buckypaper composite
behavior can be a consequence of the high thermal conductivity
of the carbon nanotubes® leading to a very efficient heat transfer
across the whole sample and increasing the decomposition rate at
lower temperatures, during the thermogravimetric run.

The flexibility of polyurethane chemistry leads to complex
situations where, in a single sample, it is possible to have a soft-
segment glass transition, a soft-segment melting point, a hard-
segment glass transition and a hard-segment melting point!®!7).
This was not the case for the TPU investigated in the present work,
however, because soft segments did not display melting behavior.
Three thermal transitions were observed as shown in Figure 4.
The glass transition temperature for the TPU soft segment domain
at —42 °C is the best defined, which is expected due to the higher
concentration of this phase. The hard segment domains showed a
glass transition temperature at 45 °C and a broad endothermic event
at around 168 °C.

The effect of the modified MWCNTs on the calorimetric
behavior of the TPU matrix is presented in Figure 4. The features
related to the spray-coated 1 mass% composites will be discussed
first. The DSC curves in Figure 4a and the data in Table 1 indicate
that the glass transition region related to the hard segments domain
shifted to higher temperature with MWCNT-NH, compared to the
neat TPU (from 45 to 55 °C). This trend was also observed for the
melting of the hard segments (from 168 to 182 °C). This result
shows that MWCNT-NH, interacts with the hard segments of TPU
chains and makes the polymer chain mobility more difficult. In
contrast, in comparison with the neat TPU, the Tg decreased from
45 to 36 °C for the TPU/MWCNT-COOH composite.

Opposite behaviors of glass transition increase or decrease have
been observed for polyurethane nanocomposites!!”1*21-281 as well
as for other polymer composites with carbon nanotubes®". Korley
and co-workers!® reported the preferential association of silicate
layers in segmented polyurethane nanocomposites with high hard
segments contents (33 to 40 mass%). They showed that depending
on the clay loading and hydrophilicity of the domains, the silicate
disks were preferentially embedded within either the soft or hard
domains. This partitioning of the clay platelets into the domains,
however, is not absolute.

The material with 1 mass% of CNTs showed opposite
behaviors for the hard segment glass transition with the addition
of MWCNT functionalized with -NH, and -COOH. As previously
discussed, these functionalized materials have very different
functional group contents: 5 mass% of —-COOH and ~0.5 mass%
of —NH,. Therefore, the carboxyl-functionalized nanotubes are
active in disrupting the internal organization of the hard segments,
whereas the amine functionalized help in confining and increase
order in the nanocomposites hard segment domains. As the degree
of functionalization differs by a factor of 10 (see Figure 1), it is

Table 1. DSC data for neat TPU and nanocomposites prepared with
functionalized MWCNT.

Samples Tg soft Tg hard Tm hard
segment/°C segment/°C segment/°C

Neat TPU —42 45 168
TPU/MWCNT-COOH 1 mass% —42 36 167
TPU/MWCNT-NH, 1 mass% —46 55 181
TPU/MWCNT-COOH ~—41%* 40 -
buckypaper

TPU/MWCNT-NH, ~=30%* 47 -
buckypaper

*difficult to define because of the small heat capacity variation during
transition.
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Figure 2. SEM images for TPU/spray coating composite surface with 1 mass% of a) MWCNT-COOH and b) MWCNT-NH,; TPU/buckypaper MWCNT-COOH
composite ¢) surface and d) fracture and TPU/buckypaper MWCNT-NH, composite e) surface and f) fracture.
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Figure 3. Derivative thermogravimetric curves for TPU/spray-coating composite with 1 mass% of a) MWCNT-COOH and b) MWCNT-NH,; TPU/buckypaper

composite with ~50 mass% of ¢) MWCNT-COOH and d) MWCNT-NH,.

difficult to draw conclusions about the influence of specific chemical
characteristics of these functional groups. However, it may be the
case that an amino group will interact more efficient with the hard
segment of the PU.

Composites fabricated from buckypaper show the same trend
observed for the spray-coated materials, although less pronounced, in
the case of hard segment domains. The hard segment glass transition
for the buckypaper based composites containing MWCNT-COOH
and MWCNT-NH, are 40 and 47 °C, respectively (Table 1). It
was not possible to determine a calorimetric event at temperatures
higher than 160 °C for these materials. The most interesting feature
observed for the buckypaper based nanocomposites in Figure 4b
is the important decrease in the heat capacity change during soft
segment domains glass transition at approximately —30 °C (amine
functionalized MWCNT) and —41 °C (carboxyl functionalized)
in comparison with the TPU. These temperatures are not accurate
values because the plateau change during glass transition event
is spread and small, although this is not the case for the 1 mass%
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nanocomposite shown in Figure 4. However, the heat capacity
change, i.e. the step in the baseline through T'g showed in the region
marked at Figure 4b, decreases for the composites, which is a
strong evidence that a high loading of nanotubes hinder the polymer
chains mobility by the interactions between the high surface area
of nanotubes and the soft segment domains in the TPU which are
in higher concentration. The buckypaper impregnation probably
proceeds through capillarity driving forces, and more specific
polymer chains/nanotube surface chemical interactions may be
present in the spray-coated material.

Electrical measurements

Table 2 shows the conductivity results obtained by impedance
spectroscopy for neat TPU and spray-coated nanocomposites. The
impedance spectra for the composites showed an approximately
constant real part of impedance (Z’) as a function of frequency,
which was used to determine conductivity. Moreover, a four point
method was applied to determine the conductivity, as an average
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Figure 4. DSC curves for TPU and its composites fabricated by a) spray coating (1 mass% nanotubes) and b) buckypaper based (>50 mass% nanotubes). The
box in b) is showing the region of the soft segment glass transition where the changes in baseline are smaller for the composites in comparison to the neat PU.
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Table 2. Conductivity results for TPU and nanocomposites prepared by
spray-coating and using buckypapers with different MWCNTSs.

Samples Conductivity (S.cm™)
Neat TPU 1.5%x 10"
TPU/MWCNT-COOH 1 mass% 1.22x 10
TPU/MWCNT-NH, 1 mass% 244 x 107
TPU/MWCNT-COOH buckypaper 1.1
TPU/MWCNT-NH, buckypaper 73

value of measurements in five different regions of the buckypaper
based composites. For nanocomposites from spray-coating, the use
of only 1 mass% of MWCNT in the matrix leads to a conductivity
increase from 10'% to 10 S cm™ at room temperature. These values
are similar to other polyurethane/carbon nanotube composites
within the experimental accuracy and considering the differences
in the raw materials and preparations methods!”3!2!), Percolation
studies were performed extensively in the polymer/carbon nanotube
composites and percolation thresholds lower than 1 mass% or even
lower than 0.1 mass% are usual/7-263233],

Thermogravimetric analyses showed that buckypapers were
produced with more than 50 mass% of MWCNT and this amount
was responsible for the highly elevated conductivity observed in
Table 2. Blighe et al.?® showed levels of conductivity of 70 S cm™
for a nanocomposite with 82 mass% of SWCNT in polystyrene.
The results in Table 2 show that unlike the spray coating sample,
the buckypaper composite conductivities are limited only by the
conductivity of the nanotube network and not the presence of
polymer tunneling barrier'®2%. Furthermore, the CNT with lower
chemical functionalization content (Figure 1) shows higher levels
of conductivity (7 S cm™), which is expected since the electronic
structure is preserved!'”l.

The thermal properties manifested by the thermal transitions
as well as thermal stability and levels of conductivity will define
the working range of application for nanocomposites in the case of
electrostatic discharge, for instance.

Conclusion

Polyurethane/MWCNT  nanocomposites were fabricated
by spray-coating and impregnation of buckypaper in distinct
concentrations of 1 mass% and >50 mass% respectively. The
thermal properties behavior indicates that impregnation of the
pre-established network with immobile nanotube (50 mass%)
based nanocomposites results in a differentiated interaction of the
polyurethane domains with the carbon nanotubes in comparison
with the composite with 1 mass% of nanotubes. However, the
fundamental structural and chemical features are quite complex and
were not fully exploited in this work.

The electrical conductivity was greatly improved from 1072
to 10° S cm™ for the spray-coating composites and to 1.1 and
7.3 S cm™ for the buckypaper composites with MWCNT-COOH
and MWCNT-NH,, respectively.

Another interesting conclusion of this work is that thermal
and electrical properties seem very sensitive to the degree of
functionalization and maybe also to the chemical nature of the
functional group. In summary, the composites produced with
MWCNT-NH,, with only 0.5 mass% of amine groups, exhibit a
larger improvement of all the properties studied when compared to
MWCNT-COOH, having 5 mass% of carboxyl groups, both using
spray-coating and buckypaper.
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