Sustalnable

Chemistry s Engineering

Ho®

pubs.acs.org/journal/ascecg

Research Article

Downloaded via UNIV DEGLI STUDI MILANO-BICOCCA on April 16, 2022 at 11:06:34 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Facile Edge Functionalization of Graphene Layers with a Biosourced
2-Pyrone

Fatima Ma.rgani,T Martina Magrograssi,T Marco Piccini, Luigi Brambilla, Maurizio Galimberti,*

and Vincenzina Barbera*
I: I Read Online

Article Recommendations |

Cite This: ACS Sustainable Chem. Eng. 2022, 10, 4082-4093

ACCESS | Ll  Metrics & More ’ Q Supporting Information

ABSTRACT: Edge functionalization of graphene layers is of great
interest in the field of materials chemistry: the properties of
graphene are substantially unaltered and its compatibility and
chemical reactivity with various environments can be tuned. In this
work, edge functionalization of graphene layers was performed with
a 2-pyrone, ethyl 3-hydroxy-2-oxo-2H-pyran-6-carboxylate (Pyr-
COOEt). 2-Pyrones are C-6 unsaturated heterocyclic sugar
derivatives and are intriguing building blocks for the preparation
of innovative chemical structures. Sodium 3-acetoxy-2-oxo-2H-
pyran-6-carboxylate was prepared starting from mucic acid, in a
one-pot synthesis with a yield of about 74%, and was then
transformed into the acid and then into ethyl ester derivatives. The
adduct of Pyr-COOEt with a high surface area graphite (HSAG)
was obtained by simply mixing and donating energy, either thermal or mechanical. The functionalization yield was estimated from
thermogravimetric analysis (TGA) data and was found to be up to 91%. The adducts were characterized by Fourier transform
infrared and Raman spectroscopies and wide-angle X-ray diffraction. The presence of pyrone in the adduct was clearly detected in
the IR spectra, and the bulk structure of the graphitic substrate was found to be substantially unaltered by the functionalization
reaction. The experimental findings suggest that the edge functionalization of the graphene layers occurred. Stable water dispersions
of HSAG/Pyr adducts were prepared and studied through ultraviolet—visible analysis. Aggregates of few-layer graphene were
obtained by mild sonication and centrifugation, as revealed by high-resolution transmission electron microscopy. This paper shows
that a biobased molecule can be used for selectively decorating the edges of graphene layers, with oxygenated functional groups
having a defined chemical structure and avoiding the use of oil-based, dangerous, and even noxious ingredients. The most plausible
interpretation for the formation of the HSAG adduct with 2-pyrone seems to be the cycloaddition reaction between the edges of the
graphitic substrate and the unsaturated biomolecule. Such a functionalization appears to be suitable for a scale up and paves the way
for the preparation of a variety of derivatives.
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1. INTRODUCTION

Since the 1990s, rising awareness and concern about increasing
environmental pollution have highlighted the need for more
sustainable development. This has sparked interest in green
chemistry, defined as “the design of chemical products and
processes to reduce or eliminate the use and generation of
hazardous substances”.'

One of the main purposes of green chemistry is to transform
hydrolyzed biomass into chemical feedstocks.”” Most biomass
(about 80%) consists of carbohydrates.” Carbohydrates such as
cellulose and lignin can be converted, through biological or
chemical routes,”® into compounds that are suitable “building
blocks” for the preparation of a large variety of derivatives. C-6
sugars are a typical example of such compounds as they are
used to synthesize aldaric acids, the key intermediates for
preparing biodegradable chemicals and polymers.” Various
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synthetic methods can be adopted: oxidation, either with a
strong inorganic acid (HNO,;)® or catalyzed by gold
nanoparticles,” or biosynthesis.'” Galactaric acid, also known
as mucic acid, is an aldaric acid of particular interest. It can
easily be prepared from the C-6 sugar galactose and also from
galacturonic acid, the main constituent of pectin extracted
from the skin of fruits."”'> Galactaric acid is an intermediate
for the production of other industrially important dicarboxylic
acids, such as adipic acid"® and 2,5-furandicarboxylic acid,"*
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Figure 1. (a) Chemical structure of 2-pyrone and (b) resonance structures of the pyrone ring.
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Figure 2. Synthesis of sodium 3-acetoxy-2-oxo-2H-pyran-6-carboxylate 2 (Pyr-COONa).

and can be converted into 2-pyrones,'” intriguing building
blocks in organic and polymer chemistry.'™"® 2-Pyrones (or
a-pyrones) (Pyr) build up a class of C-6 unsaturated
heterocyclic compounds > containing an oxygen atom and a
carbonyl functional group in a-position (Figure 1a).

2-Pyrone is a structural moiety that can be found in a great
variety of biologically active metabolites. The chemical
characteristics of pyrones are similar to those of lactones,
dienes, and aromatic compounds. Such chemical versatility can
be explained by the resonance of Pyr as shown in Figure 1b. In
particular, structure 2 in Figure 1b accounts for its partial
aromaticity, which is, however, lower than that of benzene. 2-
Pyrones efficiently react as dienes (structure 1 in Figure 1b)
and can thus undergo typical reactions such as the Diels—Alder
cycloaddition.'® ™

The potential of 2-pyrones as versatile building blocks for
the synthesis of key intermediates in organic chemistry has
enabled the development of several synthetic procedures for
their preparation.”’ Those from aldaric acids appear partic-
ularly attractive. The pathways via 2,5-dioxoadipic acid or 2,5-
dihydroxymuconic acid as intermediates have been reported in
the literature.”> They are, however, characterized by many
reaction steps and low atom efficiency. A green and sustainable
procedure for the preparation of 2-pyrone derivatives has
recently been described:'® the reaction between mucic acid
and acetic anhydride, in the presence of sodium acetate, led to
the sodium salt of 3-hydroxy-2-oxo-2H-pyran-6-carboxylic acid
(Figure 2).

In the research reported here, 2-pyrones were used for the
edge functionalization of graphene layers, with the aim to
exploit their ability to give rise to the Diels—Alder reaction.
Graphene™ is a cutting edge material, an sp? carbon allotrope,
which consists of a two-dimensional single layer of carbon
atoms, densely packed in a hexagonal honeycomb lattice.”*
Graphene has received steadily increasing attention due to its
excellent mechanical, thermal, electrical, and optical proper-
ties.”” ™ Large-scale production of graphene and, mainly, few-
layer graphene and graphene nanoplatelets is nowadays
available.””*”*” Tt is well established that the superior
properties of graphene are associated with its monolayer
nature. It is also widely acknowledged that a single graphene
layer and even few-layer graphene are hard to obtain.”” A
method to prepare graphene and few-layer graphene, on a large
scale, is the oxidation to graphene oxide (GO),””*" followed
by exfoliation and a final reduction step.””*’
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The development of this method has drawn attention on
GO, not only as the precursor of reduced graphene oxide
(RGO)** but also as a material with catalytic performances®
and as an ingredient of nanocomposites.”® The synthesis of
GO has been reported since the 1800s®’ > and most of the
methods are characterized by the use of strong, corrosive acids
(HNO,, H,SO,, H;PO,), salts of heavy transition metals
(KMnO,), and chlorinated substances (KClO;),* by harsh
reaction conditions and by the risk of explosions. GO often
contains residues of the transition metal and the bulk structure
of the graphitic material is not completely restored after
reduction to RGO. According to the Lerf—Klinowski
model,*"** GO has hydroxyl and epoxy groups randomly
distributed on the basal plane and carboxyl and carbonyl
groups at the edges. However, the structure of GO has always
been a matter of debate.*

It would thus be desirable to selectively add the oxygenated
group, with a defined chemical structure, onto the edges of the
graphene layers, leaving the structure of the basal planes
substantially unaltered. Indeed, the edge functionalization of
graphene layers, in particular, with heteroatoms,** has attracted
considerable efforts. Ball milling led to the introduction of
carboxylic acids, halogens, amine, and sulfonic acid groups
using CO,, molecular halogens, ammonia, and sulfur trioxide
as the reagent, respectively. Wet chemical reactions have also
been reported, such as with CCl, at 80 °C with excess of
iodine monochloride, catalyzed by AICl,, for the introduction
of chlorine.”> The Diels—Alder reaction of GO with maleic
anhydride led to the edge functionalization with carboxylic
acids.*® Hydrogen peroxide led to the introduction of
oxygenated groups whose chemical structure depended on
the ex;)erimental conditions, namely, the reaction temper-
ature.*”** Hydrogen peroxide was used also in the presence of
biobased substances such as gallic acid* and ascorbic acid,*®
and only in the first case, it was reported an edge
functionalization. The methods reported in the literature are
characterized by either a large excess of reagents or the
formation of coproducts or the instability of the functionalized
graphitic product. For example, carboxylic acids were removed
upon heating the adduct. It would be highly beneficial to
functionalize the edges of the graphene layers, with tailormade
oxygenated functional groups able to bear a wide range of
experimental conditions (heating) using easily available
graphitic materials and benign reactions that could be scaled
up, inspired by the principles of green chemistry and thus
characterized by the absence of solvents, high atom efficiency,
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low E-factor, and by the use of only biosourced chemicals.
Moreover, it would be greatly desirable to employ the
functionalized layers as a versatile platform for the preparation
of further derivatives.

In the light of these aims, in the present research, edge
functionalization of graphene layers has been performed using
2-pyrone prepared from an aldaric acid and a commercially
available nanosized graphite with a high surface area (HSAG).
Such a research plan was inspired by what was obtained by
some of the authors.”’ Functionalization of graphene layers
was performed with a pyrrole derivative, 2-(2,5-dimethyl-1H-
pyrrol-1-yl)propane-1,3-diol (serinol pyrrole, SP), whose
chemical structure is shown in Figure 3a, by simply mixing
and heating HSAG and SP.>'~*
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Figure 3. Chemical structures of (a) 2-(2,5-dimethyl-1H-pyrrol-1-
yl)propane-1,3-diol and (b) ethyl 3-hydroxy-2-oxo-2H-pyran-6-
carboxylate.
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A domino process was reported to occur:’' first the

absorption of the pyrrole compound on the graphitic substrate
and then the carbocatalytic oxidation of the methyl group in 2
position of the pyrrole ring, which activated the final step of
the process, the Diels—Alder reaction.

The working hypothesis for the present work was that 2-
pyrones, analogous to the pyrrole compound, could give rise to
a cycloaddition reaction with the edges of the graphene layers.
The sodium salt of 3-hydroxy-2-oxo-2H-pyran-6-carboxylic
acid 2 (Pyr-COONa) was first prepared as 2-pyrone. The
synthetic procedure available in the literature'® (demonstrated
at the lab scale) was followed and was scaled up to prepare
hundreds of grams of pyrone, as one objective of this research
was to design a sustainable method suitable to prepare large
amounts of functionalized graphene and few-layer graphene.
To enhance the thermal stability of Pyr-COOH, in view of the
functionalization reaction of HSAG, the ethyl ester derivative
was synthesized: ethyl 3-hydroxy-2-oxo-2H-pyran-6-carboxy-
late 3 (Pyr-COOEt) (the chemical structure is shown in Figure
3b). To check the ability of Pyr-COOEt to give rise to a
Diels—Alder cycloaddition, its reaction with N-methylmalei-
mide was performed. The experimental procedure for the
functionalization of HSAG with Pyr-COOEt is presented. The
reaction was performed in the absence of catalysts and solvents
by simply mixing HSAG and 2-pyrone, donating then either
thermal or mechanical energy, with the aim of high atom
efficiency and low E-factor.”® The characterization of HSAG-
Pyr-COOEt adduct was carried out by thermogravimetric
(TGA), infrared (IR), and Raman spectroscopies. The Hansen
solubility parameters of pristine HSAG and HSAG-Pyr-
COOEt were estimated by performing dispersion tests in
different solvents.”*° High-resolution transmission electron
microscopy (HRTEM) was used to assess the formation of
few-layer graphene. Details about characterization techniques
are reported in the Supporting Information.

2. EXPERIMENTAL SECTION

2.1. Materials. Reagents and solvents were commercially available
and were used without further purification. Mucic acid, acetic
anhydride, acetone, sodium acetate anhydrous (CH;COONa),
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hydrogen chloride (HCI) 36%, sulfuric acid (H,SO,), and ethanol
(EtOH) were purchased from Sigma-Aldrich.

Synthetic Graphite 4827, indicated as high surface area graphite
(HSAG), was purchased from Asbury Graphite Mills Inc. with a
surface area of 250 m?/ g and a minimum carbon mass of 99%. Some
of the authors in previous works®'~>* have reported characterization
of HSAG. Analyses have been replicated on the sample used for the
present work and data are reported in the Supporting Information
(S1, Figures S1-S4).

2.2. Synthesis of Pyrones. 2.2.1. Lab Scale: Synthesis of
Sodium 3-Acetoxy-2-oxo-2H-pyran-6-carboxylate (2). A mixture of
mucic acid (10 g; 0.049 mol) and acetic anhydride (S1 mL; 0.54 mol)
was poured into a 100 mL round-bottom flask equipped with a
magnetic stirrer and refluxed. The mixture was then stirred at 100 °C
for 1 h. The crude mixture of 1 was mixed with sodium acetate
anhydrous (CH;COONa) (1,0 g; 0.049 mol). The mixture was then
stirred for 4 h at 100 °C. The resulting compound was recovered by
filtration. The final product structure has been confirmed by NMR
spectroscopy.

'"H NMR (400 MHz, dimethyl sulfoxide (DMSO)-d,, § in ppm):
742 (d, 1H); 6.81 (d, 1H), 2,24 (s, 3H); '*C NMR (100 MHz,
DMSO-d, 5 in ppm): 173.4, 168.4, 161.9, 157.9, 155.8, 137.3, 132.9,
105.9; 22.2, 20.6.

The yield of the reaction was 99% with an atom economy (AE) of
77% and reaction mass efficiency (RME) of 76%.

2.2.2. Scale Up: Synthesis of Sodium 3-Acetoxy-2-oxo-2H-pyran-
6-carboxylate (2). In a 3 L glass jacket reactor equipped with a
mechanical stirrer, condenser, and thermometer were poured in
sequence acetic anhydride (2489.34 g) and mucic acid (288.12 g).

The temperature of the jacket was then set at 95 °C. To this
suspension, sodium acetate anhydrous was added over a period of 45
min, keeping the temperature between 90 and 95 °C and then the
mixture was left at this temperature for overall 2 h under mechanical
stirring (400 rpm).

At the end of this period, the mixture was filtrate with a Biichner
funnel, and the final powder was dried under vacuum. The final
product structure has been confirmed by NMR spectroscopy.

"H NMR (400 MHz, DMSO-dj, § in ppm): 7.42 (d, 1H); 6.81 (d,
1H), 2,24 (s, 3H); *C NMR (100 MHz, DMSO-dg, § in ppm):
173.4, 168.4, 161.9, 157.9, 155.8, 137.3, 132.9, 105.9; 22.2, 20.6.

The yield of the reaction is equal to 74% with an atom economy
(AE) of 77% and reaction mass efficiency (RME) of 76%.

2.2.3. Synthesis of 3-Hydroxy-2-oxo-2H-pyran-6-carboxylic Acid
(3) (Pyr-COOH). The synthetic procedure was performed as recently
reported in the literature."

'"H NMR (400 MHz, DMSO-dj, § in ppm): 7.13 (d, 1H); 7.47 (d,
1H); 12.10 (s, 1H); *C NMR (100 MHz, DMSO-dg, § in ppm):
161.1, 158.8, 147.7, 1412, 115.0, 113.8

The yield of the reaction is equal to 65% with an atom economy
(AE) of 62% and a reaction mass efficiency (RME) of 41%.

2.2.4. Synthesis of Ethyl 3-Hydroxy-2-oxo-2H-pyran-6-carbox-
ylate (4) (Pyr-COOEt). A mixture of the crystal of 2 (3.1 g), ethanol
(30 mL), and six drops of sulfuric acid (1.0 g; 0.049 mol) was poured
into a 100 mL round-bottom flask equipped with a magnetic stirrer
and refluxed. The mixture was then stirred, at 85 °C, overnight. After
this time, the content of the flask and water (60 mL) were poured into
a separating funnel. To reach a neutral pH, a small amount of sodium
bicarbonate was added. The mixture was then extracted with
dichloromethane (3 X 20 mL) and the organic layer was dried on
sodium sulfate anhydrous. After filtration, the solvent was removed
under reduced pressure. The so-obtained final product has been
analyzed using NMR spectroscopy.

'"H NMR (400 MHz, CDCl,, § in ppm): 1.40 (t, 3H); 4.40 (q,
2H); 6.78 (d, 1H); 7.20 (d, 1H); *C NMR (100 MHz, CDCl; § in
ppm): 14.17, 62.17, 112.93, 113.00, 140.85, 145.70, 159.14, 159.59
ppm.

The yield of the reaction is equal to 99% with an atom economy
(AE) of 63% and a reaction mass efficiency (RME) of 41%.

2.3. Diels—Alder Reaction of Pyr-COOEt with N-Methyl-
maleimide. In a 50 mL round-bottom flask equipped with a

https://doi.org/10.1021/acssuschemeng.1c06182
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Table 1. Mass Losses (Mass %) for Pristine HSAG and HSAG/Pyr-COOEt Adducts from TGA Analysis”

temperature range

sample T < 150 °C
HSAG 1.4
HSAG/Pyr—COOEt-T” (110 °C) 2
HSAG/Pyr—COOEt-T” (130 °C) 23
HSAG/Pyr—COOEt-T” (150 °C) 2
HSAG/Pyr—COOEt-T” (160 °C) 3.1
HSAG/Pyr—COOEt-M* 3

150

< T > 700 °C T > 700 functionalization yield %
1.8 96.8
3 95 81
4 93.7 83.4
3.5 94.5 81.5
7.9 89 91
6 91 88

“Functionalization yield % is also reported. “Thermal adduct. “Mechanical adduct.
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Figure 4. Synthetic approach adopted for the preparation of Pyr-COOH (3) and Pyr-COOEt (4).

magnetic stirrer were put Pyr-COOEt (0.300 g 9 mmol), N-
methylmaleimide (0.181 g, 9 mmol), and triethylamine (0.165 g, 9
mmol) in chloroform as the solvent (5 mL). The mixture was stirred
for 12 h at room temperature. The progress of the reaction was
monitored by thin layer chromatography (TLC). After this time, the
solvent was removed under reduced pressure. The mixture was
purified by flash column chromatography on silica gel using as eluent
ethyl acetate/hexane (1:1). Thus, the two isomers (exo and endo)
were identified by nuclear Overhauser effect spectroscopy (NOESY)
experiments.

Exo adduct: 'H NMR (400 MHz, CDCl,, § in ppm): 1.36 (t, 3H),
2.89 (s, 3H), 3.21 (d, 1H), 3.97 (d, 1H), 4.05 (s, 1H), 4.35—4.48 (m,
2H), 6.47 (d, 1H), 6.74 (d, 1H). *C NMR (100 MHz, CDCl,, § in
ppm): 13.96, 25.39, 43.50, 49.10, 63.70, 75.10, 79.70, 128.32, 136.37,
163.93, 170.66, 171.54, 172.78.

Endo adduct: '"H NMR (400 MHz, CDCl;, § in ppm): 1.43 (t,
3H), 3.00 (s, 3H), 3.26 (d, 1H), 3.66 (d, 1H), 3.91 (s, 1H), 4.44—
4.52 (m, 2H), 6.54 (d, 1H), 6.64 (d, 1H). *C NMR (100 MHz,
CDCl,, & in ppm): 14.02, 25.42, 46.00, 50.65, 63.51, 76.49, 79.69,
131.54, 136.93, 165.88, 169.22, 171.08, 173.10.

2.4. Functionalization of High Surface Area Graphite with
Pyr-COOEt. 2.4.1. Preparation of the HSAG/Pyr-COOEt Physical
Mixture. In a 100 mL round-bottom flask were put in sequence
HSAG (1.8 g 26.2 mmol), Pyr-COOEt (0.48 g, 2.62 mmol), and
acetone (10 mL). The so-obtained unstable suspension was sonicated
for 30 min using a 2 L ultrasonic bath (260 W). After this time, the
solvent was removed under reduced pressure. The HSAG/Pyr-
COOEt physical mixture (2.2 g) was obtained as a black powder.

2.4.2. General Procedure for the Preparation of HSAG/Pyr-
COOEt Thermal Adducts. The HSAG/Pyr-COOEt physical mixture
(400 mg) was put in a S0 mL round-bottom flask equipped with a
magnetic stirrer and heated for 3 h at different temperatures: 110,
130, 150, and 160 °C. The isolated black powder was either extracted
in Soxhlet with acetone overnight or washed with acetone (30 mL X
3) in a Biichner funnel with a sintered glass disc. Both the procedures
were carried out until pyrone was not detectable in the washing
solvent and led to the same results. Thermogravimetric analysis was
performed on the adducts, before and after washing, to determine the
amount of pyrone in the adducts. The same results were obtained by
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applying the two washing procedures. On the basis of these data, the
functionalization yield was calculated (see Table 1).

2.4.3. Preparation of HSAG/Pyr-COOEt Mechanical Adducts. The
HSAG/Pyr-COOEt physical mixture (1 g) was treated with planetary
ball mill S100 from Retsch, equipped with a 0.3 L grinding jar moving
in a horizontal plane. The jar was allowed to rotate for 8 h at 300 rpm
at room temperature. The so-obtained black powder (800 mg) was
put in a Biichner funnel and washed with acetone (30 mL X 3). TGA
analysis was performed analogously to that done for the thermal
adduct (see Table 1).

2.5. Preparation and Characterization of Dispersions of
HSAG/Pyr Adducts in Water. Water dispersions of HSAG/Pyr
adducts at different concentrations (1, 0.5, 0.3, 0.1, 0.05, 0.01, and
0.05 mg/ mL) were sonicated for 10 min using an ultrasonic bath (260
W) and subsequently analyzed using ultraviolet—visible (UV—vis)
spectroscopy after sonication after 2, S, 24 h, and 7 days. Moreover,
UV—vis absorption was measured immediately after centrifugation
(6000 rpm for 30 min) of the suspension at 1 mg/mL (10 mL).

2.6. Estimation of the Hansen Solubility Parameters (HSP)
and Hansen Solubility Sphere. The Hansen solubility sphere
representation of miscibility was applied for the calculation of the
Hansen solubility parameters of HSAG/Pyr adducts. The fitting
sphere program was adapted from the literature® and solved applying
the Nelder—Mead simplex algorithm in the MATLAB environment.
More details are shown in Figure S7.

2.6.1. Preparation of Dispersions and Stability Evaluation. In a
glass tube, dispersions of HSAG and HSAG-Pyr-COOEt (1 mg/mL)
in a solvent were sonicated using an ultrasonic bath (260 W) for 30
min and were left at rest for 1 week. The stability of the dispersion
was checked by visual inspection with a lamp light at the back of the
tubes.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of 2-Pyrone
Derivatives. The synthesis of the pyrone derivative Pyr-
COOQEt, to be used for the functionalization of HSAG, moved
from that reported in the literature," following the synthetic
pathway shown in Figure 2. In brief, the first step was the
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Figure 5. 400 MHz '"H NMR spectrum in CDCI; of the Diels—Alder reaction performed between ethyl 3-hydroxy-2-oxo-2H-pyran-6-carboxylate 4
and N-methylmaleimide. The reaction scheme, reagents, products, and the correct NMR assignment of cycloadducts are reported.

preparation of (§)-2-acetoxy-2-((2S5,3S,4R)-3,4-diacetoxy-S-
oxotetrahydrofuran-2-yl) acetic acid 1 by an acetylation/
cyclization reaction: mucic acid was reacted with an excess of
acetic anhydride at 95 °C for 4 h. The second step was the
preparation of sodium 3-acetoxy-2-oxo-2H-pyran-6-carboxylate
2 (Pyr-COONa) through an elimination reaction promoted by
an aromatization process. As mentioned in the Section 1, one
objective of this research was to define a sustainable process
suitable for the large-scale preparation of few-layer graphene
and graphene. The scale up of the synthesis of 2 was thus
performed in a 3 L reactor. The two-step reaction was carried
out in one pot, with control of exothermicity, obtaining 280 g
of products with a yield of about 74%, in a much lower time (4
h) than that reported in the literature'>” (12 h), by simply
performing the following operations: mixing of mucic acid and
acetic anhydride, setting of the maximum temperature at 95
°C, addition of sodium acetate anhydrous, stirring at 95 °C for
4 h, filtration using a Biichner funnel, and drying under
reduced pressure of the obtained powder. Pictures to show the
preparation steps are provided in the Supporting Information
(S2, Figure SS). The high reaction mass efficiency (76%) of
the reaction is worth commenting.>*>*

Pyr-COONa 2 was then converted first in 3-hydroxy-2-oxo-
2H-pyran-6-carboxylic acid 3 (Pyr-COOH) and after in ethyl
3-hydroxy-2-oxo-2H-pyran-6-carboxylate 4 (Pyr-COOEt). The
synthetic pathway is shown in Figure 4.

Details are in the Section 2. In brief, a mixture of Pyr-
COONa and hydrogen chloride was allowed to stir at room
temperature for 48 h. A white precipitate of 3 (Pyr-COOH)
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was isolated by filtration, repeatedly washing it with water, and
was then converted into ethyl 3-hydroxy-2-oxo-2H-pyran-6-
carboxylate 4 (Pyr-COOEt) by Fischer esterification using
ethanol as the reagent/solvent and a catalytic amount of
H,SO,.

3.2. Diels—Alder Reaction with 2-Pyrone as the
Reagent. As anticipated in the Section 1, 2-pyrones were
selected as the molecules for the functionalization of graphene
layers, hypothesizing their reactivity with the layers’ edges. In
particular, it was hypothesized that a Diels—Alder reaction
could occur between the two double bonds of 2-pyrone
molecules and the terminal unsaturation of the carbon
substrate. The ability of pyrone derivatives to react as diene
in a Diels—Alder reaction has been recently demonstrated,'®
obtaining aromatic acids by a cycloaddition reaction between
2-pyrones and different dienophiles. In particular, the temper-
ature adopted (50 °C) and the use of a hindered base allowed
the direct synthesis of the aromatic compound without
isolating the hi%hly thermolabile cycloadducts. In the research
here reported,”” the Diels—Alder reaction between 2-pyrone
(4) and an extremely reactive dienophile such as N-
methylmaleimide was performed at room temperature in the
presence of a base without steric hindrance, as described in
detail in the Section 2. The reaction scheme and 'H NMR of
the performed cycloaddition are shown in Figure S.

The reaction provided a mixture of two adducts, as expected,
in consideration of the two possible transition states that arise
from endo or exo orientation of the dienophile with respect to
the pyrone ring. The relative amount of exo and endo adducts
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was calculated using 'H NMR spectroscopy using the nuclear
Overhauser effect and was found to be 3:2, as expected, as the
exo product is favored under thermodynamic control. These
findings suggest that 2-pyrone is able to form cycloadducts,
also in mild experimental conditions, avoiding the aromatiza-
tion of the products.

3.3. Adduct of HSAG with Pyr-COOR: Preparation and
Characterization. HSAG was characterized by elemental
analysis, TGA, infrared (IR) and Raman spectroscopies, and
HRTEM. The results are provided below and in the
Supporting Information (S1, Figures S1—S4). They confirm
what has already been reported in previous publications:>” the
high surface area graphite is substantially devoid of functional
groups and has layers with about 300 nm as lateral size, which
form crystallites made by about 30 stacked layers. The
HRTEM micrographs of pristine graphite are reported in the
Supporting Information (S1, Figure S4).

The procedure for the preparation of the adduct of HSAG
with the pyrone derivative is summarized in the block diagram
shown in Figure 6 and is described in detail in the Section 2.

In brief, a physical mixture of HSAG and Pyr-COOEt was
first prepared as reported in Figure 6. The thermal treatment
was then performed at the following temperatures: 110, 130,
150, and 160 °C. The samples of the adduct were thoroughly
washed with acetone.

The amount of pyrone in the HSAG-Pyr-COOEt adduct
was checked by thermogravimetric analysis (TGA). Data from
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TGA of HSAG-Pyr-COOEt adduct, after acetone washing, are
shown in Table 1. The thermograph of the HSAG/Pyr-COOEt
adduct is reported in Figure S6. It is worth adding that the
acetone extraction of the physical mixture between HSAG and
Pyr-COOEt (see the block diagram in Figure 6) led to the
almost complete extraction of pyrone.

The decomposition profile shows three main steps: below
150 °C, between 150 and 700 °C and above 700 °C. The mass
loss at T < 150 °C could be reasonably attributed to the release
of water. The mass loss from 150 to 700 °C can be attributed
to the decomposition of alkenylic groups, defects of HSAG,
and also of pyrone present in the adduct. The mass loss at T >
700 °C is due to the combustion with oxygen. Lower mass
losses were detected for HSAG at temperatures <700 °C.
Appreciable mass losses were found for the HSAG-Pyr-COOEt
adduct in the temperature range from 150 to 400 °C, and this
indicates that stable HSAG-Pyr-COOEt adduct was formed. It
is worth adding that a physical mixture of HSAG with Pyr-
COOEt, which did not undergo the thermal treatment,
released almost the whole amount of pyrone.

The functionalization yield, estimated through eq 1,
reported in the Section 2, appears to be high for all of the
temperatures adopted for the reactions. A high functionaliza-
tion yield was obtained also by performing the functionaliza-
tion reaction with the help of mechanical energy. By making
reference to the highest value of functionalization yield (91%),
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the atom efficiency”* of the functionalization reaction can be
estimated equal to 91% and the E-factor’* equal to about 0.2.

IR and Raman vibrational spectroscopies of HSAG-Pyr-
COOEt were performed. In particular, Raman spectroscopy
was used to study the structure of the graphite/graphene
moiety, and IR spectroscopy was used to study the functional
chemical groups linked to the graphene layers of the adduct.

IR experiments were carried out by preparing each sample as
thin films, placing a very small amount of material in a
Diamond Anvil Cell (DAC). Fourier transform infrared (FT-
IR) spectra recorded in transmission mode of pristine HSAG,
HSAG-COOEt, HSAG/Pyr-COOEt physical mix, HSAG/
Pyr—COOQOEt-T, and HSAG/Pyr—COOEt-M are reported in
Figure 7.

The spectrum of pristine HSAG (line b) is characterized by
the absorption near 1569 cm™' (labeled Gy in Figure 7),
which is assigned to E;, IR active mode of the collective C=C
stretching vibration of graphitic materials. This band shows a
sigmoidal shape due to complex phenomena of diffusion/
reflection of the IR light by the graphitic particles of the
samples. These particles are also able to diffuse the IR beam,
thus inducing the observed overall increase of the absorption
toward high wavenumber. These two features characterize the
spectra of the physical mixture (line c) and the adducts (lines d
and e).

The spectrum of Pyr-COOEt (line a) shows two strong and
sharp peaks at 174S and 1698 cm™', which can be ascribed to
the stretching vibration of intra-annular and exocyclic C=0
groups, respectively. The other peaks useful for the adduct
characterization are observed near 3400 cm™" (assigned to OH
stretching), near 1600 cm™" (due to C=C stretching), and in
the fingerprint region 1500—700 cm ™" where the peak at 767
cm™' can be assigned to the CH out-of-plane bending
vibrations of the cis carbon double bond of pyrone.

The spectrum of the HSAG/Pyr-COOEt physical mixture,
as expected, shows both the features observed for HSAG (the
band Gy and the increasing background) and all of the
strongest bands observed for Pyr-COOEt (see dashed lines
connecting a and d spectra).
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The spectrum of HSAG/Pyr—COOEt-T is different from
that of the physical mixture, showing (i) the G peak of
HSAG, (ii) the single band at 1726 cm™’, which can be
assigned to the presence of an ester functional group instead of
the two C=0 stretching bands observed in the spectra of Pyr-
COOEt and the physical mixture, and (iii) the band at 767
cm™ assigned to the presence of a cis carbon double bond.

These findings can be compatible with the occurrence of a
cycloaddition reaction in the adduct between Pyr-COOEt and
the graphene layers, which leads to the formation of two
spectroscopically equivalent aliphatic carbonyl groups.

In the spectrum of HSAG/Pyr—COOEt-M, the features of
HSAG dominate and only the weak C=O stretching
absorption near 1726 cm™' (at the same position of the
HSAG/Pyr—COOEt-T case) is easily observable, while it is
possible only to guess the presence of the band at 767 cm™.

In the Raman spectrum of defective graphite, two principal
peaks, named D (1350 cm™") and G (1590 cm™"), respectively,
are found.*”~%

In Figure 8, the spectrum of pristine HSAG shows a strong
and sharp G band at 1582 cm™, a strong D band at 1335 cm ™",
and a D’ band (the shoulder of the G peak) at 1620 cm™;
these features are compatible with those of a defective
microcrystalline graphite. Raman spectra of the other samples
show a similar pattern. In these spectra, the intensity of the D
band increases as a function of the increased structural disorder
of the graphene layers induced by the thermal or mechanical
treatment and for the adduct formation. For pristine, thermally
treated, and mechanically treated HSAG, the I,/I; values are
121, 1.19, and 1.58, respectively, showing that only the
mechanical treatment induces a slight increase of structural
disorder of the graphene layers.

The spectra of adducts show a further increase of the
intensity of the D band with Ij,/I; values of 1.47 and 1.83, for
the thermal and mechanical adducts, respectively, suggesting
that the Pyr-COOEt species slightly affect the structural
disorder of the edges of the graphene layers during the adduct
preparation. Interestingly, between D and G peaks, no other
components ascribed to defects on the graphene sp’ basal
planes are observed.”® As discussed in previous works by some
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Figure 9. Proposed structure of HSAG/Pyr-COOEt adduct.

of the authors,”*™®' these findings suggest that the oxygenated

species are on peripheral positions, preferentially bound to the
edges of the graphene layers.

The proposed structure of the HASG/Pyr-COOEt adduct is
reported in Figure 9.

Organization at the solid state and morphology of pristine
HSAG and pyrone adducts were investigated by performing
wide-angle X-ray diffraction (WAXD) and HRTEM analysis,
respectively.

WAXD patterns taken on powders of HSAG, HSAG/Pyr-
COOEt-M, and HSAG/Pyr—COOQEt-T 160 °C are reported in
Figure S7. From the calculation, HSAG/Pyr—COOEt-M and
HSAG/Pyr—COOEt-T 160 °C samples show 21 and 31
stacked layers, respectively (details about the calculations are
reported in the Supporting Information). This finding supports
the occurrence of an edge (peripheral) functionalization of
graphene layers.

The Hansen™ and Hildebrand®* solubility parameters of
HSAG and HASG-Pyr-COOEt have been evaluated, elaborat-
ing the Hansen solubility sphere and have been summarized
elsewhere by some of the authors.”® In brief, by the Hansen
method, it is possible to estimate the solubility parameters
(HSP) based on supramolecular interactions between a solvent
and a solute: dispersion forces (5p), polar forces (p), and
hydrogen bonding (8y;). The Hildebrand total (61) solubility
parameter is obtained by the sum of the squares of the HSP.
The representation of miscibility was done with the Hansen
solubility sphere, obtained by applying the algorithm reported
in Figure S8. Dispersions were prepared using different
solvents with solubility parameters o1 in the range from 14.9
(hexane) to 30 (water), as described in the Section 2. Values of
Hansen parameters of the solvents are reported in Table SI.
The visual inspection of the dispersions, after 1 week at rest,
led to classify them as “bad” or “good”, in case of segregation
or homogeneous dispersion of the black powder. The results
from the visual inspection are reported in Table S2.

The HSP 8y, 8p, Sp, and total (61) were estimated from the
data in Table S2, by applying the algorithm reported in Figure
S8, generating then the solubility spheres, which include the
good solvents and exclude the bad ones. Values of the
solubility parameters are shown in Table 2 for both HSAG and
HSAG-Pyr-COOEt. The Hansen solubility sphere for HSAG-
Pyr-COOEt is shown in Figure 10.

The functionalization of HSAG with the pyrone molecule
led to an appreciable increase of dp and Oy values. This finding

Table 2. Hansen Solubility Parameters (HSP) and Sphere
Radius for the HSAG/Pyr-COOEt Adduct™”

sample Sp Op Sy radius o6r°
HSAG 17.8 3.1 5.7 1.0 18.95
HSAG-Pyr-COOEt 8.36 12.46 13.59 16.0S 20.64

“Values of Hansen parameters of the solvents are reported in Table
S1. *Measure unit: MPa'/2. 5% = 8p2 + 6% + 8,
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Figure 10. Hansen solubility sphere elaborated for HSAG/Pyr-
COOEt; HSP (MPa'/2).

can be explained with the presence of the oxygenated
functional groups in the HSAG/Pyr adduct.

Water suspensions of HSAG/Pyr-COOEt adducts were
prepared, through a mild sonication, at different concentrations
(mg/mL): 1, 0.5, 0.3, 0.1, 0.0, and 0.01. Details are reported
in the Supporting Information (S4, Figures S9—S12). UV—vis
absorbance of the suspensions was measured. As shown in
Figure S11, the absorbance monotonously increases with the
HSAG/Pyr-COOEt concentration, reaching then the satu-
ration.

3.4. Few-Layer Graphene from the HSAG-Pyr-COOEt
Adduct. Water suspensions of HSAG-Pyr-COOEt-M and
HSAG-Pyr-COOEt-T adducts, with (1 mg/1 mL) as the
concentration, were centrifuged for 30 min at 6000 rpm and
the supernatant dispersions were analyzed using HRTEM.
Micrographs are taken at lower and higher magnification and
are shown in Figure 11.

In both HSAG/Pyr-COOEt adducts, the lateral dimension is
similar to that of the pristine HSAG,** reported in the
Supporting Information (S1, Figure S4). The number of
stacked graphene layers was estimated by inspecting, in the
pictures taken at higher magnification, the layers disposed with
a lateral side perpendicular to the beam. Micrographs at higher
magnification, in Figure 11b,d, reveal the presence of a few
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Figure 11. Micrographs of (a, b) HSAG/Pyr—COOEt-T and (c, d) HSAG/Pyr—COOEt-M adducts isolated from supernatant suspensions after
centrifugation for 30 min at 6000 rpm. (a, c) Bright-field TEM micrographs at low magnification. (b, d) HRTEM micrographs.

numbers of stacked graphitic layers. In particular, in Figure
11b, there are visible stacks (indicated in the boxes) with 9—20
graphene layers and the presence of few-layer graphene, while
Figure 11d shows isolated few layers (3—4) graphene.

4. CONCLUSIONS

Two main families of GO are nowadays available: the
“traditional” one, with extensive oxidation of the graphene
layers, and a more recent one, with the selective oxidation on
peripheral positions, essentially on the edges. This work shows
the preparation of an edge-functionalized GO, thanks to the
use of a biobased molecule, a 2-pyrone, Pyr-COOEt, with a
high yield of functionalization and the substantial absence of
wastes. The edge functionalization of graphene layers was
obtained with oxygenated functional groups with defined
chemical structures. The synthesis of Pyr-COOEt was carried
out moving from mucic acid, first preparing 100 g of the
sodium salt Pyr-COONa, with a yield of 74% and then the acid
and the ethyl ester derivative. The reagents and the coproducts
could be recovered and reused, either in the same or in other
synthetic processes.

The preparation of the adduct of Pyr-COOEt with HSAG
was carried out by simply mixing and donating energy, either
thermal or mechanical and the yield of functionalization was
up to 91%. Stable adducts were obtained, as demonstrated by
the results of the solvent extraction. WAXD and Raman
analyses revealed that the bulky structure of the graphitic
substrate remained substantially unaltered. In particular, the
interlayer distance between the graphene layers stacked in a
crystalline aggregate was not modified by the functionalization
reaction. It can thus be reasonably assumed that the
functionalization occurred in peripheral positions, essentially
on the edges. To give a plausible interpretation of the results
reported in this manuscript, the cycloaddition reaction of 2-
pyrone (diene) with the double bonds of the graphene layers
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(dienophile) can be hypothesized. The functionalization with
Pyr-COOEt promoted the preparation of water dispersions
and the exfoliation of the graphitic aggregates to few-layer
graphene through mild sonication and centrifugation, as
demonstrated by the HRTEM micrographs.

Edge functionalization of graphene layers indeed appears of
great interest. The properties of the graphitic material remain
substantially unaltered, the solubility parameter can be tuned,
and the exfoliation to few-layer graphene can be promoted.
Moreover, the functionalized graphene layers appear as a
versatile platform for the preparation of further derivatives as
well as of composite materials. Examples have already been
reported for the application of edge-functionalized graphene
layers in many directions: as catalysts for the degradation of
recalcitrant pollution,® for the preparation of bionanocompo-
sites,® and for the reinforcement of rubber nanocomposites.’”
In a future work, it could be intriguing to study the formation
of cycloadducts also from the computational point of view.
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