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A B S T R A C T

We investigated the incorporation of reduced graphene oxide (rGO) into branched polyethylene, achieving
nanocomposites with different rGO contents. The strategy included the direct reaction between B(C6F5)3 (BCF)
with rGO (reduced graphene oxide) and demonstrated by XPS, 11B, 19F -MAS NMR, FT-IR the efficient mod-
ification of the rGO. The resulting solid contains sites -O-B(C6F5)2 capable of acting as co-catalysts in the acti-
vation of an (α-iminocarboxamidate)nickel (II) complex. The results show the efficient activation of this nickel
catalyst through an exocyclic Lewis acid-base interaction and the subsequent ethylene polymerization. We
achieved with this heterogeneous catalytic system activity greater than those previously reported for the BCF-Ni,
homogenous system, while the characterization of the black colored polymer generated in situ, showed a
complete delamination of the rGO. It became the first rGO-B(C6F5)2-Ni system fully characterized and capable of
delaminate the rGO support by producing a nanocomposite rGO-LLDPE without loss of activity, compared to the
homogeneous system. In addition, the polymer contains about 70% of methyl branches and a melting point
higher than 125 °C.

1. Introduction

The search for new materials that present new mechanical proper-
ties [1–5], thermal, chemical, electrical [6–9], including accelerators
for their degradation [10], the research focused mainly on the in-
corporation of inorganic fillers such as clay, rGO, TiO2, silica (aerosil),
carbon nanotubes, metallic nanoparticles, etc. to the polyolefins since
even at low concentration, they can strongly change the macroscopic
properties of the polymer [11–21]. Traditionally these developments
have occurred by melt mixing [3,22,23]. However, due to the low
compatibility of the inorganic (polar) and organic (apolar) components,
an adequate miscibility and distribution of the components is not
achieved. The resulting materials do not reach the expected superior
properties, especially when the loading increases by over 10%. One of
the most promising approaches for the generation of hybrid organic-
inorganic materials with nanocomposite characteristics is in situ

[20,24–30] polymerization and particularly where the inorganic charge
itself is capable of activating an organometallic compound, initiating
polymerization at such sites, which favors exfoliation in the case of
fillers with laminar nature and allowing access to homogeneous nano-
composites with loading greater than 5%.

Reduced graphene oxide can be also used as a support for organo-
metallic complexes due to the organic functional groups present on its
surface which can readily react with commercially available co-cata-
lyst. Dong et al. [28] prepared PP / graphene oxide nanocomposites by
a Ziegler-Natta based system, where either BuMgCl or EtMgCl reacted
with hydoxyl group present in GO yielding a GO/MgCl solid co-catalyst
capable of to support and activated TiCl4. The most common approach
widely used to the development of polyolefin/rGO nanocomposites is
the impregnation of reduced graphene oxide with methylaluminoxane
(MAO), and the subsequent support of a Zr metallocene complex
[31–35] or post-metallocene (i. e. cationic Ni system) [36,37].
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On the other hand, the effective anchoring of borane Lewis acid co-
catalyst on reduced graphene oxide via its reaction with the surface
organic groups and the subsequent, remote activation by a neutral post-
metallocene system based on Ni has not been explored so far. The
concept behind this development is the remote activation of the me-
tallic center, by the action of soluble Lewis acid sites such as Zr [38,39]
and Ni-based catalyst [40–46] or constitutive of the structure of in-
soluble inorganic supports [47] or incorporated in these by simple
chemical reactions [48].

These sites, by interacting with a basic functionality in the structure
of the ligand in the organometallic or coordination complex, increase
the electronic deficiency of the metal center, due to the electronic
conjugation of said functionality with it, making it sufficiently reactive
to coordinate and initiate the polymerization of monomers such as
ethylene, propene, norbornene. In Scheme 1 the most representative
systems are shown and that until now have been reported to produce
organic-inorganic nanocomposites, including rGO-PE.

In this work, we investigated the direct reaction between B(C6F5)3
with rGO (reduced graphene oxide) and demonstrated using XPS, 11B,
19F -MAS NMR, FT-IR, the efficient modification of rGO. The resulting
solid contains sites -O-B(C6F5)2 capable of acting as co-catalysts in the
activation of a complex (α-iminocarboxamidato)nickel (II). There is the
possibility of using highly active supported versions of these catalysts to
incorporate an additive (reduce graphene oxide, clay, silica) that could
affect the mechanical, thermal and electrical properties of polymeric
nanocomposite materials.

2. Experimental

All manipulations were performed under an inert atmosphere using
standard glovebox and Schlenk-line techniques. Toluene, pentane,
benzene were distilled from benzophenone ketyl and stored under a
nitrogen atmosphere. All reagents were used as received from Aldrich,
unless otherwise specified. [N-(2,6-diisopropylphenyl) -2- (2,6-diiso-
propylphenylimino) propanimidate-κ2-N,O] Ni(CH2Ph)PMe3 1 was
prepared according to a reported procedure [41].

[N-(2,6-diisopropylphenyl)-2-(2,6-diisopropylphenylimino)propa-
nimidate-κ2-N,O]Ni(n3-CH2Ph)- bis(perfluorophenyl)(phenoxy)borane
2 adduct was prepared in situ and loaded into Parr reactor. rGO was
prepared according to a reported procedure [49]. Chemical shifts are
given in parts per million relative to TMS [1H and 13C, δ(SiMe4)= 0] or
an external standard [δ (BF3·OEt2)= 0 for 11B NMR, δ(C6H5CF3)= 0
for 19F NMR]. FT-IR spectra were acquired on a IR tracer-100 Shimadzu
using KBr pellets.

2.1. Synthesis of cocatalyst. rGO-O-B(C6F5)2

Reduced graphene oxide (rGO) at different amount (10, 20, 50 and
100mg) and B(C6F5)3 (0.04, 0.08, 0.16 and 0.32mmol, respectively) in
benzene were loaded into a Schlenk vessel under nitrogen. The mixture
was sonicated for 2 h and refluxed at 80 °C for 48 h. The supernatant

was then decanted and the solid washed four times with toluene.
Solution state 19F-NMR were recorded at room temperature. Only one
product was obtained whose belongs to pentafluorophenylbenzene (For
details see Supporting information).

2.2. Synthesis of supported catalyst. rGO-B(C6F5)2-Ni

For catalyst support, the desired amount (10, 20, 50 and 100mg) of
rGO-O-B(C6F5)2 was placed in a Schlenk vessel with toluene and a so-
lution of nickel complex (1) (6 μmol) in toluene was added for each
sample using inert atmosphere and was sonicated at room temperature
for 8 h. The supernatant was then decanted and the solid washed five
times with toluene. In the supernatant, nickel complex was not ob-
served by 1H and 31P NMR, indicating that it was fully transferred to
rGO-O-B(C6F5)2.

2.3. Characterization of cocatalyst and supported catalyst

2.3.1. XPS analysis
XPS analysis of rGO, rGO-B(C6F5)2, rGO-B(C6F5)2-Ni was conducted

using a PHI 5000 VersaProbe II XPS system from Physical Electronics,
with base pressure approximately 2×10−9 torr. Powders were placed in
a stainless steel powder sample holder consisting of individual cups,
approximately 2mm in diameter and 1mm deep. The spectra were ob-
tained using a 100 μm wide, 25W, Al Kα radiation (hυ=1486.6 eV) x-
ray beam aimed at the center of each cup, with concurrent Ar+ and
electron beam sample neutralization, in Fixed Analyzer Transmission
mode. Survey spectra were acquired in the range 0 eV≤B.E.≤1400 eV,
at 1.0 eV steps, with pass energy of 117.4 eV and 0.5 s per data point total
acquisition time. Si2p, P2p, F1s, O1s, and C1s regions were also acquired
over appropriate B.E. ranges, at 0.2 eV steps, with pass energy of 23.5 eV
and total acquisition times of 6 s per data point for the Si2p and P2p
regions, and 3 s per data point for the other regions. Shirley background
subtraction and fitting to multiple assymetric peaks were performed on
all spectra using the Multipack software from Physical Electronics. The
fitted areas of the regions and vendor calibrated sensitivity factors were
used to measure the relative concentration (% at.) of the regions of in-
terest.

2.3.2. Solid-state NMR spectroscopy
Solid-state 11B, 13C and 19F MAS NMR experiments were performed

at 11.74 T (500MHz) on a Bruker Avance III HD spectrometer operating
at a Larmor frequency of 160.46MHz, 125.76 and 470.49, respectively.
A rotor synchronized echo pulse sequence (π/2 - τ -π - acq.), where
τ=1/νr (spinning frequency), was used to acquire the 11B and 19F MAS
NMR spectra with a 2.5 mm probe at a spinning speed of 30 kHz with
pulse widths of 2.6 μs and 1.75 μs and pulse delays of 2s and 5s., re-
spectively. 11B chemical shifts are given relative to BF3.Et2O, referenced
using a secondary reference of 0.1M H3BO3 at 18.8 ppm and a back-
ground spectrum collected with same parameters on empty rotor was
subtracted from the spectra of the samples. 19F chemical shifts are given

Scheme 1. Examples of heterogeneous single-site coactivator of (α-iminocarboxamidato)nickel(II) complex [47,48].
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relative to CCl3F, referenced using a secondary reference of LiF at
−204 ppm. Single pulse experiments were used to acquire 13C MAS
NMR spectra with 4 μs pulse width and 10 s pulse delay at a spinning
speed of 30 kHz on a 2.5 mm probe. The spectra were referenced to TMS
at 0 ppm.

2.4. Polymerization reactions

Polymerization reactions were performed in a 100ml Parr reactor;
the desired amount of cocatalyst rGO-B(C6F5)2 and 6 μmol of Ni pre-
cursor was loaded into the reactor and 30 g toluene was used as the
solvent. The reactions were performed at 25 °C using 100 psi pressure
for 10min. the polymerization reactions were stopped using acetone.

2.5. Polymer characterization

2.5.1. NMR spectroscopy
13C NMR spectra was obtained at 110 °C for both polymer and na-

nocomposites on a Varian Inova 300, operating at 75MHz. Polymer
samples were prepared in o-dichorobenzene and benzene-d6 (20% v/v)
in 5-mm sample tube. The deuterated solvent was used to provide a lock
signal. The chemical shifts were referenced internally to the major
backbone methylene carbon resonance, which was taken as 30.00 ppm
form Me4Si. Spectra were taken with a 74° flip angle, an acquisition
time of 1.5 s, and a delay of 4.0 s. Under those conditions, the spectra
are 90% quantitative if only carbon atoms that have a relaxation time

(T1) of less than 2.0 are taken into account [50].
DSC analysis was performed on nanocomposites using a Perkin-

Elmer DSC 7 calorimeter. DSC thermograms were recorded at a rate of
10 °C/min in the temperature range of 20 °C–200 °C using samples of
7–10mg. the melting temperature, Tm, was determined in the second
scan, and the degree of crystallinity was calculated from the enthalpy of
fusion data obtained from the DSC curves (269 J/g was used for a 100%
crystalline material).

2.5.2. Transmission electronic microscopy
High resolution TEM images were obtained at Nanomaterial center,

Argonne National Laboratory using the JEM-3010 (a 300 kV transmis-
sion electron microscope with a LaB6 electron source). All samples were
prepared by depositing a decalin suspension drop on a copper grid (300
mesh). Impedance measurements of the polymer and nanocomposites
were performed according to a reported procedure [51].

3. Results and discussion

3.1. Synthesis and characterization of reduced graphene oxide (rGO)
modified with Tris (pentafluorophenyl)borane, [rGO-O-B(C6F5)2]

The formation of Lewis acid sites of the type –O-B(C6F5)2 in reduced
graphene oxide (rGO), whose main reactivity is associated with the
presence of oxygen atoms with a different chemical environment [52],
whose nature and content depend on the treatments chemical and
thermal [27,53] to which they have been subjected during their pre-
paration, makes necessary a micro-structural characterization, with the
purpose of directing and optimizing the reactions.

The elemental chemical analysis by Energy Dispersive X-ray
Spectroscopy from rGO dried at 200 °C under vacuum conditions for 4 h
allowed to estimate an oxidation degree of about 13%, whereas the
analysis from its broad energy scan spectrum (Fig. 1) obtained by X-ray
photoelectron spectroscopy (XPS) revealed a composition of 89 at% C
and 11 at% O.

Fig. 2 shows the curve fit results of high resolution XPS spectra from
C 1s and O 1s signals acquired from rGO. The deconvolution of the C 1s
signal (Fig. 2a) reveals four curves, the curve of the strongest intensity
with a binding energy (B.E.) of 284.3 eV corresponds to the presence of
CeC bonds while the curves of weaker intensities are attributed to the
presence of the functional groups: epoxy (CO) and hydroxyl (COH) with
a B.E of 286.1 eV, Carbonyl (C]O) at 288.7 eV, and Carboxyl (COOH)
at 291.5 eV.

On the other hand, the O 1s signal was fitted using two curves
(Fig. 2b). The strong signal at 533.1 eV was attributed to the presence of
COH groups, whereas the weaker signal at 530.9 eV to CO groups. The
O 1s signal fitting allowed differencing and quantifying the presence of

Fig. 1. Broad energy scan XPS spectrum acquired from reduced graphene oxide
(rGO).

Fig. 2. High-resolution XPS spectra of a) C1s and b) O1s acquired from the rGO.
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these two oxygen functional groups (CO and COH) since from the C 1s
fitting results both groups belonged to a same curve at 286.1 eV, as
shown in Fig. 2a. Quantification of the presence of the different func-
tional groups from rGO was performed with the curve fitting results of
the C 1s and O 1s high-resolution signals. These results are displayed in
Table 1 revealing that the higher concentration of oxygen is attributed
to the presence of the COH and CO groups, followed by the COOH and
C]O groups. Additionally, the FT-IR spectrum of this material corro-

borates the presence of the OH, C]O and C]C functional groups
(signals at frequencies of; 3425, 1728, 1535 cm-1 respectively) (see
Supporting information).

Due to the higher content of hydroxy groups, the control reaction
between phenol and B(C6F5)3 was carried out in order to study the
viability of direct protonolysis. The reaction (Eq. 1) leads only to the
formation of the boronic ester bis(perfluorophenyl)(phenoxy)borane
(PhOB(C6F5)2). For details of the characterization, see Supporting in-
formation (Fig. S1a,b).

(1)

This result suggests that direct protonolysis between B(C6F5)3 and
rGO is favorable. Additionally, the background on the heterogeneous
reaction of SiOH groups of silica with B(C6F5)3 to form Si-O-B(C6F5)2
recently reported by Scott et al., [48] proceeded to the chemical
modification of rGO with B(C6F5)3.

The control reaction was carried out in a schlenk vessel using
deuterated benzene (Eq. (2)). The heterogeneous mixture (50mg of
rGO and 0.16mmol of B(C6F5)3 in 2ml of C6D6) was subjected to ul-
trasound for 2 h at 30 °C and then kept at 80 °C for 48 h under gentle
agitation, both processes under nitrogen atmosphere. The ultrasound
led to delaminate the graphene sheets making accessible the hydroxyl

functional groups located within the laminar structure, increasing their
reactivity toward B(C6F5)3. The reaction was followed by 1H and 19F-
NMR in solution. The multiplet observed in the spectrum of 1H-NMR at
5.8 ppm accounts for the formation of (C6F5H) product of the reaction
of B(C6F5)3 and the OH groups of the rGO.

The 19F-RMN spectrum (Fig. S2) corroborates the above, observing
3 signals at −138, −145 and −161 ppm, corresponding to the F at
ortho, para and meta positions of the C6F5H ring. As expected, the 11B-
RMN spectrum did not show any resonance peak, indicative of any by-
product or soluble species that contains boron. The results are 100%
coincident with the comparison pattern indicated above (Eq. (1)) and
therefore indicates that the expected chemical reaction occurred. In
order to corroborate the presence of the Lewis -O-B(C6F5)2 acid site in
the solid (rGO), this was characterized by XPS, MAS-NMR of 11B, 19F,
FT-IR. By means of XPS analysis acquired from rGO-O-B(C6F5)2 (Fig. 3)
was identified the photoelectron signals of Fluorine (F1s and F 2s)
coming from the C6F5 groups besides the corresponding signals asso-
ciated with O and C. The quantification performed revealed a compo-
sition of 80 at% C, 8 at% O y 12 at% F from this sample. Fig. 4 shows
the curve fitting results of the high-resolution spectra of C 1s and O 1s
acquired from the rGO-O-. B(C6F5)2. Fig. 4a shows an appreciable
change of the C 1s signal shape as compared with the one acquired from
rGO (see Fig. 2a). The C 1s signal was fitted also using four curves
associated to the presence of CeC bonds at 284.4 eV, and the functional
groups COH at 286.2 eV, CO at 287.2 eV and the last curve at 291.5 eV
was attributed to the presence of both COOH and CF groups. In this
spectrum is possible to differentiate the curves associated to the COH
and CO groups. Due to the reaction of B(C6F5)3 with the COH functional
groups from the rGO (Eq. (2)), the Boron atoms present in the rGO-O-B
(C6F5)2 molecule form a BeO bond where the boron atom attracts to-
wards itself electronic density from the oxygen atom due to its higher
Lewis acidity. The presence of this BeO bond generates a change in the
chemical environment of the carbon that participate in the CeO bond

Table 1
Functional group quantification by XPS.

rGO

Functional group C1s at. % Functional group O1s at. %

C-C 284.3 74 COH 533.1 69
CO/COH 286.1 13 CO 530.9 31
C=O 288.7 6
COOH 291.5 7

rGO-O-B(C6F5)2

Functional group C1s at. % Functional group O1s at. %

C-C 284.4 67 COH 533.1 33
COH 286.2 5 CO 532.4 67
CO 288.2 19
COOH/CF 291.5 9

(2)

Fig. 3. Broad energy scan XPS spectrum acquired from rGO-O-B(C6F5)2.
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present in rGO-O-B(C6F5)2 leading to a shift of its B.E towards higher
values, as revealed by Fig. 4a where a B.E. of 287.2 eV was assigned to
CO groups unlike the 286.1 eV assigned in the Fig. 2a. On the other
hand, the Fig. 4b also shows a change in the O 1s signal where the curve
associated with the presence of CO groups also is shifted towards a
higher B.E. value of 532.4 eV, i.e, 1.5 eV higher than the value assigned
for this type of functional group in the O 1s signal acquired from rGO,
as shown in Fig. 2b. This B.E. shift is also attributed to the presence of
the BeO bonds in the rGO-O-B(C6F5)2. The B.E at 533.4 eV attributed to
the presence COH groups only underwent a slight shift of 0.3 eV as
compared with the value assigned for the rGO, as shown in Fig. 2b.
Table 1 also contains the quantification of the functional groups from
rGO-O-B(C6F5)2 performed with these high resolution XPS spectra
(Fig. 4). This Table reveals that the presence of the COH groups
dropped from 66% to 33% indicating the reactivity of these functional
groups present in rGO with the C6F5 groups, as suggested by Eq. (2).

This can be also observed by FT-IR (Fig. S4), the stretching band of
the hydroxyl groups at 3425 cm−1 diminished after reaction with B
(C6F5)3. Additionally, in order to demonstrate unambiguously the re-
activity of the hydroxyl groups, a complete reaction of this group with a
stoichiometric amount of B(C6F5)3 was done. After reaction with B
(C6F5)3, the peak at 3425 cm-1 disappeared, indicating unequivocally
that the in the modification process. hydroxyl groups can be completely
removed (Fig. S5). On the other hand, Table 1 shows that the presence
of CO groups increases from 19% to 67% due to the formation of COeB
bonds in the rGO-O-B(C6F5)2 molecule.

The results set forth above demonstrate the reactivity of the OH
groups to B(C6F5)3. However, they do not give information regarding
the degree of boron coordination in the new site created. This is why a
study was conducted by 11B MAS NMR, as shown in Fig. 5, the boron
spectrum shows a wide signal between 40 and -20 ppm, with a peak at
13 ppm and a quadrupolar constant of approximately 2.6MHz. Which is
consistent with an expected tri-coordinate boron and characteristic of
solid materials. These values are close to those reported for boron-
modified silica, [48,54] species BO3 in borosilicates, [55,56] B(OH)3 in
zeolite β doped with boron [57] or in MCM-41 modified with boron
[58].

Fig. 6(a) shows the 19F MAS NMR spectrum for the rGO-O-B(C6F5)2
solid. Two signals are observed at −140 and −169 ppm. As in solution,
it would be expected to have 3 set of signals for group C6F5 corre-
sponding to the positions ortho, para and meta. Whose ranges are: o-F
(−125 < δ<−140 ppm), p-F (−140 < δ<−155 ppm), and m-F
(−155 < δ<−140 ppm). However, due to the width of the re-
sonance peak (−120 to −155 ppm), the fluorine o and pmay overlap at
the peak centered at 140 ppm.

3.2. Synthesis and characterization of Ni-catalyst supported over rGO-O-B
(C6F5)2, [rGO-B(C6F5)2-Ni]

Having corroborated the modification of the rGO with B(C6F5)3 and
the subsequent generation of the site -OB(C6F5)2, tri-coordinated (Eq.
(2)) and added to the activation test of the complex [N-(2,6-diisopro-
pylphenyl)-2-(2,6-diisopropylphenylimino)propanimidato-κ2N,O]Ni
(CH2Ph)PMe3 1 (Bazan´s Precatalyst (8a)) [41] with bis(per-
fluorophenyl)(phenoxy)borane 2, (Entry 1, Table 2), which showed an
activity of 430 Kg / molNi h, this value is 30% lower than that obtained
when activating the precatalyst with B(C6F5)3. Based on these results,
heterogenization of the complex 1 was carried out on rGO-O-B(C6F5)2,
(Eq. (3)). The reaction was carried out in a controlled atmosphere
chamber (N2), adding to a toluene suspension of 50mg of rGO-O-B
(C6F5)2 a red solution of complex 1 (6 μmol) in the same solvent. The
mixture was kept at room temperature under sonication for 8 h. This
facilitates the interaction of all -OB(C6F5)2 sites present in the rGO
sheets, making possible their Lewis acid-base interaction with complex
1. The intercalated nickel catalyst can react with ethylene, leading to
the polymerization inside the rGO sheets.Fig. 5. Solid-state 11B MAS NMR spectrum of rGO-O-B(C6F5)2.

Fig. 6. Solid-state 19F MAS NMR a) rGO-O-B(C6F5)2 and b) rGO-B(C6F5)2-Ni. (•,
spinning sidebands).

Fig. 4. High resolution XPS spectra of a) C1s and b) O1s acquired from rGO-O-B(C6F5)2.
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When the solid was decanted, the complete discoloration of the
solution was observed, indicative of the transfer of complex 1 to the
solid (rGO-O-B(C6F5)2), which was recovered by centrifugation,
washing with fresh toluene and drying under vacuum. The character-
ization by FT-IR, 19F,13C MAS NMR and XPS of the resulting solid was
focused on corroborating the presence of the nickel complex in the rGO-
O-B(C6F5)2.

Comparing the FT-IR (Figs. S5 and S6) spectra a) rGO-O-B(C6F5)2
between b) rGO-B(C6F5)2-Ni. The band at 1381 cm−1 (Fig. S5) was
assigned to stretching BeO [59]. The most intense bands at 1519 y
1465 cm−1 indicated the presence of an aryl group bonded to boron
(stretching BeC, CeBeC wagging, and ring-breathing) [60]. Upon re-
action of 1 with rGO-O-B(C6F5)2 (Fig. S6), the stretching CeH of iso-
propyl fragment are observed at 2900−2800 cm−1. The position of
C6F5 ring-breathing mode at 1519 cm−1 is essentially unaffected by the
presence of 1. However, the bands at 1465 cm−1 (which includes a
contribution from stretching BeO) and 1381 cm−1 shifts to 1458 and

1375 cm−1, respectively. This shift is consistent with the coordination
of Lewis base to a strong Lewis acid site [61,62].

In the same way, when comparing the 19F MAS NMR spectra for
rGO-O-B(C6F5)2 and rGO-B(C6F5)2-Ni, in the latter, unlike the observed
for rGO-O-B(C6F5)2, they are identified clearly the 3 multiplets (Fig. 6b)
of resonances at −120, −145 and −168 ppm associated with the
fluorine atoms ortho, para, and meta respectively.

This is due to the change in the coordination of boron from tri to
tetra-coordinated which limits the rotation of the fluorinated rings,
allowing their differentiation. In addition, 19F chemical shift is a sen-
sitive probe to the boron coordination number. The chemical shift for
the F atoms in position p, is associated with the change of coordination
number around Boron [63]. 13C MAS NMR (Fig. 7) shows two chemical
shifts for rGO-O-B(C6F5)2 which correspond to graphene (carbons with

Table 2
In situ polymerization results*.

Entries rGO-B(C6F5)2a Yieldb % rGOc % rGOd Ae Tmf Xcg Bh (mol%) Methyl (mol%) Long (C6) (mol%)

1 – 0.85 – – 430 129 30 1.6 1.6 –
2 10 1.31 0.8 0.2 660 125 22 5.0 3.4 1.6
3 20 1.33 1.5 1.8 670 126 28 4.8 4.5 0.3
4 50 1.54 3.2 3.7 780 127 25 6.3 4.6 1.7
5 100 2.03 4.9 4.8 1,030 125 23 7.8 6.8 1.0

* Content of Ni precursor 6 μmol.
a Amount of rGO-B(C6F5)2 in mg.
b Performance in grams.
c Percentage of incorporated rGO, determined by mass balance.
d Percentage of incorporated rGO, determined by TGA.
e Activity in Kg PE / (mol Ni h).
f Melting temperature determined by DSC.
g crystallinity determined by DSC.
h Total branches [50].

Fig. 7. Solid-state 13C MAS NMR, a) rGO-O-B(C6F5)2, and b) rGO-B(C6F5)2-Ni. Fig. 8. Broad energy scan XPS spectrum acquired from rGO-B(C6F5)2-Ni.

(3)
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sp2 hybridization) [64,65] 132 ppm and the carbons bound to boron (B-
C6F5) to −9 ppm (Fig. 7a). By supporting the precatalyst 1 a dis-
placement of the signal corresponding to (O-B(C6F5)2) is observed at
14 ppm (Fig. 7b) which is indicative of the Lewis acid-base interaction
with the precatalyst. In addition, it can also be observed that there is a
small signal that remains at −9 ppm, because not all Lewis acid sites
created are being occupied. Finally, a displacement from 133 to
118 ppm was observed for the sp2carbons. This shows that the co-
ordination of the precatalyst has an electronic effect on the whole
structure of graphene, the removal of the electronic density by the
boron center and, in turn, its conjugation with the graphitic structure
leads to an increase in the protection of the atoms of carbon.

On the other hand, the analysis performed from the broad energy
scan XPS spectrum acquired from rGO-B(C6F5)2-Ni (Fig. 8) reveals that
the B.E. values of C 1s, O 1s and F 1s are similar to the ones obtained
from rGO-B(C6F5)2. However, it is possible to observe from the Fig. 9
photoelectron signals coming from phosphorus, which are due to the
phosphine (PMe3), as indicated by Eq. (3). No nickel signals were de-
tected from this XPS spectrum, likely due to its low atomic concentra-
tion as compared to the presence of the C, O or F atoms.

3.3. Reactivity studies of rGO-B(C6F5)2-Ni

The reactivity studies were carried out in a Parr autoclave reactor in
30 g of toluene at a pressure of 100 psi and 25 °C for 10min. The re-
ference catalytic system for this study corresponds to the reaction in
homogeneous phase using the same precatalyst 1 (6 μmol) activated
with 5 equivalent of PhOB(C6F5)2 2. The activity reached a moderate
value and 30% lower than that reported for 1 + B(C6F5)3 under the

same reaction conditions, which may be associated with the lower
Lewis acidity of PhOB(C6F5)2 respect to B(C6F5)3. The polymer obtained
has a low crystallinity consistent with a melting point of 129 °C and
methylated ramifications that reach 1.6 mol% (Entry 1, Table 2). The
reactivity results of the heterogeneous system rGO-B(C6F5)2-Ni were
obtained taking 6 μmol of Ni precursor and adding 10, 20, 50 and
100mg of the cocatalyst rGO-B(C6F5)2. For each sample, the nickel
content was kept constant and the reaction conditions were the same to
the homogenous reactions (reference system Table 2). The data show an
activity on average 35% higher compared to the reference (Entry 2 and
3). This difference is accentuated by increasing the content of rGO-B
(C6F5)2, reaching a value 2.4 times higher when 100mg of rGO-B
(C6F5)2 (Entry 5) is used.

The behavior of these systems is contrary to what was observed
when heterogenizing metallocene and postmetalocene compounds
where the activity decreases [66,67] and it may be associated with the
fact that the previous modification of rGO with B(C6F5)3 ultrasound-
assisted favors the separation of the macro sheets and in addition the
-O-B(C6F5)2 removes traces of impurities present in the solid, making
the subsequent activation of the nickel complex more effective (this last
step is carried out immediately prior to the polymerization reaction).

In addition, the laminar structure of graphene protects the metallic
center, making it more sterically hindered, and causing the Ni center to
be more electrophilic [47]. This is confirmed by the study by 13C-MAS
NMR (Fig. 7a,b), the chemical shifts indicate a removal of electronic
density of the catalyst by the boron center, which, being in resonance
with the graphitic structure, disturbs the electronic environment of all
support. The increase in activity as the rGO content increases can be
explained due to the ratio B/Ni is greater, this favors the exocyclic
activation of the Nickel complex and therefore results in a greater
number of active sites exposed to ethylene during the polymerization
process. Additionally, the higher content of Boron acts as a scavenger in
the reaction medium, reducing the possibility of deactivation of the
Nickel active sites.

The microstructure of the nanocomposite materials (rGO-PE) was
studied by 13C-NMR, and the results are shown in Table 2. An increase
in the total branching degree is observed at higher rGO content; this
result is expected due to that the graphene sheets increase the steric
hindrance around the o-aryl substitutes [68]. It is well known that the
microstructure of PE produced by Ni catalysts is strongly influenced by
the steric environment of o-aryl substitutes, ethylene pressure and
temperature [69]. Microstructural analysis shows the increase in me-
thyl branches as well as long chain branches (C6), although the latter
does not show a trend.

The melting temperature is strongly determined by the type of
branches present in PE, the increase in the density of methyl branches,
as well as the increase of long chains decreases the lamellar thickness of
crystal structure that lowers the melting point of the polymer (Entries
2–5, Table 2) [70]. As expected, this increase in branches is reflected in

Fig. 9. XRD patterns of PE, rGO and nanocomposites.

Fig. 10. Nanocomposite TEM micrographs 4.9% rGO at different magnification.
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the decrease of Xc with respect to the reference value (Entry 1, Table 2).
In addition, the decrease in crystallinity reflects the negative effects of
the rGO sheets as a nucleating agent, this result it has been reported by
others research groups [31,71,72].

To evaluate the dispersion of the rGO sheets within the polymer
matrix, the powder X-ray diffraction (p-XRD) technique was used.
Fig. 10 shows the XRD patters of PE, rGO and the nanocomposites 3.2
and 4.9 wt. % rGO. The PE has two peaks at 21.38 and 23.78°, corre-
sponding to the planes (110) and (200), respectively, [73] that can also
be seen in the nanocomposites. The diffraction at 25.89° is typical for
rGO [9]. As can be seen in the diffractogram, none of the nano-
composites presents the peak of rGO. This confirms the good dispersion
within the polymer matrix.

To verify if the nanocomposites have a homogeneous dispersion or
not, Transmission Electron Microscopy (TEM) was used. Fig. 10 shows
two micrographs at different magnification for the nanocomposite with
4.9% rGO. In image a) the good dispersion of rGO within the polymer
matrix is evidenced, the black areas correspond to rGO and the light
areas to PE. Magnifying the image shows, the presence of rGO in the
shape of small lines (Fig. 10b, circle) scattered and there are some
agglomerates (black arrows) of nanocrystals of rGO. These results, to-
gether with those obtained by means of p-XRD, confirm the good dis-
persion of rGO within the PE matrix.

Finally, the capacity of these nanocomposites to conduct electricity
through Impedance Spectroscopy was studied. For this, films were
prepared by means of a hydraulic press at 130 °C and then their con-
ductivity was measured. The conductivity value for rGO is 1,7×10−1 S
cm−1, while the conductivity value found for PE was, ˜10-13 S cm−1,
typical value for an electrical insulator. All measured nanocomposites
listed in Table 2 showed no variation in conductivity, remaining in the
same order of magnitude that PE. We compared these results with rGO
used in similar work reported by Galland et al. [35] in those studies the
percolation threshold has a value of 5.5 wt%. Some works suggested
that a slight aggregation of the conductor filler may improve the
maximum electrical conductivity [74], however, in the in situ poly-
merization, the PE grew around the filler, improving the dispersion but
enveloping the rGO with a layer of insulating material. In our case no
aggregate was observed, probably due to the low content of rGO in the
polymer matrix so the system was not capable of to create a conductive
network.

4. Conclusion

The reaction of B(C6F5)3 with reduced graphene oxide at 80 °C is a
simple protonolysis, transforms surface hydroxyl groups into -O-B
(C6F5)2 site. XPS and FT-IR analysis indicates the reactivity of hydroxyl
groups toward B(C6F5)3. Solid-state 11B MAS NMR spectroscopy con-
firm that -O-B(C6F5)2 site is tri-coordinate. These sites are strongly
Lewis acid, based on studies by solid-state 19F and 13C MAS NMR
spectroscopy demonstrating the Lewis acid-base interaction between
-O-B(C6F5)2 and nickel complex 1. The new heterogeneous Lewis acid
support, rGO-B(C6F5)2, is capable to act as a cocatalyst for Ni (II)
complexes in olefin polymerization. Through in situ polymerization, it
was possible to obtain highly dispersed nanocomposites; the micro-
structural analysis of the polymer evidenced the influence of the sup-
port of the polymer microstructure. Finally, the ability to conduct
electricity was studied, however, due to the low loading level; it was
not possible to increase the conductivity. In a future work will study the
mechanical and electrical properties of the nanocomposites with higher
levels of filler.
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