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A facile in situ method of synthesis and immobilization of a copper(-

salen) complex onto graphene oxide (GO) support has been devel-

oped. Thermoplastic polyurethane (TPU) nanocomposites were

manufactured using a master batch-melt compounding approach, in

which the nanohybridmaterial was added into a TPUmatrix. Observed

enhancements in the thermal stability and flame retardancy were

ascribed to graphene oxide nanosheets functioning as physical

barriers, as well as to the catalysis of the decomposition reaction by

both copper chelates and Schiff bases to obtain increased char

residues.
1. Introduction

Hugo Schiff rst condensed an aldehyde with an amine to
generate what is now known as a Schiff base in 1864.1 Rich
structural diversication, application and proliferation of Schiff
bases have occurred since that time. Either alone or in metal-
chelated form, Schiff bases are widely applied in drug
discovery,2 nonlinear optical materials,3 electrochemical cells,
corrosion inhibitors,4 molecular sensors/photonic devices,
magnetic materials,5 and ame retardants.6,7 The salen ligand is
a member of the Schiff base family. Fontaine et al.8,9 reported
salen and its metal chelates that were halogen free, non-
phosphorus containing, and based on a relatively simple
organic framework, which resulted in improved thermal
stability and ame retardant properties of thermoplastic poly-
urethane elastomer (TPU). The standard Schiff base motif
involves nitrogen as the basic element. They offer two advan-
tages as raw materials for producing ame retardants.10 First,
a exible synthetic approach can be developed for preparation
of structurally diverse Schiff bases with various substituents.
Second, the thermal and nonammable properties of the Schiff
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base moieties can be conferred to their derivatives.11 However,
owing to their “so” molecular network, scarcely any work has
been performed surrounding their use for high-temperature
thermal protective applications, such as ame retardants or
ablative materials, both of which are vital components of
contemporary engineering materials.7 Immobilization of metal
complexes on solid supports is an efficient strategy to enhance
their catalytic performance12,13 and is also expected to remedy
the drawback of the “so”molecular network. Herein, we report
immobilization of metal-Schiff base complex copper(salen)
onto solid graphene oxide supports.

In recent years, polymer nanocomposites have become an
alternative solution to reducing the ammability of polymers
via an additive approach.14–16 Carbon nanoadditives, including
graphite oxide (GO)17,18 and carbon nanotubes,19,20 have been
extensively explored because of their ability to increase both the
mechanical strength and electronic conductivity of the native
polymer. Of these nanoadditives, graphene oxide (GO), which
shares the same framework as graphene, but with heteroge-
neous chemical and electronic structures,21 a unique two-
dimensional structure and outstanding performance, along
with the fact that it can be processed in a solution, has attracted
great interest and wide study. It is widely reported that GO can
be effective as a ame retardant.22–24 Higginbotham25 et al.
studied the effect of GO addition on the mechanical strength
and ammability of polymers, including polycarbonate, acry-
lonitrile butadiene styrene, and high-impact polystyrene,
demonstrating reduced ammability of the materials as the
content of GO increased. The total heat release (THR) and peak
heat release rate (pHRR) decreased, and the char yield increased
according to the same trend.

It is well known that GO nanosheets produced from graphite
using Hummers' method are endowed with numerous oxygen
containing functional groups such as –COOH, –C]O, and –OH.
3-Amino-propyltriethoxysilane (APTS) is used to covalently
modify the surface of GO. APTS is a frequently used silane
coupling agent with an amino group,26 which effect silylation of
the surface hydroxyl groups of GO.
This journal is © The Royal Society of Chemistry 2016
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TPU is a typical thermoplastic elastomer, possessing the
mechanical properties of vulcanized rubber and the process-
ability of thermoplastic polymers; hence, it is considered as one
of the most versatile polymers. It is widely applied in various
areas such as adhesives, sealants, coatings, bers, injection
molded components, thermoplastic parts, industrial cables,
energy exploration, automotive and transportation.27 However,
several fatal drawbacks greatly limit its further application, such
as high ammability and evolution of large amounts of smoke
and combustible volatiles during combustion. It is expected that
combination of Schiff bases and GO can contribute to
improvements in thermal stability and ame retardancy of TPU.

In this study, synthesis and immobilization of a Cu(salen)
complex onto GO nanosheets using a facile method has been
introduced. GO was covalently modied with aminosilane to
support the salen ligands, and subsequently condensed with
salicylaldehyde. The surface-modied GO was reacted with
copper nitrate to simultaneously form metal chelates and to
immobilize the pre-formed Cu(salen) complex onto its surface
(sample name: Cu(salen)–f-GO). Finally, the functionalized GO
nanosheets were added into TPU and tested for reducing its re
hazards. The combination of the lamellar barrier effect of GO
nanosheets and the catalytic effect of both copper chelates and
Schiff bases will lead to an improvement in the thermal stability
and re resistance properties of the polymer nanocomposites.

The aim of our present study is to reduce re hazards and
improve the thermal stability of TPU using Cu(salen)–f-GO
nanosheets. The structure and morphology of the as-prepared
Cu(salen)–f-GO nanosheets were characterized by X-ray powder
diffraction (XRD), transmission electron microscopy (TEM) and
X-ray photoelectron spectrometry (XPS). In addition, the thermal
stability and ame retardancy of TPU nanocomposites were
evaluated by thermogravimetric analysis (TGA) and cone calo-
rimetry, respectively. The mechanism for the reduction in re
hazards of the TPU nanocomposites was also discussed.
2. Experimental section
2.1. Raw materials

TPU (85E85) was obtained from Baoding Bangtai Chemical
Industry Co., Ltd. (Baoding, China), copper nitrate trihydrate
(Cu(NO3)2$3H2O), N,N-dimethylformamide (DMF), methanol,
salicylaldehyde, glacial acetic acid, APTS and anhydrous
ethanol were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). All the reagents were used as
received without further purication.
Fig. 1 Illustration for the synthetic methodology of Cu(salen)–f-GO.
2.2. Preparation of GO and APTS–f-GO

GO was prepared using the Hummers' method according to
a previous report.26 0.25 g of GO was dispersed in 60 mL of
anhydrous ethanol in a 250 mL three-necked round-bottom
ask, followed by ultrasonication assisted stirring for 30 min.
Around 30 mL of ethanol solution containing 0.443 g of APTS
was added dropwise into the slurry at ambient temperature. The
mixture was kept under nitrogen at 78 �C with agitation and
reuxed overnight. APTS–f-GO was nally obtained by ltering
This journal is © The Royal Society of Chemistry 2016
and repeatedly washing with acetone, followed by drying in
a vacuum oven at 50 �C overnight. The product, APTS–f-GO, was
dark in color.

2.3. Synthesis of Cu(salen)–f-GO

The resulting APTS–f-GO was dispersed in 60 mL of absolute
ethanol. 3.0 mmol of salicylaldehyde was added into the
suspension with drops of glacial acetic acid as an accelerator.
Aer reuxing for 5 h and cooling, the crystals were ltered and
washed with methanol several times. Finally, the solid, together
with 2.0 mmol of Cu(NO3)2$3H2O, was dispersed in methanol
and agitated for 12 h at ambient temperature. The obtained
mixture was ltered, washed, and dried at 50 �C. The schematic to
illustrate the preparation of Cu(salen)–f-GO is presented in Fig. 1.

2.4. Preparation of TPU nanocomposites

A TPU solution was obtained by dissolving TPU in DMF at 80 �C.
The desired concentration of Cu(salen)–f-GO nanosheets was
dispersed in ethanol under sonication for 20 min and was then
added to the TPU solution. The mixture was further treated
under sonication-assisted agitation for 1 h. The hot mixture was
poured into distilled water to precipitate the TPU/Cu(salen)–f-
GO master batch. This obtained master batch was separated
by ltration and dried overnight. Finally, the masterbatch was
mixed with pure TPU to prepare TPU/Cu(salen)–f-GO nano-
composites containing 0.5 wt% Cu(salen)–f-GO nanohybrids
(named TPU0.5) through a melt blending approach. The same
procedure was performed to fabricate products containing 1.0
wt% Cu(salen)–f-GO (named TPU1.0) and 2.0 wt% Cu(salen)–f-
GO (named TPU2.0).

2.5. Characterization

XRD patterns were measured by a Japan Rigaku Dmax X-ray
diffractometer equipped with graphite mono-chromatic high-
intensity Cu Ka radiation (l ¼ 1.54178 Å). Fourier transform
infrared (FTIR) spectrum analyses were operated on samples
pelletized with KBr powders in the range of 4000–400 cm�1

using an IR Fourier transform spectrophotometer (Nicolet,
RSC Adv., 2016, 6, 90018–90023 | 90019
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ZOSX). TEM was performed by a JEOL2010 instrument with an
acceleration voltage of 200 kV. The dispersion of GO, APTS–f-GO
and Cu(salen)–f-GO in ethanol was treated with sonication, and
then dripped onto copper grids before observation. Scanning
electron microscopy (SEM) images were obtained with a scan-
ning electron microscope AMRAY1000B at an accelerating
voltage of 20 kV. XPS spectra were obtained using a Kratos Axis
Ultra DLD spectrometer employing a mono-chromatic Al Ka X-
ray source (hn¼ 1486.6 eV). TGA of TPU and its nanocomposites
was performed using a Q5000 device. Thermal analysis was
conducted in the range from room temperature to 800 �C with
a heating rate of 20 �C min�1 under a helium atmosphere.
3. Results and discussion
3.1. The structure and morphology of GO and Cu(salen)–f-
GO

All the samples were investigated by XRD to conrm their
phases, as shown in Fig. 2. The characteristic diffraction peak of
GO is located at 2q¼ 10.3�, corresponding to the (002) reection
and is attributed to an inter-planar spacing of 0.84 nm. There is
a weak peak located at 2q ¼ 42� corresponding to the (100)
reection. Upon silane covalent functionalization with APTS,
the diffraction peak shis to 6.7�, indicating that interlayer
spacing was signicantly enlarged. This shi conrmed that
APTS was successfully inserted into GO via hydrolytic conden-
sation.28 The enlarged intra-gallery space of GO is attributed to
the silane covalent functionalization.29

FTIR spectra of pristine GO, APTS modied GO (APTS–f-GO),
and Cu(salen)–f-GO are shown in Fig. 2a. Compared to
unmodied GO, APTS–f-GO shows additional strong bands at
1120 and 1038 cm�1, which are attributed to characteristic
absorption of Si–O bonds acquired during the silylation
process. The new bands appearing at 2928 and 2860 cm�1

correspond to stretching vibrations of the C–H bond, and the
bands located at around 3220 and 1570 cm�1 are assigned to the
vibrations of the N–H bond, further verifying that the amino-
silane chains were successfully introduced. Aer condensation
with salicylaldehyde, the N–H absorbance range shows
a signicant decrease, while an additional sharp band near
Fig. 2 FTIR spectra (a) and XRD patterns (b) of GO, APTS–f-GO and Cu

90020 | RSC Adv., 2016, 6, 90018–90023
1625 cm�1 arises that is associated with the stretching vibra-
tions of C]N. The absorption from the benzene rings of sali-
cylaldehyde presents peaks in the range of 1400–1600 cm�1. It
can be noted that free C]N vibrations are generally located at
around 1640 cm�1, and therefore the shi towards lower values
of approximately 15 cm�1 in Cu(salen)–f-GO could be ascribed
to coordination interactions with the copper ions. These results
demonstrate that the salen ligands are bound to copper and
anchored onto the GO surface.

The surface electronic states of the samples and the inter-
action between GO and APTS were assessed by XPS. As shown in
Fig. 3a, Si and N signals appear aer the silylation modication.
In addition, a Cu signal is detected for Cu(salen)–f-GO.
Furthermore, APTS–f-GO exhibits an obvious decrease of
around 286.5 eV in the C–O–C and C–OH band as compared
with the C 1s spectrum of unmodied GO. The Cu 2p XPS
spectrum of Cu(salen)–f-GO shows two typical bands at 933.9
and 953.8 eV, which correspond to the bonding energy of cop-
per(II). Moreover, a Cu 2p3/2 satellite peak at 943.0 eV occurs,
demonstrating the coordination interaction between the salen
ligand and the copper center.30–32

TEM measurements were performed to investigate the
morphology and microstructure of the as-synthesized samples.
Fig. 4a presents a representative TEM image of unmodied GO
nanosheets, showing that they are ripped and paper-like with
size of ca. 1 mm. However, aer the silylation modication, the
color of the nanosheets appears a little deeper, although the
ripped and paper-like morphology was maintained. This
observation reects that the thickness of the nanosheets has
increased, which is consistent with previous literature reports.33

Fig. 4c and d present SEM images of APTS–f-GO and Cu(salen)–
f-GO, showing that these nanosheets are wrinkled and stacked.
3.2 Thermal behavior of TPU and its nanocomposites

TGA is an effective technique for estimating thermal stability of
polymeric materials. The TG and DTG curves of TPU and its
nanocomposites are presented in Fig. 5, and the corresponding
data are recorded in Table 1. The temperatures at which 10%
mass loss, 50% mass loss and maximum mass loss occur are
dened as the measurement of initial degradation temperature
(salen)–f-GO.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Full range XPS spectra of GO, APTS–f-GO, and Cu(salen)–f-GO (a), Cu 2p XPS spectrum of Cu(salen)–f-GO (b).

Fig. 4 TEM images of APTS–f-GO (a) and Cu(salen)–f-GO (b); SEM images of APTS–f-GO (c) and Cu(salen)–f-GO (d).
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(T10), half degradation temperature (T50), and maximum degra-
dation temperature (Tmax), respectively. As can be seen from
Fig. 5, all the nanocomposites exhibit similar thermal degrada-
tion behavior when compared to pure TPU. However, the
nanocomposites have a residual yield several times higher than
that of pristine TPU. Furthermore, the degradation temperature
of the nanocomposites increased gradually with increased
loading. For instance, the Tmax of TPU2.0 is increased by 32.7 �C
over that of TPU, indicating an improved thermal stability of the
nanocomposites. In addition, the char residue of Cu(salen)–f-GO
at 700 �C is signicantly increased due to the catalytic
This journal is © The Royal Society of Chemistry 2016
carbonization of Cu(salen) and the lamellar barrier effect of GO
nanosheets.34,35 The improved char yield provides a protective
shield to mass and heat transfer, thereby reducing the heat
release rate during combustion and remarkably improving the
thermal stability, as evidenced by the increased Tmax.
3.3. Flame retardancy evaluation of TPU and its
nanocomposites

Fig. 6 shows the values of HRR collected from the cone calo-
rimeter. The heat release rate, particularly for the peak heat
RSC Adv., 2016, 6, 90018–90023 | 90021
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Fig. 5 TG (a) and DTG (b) curves of TPU and its nanocomposites.

Table 1 Summary of TGA data of TPU and its nanocomposites

Sample no. T10 Tmax T50
Char residues at 700 �C
(wt%, measured)

TPU 318.2 409.3 395.4 3.1
TPU0.5 330.3 420.6 403.5 4.5
TPU1.0 352.2 436.9 426.0 7.0
TPU2.0 351.2 442.0 426.2 7.4
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release rate (pHRR) value, is usually considered to be a key
parameter when measuring re safety. This is because pHRR
represents the point in a re where heat is likely to propagate
further or ignite adjacent objects; thus, a reduction in pHRR is
highly desirable and of great signicance.36 It is observed that
TPU0.5, TPU1.0 and TPU2.0 exhibit a decline in pHRR. The
largest reduction is obtained for TPU2.0, i.e., a decrease of 14%
was observed compared to neat TPU. This result can be attrib-
uted to GO nanosheets having a physical barrier effect, which
slows down the heat release and can effectively delay transfer of
heat, oxygen and volatile gases. However, the physical barrier
Fig. 6 HRR curves of TPU and its nanocomposites.

90022 | RSC Adv., 2016, 6, 90018–90023
effect is not enough to reduce the pHRR substantially at lower
loadings. Catalytic charring of Cu(salen) leads to the formation
of additional char yield, which provides a further protective
shield for mass and heat transfer and thus slows down the
thermal decomposition rate of the material.
4. Conclusions

In summary, GO nanosheets were functionalized with Cu(salen)
via a facile method, and then incorporated into TPU to fabricate
polymer nanocomposites. TGA results demonstrated that the
T10 and char yield were markedly improved for TPU/Cu(salen)–f-
GO composites. In particular, a decrease of 14% in pHRR was
obtained for TPU2.0. A possible mechanism for the reduced re
hazards of TPU/Cu(salen)–f-GO systems was proposed. On one
hand, GO provided a physical barrier effect. On the other hand,
Cu(salen) moieties led to increased char residues, which
provided further protection and increased the thermal stability
and ame retardancy.
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