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A new generation of carbon-based materials such as graphene and graphene oxide (GO) have been
widely studied due to their potential in a variety of applications including biomedical materials and devices.
This work investigates the appropriate GO morphology and content to be used as a filler for a poly(carbonate
urethane) (PCU) polymer in order to mechanical properties improvements. Two graphene oxides with different
levels of oxidation and morphology were blended into a PCU matrix to obtain high mechanical performance
and good flexibility. Nanocomposites of PCU and GO were produced with a filler content of 0.2 wt%, 0.4
wt%, and 2.0 wt%. Polymeric membranes were obtained using solvent evaporation and characterised by
their thermal properties (Differential Scanning Calorimetry), thermo-mechanical (Dynamic-Mechanical
Thermal Analysis), and mechanical test results (tensile). The results indicated that GO platelets tend to
interact strongly with the hard segments (HS) of PCU chains due to the polar chemical similarity of GO
and HS structures. Two mechanical behaviours were found for the PCU/GO-2 nanocomposites, at small
and large deformations. Improvements in the Secant Modulus and values of stress until 350% of strain are
observed for low filler content while high filler content is needed for improvements at break point (stress
and strain). PCU/GO nanocomposites with high mechanical performance can be produced by adjusting
the GO content and characteristics to reach different application possibilities.
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1. Introduction

Carbon-based materials such as solid carbons include
a wide range of disordered anisotropic crystalline network
structures with a high level of hydrogen and oxygen content
to progressively more pure orderly materials such as coal
families and perfectly organised materials such as graphite
and graphene'. The first experimental research on graphene
was published by researchers, Kostya Novoselov and André
Geim, at the University of Manchester in 2004* culminating
in the Nobel Prize in Physics in 2010 due to their research.
Graphene is a nanomaterial arranged in a two-dimensional
layer of carbon atoms with sp? hybridization that are connected
in a hexagonal lattice structure, with superlative properties:
high surface area (2630 m? g'), Young’s modulus (~ 1.0 TPa),
and thermal conductivity (5000 W/ m K at 25 °C) leading
to the replacement of conventional materials and promoting
the exploration of its intense potential in diverse fields**.
Applications of graphene and its derivatives have emerged
in several areas including graphene-coated substrates for
stem cell differentiation, biosensors, cartilage repairs,
flexible electronics, light-emitting diodes, water purification
membranes, and high-performance polymer nanocomposites
for the industry in general and medical applications™'2.

Graphene is part of a vast family of nanomaterials
produced from graphite when up to 10 layers are stacked,
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formed by hexagonally arranged aromatic carbons's.
ISO / TS 80004-13: 2017 standardises the terminology
for graphene and its derivatives. According to ISO / TS
80004-13:2017", these derivatives include graphene oxide
(GO) and reduced graphene oxide (rGO). GO is normally
defined as a chemically modified graphene, prepared by
the extensive oxidation of its plane. rGO is a form of
graphene oxide with reduced oxygen content. Graphene
and its derivatives (rGO and GO) are materials that have
unique properties, primarily very high mechanical and tear
strength, lightness, flexibility, excellent thermal conductivity,
and some possess high electrical conductivity (graphene
and rGO). However, the loss of GO electrical properties in
relation to graphene and rGO is due to the introduction of
oxygenated groups in its structure and the reduced aromaticity
resulting in a semiconductor material sometimes classified
as an insulator'*'®. Graphene is equipped with a system of
connected 7 orbitals with delocalized electrons, which creates
surface that does not allow good interface adhesion. There
is also a huge difference in surface energy between polymer
matrix and graphene, leading to the agglomeration of this
nanoparticle'’. This agglomeration is also supported by the
planar morphology of the nanoparticles. The functional
groups present in GO increase its surface energy, reducing
the effects of chemical inertia facilitating dispersion in many
polymeric matrices. GO has abundant oxygen in its structure,
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mainly from the hydroxyl functional groups, epoxy groups
on the basal plane, and carbonyl and carboxyl groups on the
side vertices. The presence of functional groups containing
oxygen in graphene oxide (GO), which are highly polar and
reactive promote interaction and compatibility with polar
polymeric matrices'.

GO is currently preferred for the manufacture of
nanocomposites with various polymers such as polyethylene
terephthalate (PET), poly (L-lactic acid) (PLLA), polyacrylamide
(PAM), epoxy resin, poly (vinyl alcohol) (PVA), poly (methyl
methacrylate) (PMMA), polypropylene (PP), poly(ethylene),
and polyurethane elastomers such as poly(carbonate-urethane)
(PCU)'73. Common processing techniques, such as melt
compounding, solution mixing, in-situ polymerisation, and
latex mixing have been widely used for the fabrication of
GO-polymer nanocomposites®*¢.

The PU elastomers are considered the materials that
present the best biological and mechanical performance when
compared with other medical grade biostable polymers®”-3°.
Medical-grade PU and PCU are not biodegradable and
have been applied in the manufacture of a wide range of
biomedical devices, such as: vascular grafts and patches,
cardiac-assist pumps, bladders and tubing, catheters, heart
valves, blood bags and closure fittings, hemodialysis-
tubing, heart pacemaker-connectors, coatings, insulators,
fixation devices, and endotracheal tubes. The durability,
biocompatibility, and biostability characteristics, as well
as excellent flexural strength, impact resistance, and high
resilience properties are essential for these devices. However,
the chemical composition (hard and soft segment contents)
and the resulting morphology determines the biostability of
polyurethanes. Due to the difference in the chemical structure
between the rigid or hard (HS) and flexible or soft (SS)
chain segments present, phase separation in polyurethane
easily occurs due to the immiscibility of the soft and rigid
microphases. The rigid segments then form microdomains
due to mutual attraction involving intermolecular hydrogen
bonds and provides cohesive strength to the segmented
PU. Although a wide range of PU types are produced by
the combination of diisocyanates, chain extenders, and
macrodiols only a few grades are stable in the biological
environment and allowed to be used for implantable medical
applications®'. The requirements for most of these applications
are to combine soft formulations for easy handling, good
mechanical properties, hydrolytic and oxidative stability to
prevent degradation, and the consequent leaking of toxic
substances into the body. Sometimes, soft formulations
and high mechanical performance of medical-grade PU are
conflicting requirements, and it may represent a limitation on
the use of polyurethane, especially for long term applications
and when resistance to dynamic stress is mandatory as in
the case of pulsatile devices.

Due to the characteristics of GO and PU, nanocomposites
based on these materials are strong candidates to be used in
biomedical devices when mechanical strength is required
without drastically reducing the original flexibility of the
matrix. Very few articles have been dedicated to the study of
nanocomposites based on PCU and GO, however, the articles
found in the specialized literature are dedicated to the use
of high content of fillers or do not assess the real influence
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of the GO in the morphological structure of the segments
present in the PCU and its consequences on mechanical and/
or themal properties of the nanocomposites®>*. The main goal
of'this work is to evaluate the impact on thermo and thermo-
mechanical properties as well as the tensile properties of a soft
formulation of medical grade poly(carbonate urethane) (PCU)
when two distinct GOs with different levels of oxidation and
morphology (number of layers and lateral size) are added
using the solution blending process. Correctly choosing the
GO characteristics (purity, level of oxidation, and aspect
ratio) can be crucial in achieving the best performance of
the nanocomposite, thus being able to move towards the
design of cardiovascular devices. To be suitable for this,
GOs were prepared using a modified Hummers method
applying two different oxidation times. The nanocomposites
using PCU as a matrix were prepared using two types of GO
with three different filler concentrations: 0.2wt%, 0.4wt%,
and 2.0wt%. The physical-chemical characterisation of GO
(X-ray diffraction — DRX, Thermogravimetric Analysis -
TGA, Raman Spectroscopy, Infrared Spectroscopy, X-ray
photoelectron spectroscopy — XPS, and Atomic Force
Microscopy - AFM) is presented to show the oxidisation
level and morphological characteristics of the nanoparticles.

Differential Scanning Calorimetry - DSC, thermo-
mechanical behaviour (Dynamic Mechanical Analysis
- DMA), and uniaxial mechanical properties (tensile test),
Optical Microscopy (OM), and Transmission Electron
Microscopy (TEM) were used to evaluate the properties of
polymer nanocomposites (PCU-GO) and compare to neat
polymer (PCU).

2. Experimental

2.1. Graphite oxidation synthesis

Graphite powder was oxidised using a modified Hummers
method****. For the first synthesis of graphite oxide, H,SO, was
slowly added to graphite (Sigma-Aldrich powder ref. 496596,
size <45 um, purity = 99.99% trace metals basis), under
moderate magnetic stirring in an ice bath, followed by the
gradual addition of potassium permanganate (KMnO,) at a
ratio of 1:3,5 (graphite bulk to KMnO,). The ice bath was
removed, and the mixture was left under stirring for two and
a half hours at room temperature (this sample was named
GrO-2). A second batch of graphite oxide was prepared with
amodified oxidation reaction time, increased from two and a
halfhours to 4 hours; this sample was named GrO-4. During
this second GrO production, the oxidising agent was slowly
added and for 30 minutes; twice the time when compared
to the GrO-2 preparation. The next step was the addition
of deionised water, an aqueous solution of H,0, (30%) and
again the reactions were conducted under low temperature
(in an ice bath) and mild stirring for another 15 min. The ice
bath was then removed, and the system was left to sediment
overnight. The supernatant excess, containing inorganic salts
was removed. To remove water-soluble impurities from the
precipitated samples, they were suspended in deionised water
and then centrifuged for 5 min at 2,000 rpm; this process
was repeated until the water ran clear. Then the graphite
oxides were washed by filtering, following this sequence
of solvents: aqueous HCl solution (20%), ethanol, acetone,
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and deionised water. The sediment was dried in an air oven
for 24 h at 80° C.

2.2. Nanocomposite production (Solution
blending)

Chronoflex® AR/LT resin from Advan Source Biomaterials
Corporation was used as a polymeric matrix for solution
blending with synthesised graphene oxides, GO-2 and GO-
4. The thermoplastic poly(carbonate urethane) (PCU) resin
Chronoflex® AR/LT is medical-grade available in solution,
containing a final solid concentration of 22 wt% supplied in a
dimethylacetamide (DMAc) solvent. GO dispersions in PCU
was also conducted in DMAc via solvent blending. Firstly,
GrO powder was dispersed in DM Ac using an ultrasound bath
for 1 hour at room temperature in a 300 W power ultrasound
Elmasonic P model at an amplitude of 100% and a frequency
of 37 kHz. After that, the PCU solution was slowly added to
the GrO/DMAc dispersion; the mixture was sonicated for an
additional 2h. The GrOs (2 and 4) weight and PCU/DMAc
solution volume were incorporated into the mixtures to
prepare nanocomposites with final concentrations of 2.0 wt%,
0.4 wt%, and 0.2 wt%. The nanocomposites were obtained by
casting, producing thin membranes with 0.6 mm thickness.
Membranes were built layer by layer (12 layers to reach a
thickness of 0.6 mm) in a constant temperature of 57 °C and
a controlled atmosphere in a cleanroom. For proper solvent
evaporation, the membranes were dried in a circulating air
oven at 80 °C overnight. Then the membranes were boiled
in deionised water for about 1h to remove solvent residues
and dried again in an air circulating oven for ~ 4 h at 80 °
C. These membranes were later used for nanocomposite
characterisation.

2.3. Characterisation of graphite oxide (Gr-O)
and graphene oxide (GO)

a) Xray Diffraction (XRD): Gr-O XRD characterisation
was performed on a Rigaku MiniFlex II diffractometer
with k&, radiation (A= 1,42 A). Data was collected
using 20 from 1.5 ° to 80 ° and a scan rate of 2 °/min.

b) Thermogravimetric Analysis (TGA): Analyses
were performed on a TA Instruments model SDT
Q600. The heating profile registered from 0 to
800 °C at the rate of 5 °C/min under an inert nitrogen
atmosphere (flow rate = 100 mL/min).

c) Infrared spectroscopy: Transmission FTIR spectra
were performed using a Shimadzu spectrophotometer,
model IRAffinity-1. Accumulations of 50 spectra
were collected from 4000 to 400 cm™ for each
measurement. Tablets were made from a mixture
of 1 mg of Gr-O and 200 mg of KBr were used for
the analyses after being pressed under an 80KN
vacuum for 10 minutes. KBr was previously dried
at 300 °C for 1 day; Gr-O powder samples were
dried in a vacuum oven at 60 °C for 3 hours.

d) Raman spectroscopy: Analyses were performed on
a WiTec Alpha 300R confocal Raman spectrometer.
A 532 nm wavelength laser (green laser) with a
power of 1 mW was used. The GO dispersions
were deposited on a silicon wafer, and at least 10
spectra from different regions were collected. The

I,/1, ratio was calculated based on the D and G
band intensities obtained by deconvolution of the
Raman spectrum.

e) Xray photoelectron spectroscopy (XPS): Samples
were prepared from aqueous dispersions of GrO-2
and GrO-4 at a concentration of 1 mg/mL-, sonicated
for 3h, dripped onto a silicon substrate and dried for
24 h in a laminar airflow booth at room temperature.
Thermo Scientific equipment, model K-Alpha
XPS was used for the analyses. The experiments
were carried out with an Al-anode monochromatic
X-ray source K* = 1486 ¢V, 300 um? beam area,
using 200 eV energy step for a wide scan spectra
and 50 eV for high-resolution spectra (short scan).
Resolutions of 1 eV for the wide scan and 0.01 eV
for the short scan were used, with a power range
of 0 to 1300 eV. The results were treated using the
Oxford Instruments, Nanoanalysis software, HKL
Channel 5, version 2010.

f)  Atomic Force Microscopy (AFM): Drop casting
of the GO dispersion was prepared on top of fresh
mica and analysed in an Icon Dimension (Bruker)
equipped with an RTESPA. In order to obtain a good
statistic, more than 500 particles were counted and
measured using Gwyddion Software.

g) Optical Microscopy: Neat PCU and all PCU/GO
nanocomposites films sections were observed through
Nikon, Eclipse optical microscope of transmitted
light, and the particle size measurements were
conducted using Gwyddion software.

h) Transmission Electron Microscopy (TEM): The
nanocomposites films were punctured on disks 3.5
mm in diameter and exposed in 2mL of 1% aqueous
osmium tetroxide (OsO,) solution and left for 1 hour
in this solution. Aqueous washing solution based
on sodium chloride was used to eliminate osmium
excess. The specimens were then dehydrated in
acetone baths and embedded in an araldite resin,
dried in air circulating oven at 60°C for 72hrs.
Ultrathin sections were obtained with a Reichert
ultratome. Micrographs were obtained with a Jeol
JEM 1010 electron microscope.

2.4. TPU/GO nanocomposites characterisation

a) Differential scanning calorimetry (DSC): Samples
were cooled to -60 °C and maintained for 5 min
at isotherm for stabilisation and then heated to
250 ° C, left again for 5 min and then cooled to
room temperature (25 °C). The analyses were
conducted under an inert atmosphere in the presence
of nitrogen with a heating ramp of 10 °C/min. The
calorimeter used was a DSC brand NETZSCH,
model DSC 200 F3 Maia.

b) Dynamic mechanical thermal analysis (DMTA):
Analysis was performed on a Perkin Elmer equipment,
model DMA 8000. Samples were analysed from
-135 to 5 °C at a heating rate of 2 °C/min. The
amplitude and frequency of dynamic oscillatory
loading were 50um and 1 Hz, respectively. Samples
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(12mm x 6mm x 0.60mm) were analysed with a
single cantilever loading mode.

c¢) Mechanical test: Tensile tests were performed
according to ASTM D638 for neat PCU and PCU/
GO nanocomposites. The specimens were stamped
from thin membranes obtained by casting with
thicknesses varying between 0.5-0.6 mm, length
of 50 mm, and a width/thickness ratio of at least
8, according to ASTM D882. An Instron 3365
machine was used, with a 100 N load cell with an
attached optical extensometer and a test speed of
25 mm/min.

3. Results and Discussion

3.1. Filler characterisation

X ray diffraction (XRD) was used to assist in identifying
changes in carbon crystalline structure of pristine graphite
after oxidation process. The Xray diffraction curves of
graphite and graphite oxides are shown in Figure 1.

Figure 1 shows that graphite has a crystal structure with an
intense narrow peak that is well defined at 26.4° referring to
the plane (002) of the graphite structure (interplanar distance,
d,,, = 0.337nm). The intensity of the peak indicates high
crystallinity®’. Considering the crystalline plane (002), the
GrO-2 and GrO-4 samples present a broad diffraction peak
in the range of 20-25 °. The greater number of intercalated
structures or functional groups present in GrO generated
by the oxidation is one of the factors that determine the
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Figure 1. X ray diffraction pattern of the graphite and graphite
oxides, GrO-2, and GrO-4.
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diffraction curves with respect to prominent or widening
peaks for structures that do not form a perfect crystal. When
this occurs, the Bragg’s angle is more widely spread and the
diffractogram of this type of sample results in broad peaks
and poorly defined positions*”*. X ray diffraction patterns
of GrOs indicate a reduction of peak intensities at 26.4 ° for
both samples and also reveals peaks at 10.8 ° and 12.8°, for
GrO-2 and GrO-4 respectively, referring to the crystalline
plane (001). The interlayer spacing of 0.80 nm for GrO2 and
0.69 nm for GrO-4 was calculated using Bragg’s law for plane
(001) and shows the greater expansion between crystalline
planes that occurred for the structure of the GrO-2 sample.
This peak is typical for graphite oxide and comes from the
expansion of the basal plane’s distance that causes the Bragg
angle displacement from 26.4° of the original graphite crystalline
structure'®1%3437 Higher displacement, better definition, and
the higher distance of the basal planes were found at 260 =
11° peak for GrO-2 than for GrO-4, strongly suggesting the
GrO-2 possess a higher oxidisation level*”*°. Also, the peak
at 26.4° showed a significant reduction in its intensity for
the GrO-2 diffractogram leading to the conclusion that only
a few parts of the graphite were not altered. The diffraction
curves of the oxidised samples were significantly different
suggesting that longer chemical treatments (> =4 hours) can
generate a higher number of defects and a certain degree of
structure amorphisation, as shown in the X ray diffraction
pattern for GrO-4 with a peak around 20 = 24° which was
enlarged and less defined.

Figure 2 presents the results obtained using thermogravimetric
analysis (weight loss curves and their derivatives) of graphite
and the GrO-2 and GrO-4 samples. Firstly, it can be inferred
that graphite oxides are thermally less stable than pristine
graphite since graphite does not exhibit mass losses up to
800 °C. Table 1 shows information about the mass loss events
and temperature peak ranges. Mass losses close to 15 wt%
and 10 wt% occurred for GrO-2 and GrO-4 respectively, up to
100 °C and they are attributed to the absorbed and adsorbed
water molecules released from the GrO polar structure*#!.
GO decomposition is known to be a type of disproportionate
chemical reaction where rGO (reduced graphene oxide), CO,
CO,, and H,0 (vapour) are produced. The derivative of the
thermogravimetric curve shows two significant mass losses
related to oxygenated groups: the first one is attributed to
functional groups containing unstable oxygen atoms added
to the graphite structure; the second mass loss is related to
the elimination of organosulfate groups present in the GO
prepared using the Hummers method. Cyclic organosulfate
groups may be covalently bonded to the GO surface**.
The results indicate that GrO-2 has a higher oxidation level
since it presented a more pronounced mass loss of ~37 wt%,
while GrO-4 presents ~27 wt%. Therefore, there was no
increase in the degree of oxidation proportional to the longest
chemical reaction time. In Figure 2, it is also evident a third
mass loss (251.9 °C) that can be related to organosulfates
formation during the oxidation process as well as CO and
CO, formed at high temperatures. These these groups are
known to decompose into SO, at around 250 °C, as already
mentioned at the specialized literature*, however a support
information must be used to affirm, as a Mass Spectra
acoupled to TGA analysis. Consequently, the value about
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Table 1. Thermal events measured for GrO-2 and GrO-4 measured using TGA.

Sample Water (%) CO, CO, (%) SO, * (%) Oxygenated groups T %)
Gro-2 (37-100°C) (100-217°C) (217-323°C) (100-323°C)

15 27 10 37
GrO-4 (37-100°C) (100-196°C) (196-323°C) (100-323°C)

10 10 17 27

* These values have to be also attributed to CO and CO, elimination at high temperatures.
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Figure 3. FTIR absorption spectra of GrO-2 and GrO-4 dry powders.

the percentage of mass loss event be the sum of everything
(CO, CO, and SO, elimination). The extensive washing and
centrifugation steps were not sufficient to eliminate these
groups, leading to the belief that they are covalently linked
to the structure of both GrOs and in a greater quantity for

the longest oxidation reaction time, ~17 wt% and ~10 wt%,
for GrO-2 and GrO-4, respectively. All thermal events are
summarised in Table 1.

Absorption FTIR spectra of graphite oxide are presented
in Figure 3. They show the presence of stretching and
deformation bands resulting from the graphite oxidation
process, such as hydroxyl, epoxy, carboxylic, and carbonyl
groups*°. These results also confirm the oxidation process
of graphite for both samples, GrO-2 and GrO-4. The spectra
strongly suggest the presence of organosulfate groups despite
the stretching and deformation of bonds coinciding with
those of the epoxy groups. Vibration modeat 1100 cm™ can
be assigned to both epoxy (C-O-C epoxy) and sulfates
groups (SO, *, SO,)""*. Deformation modes of hydrogen
bonds with heteroatoms from hydroxyl groups (C-OH) as
well as disubstituted cyclic sulfates (symmetrical stretching
of S = 0O) both occurs at 1404 cm™ 455! Epoxy groups
are detected as well at 800 cm™ due to the symmetrical
stretching of (C-O-C). The chemical structure of GrO-2 and
GrO-4 showed small differences such as the (C=C) stretching
of the aromatic rings at 1458 cm!, which does not show for
GrO2; however, stretching of the (C=C) monosubstituted
double bonds of the aromatic rings occurs at 1631 cm' for
both materials. Also, at 1100 cm™' the band is better shown
for GrO-4 as pointed in Figure 3; this may be related to the
stretching of sulfates, which is in line with the largest mass
loss event detected from TGA and attributed to the sulfates
in GrO-4. The stretching of the carbonyl groups (C=0)
present at the edges of the GrO occurs at wavelengths of
1695 cm™ and 1697 cm! for GrO-2 and GrO4, respectively.
These peaks coincide with the stretch of the carboxylic acids
(C=0) at around 1726 cm’!, which is more evident in the
GrO-2 spectrum. At 2962 cm there is a stretching of the (C-H)
epoxy rings of the sp® hybridisation carbons. Axial stretching
vibrations of the (O-H) groups occur with absorption in the
3100-3600 cm' range. However, a quantitative analysis of
the oxygenated groups will be shown with XPS data.

Figure 4 shows the Raman spectra of graphite and graphene
oxides, GO-2 and GO-4. The most relevant characteristics in
the Raman scattering spectrum of graphene oxide are the bands:
G ~ 1580 cm correlated to the stretching vibration modes
of C=C graphitic structures along the basal plane and D at ~
1350 cm!, referring to graphite structure defects (sp® hybridised
carbons)**>4, These defects may be due to distortion of the
graphene hexagonal lattice due to functionalization®3>>.
Raman spectrum of graphite shows a very low intensity of
the D band and high intensity of the G band. It is associated
with a low incidence of structural defects (sp* hybridisation)
on the basal plane and at the edges of the graphitic structure
(lower contribution) and vibration of sp>-hybridised graphitic
domains, respectively**~’. The GO-2 and GO-4 Raman spectra
have been normalised to the corresponding G-band intensities.
The D band appears centred at the 1350 cm ! wavelength for
both graphene oxides, and a slightly higher intensity of this
band is observed for GO-2 compared to GO-4. It was also
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possible to qualitatively estimate the defects in the structure,
generated by the original graphite oxidation, calculating the
ratio between the D and G bands. Value of I /1, for GO-2 and
GO-4 are 1.13 and 1.09, respectively. It may represent higher
oxidation at the periphery of the graphene oxide sheet (this
result is consistent with the XRD, TGA, and FTIR data
presented) and/or due to the nanoplatelet’s smaller lateral sizes
for GO-2 which generate more edges (sp® hybridised carbons).

Functional groups added to the graphite structure after the
oxidation process include hydroxyl (OH), epoxy (C—O-C),
carbonyl (C=0), and carboxylic (HO—C=O0) that dissociate
with well-defined energies from the main structure, (C—C)
and (C=C), in the XPS spectra®. Figure 5 shows the XPS
survey spectra of the GO-2 and GO-4, showing that they are
composed of carbon (C) and oxygen (O) elements, therefore,
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Figure 4. Raman Scattering Spectrum of graphite and graphite
oxides, GO-2 and GO-4.
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traces of sulphur (S) can also be seen. This is a confirmation
of'the sulphur presence, however, as mentioned before from
TGA results, the third mass loss event is not only attributed to
SO, elimination. The signal of S atoms indicates the presence
of organosulfate groups. The atomic percentage of O obtained
from the survey data is higher in GO-2 (38.3 at%) than in
GO-4 (27.3 at%). Another elementar analysis the EDS X ray
(Energy Dispersive X ray Spectroscopy) were also carried
out and corroborates the XPS and the TGA results trend.
The O/C ratio extracted from the XPS survey spectra (which
is the ratio of the atomic percentage between the elements
O Is and C Is) result is 0.77 for GO-2 confirming a higher
oxidation level than found for GO-4 (0.39). As predicted in the
TGA data, the presence of S atoms using XPS data was more
intense for GO-4 (3.6 at%) than GO-2 (~ 1.0 at%). In order
to confirm these results Energy Dispersive X ray (EDX)
analysis were carried out with the GO-2 and GO-4 samples
(Supplementary Information). Beyond C and O, the results
confirm the presence of S in both samples, 1.5 at% and
1.7 at% for GO-2 and GO-4, respectively. The the atomic
percentages of oxygen for both samples from EDS X ray
data are lower (GO-2 = 30.2 at% and GO-4 = 22.9 at%)
than ones calculated by XPS survey data resulting also in
different values of O/C ratio (GO-2 = 0.5 and GO-4 =0.3).
The trend is keeping the same, GO-2 is more oxidized than
GO-4, however, the oxygen amount was superstimated by
XPS analysis, probably due to the substrate interference,
silicon wafer with a thin oxydized layer.

The XPS C 1s emission for high resolution spectrum
(Figure 6a) of GO-2 shows two main peaks at about
285.1 and 287.2 eV, which can be attributed to C-C and
C—0 bonds, respectively. The C 1s XPS signal of GO-2 was
deconvoluted considering many contributions: sp? carbon
bonds at 284.4 eV, sp? carbon bonds at 285.2 eV, C—OH

Counts/s

~S2p

1400 1200 1000 800 600 400 200 0
Binding energy (eV)

(a) (b)
Figure 5. XPS spectra for GO-2 (a) and GO-4 (b) samples: survey scan.
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Figure 6. Deconvoluted spectra for high-resolution XPS C 1s peaks of: a) GO-2 and b) GO-4.
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at about 286.2 eV, O—C—0 (epoxides) at 287.2 eV, C=0
(carbonyl) at 287.8 eV, and COOH (carboxyl) at 289.0 eV.
The same treatment was completed for the GO-4 samples
(Figure 6b), and its contributions are sp® carbon bonds
at 284.5 eV, sp? carbon bonds at 285.0 eV, C-OH at
about 285.5 eV, O—C—0 (mainly epoxides) at 286.7 eV,
C=0 (carbonyl) at 287.2 eV, and COOH (carboxyl) at
288.7 eV. All values are in accordance with the binding
energy ranges already reported in the literature®!-5%,
In order to get more detailed information, in Table 2,
the relative compositional amount of the high-resolution
XPS spectra when fitting peaks is applied for GO-2 and
GO-4 samples are shown.

According to the atomic percentage of the carbon
bonding states, GO-2 showed the lowest value of the Csp?/
Csp? ratio (0.18) compared to the value obtained for the
GO-4 (0.22) confirming the strongest oxidation process
underwent by GO-2 due to the large amount of Csp®. As can
be seen in Table 2, the content of the oxygenated groups
is different comparing two samples. GO-2 showed higher
percentages of C-O-C (epoxy groups) while GO-4 presented
COOH (carboxyl) bonds as the main chemical group in
its structure. From the results obtained, regardless of the
oxidation methodology applied, both samples were partially
oxidised, with GO-2 being the most oxidised. However,
the chemical structures are quite different, and it could be
a reason for the exfoliation process generating a distinct
morphology.

The atomic force microscopy analysis allowed the
average height and lateral size of GO nanoplatelets to be
estimated, allowing the number of layers present in graphene
oxides also to be estimated. A minimum of 100 particles per
sample were measured. Figures 7 and 8 show the results
of height distribution and lateral size. According to the
data available in the current literature®*>%%, the range of
0.51-0.9nm is considered*® as the estimated interlamellar
distance between two GO nanoplatelets and the 1-100nm
range® is accepted as the dimension to consider a material
as ananofiller. GO-2 presents 90% of particles with a height
below 10 nm, while for GO-4 all the data shows a height
higher than 20 nm, though the lateral size for GO-2 is a
little lower. The high level of oxidation for GO-2 led to
an easier exfoliation; however, this also favoured sheet
break. Thus, GO-2 should be a potential candidate for
the best performance as a nanofiller to be incorporated
into a polymer matrix, since the interfacial area between
the nanofiller and the polymer is larger than GO-4; in
addition, the greater number of interaction sites due to
the high level of oxidation and a higher aspect ratio are
very low when compared to GO-4 due to the thickness
of these particles.

3.2. Polymer nanocomposite characterisation

Poly(carbonate urethane) (PCU) is a thermoplastic
elastomer that contains rigid and flexible chain segments.
The characteristics of these blocks depend on the chemical
composition and molecular architecture in this type of
polymer®#¢1-63, The soft segments chemical structure is from
the polycarbonate glycol, and the hard segments are from MDI
monomer (4,4’-difenilmetano diisocyanate). Chronoflex® AR/
LT soft segment’s glass transition temperature (T ) is within
the range -34.3 to -13.9 °C. According to Yang et al.*', the
hard segments possess two temperature ranges of endotherm
events that can be seen: a) short-range order (50 to 100 °C)
and b) well-defined long-range order (100 to 150 °C) with
amelting temperature peak assignment to a semicrystalline
state, T, (hard segments melting temperature). This last
event comes from the ease of crystallisation for the portion
made up of rigid segments.

Figure 9 shows the DSC curves and Table 3 presents the
information extracted from these curves for neat PCU and
its nanocomposites produced with the two different GOs
designated as GO-2 and GO-4. The Tg for SS and endotherm
events for neat PCU are within the range described in the
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Figure 7. AFM particles height distribution for GO-2 and GO-4.

Table 2. X-ray photoelectron spectroscopy analysis of the functional group’s atomic composition in GO-2 and GO-4 using high-resolution

XPS C s spectra fitting.

Chemical group GO-2 Binding Energy (eV)

GO-4 Binding Energy (eV)

GO-2 Composition (%)  GO-4 Composition (%)

C-C (sp?) 284.4 284.5 6.6 7.3
C-C (sp?) 285.2 285.0 368 325
C-OH 286.2 285.5 5.4 11.8
C-0-C 287.2 286.7 33.2 8.0
C=0 287.8 287.2 9.9 14.0
0-C=0 289.0 288.7 8.1 26.4
sp?/sp? 0.18 0.22
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literature, Tg is around -27.0 °C and two endotherm events
are in the ranges 49 to 76 °C and 76.5 to 100.0 °C, without
any peak assigned to a semicrystalline state. For the PCU/
GO-2 nanocomposites in all compositions, the soft phase shows
T, values are very close to neat PCU, only the composition
with 2.0 wt% presents a decrease of 1.9 °C; however, it is
in the range of reliability for the technique. The endotherm
range values indicate that those nanocomposites with a
higher content of filler do not significantly change these
events when compared to neat PCU. However, for PCU +
0.2%GO0-2, the first endotherm event disappears while the
melting temperature peak assignment (T, ) is easily observed.
As mentioned, it comes from a well-defined long-range order
(similar to a semicrystalline state); this result indicates that
the GO-2 particles act as a driving force promoting greater
phase separation between the SS and HS increasing the
formation of ordered HS microdomains in the PCU. It is an
indication that there is an interaction between the particle
and hard segment of polymer matrix inducing physical
modification on nanocomposite properties when compared
with neat PCU. In the case of the PCU/GO-4 nanocomposites,
there is slight T, decrease for all GO-4 contents indicating
that the presence of the particles enlarged the free volume of
the matrix surrounding these agglomerates®. This happened
because the graphene oxide (GO-4) is made up of micro-size
particles (as shown in Figures 7 and 8), probably, generating
agglomerates in the nanocomposites. The endotherm events
for these nanocomposites broadened, and they often collapse,

Heat flow (W/g)

Temperature (° C)

(b)

Heat flow (Wig)

@
=

Temperature (° C)
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Figure 9. DSC curves for neat PCU and its nanocomposites using GO-2: (a) for all temperature range and (b) specific range; and GO-4

(c) for all temperature range and (d) specific range.
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generating only one event, and do not show a T, peak.
The micro size of the GO4 particles does not interfere in the
crystallisation process of the hard segments that can indicate
alow level of interaction between them and the PCU chains.
The difference in the oxidation level and particle size between
the GO-2 and GO-4 particles induced a distinct interface
with the PCU. Consequently, nano-size particles (high aspect
ratio) and a high oxidation level could lead to better PCU/
GO-2 nanocomposite performance. The high surface area of
the nanoparticles allowed a considerable interaction with the

polymer. In contrast, the good interaction between GO-2 and
the hard segment is due to the high polarity of both.

The dependence of the storage modulus, E’, loss modulus,
E”, dissipation factor, and Tan & (E*/E’ratio) also called damping,
for neat PCU and nanocomposites produced with GO-2 and
GO-4 as a function of temperature (from -125 °C to 0 °C)
are shown in Figure 10. The experiments were carried out at
temperatures below zero, indicating that the DMA results are
more correlated with the interaction between the SS and GO
nanoparticle. For all compositions, with GO-2 and GO-4, values

Table 3. Thermal properties for neat PCU and its nanocomposites, measured using DSC and DMA.

Temperature peak and ranges

Sample

T, (°C) DSC T, (°C) DMA T, (°C) T, (°C) T, (0O
Neat PCU -27.0 -25.6 49.0 - 76.0 76.5 —100.0 —
PCU+0.2% GO-2 -27.5 -27.5 — 75.4-97.5 115.0 - 134.5
PCU+0.4% GO-2 -27.2 -21.3 52.0-91.0 92.7-120.0 —
PCU + 2.0% GO-2 -28.9 -25.6 48.9 -71.6 74.1-117.2 —
PCU+0.2% GO-4 -28.5 -30.4 49.0 - 82.0 82.5-117.0 —
PCU +0.4% GO-4 -29.4 -21.6 — 60.0 — 120.0 —
PCU+2.0% GO-4 -28.8 -28.6 48.8 - 82.1 82.6 - 125.0 —
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Figure 10. DMTA curves for: storage module - E’ (a) and (b), loss module - E” (¢) and (d), energy dissipation factor - Tan & (e) and (f),
as a function of temperature for neat PCU and its nanocomposites with GO-2 and GO-4.
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of E’and E” are higher than neat PCU before the T, Therefore,
at -50 °C the improvements in E” and E” are hlgher for PCU/
GO-2, indicating that GO-2 is acting to increase the stiffness
and capacity of energy dissipation at the glassy state region.

It is easy to visualise from the storage modulus curves
that the stiffness decay starts earlier (around -50 °C) for
the GO-4 nanocomposites when compared to neat PCU
and even the GO-2 nanocomposites (both around -30 °C).
The stiffness decay displacement for the SS is attributed to
the separation of the SS and HS leading to a decrease in the
SS T, up to amaximum of 5°C as shown in Table 3 from the
DMA-SS data®®. No PCU/GO-2 nanocomposites present
any significant T, modification, indicating that the particles
have no interaction or a very weak interaction with the
polyurethane soft segment phase.

The T was obtained from the loss modulus results, that
is from the position of the maximum value of the curve.

Materials Research

Similar results were observed using DSC. PCU/GO-4 data
shows that the T values for the nanocomposites are slightly
lower than neat ”laPU, as shown in the DSC results. However,
the Tan 6 for all nanocomposites are higher than neat PCU
around the glassy temperature of SS. Notwithstanding the
superior values of E’and E” for PCU/GO-2 nanocomposites,
the higher values of Tan § indicate that these particles did
not lead a restriction in the polymer’s chain mobility (soft
segments) provided by geometric confinements from polymer/
filler interactions®®’. These results indicate, also observed
from the DSC results, that the stronger interaction of the
GO particles is not with the SS segments.

Based on all the results, GO-2 was chosen to prepare
nanocomposites; its mechanical properties were analysed
based on tensile test results and the nanocomposites were
also characterised using microscopy (optical and electron).
Figure 11 shows the morphological characterisation of PCU and
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Figure 11. PCU and PCU + GO-2 composites morphological characterizations. Optical microscopy: (a) PCU; (b) PCU + 0.2%GO-2; (¢)
PCU +0.4%GO-2 and (d) PCU +2.0%GO-2; (e) Equivalent square size histogramas of nancomposites. Transmission electron microscopy

image: (e) PCU + 2.0%GO2, marked with osmium tetroxide.
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PCU + GO-2 composites. As can be observed in Figure 11a,
neat PCU presents a marble-like surface, resulting from HS
and SS phase separation. The microphase separation degree has
a profound effect on the physical and mechanical properties
of segmented PUs. Figure 11b to Figure 11d show PCU +
GO-2 composites, and it is possible to observe the presence
of GO-2 microdomains along the PCU matrix. GO clusters
bonded by secondary forces form these microdomains, and
the number and size tend to increase with the increases in
GO-2 content. It can be better understanding by particle
size data extracted from Figures 11b to 11d (Figure 11e)
how the increase of GO-2 content change the microdomais
along the PCU matrix. Bellow 10 um of lateral size there
is higher frequency of particles for nanocomposites with
lower content of GO-2 while values > 10 pum is observed an
inversion. It means that how much more GO was added the
clusters becomes bigger. Another interesting observation has
to be made, the size of the particles inside the PCU matrix
(90% between 5-20 um) is larger than observed by AFM
(0.1 to 1.0 pwm), indicating that during the nanocomposite
preparation occurred partiles agglomeration. Figure 11f
shows a TEM image of small GO clusters observed in the
PCU + 2.0%GO-2 sample.

Due to the presence of these microdomains, PCU +
GO-2 composites presented distinct behaviours according to
the applied strains, as shown in Figure 12a. Stress-strain curves
show all PCU + GO-2 composites have a higher modulus
than PCU when the applied strain is up to 100% (Figure 12b).
The secant elastic moduli reported at 50% strain for PCU
is around 2.8 = 0.1 MPa while for the nanocomposites this
increases to 3.9 +£0.3 MPa, 3.5+ 0.1 MPaand 3.8 + 0.2 MPa
with 0.2 wt%, 0.4 wt%, and 2.0 wt% of GO, respectively.
These increases in moduli are caused by the rotation/slipping
of GO domains inside the PCU matrix during strain, that
generates stress fields along the matrix as responses to
external stress stimulus, as shown in Figure 13. At up to
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Figure 13. Proposed mechanism for GO microdomains movements role for PCU matrix.
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Table 4. Mechanical properties for neat PCU and its nanocomposites.

Materials Research

Secant Modulus at

Secant Modulus at

Sample 50% (MPa) 400% (MPa) Stress at break (MPa) Strain at break (%)
Neat PCU 2.8+0.1 1.8+0.1 19.1+£3.6 7573+21.3
PCU+0.2% GO-2 39+0.3 1.7+0.5 16.3+4.5 867.4+110.6
PCU + 0.4% GO-2 3.5+0.1 1.8+0.2 202+2.38 900.6 + 100.7
PCU + 2.0% GO-2 3.8+0.2 2.1+0.2 374+2.7 1125.7 +40.9

350% of strain the GO domains, probably, are still close to
one each other, which reduces the overall system mobility,
increasing the PCU modulus. When high strains are applied
(Figure 12a), the nanocomposites present lower secant moduli
at 400% (Figure 12b) when compared with ones calculated
at 50%. At the break point, the only significant effect is
observed for PCU + 2.0%GO-2 with a different behaviour
showing higher values of strain and stress, indicating that
GO-2 can also improve PCU mechanical properties at high
deformations. Values of stress and strain at break for neat
PCU and nocomposites are presented on Table 4.

As can be seen, the PCU + GO-2 composites mechanical
performance results from the particle microdomains
presence. Ferreira et al. showed that carbonaceous filler
microdomains have an important role in the mechanical
properties development of polymer composites because of
its superlubricity effect®®. The domains are formed by the
agglomeration of small GO blocks bonded by secondary
forces, and it is possible that during a high deformation
regime enough tension is reached to induce the GO block
slipping, as shown in Figure 13.

‘When the blocks slip on each other, they initially increase
the stress field generated by its rotation, which implies an
initial increase in the PCU modulus, as observed in strains
up to 350%. Because the energy necessary to exfoliate GO is
very high with interlayer shear strength values between 0.54-
4.48 GPa®, the GO movement is restricted to block slipping,
as a consequence of high strain the matrix deformation tends
to leave the GO domains. With the increase in mean distance
between GO domains, the effect of the stress field is reduced,
and the PCU matrix properties dominate the system leading
the composites to fail. Because PCU +2.0%GO-2 has more
microdomains, more deformation must be applied in order
to depart the GO domains, resulting in a significant increase
in the PCU mechanical properties. Despite the increase in
mechanical properties, due to the deformation of the GO
domains, theses composites probably present higher hysteresis
in elasticity recovery; this observation is mainly important
for a system submitted to high deformations regimes.

4. Conclusion

All filler characterisations indicated that GO-2 presented
a high level of oxidation with a lower number of layers.
These features provided a great interface region with
excellent compatibility between the filler and polymer.
DSC and DMA data indicated that oxygenated groups of
GO interact with PCU, mainly with hard segments, inducing
a high level of chain organisation. This new morphology
region (endothermic event assignment to a semicrystalline

state) combined with good dispersion and the possibility
of a superlubricity effect from the GO microdomains of
the PCU/GO-2 nanocomposites could show improvements
in the mechanical properties. The improvements were seen
at two different regions, short and large deformations as a
consequence of reinforcement due to rigid particles and
slipping of the filler microdomains, respectively. PCU/GO
nanocomposites with high mechanical performance can be
produced by tuning the GO content and characteristics to
reach different application possibilities.

Based on the reported results and the conclusions
obtained, it appears that nanocomposites based on PCU
and GO are strong candidates for applications in biomedical
devices that need good mechanical performance for low
and high deformation rates. This research is already being
carried out by the same group of researchers nominees in
this article, where heart membranes used in the construction
of VAD’s (ventricular assistance devices) were prepared
and their mechanical performance in a fatigue module and
biocompatibility are under evaluation.
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