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Thermoplastic polyurethane (TPU) nanocomposites containing graphene and graphene nanoribbons
were obtained by polymerizing 1,4-butanediol with two diisocyanates (namely, 1,6-hexane diisocyanate
or isophorone diisocyanate), in which the nanofillers were previously dispersed. Raman spectroscopy
and Transmission Electron Microscopy demonstrated the formation of few-layer graphene and graphene
nanoribbons dispersed in the monomers. At variance to the methods commonly reported in literature,
that used in this work consists of the direct exfoliation of graphite without any chemical manipulation.
Apart from the obvious cost and ease advantages, the so-obtained graphene does not contain any car-
boxy or alkoxy groups formed during the exfoliation process, which, at variance, are typically present in
the most commonly reported methods. This finding paves the way toward the large-scale production of
graphene and its nanoribbons, which are considered even more interesting than graphene itself for many
potential applications. The obtained nanocomposites show a peculiar thermal and rheological behavior
due to the presence of the nanofillers and to their reinforcing or plasticizing effect exerted on the TPU
matrices.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene, one of the most exciting nanomaterials discovered in
the last years, is becoming the key-stone of a plethora of new
nanomaterials, thanks to its unique physical properties [1e4].
Several approaches have been explored for producing dispersions of
mono-layer graphene [5].Mostof themarebasedon theoxidationof
graphite to graphite oxide, its dispersion to get graphene oxide and
the reduction of this latter [6e8]. However, only the epoxide groups
are involved in this latter process, unlike COOH and OH groups,
which are linked to the graphene edges. As a matter of the fact, the
so-obtained “graphene” is one that contains a certain number of
oxidized carbons, and consequently is characterized by properties
that are different from those that real graphene may exhibit [9].
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Coleman et al. opened a new route obtaining graphene sheets by
direct graphite exfoliation in N-methylpyrrolidone (NMP) and
achieving a graphene concentration equal to 0.01mgmL�1 [10e16].

Pursuing this strategy, we were able to achieve the highest
graphene concentration reported so far by dispersing graphite in
a suitable ionic liquid [17], and lately in a significant number of
liquid media that were polymerized, thus obtaining the corre-
sponding polymer nanocomposites in a much easier and efficient
way than those previously reported in the literature [18,19]. More
specifically, we prepared the first graphene-based polymer
composite by direct polymerization of the liquid monomer, in
which this nanofiller was obtained by graphite sonication, thus
avoiding any graphene recovery in the solid state and, conse-
quently, any possible reaggregation phenomena [19,20].

Due to their versatile properties, thermoplastic polyurethanes
(TPUs) have been widely used in industrial applications such as
coatings, paintings and foams [20e22]; furthermore, some TPUs
show biodegradability, which makes them suitable as biomaterials
[20,23]. The tuning of TPU properties as hydrophilicity, glass tran-
sition temperature, hydrolytic stability and biological compatibility
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can be achieved by changing the structure and sequence of hard
and soft segments present in the polymer [24e27].

Taking into consideration both the polymer versatility and the
peculiar properties of graphene, in the present paper we report for
the first time the preparation of graphene/TPU nanocomposites
through the polymerization of suitable diisocyanate and diol pairs,
in which graphene was dispersed according to our previously
published method [17e19]. To this aim, two diisocyanates (namely,
1,6-hexane diisocyanate (HDI) and isophorone diisocyanate (IPDI))
were allowed to react with 1,4-butanediol (BD).

A large amount of graphene nanoribbons, thin strips of gra-
phene just a few atoms wide, were also obtained. For their peculiar
features, they are considered even more interesting than graphene
itself in many advanced applications. In particular, at variance to
graphene, which is known to be a zero-gap semiconductor with
finite minimum conductivity, a feature that limits its use in
conventional digital logic applications, a bandgap opens up in
narrow graphene nanoribbons through spatial confinement and
edge effects [28]. Indeed, graphene nanoribbons exhibit interesting
electronic and spintronic characteristics [29e33], especially
quantum-confined bandgaps and magnetic edge states.

Graphene and/or its nanoribbons were successfully embedded
in the obtained polymer matrix at various concentrations. The
thermal and rheological behavior of the resulting nanocomposites
were deeply investigated and correlated to the graphene content.

2. Experimental

2.1. Materials

BD (98%, d ¼ 1.047 g mL�1), HDI (98%, d ¼ 1.047 g mL�1), IPDI
(98%, d ¼ 1.049 g mL�1), NMP, 1,2-dihydroxybenzene, Pyrocatechol
(PC), dibutyltindiacetate (DBTDAc) and graphite flakes were
purchased from Sigma Aldrich and used as receivedwithout further
purification.

2.2. Graphene dispersions

A mixture of diisocyanates or diol (100 mL) and graphite flakes
(5.0 wt.%, 5.00 g) was put into four different tubular plastic reactors
(i.d.: 15 mm) and placed in an ultrasonic bath (Emmegi, 0.55 kW)
for 24 h, at 40 �C. Then, the reactors were centrifuged for 30 min at
4000 rpm; the gray liquid phase containing graphene was then
recovered.

2.3. Synthesis of the polyurethane nanocomposites

The dispersions of graphene were mixed together according to
the following molar ratios: diisocyanate/diol (1:1), diisocyanate/
DBTDAc (1:0.01), DBTDAc/PC (1:30) and diisocyanate/NMP (1:0.1).
The mixtures were heated at 70 �C for 1 h, then cooled down to
room temperature; finally, the solvent was removed by Soxhlet
extraction and the obtained products analyzed.

2.4. Characterization techniques

Raman analyses were performed on graphene flakes obtained
after vacuum filtration of the dispersions on polyvinylidene fluo-
ride filters (pore size: 0.22 mm), with a BrukerSenterra Raman
microscope, using an excitation wavelength of 532 nm at 5 mW.
The spectra were acquired by averaging 5 acquisitions of 5 s with
a 50� objective.

Transmission electron microscope (TEM) studies were per-
formed on a JEOL JEM-1011 or a Libra 200 FE OMEGA, working with
an accelerating voltage of 100 or 200 kV, respectively. Samples
were prepared by dropping 20 mL of dispersion onto carbon-coated
400mesh copper grids (15e25 nm carbon layer thickness, Ted Pella
Inc.), and analyzed after solvent evaporation under vacuum at room
temperature for 1 h. TEM images were also analyzed to evaluate the
percentage of nanoribbons, i.e. graphene (planar) structures with
a large aspect ratio, whichmay also be partially rolled up, in a series
of at least 10 images per sample. Even though the total area covered
by such number of images is very small to carry high statistical
significance, it was sufficient to enlighten the presence of approx-
imately a half of the few layers of graphene sheets with a large
aspect ratio into the HDI/graphene dispersions. Ultrathin sections
(nominal thickness of 80 nm) of polyurethane systems were cut
at �80 �C using a Leica Ultracut UCT microtome with an EM-FCS
cryo kit equipped with a diamond knife, and collected onto
formvar-coated copper grids.

A Fourier transform infrared spectroscope (JASCO FT 480 spec-
trometer) was used for recording the FT-IR spectra of the samples.
The powders were ground into a dry KBr disk and 32 scans at
a resolution of 4 cm�1 were used to record the spectra.

Differential Scanning Calorimetry (DSC) measurements on the
TPUs and their nanocomposites were performed by means of
a Q100 Waters TA Instruments calorimeter, equipped with a TA
Universal Analysis 2000 software. Two heating ramps, from 80 to
250 �C, with a heating rate of 10 �C min�1, were carried out on dry
samples: the first scan was performed to remove eventual residual
solvent and to assess the extent of monomer conversion, whichwas
always found complete (no exothermic peaks were found in the
DSC traces).

Suitable disk specimens of the TPUs and their nanocomposites
used for the rheological tests were obtained by compression
molding at 100 bar and 160 �C. The rheological measurements were
carried out on a strain-controlled rheometer (ARES, TA Instruments
Inc., Waters LLC) with a torque transducer range of 0.2e2000 gf cm,
using a 25 mm parallel plate geometry. The rheometer was
equipped with a convection oven in nitrogen to avoid the thermal
degradation of the samples. The rheological characterization was
performed in frequency sweep tests at 160 �C (frequency ranging
from 0.1 to 100 rad s�1). Strain has been chosen in order to have
a torque within the sensitivity of the instrument in the linear
viscoelastic region. Furthermore, regression lines were used for
interpolating viscosity data and giving an indication of the non-
Newtonian behavior of the materials.

Several dilutions from the second aliquot of the above disper-
sions were analyzed by Ultraviolet (UV) spectrometry with a Hita-
chi U-2010 Instrument (1 cm cuvette). The above gravimetric data
allowed us to determine the absorption coefficient: from a known
volume of initial dispersion, several dilutions were carried out
and the absorbance at a wavelength of 660 nm was measured
[10,17,29]. Absorbance vs. concentration plots gave the absorption
coefficient a.

3. Results and discussion

The first goal of the work was to obtain graphene by direct
graphite sonication in the selfsame monomer to eventually poly-
merize: this was achieved without any physical or chemical
manipulation and confirmed by experimental evidences. The first
indication of the presence of graphene was provided by the
occurrence of the Tyndall effect [33] in all the obtained monomer
dispersions, which is a typical light scattering phenomenon con-
firming the presence of nanometric structures (Fig. 1).

The effect of the type of the monomer medium on the disper-
sion of graphene was investigated by adding a constant amount of
graphite (5 wt.%) to BD or diisocyanates (HDI or IPDI) and obtaining
the graphene concentrations reported in Table 1.



Table 2
Graphene concentrations in the monomer dispersions and the corresponding UV
absorption coefficients and Raman peaks (D, G, and 2D).

Monomer Absorption
coefficient,
a

[mL/mg m]

Graphene
concentration
[mg/mL]

D peak
[cm�1]

G peak
[cm�1]

2D peak
[cm�1]

D/G
peak

BD 4164.7 1.05 1344 1572 2697 0.34
HDI 3211.2 1.92 1334 1561 2675 0.20
IPDI 8725.0 3.78 1344 1572 2686 0.19
Graphite e e 1347 1576 2314 0.11

Fig. 1. Tyndall effect on dispersions of a) graphite and b) graphene in HDI.
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In order to find the absorption coefficient a and the graphene
concentration in such monomers, gravimetric analysis and UV
spectroscopy measurements were carried out. The obtained data
are collected in Table 2 and show a LamberteBeer behavior for all
the dispersions investigated. It is noteworthy that a concentration
as high as 3.78 mg mL�1 was achieved when IPDI was used as the
dispersing medium. However, also HDI and BD turned out to be
very effective dispersing media (indeed, concentrations of 1.92 and
1.05 mg mL�1 were obtained in these monomers, respectively). It
should be highlighted that these values are among the highest
reported so far, independently on the solvent and method used for
graphene preparation [10,12e14,19,34].

The formation of few-layer graphene sheets within the mono-
mer dispersions was demonstrated by means of Raman spectros-
copy. This technique is able to discriminate between graphite and
graphene and allows determining the number of graphene layers
within an acceptable error range. As shown in Fig. 2, the Raman
signals for the dispersions obtained from HDI and IPDI are very
similar to those of BD diol: all the spectra show the three typical
graphene peaks atw1334 cm�1 (D peak),w1561 cm�1 (G peak) and
w2700 cm�1 (2D peak). In comparisonwith graphite, for which the
diagnostic 2D peak consists of two components and the main peak
is upshifted to 2714 cm�1, the corresponding 2D peak of the
monomers dispersions exhibit a sharp size and a downshifting, as it
is expected in the presence of a few graphene layers. As far as the
diisocyanates dispersions are concerned, the 2D signal is located at
ca. 2680 cm�1, whereas for BD it is around 2690 cm�1 (Fig. 2). In
addition, the 2D peak downshifting is much more evident in the
presence of diisocyanates: such behavior indicates that diisocya-
nates are capable to better disperse graphene with respect to diols.
Besides, as expected, the D/G ratio values of graphene are higher
Table 1
Compositions, regression lines slope and flow behavior of the investigated TPUs.

Sample Graphene
[mg/mL]

Slope Non-Newtonian
behavior of the
polymer system

HDI þ BD systems
A1 0 �0.98 Plastic
A2 0.80 �0.96 Plastic
A3 0.40 �0.98 Plastic
A4 0.20 �0.98 Plastic
A5 0.08 �0.99 Plastic
IPDI þ BD systems
B1 0 �0.53 Plastic
B2 1.14 �0.06 Newtonian
B3 0.28 �0.16 Newtonian
B4 0.11 �0.43 Pseudoplastic
than that of pristine graphite. Furthermore, it is worth mentioning
that HDI and IPDI graphene dispersions are characterized by almost
the same D/G ratio (ca. 0.2), while it is significantly higher in the BD
system, thus indicating that a larger degree of disorder results from
the dispersion of graphene in this latter liquid medium.

The morphology of graphene sheets was assessed by TEM. All
the dispersions showed the presence of large amounts of graphene
sheets, such as those visible in Fig. 3a. Furthermore, in the case of
IPDI, and in particular for the HDI/graphene dispersion, the
formation of graphene nanoribbons was extensively observed
(Fig. 3b). Differently fromwhat reported in literature, in which very
complicated methods for their obtainment are described [35e39],
the formation of small amounts of graphene nanoribbons as a result
of a simple graphite sonication in a polar liquid has been already
reported by us [17] and lately by Ling et al. who also used a polymer
surfactant [27]. In the present work, HDI turned out to be a very
effective medium, as approximately half of the sheets resulted to be
nanoribbons.

The graphene diisocyanate (HDI or IPDI) dispersions obtained by
sonication were allowed to react with BD in order to get the two
polyurethane systems. The adopted synthetic batch allowed
achieving an almost full conversion of the monomers, as clearly
indicated by Fourier transform infrared (FT-IR) spectroscopy
(Fig. 4): indeed, the FT-IR spectra indicate the disappearance of the
NCO signal (w2270 cm�1) and the formation of the urethane
groups (peaks at 3320 and 1720 cm�1). In both cases, the graphene
morphologies did not change after polymerization, as shown in
Fig. 3c for the HDI-BD system. The completeness of the monomers
conversion was also assessed through DSC analyses.

DSC analyses were performed in order to further confirm the
completeness of the polymerization reaction and to assess the
Fig. 2. Raman spectra of the graphene dispersions in the monomers: the diagnostic 2D
peak (w2700 cm�1), which, at variance to what happens for graphite, is symmetrical in
graphene, indicates the presence of few-layer graphene.



Fig. 3. TEM images of graphene structures in different dispersions: (a) few layers of graphene in an IPDI/graphene dispersion (diluted 1:100), (b) graphene nanoribbons in an HDI/
graphene dispersion (diluted 1:10), and (c) HDI/BD polymer matrix containing graphene (0.80 mg/mL, sample A2).
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ability of graphene to modify the thermal properties of the TPUs. As
indicated in the experimental, all the DSC traces did not evidence
any exothermic peak during the first heating up, thus further
confirming the completeness of the polymerization reaction.

Fig. 5 plots the glass transition temperature (Tg) values for the
HDI-BD and IPDI-BD polyurethane systems as a function of gra-
phene concentration. It can be observed that the Tg of the IPDI-BD
systems tends to increase even in the presence of very low amounts
of graphene, reaching a sort of horizontal plateau as graphene
concentration increases. This behavior indicates that, for this
composite system, the nanofiller has the capability to interact with
thematrix, acting as a reinforcing agent. The limit of the reinforcing
capability can be probably ascribed to the lubrication effect exerted
by graphene nanosheets, as already reported in the literature [18],
which balances the reinforcing effect, so that Tg remains practically
unchanged. On the other hand, for the HDI-BD systems, the lubri-
cation/plasticization effect of the nanofiller overcomes its rein-
forcing feature, so that Tg decreases in the presence of very low
amounts of graphene achieving a horizontal plateau (Fig. 5).

In Fig. 6, the storage (G0) and loss (G00) moduli are plotted as
a function of frequency for the HDI-BD system. In addition, G0 is also
included for some compositions containing graphene. The unfilled
polymer (sample HDI-BD, A1) shows an elastic response, which is
generally typical for cross-linked materials (even though the
systems under study are thermoplastic), as confirmed by the
presence of a horizontal plateau. The addition of graphene does not
affect the viscoelastic properties of all tested TPUs: indeed, G0
Fig. 4. FT-IR spectra of BD, HDI and IPDI monomers and of the corresponding poly-
urethanes (samples A1 and B1).
remains constant within the range of frequencies explored and
decreases with increasing the nanofiller content. As already
observed, this behavior can be ascribed to a lubrication effect
induced by graphene sheets [18]: the only difference concerns the
lack of a threshold of graphene concentration, which promotes the
lubrication effect, at least within the investigated graphene
concentration range. Indeed, a very small amount of nanofiller
(0.08 mg mL�1) is already capable to strongly lower the G0 values of
the composite.

The complex viscosity curves, plotted in Fig. 6b, indicate that the
viscosity decreases with increasing the graphene content;
furthermore, the slope of the regression lines, which were used for
interpolating viscosity data and giving an indication of the non-
Newtonian behavior of the materials, remains constant for all the
compositions investigated (Table 1). As already discussed for G0,
these results further confirm the lubrication effect exerted by gra-
phene and the unchanged viscoelastic behavior of all the nano-
composites with respect to the unfilled counterpart.

Fig. 7a plots G0 and G00 vs. frequency for the IPDI-BD system and
for some of its nanocomposites. Unlike the HDI-BD systems
previously discussed, the viscoelastic behavior of the unfilled
polymer (sample IPDI-BD, B1) is substantially thermoplastic-like
and the moduli are frequency-dependent. The presence of gra-
phene induces some changes in the viscoelastic behavior of the
nanocomposites: indeed, the crossover point is within the
considered frequencies range for TPUs containing small amounts of
graphene (0.11 mg mL�1), whereas the moduli tend to diverge by
Fig. 5. Tg values (from DSC analysis) of HDI-BD and IPDI-BD polyurethane systems, as
a function of graphene concentration.



Fig. 6. Viscoelastic moduli (a) and complex viscosity (b) vs. frequency for some investigated TPU systems (their compositions are listed in Table 1).

Fig. 7. Viscoelastic moduli (a) and complex viscosity (b) as a function of frequency for some investigated TPU systems (their compositions are listed in Table 1).
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increasing the nanofiller content. Furthermore, it can be observed
that both G0 and the complex viscosity (Fig. 7b) abruptly fall off in
presence of graphene, thus confirming a lubrication effect of the
nanofiller for all the concentrations investigated. The viscosity at
0.1 rad/s decreases bymore than three orders of magnitudemoving
from the TPUmatrix (106 Pa s) to the composite having the highest
graphene content (1.14 mg mL�1, 300 Pa s). A significant change in
viscoelastic behavior is also evident, since the plastic IPDI-BD
system becomes Newtonian at high graphene contents, i.e. h*
becomes independent of the frequency (the parameters of the
regression lines are collected in Table 2).

4. Conclusions

Graphene and graphene nanoribbon/polyurethane thermo-
plastic nanocomposites were obtained through the polymerization
of 1,4-butanediol with 1,6-hexane diisocyanate or isophorone dii-
socyanate. Very high nanofiller concentrations were achieved by
directly sonicating graphite in the starting diols and diisocyanates,
exploiting a strategy we have already proposed for preparing
polymer nanocomposites [19]. In particular, it is worth mentioning
that, at variance to the most commonly reported methods, which
involve the oxidation of graphite to graphite oxide, its dispersion to
get graphene oxide and the reduction of this latter, the process here
reported does not make use of any chemical manipulation.

Furthermore, it should be highlighted that by the same method,
a significant amount of graphene nanoribbons was also obtained in
HDI, thus paving theway for their production through amuch easier
and effective technique than those reported in the literature so far.

The Tg values and the rheological features of the nano-
composites turned out to be strongly affected by the type of poly-
urethane system and by the concentration of the nanofiller used:
indeed, graphene substantially acted as a lubricant for the HDI-BD
system, whereas it was found to exert a reinforcing effect in the
case of the IPDI-BD matrix.
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