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Graphene oxide-based silsesquioxane-crosslinked
networks — synthesis and rheological behaviorf
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Click reaction between octa(3-azidopropyl)polyhedral oligomeric silsesquioxane (POSS—(N3)g) and heavily
alkyne-decorated graphene oxide (GO) has led to crosslinking POSS with GO. Introducing POSS to GO and
reduction of GO sheets by sodium ascorbate during click reaction has led to a hydrophobic and well
organically dispersible material. Hydrophobic reduced graphene oxide crosslinked with polyhedral
oligomeric silsesquioxanes (rGO—-POSS) network showed high solubility in various organic solvents. GO,
rGO, and rGO-POSS were used as fillers for fabricating polydimethylsiloxane nanocomposites for
rheological investigations. While the larger GO-sheets led to a surprisingly low rheological percolation
threshold, the significantly smaller rGO-POSS filled systems showed almost the same percolation
threshold as GO-filled systems when only the graphenic part of the nanocomposites was considered.
rGO-filled composites, which have the same low hydrophobicity and relatively small size as the rGO-
POSS fillers, show a significantly higher percolation threshold, which is attributed to partial restacking of

rsc.li/rsc-advances these fillers.

Introduction

When searching for a material with various applications and
remarkable electrical, optical, thermal, and mechanical prop-
erties, graphene' is the first to be considered.> Despite its
outstanding properties, the zero band gap of graphene and its
inertness to reaction, make it poorly processable. Highly
oxygenated graphene oxide (GO) facilitates the route to obtain
functionalized graphene sheets, followed by a reduction step.
Attaching specific polymers has led to the preparation of water
soluble graphene hybrids.>* Recently, organic soluble graphene
by physical or chemical functionalization of GO with organic
moieties has been of great interest. Oxygen containing groups
(e.g., -OH, -COOH, epoxy) on GO are the reaction points for
modifications such as esterification, amidation, nucleophilic
and isocyanate reactions.* On the other hand, graphene 3D
networks have gained great attention in recent years for energy
storage® and biological applications.® Chemical crosslinking
would be more preferable due to the strength of chemical
bonds. Ou et al. have used multi-amine-containing molecules
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such as 1,4-diaminobenzene, benzidine, and 5,10,15,20-tetra-
kis(4-aminophenyl)-21H,23H-porphine to graft GO sheets to
obtain films with excellent stability, controllable thickness
and tunable electrical behaviors,” while the GO-based
benzimidazole-crosslinked network has shown high potential
in gas sorption and as a supercapacitor.® Dicarboxylic acids and
diols have also been used as crosslinking agents for GO for ion
separation. Since the introduction of click chemistry, it has met
the need of researchers in different fields of science for a set of
powerful, highly reliable, and selective reactions for the rapid
synthesis of useful new compounds and combinatorial
libraries.® Click reactions, and above all Cu(1)-catalyzed Huisgen
cycloaddition of azide and alkyne (CuAAC), have made their way
into modification of polymers,'® nanoparticles,'* carbon nano-
materials,”® and proteins.”” GO nanosheets were assembled
together through an azide-alkyne click reaction to obtain
a highly permeable polypropylene membrane,*® while Lin et al.
used an azoaromatic crosslinker to connect alkyne-containing
GO sheets.” In our recent study, we reported water soluble
copolymers having tailored lower critical solution temperatures
and a unique tube-like structure, in which a reversible addition—
fragmentation transfer agent was attached to GO sheets via click
chemistry.™

Polyoligomeric silsesquioxanes (POSS) have a unique cage-
like structure with eight organic functionalities, which make
it suitable as a core or crosslinking molecule since it is soluble
in a wide range of organic solvents. POSS has been used to
modify polymers,* carbon nanotubes,” and nanoparticles.” To
date, the most common reaction applied for crosslinking POSS
for capillary liquid chromatography application has been the
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thiol-ene reaction.”*?® POSS-based hybrid thermosets were
prepared via photoinduced CuAAC.* Alves et al. reported
crosslinking vinyl-POSS and homotelechelic thiol polyethylene
glycol di-ester macromonomers to obtain hydrogels with
enhanced and widely varying physicochemical characteristics.”®
Notable properties of graphene, such as electrical and sensing
properties, and those of POSS, such as solubility, have caused
researchers to graft them together. A nanocomposite of POSS/
reduced GO (rGO) has been prepared by the solvothermal
method for electrochemical sensing of nitrite.>® There are only
a few reports on chemical grafting of POSS on GO. In the first
study in 2012, amidation reation of GO with POSS-NH, was
reported and the addition of only 1 wt% of the resulted POSS-
graphene into PMMA could increase the T, of the resultant
composite 11 °C.** GO-POSS has also been used to improve the
mechanical and thermal conductivity of polymers such as epoxy
resin® and polyimide.*” In addition, GO-POSS was used as
a novel nanofiller of a non-conventional electrorheological
nanofluid with high dispersion ability and improved electro-
responsive behavior.** Hydrophilic GO does not exhibit good
compatibility with nonpolar polydimethylsiloxane (PDMS), but
it is expected that GO functionalized with hydrophobic groups
may show a better compatibility.

Rheology, the science of flow, has shown multifarious
aspects of liquid-like and soft solid behaviors, which are used
(among many other areas) to assess the structure and interac-
tions of the different constituents of a polymer composite (a
polymer with a solid filler) as well as the processing properties.*
While rheology of polymers with micro-fillers is a well-
established topic, the rheological behavior of nano-sized
fillers has only started to be investigated ca. 20 years ago as
part of the development of nanoparticles in several areas. In
comparison to classical microcomposites, nanocomposites
show much stronger effects of the fillers at small concentra-
tions, i.e. the percolation threshold - the concentration at which
a rheologically relevant network is found to percolate through
the sample - is significantly lower for nanoparticle than for
microparticle-filled composites.®**” This higher efficiency of
nanofillers is primarily due to the much higher surface area of
nanocomposites, partially immobilizing the polymer around
it.*® In the early days of the investigations on nanocomposite
rheology, the main systems were polymer nano-clay filled, while
today much more interest lies in graphene sheet filled
systems.***?

In general, the introduction of fillers below the percolation
threshold leads to an increased melt elasticity, while having
rather little effect on the viscosity and this effect is mostly found
at long times/low frequencies.’” At the percolation threshold,
the system behaves similar to a critical gel, ie. the storage
modulus G'(w) is approximately equal to the loss modulus G”(w)
and consequently, the loss factor tan 6(w) = 1, usually accom-
panied by a significant increase in viscosity.** Above the
percolation threshold, only few measurements were reported,;
this can be easily explained by the fact that in this regime, the
rheological measurements are very difficult to be carried out as
the percolation network prevents flow and depends highly on
the mechanical history of the material.**** In this regime, in
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general, elasticity dominates the rheological behavior, G'(v) >
G'(w), as the fillers form a network, which effectively traps the
polymer melt (or solution) in the pores of this network and thus
prevents flow, particularly on large scales, i.e. at long times/low
frequencies.

To the best of our knowledge, crosslinking GO with POSS has
not yet been reported. In this study, we developed the cross-
linking of highly alkyne-functionalized GO with octa-azido
POSS. First, GO was reacted with sodium chloroacetate to
cover the surface of GO with the carboxylic acid group. Further
functionalizing with propargyl alcohol (GO-alkyne) provided
a maximum number of alkyne groups on GO sheets. Finally,
GO-alkyne was clicked with octa(3-azidopropyl)POSS, leading to
a hydrophobic rGO-POSS hybrid. Next, nanofluids of GO, rGO,
and rGO-POSS with PDMS were prepared and their rheological
properties were investigated.

Experimental

Materials

Graphite was purchased from Alpha Aesar (200 pm). The PDMS
is Wacker Silicone Fluid AK 1000000. All other chemicals and
solvents were of analytical grade, purchased from Shanghai
Macklin Biochemical Co., Ltd., and used without further
purification.

Preparation of GO-alkyne

First, GO was prepared according to ref. 46: for carboxylation,
1.5 g of GO was tip sonicated in 750 mL of deionized (DI) water
for 30 min to obtain a concentration of ~2 mg mL™". NaOH (5.0
g) was added and bath-sonicated for 2 h to open the epoxy
groups. Next, chloroacetic acid (5.0 g) was added to the
suspension and the mixture was bath-sonicated for 6 h to
convert the -OH groups into -COOH via conjugation with acetic
acid moieties to obtain GO-COOH. The resulting GO-COOH
solution was neutralized and was then purified by repeated
rinsing and centrifuging.*” For esterification of carboxylic acids
with propargyl alcohol, 1.2 g of GO-COOH was sonicated in dry
DMF (~2 mg mL ") for 30 min. Then, it was transferred to
a threeneck round bottom flask. N,N’-Dicyclohex-
ylcarbodiimide (10.0 g, 48.5 mmol) and 4-dimethylaminopyr-
idine (2.0 g, 16.4 mmol) were added to the suspension in inert
atmosphere. After stirring for 1 h at 0 °C, propargyl alcohol (5
mL, 86.6 mmol) was added dropwise and stirred at 0 °C for 1 h.
It was then stirred at 60 °C for 48 h. After cooling, it was
centrifuged (5000 rpm), washed with DMF, water and EtOH
several times and dried in vacuo at 40 °C overnight.

Synthesis of octa(3-azidopropyl)polyhedral oligomeric
silsesquioxane (POSS-(N3)s)

POSS—(N3)s was prepared via azidation of octa(3-chloropropyl)
polyhedral oligomeric silsesquioxane (POSS-(C3HgCl)g).** Into
a 100 mL round-bottom flask, NaNj; (6.5 g, 0.1 mol), POSS—(Cl)g
(3.0 g, 2.9 mmol), and DMF (50 mL) were added. The flask was
then immersed into an oil bath. After stirring for 48 h at 120 °C,
the solvent was removed at reduced pressure. Residues were

This journal is © The Royal Society of Chemistry 2017
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dissolved in THF and passed through a neutral alumina column
to remove residual sodium salts. A colorless viscous liquid was
obtained after drying in vacuo overnight at room temperature.
'H NMR (CDCl,, 6, ppm, TMS): 0.78-0.81 (2H, Si-CH,), 1.74-
1.75 (2H, Si-CH,CH,), 3.37-3.38 (2H, Si—-CH,CH,CH,N;)
(Fig. SI1¥).

Preparation of rGO-POSS

Herein, 1.0 g of GO-alkyne was tip sonicated in 500 mL of dry
DMF for 30 min. After transferring to a three-neck round-
bottom flask, the suspension was bubbled for 30 min to
remove oxygen. Next, sodium ascorbate (0.07 g, 0.36 mmol) and
CuSO,-5H,0 (0.03 g, 0.12 mmol) were added and stirred for
30 min before adding 1.0 g of POSS—(N3)g. Every 6 h the stirring
was stopped and the solution was placed in an ultrasonic bath
for 10 min. After 72 h, the reaction mixture was centrifuged
(5000 rpm), washed with DMF, water and EtOH and freeze-dried
for 24 h.

Preparation of GO, rGO, and rGO-POSS nanofluids

The nanofluids were prepared by the solvent evaporation
transfer method. Herein, 1, 2, 4, 8, and 16 wt% solution of
graphenic material with PDMS (total weight: 100 mg) was
prepared in THF. First, a specific amount of PDMS solution in
THF was heated to 67 °C and then a certain amount of gra-
phenic material suspension was added dropwise. After stirring
for 30 min at 67 °C, THF was fully evaporated and the dispersion
was further dried at 80 °C for 24 h in vacuum to completely
remove THF, and the final nanofluids were obtained.

Materials characterization

The Fourier-transform infrared spectrum (FTIR) was conducted
on a Nicolet 6700 (Thermo Scientific, USA). The samples were
sputtered with gold and examined using thermal field emission
scanning electron microscope (SEM; Hitachi, SU-70) at an

N -CH,COOH

Propargyl

rGO-POSS

Scheme 1 Synthesis of rGO-POSS.
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activation voltage of 15.0 kV. Raman spectra were recorded from
500 to 3000 cm ' on an inVia confocal Raman microscope
(Renishaw, England), while X-ray diffraction (XRD) was
measured on a Bruker D8 Advance system. The thermogravi-
metric analysis (TGA) was performed on a TA Q50 in a nitrogen
atmosphere at a heating rate of 10 °C min~* from RT to 700 °C.

Rheological measurements

Rheological measurements were performed on a stress
controlled rheometer, Anton Paar MCR 302 (Anton Paar GmbH,
Germany) with 8§ mm parallel-plate geometry. The use of cone
and plate geometries is not possible, because for composites it
tends to produce artefacts, due to the fact that agglomerates of
particles can form a solid bridge between the plate and the
(truncated) cone tip.

After the sample was loaded on the geometry of the rheom-
eter, the sample was squeezed with a normal force lower than
0.1 N. Before the measurements, the sample was left at rest for
at least 30 minutes to allow complete relaxation of normal force
within the force resolution limit. Linear oscillatory frequency
sweeps were performed from 100 to 0.1 rad s~ ' at an appro-
priate strain in the linear viscoelastic region. All experiments
were conducted at 20 °C £ 0.1 °C.

Results and discussion
Characterization of rGO-POSS

As illustrated in Scheme 1, to fabricate covalently crosslinked
rGO sheets with POSS, GO was first carboxylated with chloro-
acetic acid, and all the epoxy and hydroxyl groups were con-
verted to carboxylic acid groups. The aim of this procedure was
to maximize the number of binding points. GO-COOH was next
reacted with propargyl alcohol to obtain the alkyne-containing
side of the click reaction. On the other hand, POSS—(Cl)s was
prepared with the starting compound 3-chloropropyl-
trimethoxysilane, and then Cl groups were substituted by azide

Propargyl alcohol
DCC, DMAP
DME, 60°C, 48 h

POSS-(N,)g, sodium ascorbate
CuSO0,.5H,0, DMF, 72 h

GO-alkyne
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24 h.

to obtain POSS—(N;)g and in other words, the azide-containing
side of click reaction. Finally, GO-alkyne was crosslinked with
POSS—(N3)s into a 3D network (rGO-POSS). Since sodium
ascorbate is a green reducing agent for GO,* reduction occurred
during the click reaction as well and thus, the majority of
possibly remaining oxygen functionalities were also removed.
This is the reason for which we abbreviated it as rGO-POSS
(Scheme 1).

Fig. 1 shows the solubility of rGO-POSS in different organic
solvents. GO is easily dispersed in water due to the presence of
oxygen-containing groups. However, one of the main problems
that restricts the application and processability of graphene is
its insolubility in organic solvents.*® The linking of cage-linked
bulky nanostructures to graphene made rGO-POSS highly
soluble in organic solvents. As shown in Fig. 1 rGO-POSS was
highly soluble in chloroform, THF, acetone, DMF, and toluene
but showed low solubility in n-hexane. After 24 h (Fig. 1b), it
precipitated in n-hexane and became less soluble in toluene.

FTIR spectra of GO, GO-COOH, GO-alkyne and rGO-POSS are
shown in Fig. 2a. GO showed five characteristic peaks related to
C-0-C (1090 cm™ "), C-OH (1390 cm ™), C=C (1630 cm '), C=0
(1740 cm™") and O-H (3450 cm™ ") indicating the presence of
epoxy, hydroxyl and carboxylic acid groups on GO sheets.
Removal of oxygen functionalities of GO using sodium ascorbate
is confirmed by a significant decrease in C-OH and almost
complete disappearance of O-H groups.* After the reaction of
GO with base and chloroacetic acid, the above mentioned peaks
reduced in intensity, and new peaks attributed to O-CH, (1103
em ') and aliphatic hydrogens (2930 cm™ ') appeared in the
spectrum of GO-COOH. The presence of peaks at 2030 cm ™' and
3039 cm™ " was related to alkyne and acetylenic hydrogen,
respectively. Click reaction between GO-COOH and POSS—(N3)s
led to the disappearance of peaks related to the alkyne moiety. In
addition, introduction of a peak at 1118 cm " and 1790 cm™*
could be assigned to vibration stretching of Si-O-Si and triazole
ring, respectively.* This could be an evidence of the click reaction
between GO-alkyne and POSS—(Nj)s.
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Fig. 2 (a) FTIR spectra of GO, rGO, GO-COOH, GO-alkyne, and
rGO-POSS and (b) XRD patterns of graphite, GO, rGO, GO-alkyne,
and rGO-POSS.

XRD patterns of graphite, GO, GO-COOH, and rGO-POSS are
shown in Fig. 2b. Graphite showed a strong peak (002) at 26 =
26.5° indicating a well-defined crystal structure, while after
introducing oxygen-containing functionalities, this peak shifted
to 11.46° in GO, and a clear change in intensity and broadness
of the peak was observed. Reduction of GO results in a shift of
its sharp peak to a higher 26 value, with a maximum at around
24°; this reduction also results in a significant broadening of the
peak due to the removal of functionalities.” In the XRD pattern
of GO-alkyne, the (001) peak of GO was not observed indicating
exfoliation of GO sheets. In addition, it showed a broad peak at
260 = 24° (d-spacing d ~ 3.7 A) due to the functionalization and
graphene-like structure. This peak shifted to 26 ~ 15° (d = 5.9
A) in rGO-POSS, indicating that the incorporation of POSS
increased the distance between the GO-alkyne sheets and
induced ordered graphitic stacking of GO to well-disordered
structures of rGO-POSS.*> While pristine POSS and even
POSS—(Cl)g are highly crystalline, POSS-(N3)g is an amorphous
viscous liquid. The peak of rGO-POSS at 22° suggested a disor-
dered structure with low crystallinity. These results are consis-
tent with the reports of POSS decorated GO.

Raman spectra of GO, GO-COOH, GO-alkyne, and rGO-
POSS are shown in Fig. 3a. GO showed its D band at 1360 cm ™"
ascribed to sp® hybridization (C atoms of defects and disorder)
in addition to the G band that was observed at 1586 cm ™', which
originated from lattice distortion in sp*-hybridized carbon.

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra02764h

Open Access Article. Published on 19 April 2017. Downloaded on 7/21/2025 12:08:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
GO
/
;:' GO
o] r
> /4
g ~ GO-COOH
<
- GO-alkyne
¥
~
rGO-POSS
T T T
1000 1500 2000 2500 3000
a) Wavenumber [cm'1]
100 4
(CI),-POSS
90 -
rGO-POSS
g 80 / rGO
=
2 704
(]
= GO-alkyne
60 - G s
50
40 T T T T T T
100 200 300 400 500 600 700
b) Temperature [°C]
Fig. 3 (a) Raman spectra of GO, rGO, GO-COOH, GO-alkyne, and

rGO-POSS and (b) TGA curves of GO, rGO, GO-COOH, GO-alkyne,
(Clg=POSS, and rGO-POSS.

After reduction of GO, Ip/I; of rGO increased from 0.85 to
1.03, which can be attributed to the formation of defects in
addition to the removal of oxygen containing groups of GO.** In
graphitic materials, functionalization leads to a blue shift in G
band and a red shift in D band, which are clearly observed in the
spectra of GO-COOH and GO-alkyne. The shift in G band to
higher wavenumbers could be due to the influence of defects
and isolated double bonds produced by the reduction process of
GO. A slight increase in Ip/Is (Table 1) after functionalization
was probably due to structural distortions induced by acetic
acid and propargyl groups.** However, a decrease was observed

Table 1 Chemical shifts and D and G band and /p/lg values of GO,
rGO, GO-COOH, GO-alkyne, and rGO-POSS

Material D-band [em ] G-band [cm '] Ip/lg
GO 1390 1586 0.85
rGO 1340 1582 1.03
GO-COOH 1355 1595 0.92
GO-alkyne 1343 1596 0.97
rGO-POSS 1354 1594 0.84

This journal is © The Royal Society of Chemistry 2017
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in Ip/Ig of rGO-POSS. As stated in previous reports, introducing
POSS onto GO sheets by covalent bonding led to a structural
distortion,* but in our 3D network, crosslinking GO sheets
resulted in a relatively ordered structure.*

Different structural compositions lead to a different thermal
behavior, which can be investigated by TGA. While it would be
desirable to use POSS—(N3); for the TGA-measurements, its high
reactivity prevented this since it could result in explosion when
exposed to high temperature. Instead, (Cl)s-POSS was used
because its molar mass is slightly lower (1032 g mol " vs. 1088 g
mol ' for POSS—(N;)s, 5.1% lower), and it is safe to be measured
by TGA. The theoretical residual inorganic masses of these
two compounds (POSS/SigOi,Rg) are 41.1% and 38.9%,
respectively, assuming that the silicon atoms are saturated by
hydrogen (R = H).

TGA also enables us to quantify the amount of grafted
molecule on GO. As seen in Fig. 3b, GO showed an initial ~10%
weight loss up to 150 °C associated with evaporation of physi-
cally adsorbed water onto hydrophilic GO sheets, followed by
a major step occurring at ~200 to 300 °C (35%) due to the
decomposition of oxygen-containing groups. GO-COOH
showed a significant weight loss ~100 to 200 °C related to the
decomposition of acetic acid groups, while after functionaliza-
tion with propargyl alcohol, this step started around the same
temperature but ended up around 300 °C, indicating the
decomposition of propargyl groups located on the surface and
edges.” After crosslinking hydrophilic GO-COOH with POSS-
(N3)s, it changes to a very hydrophobic rGO-POSS. No thermal
desorption of physically adsorbed water was observed below
100 °C, indicating the hydrophobicity of the material. In addi-
tion, introducing POSS to GO has led to a remarkably thermally
stable material associated with the thermally stable cubic Si-O-
Si core. The first weight loss (~15%) at 130-280 °C could be
attributed to the decomposition of triazole rings. The second
step could be assigned to the oxidative decomposition of POSS
and combustion of bulk carbon.?* In addition, at 700 °C the
weight losses of (Cl)g-POSS, rGO, and rGO-POSS are 52%, 25%,
and 33%, respectively. Hence, we conclude that 700 °C is not

Fig. 4 FESEM images of (a) GO, (b) rGO, (c) GO-alkyne, (d) rGO-
POSS.

RSC Adv., 2017, 7, 21531-21540 | 21535
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sufficient to completely remove all organic groups from (Cl)g-
POSS. When we consider that POSS—(N3); was used for the
reaction, we have to assume that the residual mass is ca. 2%
lower for this compound than that measured for (Cl)g-POSS.
Thus, the rGO-POSS network is estimated to contain about 28
wt% POSS.

The morphology of GO, GO-alkyne, and rGO-POSS was
investigated by FESEM. Large wrinkled sheets are characteristic
of GO (Fig. 5a). Reduction of GO without the click chemistry
groups and POSS resulted in intensely wrinkled and randomly
aggregated rGO sheets (Fig. 5b). For GO-alkyne (Fig. 4c), the
sheets were closely packed, but after click reaction, POSS—(N3)s
intercalated between the sheets and while crosslinking the
sheets, led to an increase in the distance between the layers. The
sheets became rough after functionalization, which can be
clearly observed in Fig. 4d. EDX of GO-alkyne and rGO-POSS
are shown in Fig. SI2.1 The presence of Si confirms the modi-
fication of GO-alkyne with POSS.

Carbon nanofillers have attracted great attention in polymer
nanocomposites®* to improve their mechanical, thermal, and
electronic properties. Recent research shows that graphene has
an advantage over carbon nanotubes owing to its planar struc-
ture and the aspect ratio provided during the loading process.

Rheological studies of GO/PDMS

rGO/PDMS and rGO-POSS/PDMS composites. The GO/
PDMS, rGO/PDMS and rGO-POSS/PDMS composites were
investigated for their linear dynamic rheological properties.
Fig. 5 shows linear frequency sweeps of GO/PDMS (a), rGO/
PDMS (b) and rGO-POSS/PDMS (c) composites with different
concentrations of GO, rGO, and rGO-POSS. It is clearly
observable that with increasing filler concentration, a relatively
small effect on the loss modulus G”(w) can be found for all
materials up to medium filler concentrations (2 wt% for GO, 4%
for rGO and rGO-POSS systems), while a clear effect of the fillers
on the storage modulus G'(w), and thus on sample elasticity, is
found at significantly lower concentrations than for G”(w).

At high concentrations, an almost perfectly elastic solid like
behavior with G'(w) > G”(w) was observed (¢ = 4 wt% (GO), ¢ = 8
wt% (rGO, rGO-POSS)), which is typically found for materials
dominated by entrapment of the liquid in compartments
created by the filler.®® In an intermediate range of concentra-
tions, which, however, is only observed for 6 wt% rGO and to
some degree for 4 wt% rGO-POSS, a transition between the
liquid-like behavior found at low filler contents and the solid-
like behavior for highly filled materials can be observed. This
intermediate behavior is approximately equivalent to the
behavior of a critical gel with §(w) being relatively constant
around 45°, i.e. G'(w) = G'(w).

The same data is plotted as 6(|G*|)-plot in Fig. 6. It is clear
that the data for 0%, 1 wt% filler content as well as 4 wt% rGO-
content follow the typical shape for polydisperse linear polymer
melts,**** while for the composites with 8 and 16 wt% filler
content, very low phase angles are found, which are below ca.
6 = 30°, indicating a very high elasticity of these systems. It is
clear that the phase angle ¢ for these samples shows no
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Fig. 5 Dynamic viscoelastic curves of the storage modulus (G') and
loss modulus (G”) as a function of frequency for the GO/PDMS (a), the
rGO/PDMS (b), the rGO-POSS/PDMS (c) at different GO, rGO, rGO—-
POSS concentrations.

indication of an upturn towards low frequencies/low moduli
|G*|. For filler contents between these two extremes, a behavior
was found that resembles the one of a polydisperse material for
high frequencies/high moduli |G*|, followed by a peak. After

This journal is © The Royal Society of Chemistry 2017
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that, a downturn in ¢ is found again, which - just like for the
composites with a higher filler content — shows no indication of
a change in curvature, indicating that the material still behaves
like a liquid for very long times/very low frequencies.

The curve shapes for the data in the intermediate and low
concentration regime as defined above are in close agreement
with the data published by Abdel-Goad et al*' for nano-
composites with expanded graphite, suggesting that our

This journal is © The Royal Society of Chemistry 2017
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nanofillers are significantly more efficient in this aspect than
classical graphitic fillers. The data are also quite similar to
nanocomposites ~ with  surface = polystyrene  grafted
graphene.?*>¢

Fig. 7a-c shows the loss factor tan ¢ for the 6 lowest
frequencies measured as a function of filler concentration. It is
clear that the data for the three families of nanocomposites
have a system-specific crossover at ca. 1.7 wt%, 5.5 wt%, and 3.5
wt% for GO, rGO, and rGO-POSS as filler, respectively. This plot
has been proposed as an alternative method to assess the
gelation point***”*®* and has been successfully applied to
nanocomposites as well.>* However, unlike for some previous
literature reports, the crossover of the different frequencies
does not occur at tan 6 = 1 but at tan 6 = 6-8, particularly for
GO and rGO-POSS. This could indicate that the graphene based
nanocomposites synthesized here have a significant bonding
tendency even at very low concentration, while the behavior is
still to a large extent dominated by the matrix.

For comparison, the G'(w = 0.1 rad s*) and G"(w = 0.1 rad
s~ 1) are plotted as a function of filler content in Fig. 7d. For GO,
a clear upturn is found for G’ and G” between GO-contents of 2
and 4 wt%, suggesting that the rheological percolation
threshold is between these two concentrations. The behavior for
the rGO-system is quite similar to that of the GO-system, but
herein the percolation is found between 4 and 8 wt% with 6 wt%
showing the intermediate critical gel structure mentioned
before with G’ = G”. As an additional finding, the modulus for
the GO-system at high concentrations is higher than that of the
rGO-system at the same concentrations. One might attribute
this to the lower percolation threshold of the former. On
normalizing the behavior by creating a difference in percolation
concentration by an approximate factor of 2, it becomes clear
that the data overlap each other approximately. Hence, we can
say that the hydrophilic GO is twice as effective as a filler as the
hydrophobic rGO when embedded in the hydrophobic matrix
PDMS. For the rGO-POSS-system, the data look relatively
similar to those for the rGO-case, but the data are more smeared
out in comparison, i.e. the transition between liquid- and solid-
like behavior is much more gradual than for the simpler rGO-
system.

Hence, the crossover concentrations with these 2 methods
(tan 6(w) vs. ¢) and G'(w = 0.1 57 1)/G"(w = 0.1 s ") = (tan §(w =
0.1 s7') = 1 vs. ¢) lead to different values with the frequency
dependent crossover method (Fig. 7a-c), leading to lower
percolation concentrations. This suggests that the percolation
of the nanofillers actually occurs before their dynamics
completely take over the mechanical response of the nano-
composites. Such a behavior could be indicative of the forma-
tion of a labile long-range order - too weak to completely
dominate the behavior but strong enough to be measurable
even at lower concentration.

As we know, the two-dimensional GO nanosheets contain
numerous oxygen containing functional groups such as epoxy,
carboxyl, and hydroxyl groups,* and hence GO has a poor
compatibility in non-polar silicone oil (PDMS) and, conse-
quently, the GO-sheets tend to interact with each other more
strongly than rGO and rGO-POSS. However, the oxygen groups
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on the GO-surface prevent a restacking as happens partially for
graphene species with less oxygen and without sterically
hindering groups, disturbing the ideal 2D-structure of gra-
phene. Hence, it is unlikely to get a graphite-like structure from
GO but at the same time, the hydrophobicity of the PDMS leads
to a thermodynamic tendency of GO to self-assemble, which
could be part of the reason why the rheological percolation limit
is lower for GO than for rGO and rGO-POSS.

However, another reason also certainly plays a role in the
percolation limit. It is well-known that the chemical reduction
of GO leads to a reduction of the size of the rGO-sheets (in
comparison to unreduced GO). Clearly, it is statistically more
likely to reach a neighboring graphene sheet when the size in
2D is larger. However, at the same time the number of particles
is also lower. Hence, this argument is opposite for 2D-materials
and classical 3D fillers, where the percolation threshold is
decreased for larger particles.

The phase separation inevitably occurs, which might
enhance the mechanical properties. As for rGO nanosheets,
they possess good dispersion stability in PDMS due to fewer
hydrophilic groups on the nanosheets after reducing, and the
POSS modified rGO sheets have better dispersion stability in
PDMS due to the good compatibility of POSS and PDMS;*
therefore, it is not easy for rGO and rGO-POSS nanosheets to
stack together and aggregate to network structure in PDMS.
Particle size of GO is large due to stacking or aggregation, while
the particle sizes of rGO (Fig. SI3t) and rGO-POSS are very small
due to their high dispersability in PDMS. Particularly for rGO-
POSS, the interlayer distance of its composites is larger because
of larger molecules of POSS grafted onto the rGO sheet due to
the crosslinking.

Conclusions

A hydrophobic GO-based silsesquioxane-crosslinked network
was prepared by clicking azide-modified POSS and alkyne-
decorated GO. To achieve maximum crosslinking points, all
the oxygen functionalities of GO were converted to alkyne
moieties. The crosslinking was confirmed by various charac-
terization methods such as FTIR, Raman, TGA, SEM, and XRD.
This novel network has remarkably higher thermal stability
than GO, and the absence of weight loss due to adsorbed water
in TGA of rGO-POSS as well as its high solubility in organic
solvents such as THF, chloroform, acetone, and DMF indicates
the hydrophobicity of this nanohybrid.

The rheological behavior of the rGO-POSS composites in
PDMS was compared with those of GO and rGO. While GO
shows a much stronger network forming tendency, the rGO-
composites are less willing to form a network, hence, leading
to a higher percolation threshold, respectively. The differences
in percolation threshold can be explained by 2 effects. First, GO
sheets are larger than rGO sheets since reducing agents also
break the GO-sheets apart in smaller fragments as a side
effect.®® Furthermore, the hydrophilicity of the GO-sheets gives
them a stronger self-aggregation tendency in highly hydro-
phobic media, such as PDMS. The fact that rGO-POSS
composites show a stronger tendency to percolate rheologically
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suggests that the functionalization with POSS has a positive
effect on the filler efficiency. After all, one has to remember that
ca. 28 wt% POSS (including the organic linking groups and side
groups) is contained in rGO-POSS. Hence, 28 wt% less rGO-
sheets are present for rGO-POSS composites than for rGO-
composites with the same filler content. Nevertheless, the
rheological data clearly show that rGO-POSS is rheologically
more efficient than rGO. The conclusion from this is that rGO-
POSS possesses advantages over rGO as a filler. Most likely, the
POSS-particles roughening the rGO-surface in rGO-POSS lead to
a reduced tendency to restack into graphite-like structures,
which ultimately would mean going from a nanocomposite to
a microcomposite. This is in agreement with previous reports
on interactions between fillers and polymers, which also
suggests that the dispersion of the fillers (GO, rGO, rGO-POSS)
is rather good, considering that the effects are found at
a significantly lower concentration than they would be found for
microfillers. For example, Schmidt and Miinstedt*” found that
suspensions of 35 vol% glass spheres with 1.2 um diameter in
polyisobutylene have an impact on rheological properties
somewhat less than 4 wt% rGO-POSS. However, looking at
reports on graphene polymer composites, such as that by
Ratzsch et al.,*® it becomes clear that the effects occur in the
same range, thus, indicating a good dispersion.

In summary, the synthesis of nanohybrids of rGO and POSS
has led to nanoparticles with interesting novel properties,
which have the clear advantage of being easily dispersible in
comparison to classical graphenic nanofillers due to the POSS-
induced surface roughness, preventing aggregation.
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