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Modified graphene oxide as a support for rhodium nanoparticles
active in olefin hydroformylation*
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A new two-step procedure for modifying graphene oxide by the methylation of its surface
with trimethyl-o-formate followed by the treatment with methyl iodide was developed.
The methylation product was used as a support for the formation of rhodium nanoparticles. The
obtained samples of graphene oxide containing rhodium nanoparticles were characterized by
IR spectroscopy, X-ray fluorescence spectroscopy, and transmission electron microscopy. The
Rh-containing nanocomposites were used as catalysts for the hydroformylation of olefins in

supercritical carbon dioxide and organic solvents.
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Graphene and related nanomaterials with a well devel-
oped specific surface have interesting mechanical, electri-
cal, thermal, and optical properties. Therefore, they at-
tract attention of researchers.!—4 There are many methods
for synthesis of graphene, but the most promising is the
chemical or thermal reduction of graphene, since with
these simple methods scaling techniques can be used.?3
Graphene oxide is a graphene layer with diverse surface
functional oxygen-containing groups.3-® These groups can
participate in various reactions to form a new product, so-
called modified or functionalized graphene oxide. The
introduction of surface functional groups can enhance dis-
persion and increase compatibility of graphene oxide or
graphene with various objects. In addition, covalently func-
tionalized graphene oxide can further be used for the prep-
aration of new substances. For example, the possibility of
functionalization of the graphene surface by amide groups
was reported.” In several works modification of the
graphene oxide surface by diverse organic substances was
described.8—10 To change the optical properties, graphene
oxide was modified by porphyrin-containing primary
amines and fullerene-containing secondary amines. In
these reactions, porphyrin and fullerene molecules were
grafted to the graphene oxide surface via the formation of
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amide bonds. The degree of functionalization of graphene
and graphene oxide significantly affects these properties
and, hence, new approaches to the chemical modification
of graphene and its derivatives are aimed at searching for
mild functionalization methods.

One of interesting examples for the modification of
graphene structures is preparation of supported metal
nanoparticles. Adsorption of Cu?" ions on the graphene
oxide aerogel used for the preparation of a new sorption
material was described.!! Graphene oxide can act as an
efficient support for catalytically active surface nano-
particles on the surface. In some cases, metal nanoparti-
cles immobilized on solid supports can manifest unique
catalytic properties.!2—14 Catalytic activity of particles sig-
nificantly depends on the surface area of metal accessible
for reacting molecules and on the support nature. Earli-
er,15 platinum and palladium nanoparticles immobilized
on the graphene oxide surface were used in the Suzuki and
Heck cross-couplings.

In this work, a novel method for graphene oxide mod-
ification by the two-step methylation of its surface is de-
scribed. Modified graphene oxide was used as a support
for rhodium surface nanoparticles, and the obtained nano-
composite was applied as a catalyst for alkene hydroformy-
lation. Hydroformylation is widely used in industry to ob-
tain solvents, detergents, biodegradable surfactants, lubri-
cants, and plasticizers.16—18 The development of an effi-
cient heterogeneous catalyst would significantly improve
commercial processes, which are currently in use.
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Results and Discussion

Graphene oxide was prepared in several steps from
natural graphite using the modified Hummers method!®
(see Experimental). The oxidation of natural graphite leads
to a non-stoichiometric graphite oxide with surface oxygen-
containing groups. As-synthesized graphite oxide was
dispersed in water using a powerful ultrasound treatment
to obtain a dispersion of graphene oxide (Fig. 1). Graphite
oxide is hydrophilic, since after ultrasonication it forms stable
dispersions in water and in other polar solvents. These
dispersions undergo no agglomeration within a long time.

The X-ray diffraction analysis (XRD) (Fig. 2) shows
that the structure of synthesized graphene oxide includes
phases of graphite oxide (26 = 10—12°) and graphite (peaks
at 20 = 26.5 and 54.5°).20

It is known? that graphene oxide is a polyfunctional
ligand having a number of different oxygen-containing
groups (OH, C=0, COOH) on its surface. Upon the ad-
dition of metal salts to graphene oxide, metal ions form
bonds with oxygen-containing surface groups. This inter-
action is visualized when the solution is bleached after the
addition of salts to a dispersion of graphene oxide.2! This
property was used for the introduction of Rh3* ions onto
the graphene oxide surface. After the system was reduced
by NaBH,, rhodium nanoparticles stabilized by function-
al groups on the graphene oxide surface are formed
(Scheme 1).

The obtained sample was studied using transmission
electron microscopy (TEM) (Fig. 3). The TEM image
shows that rhodium nanoparticles on the graphene oxide
surface have a narrow particle-size distribution (the aver-
age diameter of the nanoparticles is 2.3 nm). The X-ray
diffraction analysis (Fig. 4) showed that the maxima in
the diffraction patterns corresponded to the phase of me-
tallic Rh with the cubic face centered lattice (JCPDS cards

Fig. 1. TEM image of graphene oxide.
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Fig. 2. Diffraction pattern of graphene oxide: GO is graphene
oxide, and G is graphite.
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Fig. 3. TEM image of the nanocomposite of Rh/GO nano-
particles.
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Fig. 4. Diffraction pattern of the nanocomposite of Rh/GO nano-
particles.

with the TEM data. Calculation of the average size of
rhodium nanoparticles by the Scherrer equation gives
avalue of 3.7 nm.

The obtained rhodium nanoparticles on the graphene
oxide surface (Rh/GO) were used as catalysts for the
hydroformylation of styrene and other olefins (according
to the X-ray fluorescence analysis data, the rhodium con-
tent was 4.1%). Hydroformylation is usually carried out in
organic solvents in combination with fire hazardous and
explosive agents. Therefore, it is interesting to use alterna-
tive media for the process, in particular, supercritical
carbon dioxide (scCO,) since carbon dioxide is accessi-
ble and environmentally friedly and fire-safe.2? The use
of scCO, makes it possible to operate with lowly boiling
reagents and products, isolation of which from organic
solvents is difficult because it requires fractional distilla-
tion. Unlike this, carbon dioxide can readily be re-
moved from the synthesis products. Hydroformylation of
styrene and other olefins in organic solvents and in scCO,

at 50 °C under a pressure of 25 atm of syngas is shown
in Scheme 2.

Scheme 2

H,C=CH
\

R
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i. Rh nanoparticles/GO,,,q (GO,,,4 is modified GO), H,/CO
(1:1),25atm, solvent, 4 h.

However, the primary experiments show that the use
of rhodium nanoparticles on the unmodified graphene ox-
ide surface as a catalyst did not reveal any conversion
using toluene or scCO, as solvents (Table 1).

It was assumed that the surface polar hydrophilic
groups C=0 and OH inhibit hydroformylation. It is most
likely that the approach to the nanoparticle surface is hin-
dered for hydrophobic styrene molecules. The two-step
methylation of graphene oxide was carried out according
to Scheme 3 in order to change polarity.

At the first step, the C=0 groups on the graphene
oxide surface (see Scheme 3, A) interact with trimethyl-o-
formate (in the presence of catalytic amounts of p-tolue-
nesulfonic acid) to form acetal groups (see Scheme 3, B).
At the second step, the obtained intermediate reacted with
Mel to methylate the hydroxo groups (see Scheme 3, C).
To confirm the efficiency of the proposed reaction scheme,
IR studies of graphene oxide graphene oxide surface (a),
intermediate product (b), and completely methylated
graphene oxide (c) have been performed (Fig. 5).

According to the obtained data, the reaction of the
initial graphene oxide (see Fig. 5, a) with trimethyl-o-
formate (see Fig. 5, b) results in the appearance of new
bands in the spectrum. Among these are an intense band
at 2900 cm~! corresponding to stretching vibrations of the
C—H bonds in B the Me groups, a band at 2850 cm™!
corresponding to stretching vibrations of the C—H bonds
in the Me groups attached to the oxygen heteroatoms, and
a medium-intensity band at 1458 cm~! corresponding to
antisymmetric bending vibrations of the C—H bonds
in the Me groups. The spectrum also exhibits bands at

Table 1. Parameters of styrene hydroformylation using the
Rh/GO nanoparticle as a catalyst

Solvent Pressure/atm t/h  Conversion (%)
Toluene 25 5 0
scCO, 250 5 0




2246 Russ.Chem.Bull., Int.Ed., Vol. 63, No. 10, October, 2014

Scheme 3
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Fig. 5. IR spectra of the starting graphene oxide (a), intermediate methylation product (b), and modified graphene oxide (c).
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1023—1155 cm™! assigned to stretching vibrations of the
C—O—C bonds in the epoxy groups. The IR spectrum of
the final methylation product is almost identical to the
spectrum of the intermediate. However, a comparison of
this spectrum with the spectra of the initial graphene oxide
and the product of the first methylation step shows that
the shape of the peak corresponding to stretching vibra-
tions of the OH groups changes. A weak peak at 3550 cm™!
can be attributed to free OH groups, and a stronger peak at
3300 cm~! can be assigned to the residual bound hydroxy
groups. A decrease in the band intensity indicates a nearly
complete methylation of graphene oxide. According to the
elemental analysis data (Table 2), the carbon content in-
creases by 7.7% and the oxygen content decreases
by 6.5% in the sample, being the intermediate methylation
product. In the final product, the amount of carbon in-
creases to 70% (an increase by 4.3% compared to the prod-
uct of the first methylation step) and the amount of oxy-
gen decreases to 26.5% (a decrease by 6% compared to the
product of the first methylation step). These data provide
the evidence of a chemical reaction between the graphene
oxide and methylation agents.

The dispersion of modified graphene oxide in hexane
was examined by TEM. The TEM image (Fig. 6) shows
that the sample is characterized by a layered uniform struc-
ture, similarly to the initial graphene oxide, it is trans-
parent and has a few layers.

Modified graphene oxide was also used as a support for
the formation of surface rhodium nanoparticles (see Exper-
imental). The sample of Rh/GO,,,q nanocomposite was
studied by TEM (Fig. 7). The obtained TEM image is
shown in Fig. 7. The TEM image of the sample of
Rh/GO,,,4 nanoparticles shows that spheroid rhodium
nanoparticles tend to form "star-like" agglomerates. Indi-
vidual rhodium nanoparticles have a narrow particle-size
distribution with an average particle size of 2.4 nm.

The catalytic activity of the nanocomposite of Rh/GO,,,,4
nanoparticles was also studied in the hydroformylation of
unsaturated hydrocarbons (see Scheme 2).

The use of the Rh/GO,,,4 hanocomposite in toluene
as a catalyst results in a high conversion; however, the
regioselectivity of the obtained branched product with re-
spect to unbranched aldehyde is 65% (Table 3, entry I).

Table 2. Results of C,H,N analysis of the starting
graphene oxide (A) and intermediate (B) and final
(C) methylation products

Sample Content of element (%)

C H (0]
A 58.0 1.5 39.0
B 65.7 1.5 32.5
C 70.0 1.8 26.5

. Lo

Fig. 6. TEM image of modified graphene oxide.
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Fig. 7. TEM image of the Rh/GO,,,q nanocomposite (a) and the
rhodium nanoparticle distribution in the nanocomposite (b).

The replacement of the solvent by benzene gives an insig-
nificant increase in conversion, but the regioselectivity de-
creases (see Table 3, entry 2). Among the solvents used,
THEF is characterized by the lowest activity (see Table 3,
entry 3).

The replacement of organic solvents by scCO, made it
possible to attain the complete conversion in the styrene
hydroformylation and to increase regioselectivity (see
Table 3, entry 4). The hydroformylation of 4-methyl-
styrene and 4-bromostyrene in scCO, also proceeds quan-
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Table 3. Parameters of the hydroformylation of olefins
H,C=CH—R in the presence of Rh/GO,,,q nanoparticles as
a catalyst (65 °C)

Entry R Solvent t/h Conver-  Selectivity*
sion (%) (%)
1 Ph Toluene 4 88 65/35
2 Ph Benzene 4 90 56/44
3 Ph THF 4 12 51/49
4 Ph scCO, 4 100 84/16
5 4-MePh  scCO, 4 100 86/14
6 4-BrPh scCO, 4 100 87/13
7 Bu! scCO, 4 84 0/100
8 Bu! scCO, 5 100 0/100

* Ratio of the branched to linear reaction products.

titatively with high regioselectivity (see Table 3, entries 5
and 6). The use of 3,3-dimethylbut-1-ene as a substrate
resulted in the selective formation of 4,4-dimethylpenta-
nal with 84% within 4 h (see Table 3, entry 7). The prolon-
gation of the reaction to 5 h resulted in the complete con-
version of olefin (see Table 3, entry §).

Thus, a two-step modification procedure for graphene
oxide was developed. The methylated graphene oxide was
used as a support for the formation of rhodium nano-
particles (2—3 nm) on the surface. The prepared catalyst
showed moderate and high substrate conversion as well as
regioselectivity in the hydroformylation of various olefins
in in the "green" medium of scCO,. The results of this
study can provide new prospects for the further investiga-
tion of the chemical properties of graphene oxide and its
application as a support in other catalytic reactions.

Experimental

IR absorption spectra were recorded on a Specord M-82
spectrometer (VEB Carl Zeiss Jena, Germany) in the range
400—4000 cm~! with a scan increment of 4 cm~!. The sample
was triturated in an agate mortar together with anhydrous KBr
(0.1 mg of the studied powder per 100 mg of KBr) and then
pressed in pellets on a hydraulic press (pressing effort 6 metric
tons). The X-ray diffraction measurements were carried out on
a Bruker D8 Advance spectrometer operating in the reflectance
mode with Cu-Ka radiation (35 kV, 30 mA). Elemental analysis
(C, N, H) was carried out on a VarioEL instrument by burning
microweights of the samples of the determined substance. The
content of rhodium nanoparticles on the graphene oxide surface
was determined by X-ray fluorescence spectroscopy on a Zeiss
Jena VRA-30 spectrometer. The size and morphology of Rh?
nanoparticles were studied with a JEM-1011 transmission elec-
tron microscope at an accelerating voltage of 100 kV.

Synthesis of graphene oxide. Graphite oxide obtained by the
modified Hummers method!® was placed in the solvent and sub-
jected to the powerful ultrasonication treatment for 30—60 min
(parameters: frequency 20.4 kHz, specific power 0.1—1 Wem™3).
The formed dispersion of graphene oxide was centrifuged

(6000 rpm, 12 min) to separate the solid product from the liquid
phase, and the final product was dried for 6 h at 60 °C in vacuo
and in air.

Methylation of graphene oxide. Graphene oxide (500 mg)
was continuously stirred for 36 h in 6 mL of trimethyl-o-formate
with the addition of a catalytic amount (4 mg) of p-toluene-
sulfonic acid. An excess of trimethyl-o-formate was removed by
heating in vacuo. Methyliodide (4 mL), K,CO5 (1 g), and aceto-
nitrile (4 mL) was added to the dry residue after the first step of
the reaction, and the mixture was continuously stirred for 36 h at
~20 °C. After the reaction, the solid residue was separated
from the liquid phase by centrifugation (4000 rpm, 5 min),
washed with water (5 mL) and acetone (2x5 mL), and dried
in vacuo for 1 h.

Preparation of rhodium nanoparticles on the surface of graph-
ene oxide and methylated graphene oxide. A solution of RhCl;-
+4H,0 (46.5 mg) in methanol (4 mL) was added to graphene
oxide (330 mg) with continuous stirring. After 30 min, an excess
of dry NaBH, (77 mg) was added by portions. The solid precipi-
tate was washed with hot water (4x5 mL) and acetone (3x5 mL)
and dried in vacuo for 6 h.

Catalytic hydroformylation of olefins. The catalyst 30 mg,
0.01 mmole of Rh) and the corresponding unsaturated substrate
(1 mmol) were placed in a 10-mL stainless steel autoclave. The
autoclave was filled with syngas (25 atm, PHZ/PCO =1:1)and
then with carbon dioxide to a pressure of 200 atm with a High
Pressure Equipment manual press. The reactor was heated to the
corresponding temperature for 5 min, and the experiments were
carried out with magnetic stirring. After a certain time, the auto-
clave was cooled to 5 °C for 20 min, reaction gases were slowly
fed, and the reaction mixture was diluted in 1.5 mL of CDCl;,
filtered through a thin silica gel layer to separate catalyst resi-
dues, and analyzed by the '"H NMR method. The spectral char-
acteristics of the hydroformylation products correspond to
the literature data: 2-phenylpropanal and 3-phenylpropanal
(R =Ph), 2-(4-methylphenyl)propanal and 3-(4-methylphenyl)-
propanal (R = 4-MePh), 2-(4-bromophenyl)propanal and
3-(4-bromophenyl)propanal (R = 4-BrPh), and 4,4-dimethyl-
propanal. Experiments in organic media were carried out simi-
larly using 2 mL of the corresponding solvent.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 14-03-31813
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