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Graphene, one of the allotropic forms of carbon, has attracted enormous interest in the last few years due to
its unique properties. Reduced graphene oxide (RGO) is known as the nanomaterial most similar to
graphene in terms of electronic, chemical, mechanical, and optical properties. It is prepared from
graphene oxide (GO) in the presence of different types of reducing agents. Nevertheless, the application
of RGO is still limited, owing to its tendency to irreversibly aggregate in an aqueous medium. Herein, we
disclosed the preparation of water-dispersible RGO from GO previously enriched with additional
carboxyl functional groups through a one-pot reaction, followed by chemical reduction. This novel and
unprecedentedly reported reactivity of GO toward the acylating agent succinic anhydride (SA) was
experimentally investigated through XPS, Raman, FT-IR, and UV-Vis, and corroborated by DFT

calculations, which have shown a peculiar involvement in the functionalization reaction of both epoxide
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1. Introduction

Graphene is a carbon-based bidimensional material prepared
through top-down and bottom-up approaches.'® In the first
route, graphene is prepared from graphite through its exfolia-
tion, sometimes in presence of intercalating agents and, in the
second one, through chemical vapor deposition (CVD) from
a mixture of methane/hydrogen. While the first approach is
hampered by some drawbacks, such as low yield of production,
low purity and time-consuming processes, the second one is
limited to the growth of graphene sheets onto transition metals
and alloys surfaces, which narrows its bulk production for
practical applications. An innovative synthetic method for the
preparation of graphene using the flash Joule heating from
inexpensive carbon sources was also recently reported with
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colloidal stability in aqueous medium is required.

encouraging results, though its synthetic apparatus may not be
easily available.”

GO, the oxidized form of graphene prepared through the
chemical oxidation of graphite,*® is a non-stoichiometric bidi-
mensional material, and is constituted prevalently by sp-
hybridized carbon atoms and oxygen-based functional groups.
Among these, the most abundant are epoxide and hydroxyl
groups, which are mainly localized in the basal plane of the
sheet, differently from the less numerous carboxyl groups,
confined at the edge. Moreover, both carbonyl and phenol-like
hydroxyl groups are present in low percentages and most
usually confined at the edges of the layer.*

Owing to the simultaneous presence of aromatic domains
and oxygen-based functional groups in the layers, the chemical
modifications of GO have opened new applicative horizons and
opportunities. In particular, these modifications can be per-
formed through non-covalent and covalent approaches, with
the latter undoubtedly more explored.****

As reported in the pioneering review of S. Guo et.al., many
types of chemoselective covalent functionalizations have been
performed, taking advantage of the oxygen-based functional
groups (epoxide, hydroxyl and carboxyl) as well as C=C bonds
present in the structure of GO. In particular, exhaustively
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disclosed examples of chemical modifications include silani-
zation, esterification, epoxide ring-opening and radical addition
to C=C, in addition to multi-functionalization strategies with
the relative advantages and limitations of each one."

Considering the low amount of carboxyl groups in the
structure of GO, a route able to effectively increase their number
via a carboxylation reaction would be highly desirable to
broaden the range of its possible applications."** For example,
a carboxyl-rich GO could be used as a platform in metal-ion
removal from wastewater, employed in amide coupling with
amine-rich nanomaterials, as well as in the preparation of
supramolecular hydrogels.****

Examples of carboxylation include the one reported by A.
Bakandritsos et al.,"** who obtained a carboxyl-rich GO from
cyanographene hydrolyzed with an aqueous solution of HNO; at
20% in order to transform the -CN groups into -COOH groups.
The content of this functional groups was estimated as 9.3% on
the basis of the deconvoluted C 1s XPS spectrum.**™*

Another method of GO carboxylation reported in the litera-
ture is based on the selective derivatization of hydroxyls with
chloroacetic acid in the presence of sodium hydroxide.*** This
type of functionalization, although practical, suffers from the
reduction of GO induced by the strong base, which changes the
physical-chemical properties of GO.>** The influence of
different amounts of sodium hydroxide in the carboxylation of
GO in presence of chloroacetic acid was deeply investigated by
S. Guo et al., proving that only in presence of high amounts of
base the functionalization occurs quantitatively. In particular,
GO previously carboxylated in presence of chloroacetic acid and
3 M NaOH in water, was doubly functionalized combining an
epoxide-ring opening with BocNH-PEG10-NH,, followed by
amide coupling in presence of EDC/NHS. Since the strong basic
conditions necessary for carboxylation lead to a simultaneous
loss of oxygenated functionalities, the authors observed a low
efficiency of functionalization in comparison to a direct
epoxide-ring aperture reaction. This result suggests that, in the
experimental conditions of high pH, carboxylation is not an
effective approach to functionalize GO.*

A further route to GO carboxylation makes use of maleic
anhydride, involving two different and competitive types of
reactivity of GO: hydroxyl groups can undergo esterification,
and diene groups may react with the dienophile maleic anhy-
dride according to a Diels-Alder (DA) reaction, followed by acid
hydrolysis, as presented by Brisebois et al.?* In particular, this
[4 + 2] pericyclic reaction was deeply investigated through **C-SS
NMR measurements, and a dual reactivity of GO was observed
toward maleic anhydride, at the edges and on the basal plane,
analogously to 1,3-butadiene and cis-3,5-cyclohexadiene-1,2-
diol systems, respectively. It is noteworthy that this work
proves the existence of cis diene in the structure of GO. A
decrease of oxygenated species at prolonged reaction times was
observed, as a consequence of thermal decomposition of the
labile oxygenated groups of GO or by a possible retro-DA
reaction.”

RGO is the closest nanomaterial to graphene, both from the
morphological and physical-chemical point of view. In fact, it is
a bidimensional nanomaterial prepared from GO with an
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atomic thickness that shows, differently from an ideal sheet of
graphene, plenty of structural defects resulting from deoxy-
genation reaction processes, in addition to residual oxygen-
based functional groups. Notably, the restoration of the
extended T-conjugated network after the chemical reduction of
GO makes this material very appealing for optical and electronic
applications. On the other hand, its dispersibility in water is
strongly reduced, due to loss of the abundant polar functional
groups present in the structure of the parent GO.***

In this work, we present an unprecedentedly investigated
one-pot carboxylation of GO, employing succinic anhydride (SA)
followed by chemical reduction of GO in presence of r-ascorbic
acid.*»** Inspired both by the O-acylation and O-alkylation of
phenols in the presence of sodium carbonate as a base in
anhydrous aprotic polar solvents, we propose the same
synthetic protocol on GO.**** As a control experiment, we con-
ducted the same functionalization of GO wusing tetra-
fluorosuccinic anhydride (F-SA), benefiting from the high
sensitivity of XPS to F atoms. All the experimental results were
supported by DFT calculations, which allowed to investigate the
energetics of various possible reaction mechanisms. Particular
attention was devoted to explore the feasibility of a reaction
path involving base-catalyzed epoxide ring-opening in presence
of SA.***” Considering the absence of both side-reactions and
degradation phenomena on GO during the carboxyl-
functionalization, we explored the subsequent reduction of
the obtained carboxyl-rich GO in presence of the green reducing
agent r-ascorbic acid, in order to remove the residual epoxide
and hydroxyl functional groups. In the end, this chemical
reduction affords a water-dispersible RGO, wherein the
numerous carboxyl functional groups ensure an improved
colloidal kinetic stability in water.

To the best of our knowledge, this is the first report of such
synthetic route for the preparation of water-dispersible RGO.

2. Experimental

Commercial reagents and solvents were purchased from Sigma-
Aldrich, Fluka, Alfa Aesar, VWR, TCI and used as received,
without further purification, unless otherwise stated.

Pristine GO (GO) was synthesized by following a reported
procedure with some modifications.*®* Briefly, 69 mL of H,SO,
96 wt% were added to a mixture of synthetic graphite (3.0 g) and
NaNO; (1.5 g) and the mixture was cooled at 0 °C. Then, KMnO,
(9.0 g) was added in portions and the mixture was stirred at 35 °©
C for 30 min. Subsequently, distilled water (138 mL) was added
slowly and the mixture was heated at 98 °C for 15 min. Next,
additional distilled water (420 mL) and H,O, (3 mL, 30% v/v)
were added. For workup, a filtration through a filter paper was
performed and the solid obtained was centrifuged at 4000 rpm
for 30 min in presence of HCl 1.12 M and distilled water (four
times). During this step of purification, the supernatant was
whenever discharged away and replaced with distilled water.
Next, the solid was transferred in a round-bottom flask, then
distilled water was added, and the mixture was stirred for
a night to ensure a proper exfoliation. Next, the dispersion was
sonicated for 30 min and centrifuged at 3000 rpm for 40 min in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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order to recover the yellowish supernatant and discharge, as
precipitate, the graphite oxide that may be present. This
procedure was repeated until obtainment of an almost colorless
supernatant. Finally, the dispersion of GO was dried under
vacuum by means of a rotavapor at 35.0 °C and the solid powder
stored in a desiccator.

Carboxyl-functionalized GO (C-GO), 25.5 mg of GO and
25.5 mg of K,CO;3 (0.18 mmol) were added to 30 mL of dry DMF.
Then, 130 mg of succinic anhydride (SA, 1.30 mmol) were
added, and the mixture was sonicated for 30 min. Subsequently,
the mixture was stirred at 50 °C for 24 h under inert atmosphere
(N,). After this time, the stirring was stopped and, subsequently,
160 mL of diethyl ether were added in order to precipitate the
product. The mixture was then filtered through a filter paper
and the solid collected washed with additional 40 mL of diethyl
ether. Finally, after the complete solvent evaporation, 76.0 mg
of a brown solid were obtained.

For the synthesis of the Fluorinated-GO (F-GO), 13.9 mg of
GO and 14.0 mg of K,CO; (0.10 mmol) were added to 15 mL of
dry DMF. Then, 70 uL of tetra-fluorosuccinic anhydride (0.65
mmol), were added and the mixture was sonicated for 30 min.
Subsequently, the mixture was stirred at 50 °C for 24 h under
inert atmosphere (N,). After this time, the stirring was stopped
and 80 mL of diethyl ether were added in order to precipitate
the product. The mixture was then filtered through a filter paper
and the solid collected washed with additional 20 mL of diethyl
ether. Finally, after the complete solvent evaporation, 55.0 mg
of a brown solid were collected.

Carboxyl-rich Reduced Graphene Oxide (C-RGO) was
synthesized from C-GO. Briefly, 6 mg of C-GO were dispersed in
20 mL of distilled water and the pH was adjusted to =7 by
adding NaOH 0.5 M. After, 60 mg of L-ascorbic acid were added
to the aqueous dispersion and the mixture was stirred at room
temperature for 72 h. Finally, after this time, the black disper-
sion was centrifuged at 4000 rpm for 30 min (five times, four in
water and the last one in ethanol) discharging away the super-
natant and keeping the solid black-precipitate.

Reduced Graphene Oxide (RGO) was synthesized in the same
experimental conditions of C-RGO from pristine GO, rather
than C-GO.

For the acid/base back-titration, a known amount of GO
(about 10 mg) was dispersed in 10 mL of distilled water.
Subsequently, 200 pL of HCI 0.1 M (Normex) was added and
then the resulting solution was titrated with a 0.5 M solution of
NaOH (Normex). For the quantification of acid sites, a Gran Plot
analysis was performed. By plotting the umol of H and OH™ vs.
the volume (pL) of titrant, two linear regions were identified.
The resulting amounts of titrant at the equivalent point (pmo-
leql and umoleq?2) were extrapolated through a linear fitting.
Finally, the total number of acid active sites, expressed in pmol
g™, were calculated by subtracting pmoleq2 from pmoleq1 and
dividing the resulting number by the amount of GO analyzed.
Back-titrations and Gran plot analyses were repeated at least
three times.

For the XPS characterization, an H-terminated Si(100)
surface was used as a support for the drop-casting of 50 pL of
0.06 mg mL~" graphene derivatives dispersions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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UV-Vis measurements were carried out with a Cary 500 UV-
Vis-NIR spectrophotometer. All the spectra were recorded at
room temperature using 10 mm path-length quartz cuvettes.

Atomic Force Microscopy (AFM) measurements were per-
formed in tapping mode on a Veeco AFM Multimode equipped
with Nanoscope IIIa and using a RTESP Bruker tip with nominal
parameters 7 = 8 nm, f = 300 kHz, k = 40 N m~'. The images
were recorded with a 512 x 512 pixels resolution and corrected
by polynomial background filters using the software Gwyddion
2.31. The measurements were performed on an H-terminated
Si(100) surface.

Infrared spectra were recorded on a Varian FT-IR 660
instrument in the range of 4000-400 cm™ ' with a spectral
resolution of 4 cm™" and 32 scans in KBr pellets.

Raman spectra were run at room temperature in backscat-
tering geometry with an inVia Renishaw micro-Raman spec-
trometer equipped with an air-cooled CCD detector and super-
Notch filters. An Ar' ion laser (Ajzser = 514 nm) was used,
coupled to a Leica DLML microscope with a 20x objective. The
resolution was 2 em ™" and spectra were calibrated using the
520.5 cm ™ * line of a silicon wafer. Raman spectra were acquired
in several (6-10) different spots on the surface of the samples.
For GO and its derived-materials, each spectrum was acquired
with 1% of power, 10 seconds of spectral acquisition, and 20
scans. Raman spectrum of succinic anhydride was obtained
with 1% of power, 10 seconds of spectral acquisition, and 5
scans.

XPS measurements were carried out using a modified Omi-
cron NanoTechnology MXPS system equipped with a mono-
chromatic Al Ko (hv = 1486.7 eV) X-ray source (Omicron XM-
1000), operating the anode at 14 kV and 16 mA. The C 1s
photoionization region was acquired using an analyzer pass
energy of 20 eV, while the survey spectra were acquired with
a pass energy of 50 eV. A take-off angle of 21° with respect to the
sample surface normal was adopted. The experimental spectra
were theoretically reconstructed by fitting the secondary elec-
trons background to a Shirley function and the elastic peaks to
pseudo-Voigt functions described by a common set of param-
eters: position, full-width at half-maximum (FWHM), Gaussian-
Lorentzian ratio. The relative amount of the different oxygen-
ated functional groups was determined through the area of the
peaks within the curve fitting envelope of the C 1s region, with
an uncertainty of +10%. For the sake of comparison between
different samples, all intensities (areas) of the peaks were
normalized to the one of the contribution from sp* C atoms in
the C=C network (peak at 284.8 eV).

3. Computational methods

Geometry optimizations of all reactants, products, intermedi-
ates, and transition states were carried out along the entire
reaction paths. Calculations were performed adopting the
B3LYP hybrid GGA functional.** The standard all-electron 6-
311G** triple zeta basis set** plus polarization was used for all
the atoms. Unrestricted calculations were always performed
owing to a RHF/UHF instability verified in some cases. Molec-
ular geometry optimization of stationary points was carried out
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without symmetry constrains and using analytical gradient
techniques. The transition states were searched with the
synchronous, transit-guided quasi-Newton (STQN) method.*
Frequency analysis was performed in order to verify stationary
and saddle points and to obtain thermochemical information at
standard conditions (298.15 K and 1 atm). Owing to the pres-
ence of anionic species among the intermediates, a single point
energy calculation with the addition of diffuse functions in the
basis set was performed on the optimized geometry of all the
investigated species. The force constants were determined
analytically with the harmonic approximation. In order to
evaluate AG of solvation, the SMD variation** of the Polarized
Continuum formalism (PCM)* was adopted. All calculations
were performed using the G16 code® on Linux cluster systems.
Molecular graphics were produced by the CHEMCRAFT graph-
ical package.*®

Pristine and oxidized graphene sheets were modeled
adopting a hydrogen passivated graphene cluster (Fig. 1) of 48
carbon atoms (C48) as a starting point.*”

Oxidized species were then appended on the basal plane and
on the edges to model local environment on the graphene oxide
sheet.

4. Results and discussion

4.1. AFM morphological characterization

The pristine GO material obtained following a modified
Hummers' method (see Experimental section) was studied with
AFM for its morphological characterization. This revealed the
presence of isolated and large bi-layers of GO (Fig. Slat) with
lateral size in the order of micrometers with an average thick-
ness of 1.65 £ 0.15 nm (Fig. S1b¥). The presence of bi-layers in
the AFM micrographs ensures that the starting material used
for the further chemical functionalizations is effectively well-
exfoliated.

4.2. UV-Vis, FTIR and Raman spectroscopy characterization
of carboxyl-rich GO

Subsequently, GO and its derivatives were characterized with
routine spectroscopic techniques. The powder of GO is easily
dispersed in water and its UV-Vis spectrum (Fig. 2, black line)
shows a broad absorption in the full range of visible light, with

Fig.1 Graphene cluster C48 used as model in the DFT calculations.
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Fig. 2 Normalized UV-Vis spectra of GO (black line) and C-GO (red
line) recorded in water at room temperature.

a tail up to 800 nm in addition to the main peak at 232 nm, and
a shoulder at 300 nm due to -7* and n-w* electron transi-
tions, respectively. The carboxylation reaction of GO with SA
yielded a powder (C-GO) well dispersible in water (roughly up to
1 mg mL™"), yet less than GO. Aqueous dispersions of these
samples can be visually inspected in Fig. 3. The UV-Vis spec-
trum of the C-GO water dispersion shows an increased absor-
bance compared to GO, particularly below 232 nm and above
300 nm (Fig. 2, red line), calling for the occurrence of chemical
modifications upon reaction of GO with SA. More specifically,
the increased absorbance above 300 nm hints at an increased
similarity with reduced graphene oxide, suggesting a probable
modification of the oxygen-based functional groups.*®

The FT-IR spectrum of GO (Fig. 4a, black line) shows the
typical aspect, with a broad and intense band observed at
3380 cm ™" due to the stretching modes of O-H bond, arising
from residual adsorbed water molecules, a C=O feature at
1723 cm™ ', belonging to aldehydes, ketones and carboxyl
groups, a further one at 1614 cm ', assigned to the bending
modes of water molecules, and a last one at 1218 cm™?,
assigned to the C-O stretching mode."* The FT-IR spectrum of
C-GO (Fig. 4a, red line) clearly shows the asymmetrical and

Fig. 3 Aqueous dispersions of the samples addressed in this work:
pristine GO (A), C-GO (B), C-RGO (C) and RGO (D).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) FT-IR spectra of succinic anhydride (blue line), C-GO (red line) and GO (black line). (b) Magnified spectra in the methylene stretching

region.

symmetrical stretching vibrations of the methylene (-CH,-)
groups localized at 2945 and 2918 cm™ ", respectively.

It is noteworthy that the comparison with the spectrum of
pure SA (Fig. 4a and b, blue line) shows that the wavenumber of
methylene stretching increases when this group is part of
a strained ring, as in SA, supporting the hypothesized ring
aperture of the anhydride as a consequence of the esterification
reaction on GO.* Furthermore, in C-GO, differently to the case
of pure SA which displays two carbonyl stretching bands local-
ized at 1855 and 1773 cm™ !, a wide band between 1630-
1730 cm ™' is observed. This feature calls for the presence of
both ester and carboxyl/carboxylate functional groups.*®

The Raman spectrum of pristine GO shows the prominent D
and G bands centered at =1362 cm ™' and =~1600 cm ™ (Fig. 5a,
black line). Notably, after the carboxyl-functionalization reac-
tions the intensity of the D band, which is associated to the ring-
breathing mode from sp* carbon-rings adjacent to an edge or
defect, increases. Starting from GO, characterized by an I,/Ig =
0.83, this ratio increases to 0.87 in C-GO (Fig. 5a, red line).

Moreover, the D band is affected not only in terms of intensity,
but also in its position, which is red-shifted of =9 cm™*
(Fig. 5a). Furthermore, the Raman spectra in the high energy
region (2400-3200 cm ™", Fig. 5b), where the 2D and D + G bands
of GO can typically be found, show the presence in C-GO of
narrow features at 2933 and 2949 cm ' (Fig. 5b, red line) which
can be traced back to the methylene stretching of pure SA
(Fig. 5b, black line). These contributions, as already detected in
FT-IR spectra (Fig. 4b), are found to redshift of =39 cm ™" also
in Raman spectra, as expected if the ring aperture of anhydride
is taken into account. On the other hand, the presence of
unreacted SA within the C-GO sample can confidently be ruled
out according to the Raman spectrum of pure SA (Fig. S27).
Overall, both FT-IR and Raman spectroscopy experimental
observations provide a robust evidence of the presence of new
signals to be associated to reacted SA, which confirm the
occurrence of functionalization.® At the same time, the occur-
rence of a slight reduction can be envisaged on the basis of the
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(a) Raman spectra of C-GO (red line) and GO (black line). (b) Raman spectra of C-GO (red line) and SA (black line) in the high-energy
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Fig. 6 (a) pH curve observed upon backtitration of GO (0.76 mg mL™?) with NaOH, after the addition of 20 equiv of HCL. (b) Gran plot obtained
from the data of (a). (c) pH curve observed upon backtitration of C-GO (0.27 mg mL™) with NaOH, after the addition of 30 equiv of HCL. (d) Gran
plot obtained from the data of (c). In the plateau regions, the acid/base sites of GO, are being deprotonated.

increment of the Ip/Ig ratio in the Raman spectra of C-GO
(Fig. 5a, red line).*"*

4.3. Back-titration of acidic groups on carboxyl-rich GO

It is well known that the bidimensional material GO is rich in
oxygen-based functional groups. In particular, epoxide and
hydroxyl groups are mainly localized in the basal plane, whereas
the less numerous carboxyl groups can be found at the edges of
the layers. The native pH of a freshly prepared aqueous
dispersion of GO at concentration 0.76 mg mL ' was 2.8,
proving the presence of acidic groups. To evaluate the number
of acidic groups in the structure of GO, a back-titration was
performed (see Experimental section for details). As reported in
Fig. 6a, GO was titred in the range of pH 4-9. Notably, three
different pK, values were observed: (i) 4.3, typically attributed to
carboxyl groups in ortho-position with respect to hydroxyl ones;
(ii) 6.6, to be assigned to isolated carboxyl groups, and (iii) 9.0,
from phenol-like hydroxyls, in accordance to the literature.*
The linearization of the titration curve of GO (Fig. 6b), by means
of the Gran Plot analysis, afforded a value of 2200 £+ 100 pmol
g~ " of acidic sites.’** The same experiment was performed on
the functionalized C-GO, providing a value of 16 300 + 2600
umol g~ * of acidic sites (Fig. 6¢ and d), and a clearly visible pK,
of =4.8 (associated to the most abundant acidic species), close
to that of propionic acid. The detected increment of acidic sites
is most probably due an increased concentration of carboxyl
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groups, strongly pointing at a well-behaved functionalization
reaction.

4.4. X-ray photoelectron spectroscopy of carboxyl-rich GO

XPS spectroscopy is a fundamental tool for the investigation of
the surface functionalities of GO-based materials.?*51:52:56:57
The deconvoluted C 1s spectra of GO and its carboxylated
derivatives are reported in Fig. 7 (see Table S17 for details). The
C 1s spectrum of the pristine GO displays the two main peaks
ascribable to the sp” C network at 284.8 ¢V (red shaded curve in
Fig. 7a) and a convolution of C-O bonds from hydroxyl and
epoxide groups at 286.9 eV (blue and green curves in
Fig. 7a).>****® The shoulder at higher binding energy (BE) is
deconvoluted into two components, assigned to carbonyl/
carboxylate groups, at 288.1 eV (magenta curves in Fig. 7), and
to the less abundant carboxyl moieties at 289.2 eV (yellow curves
in Fig. 7), whose normalized area (see Experimental section) is
about 0.06 (Table 1).°® After the carboxylation reaction with SA
in the presence of K,CO; as a base, the C 1s XPS spectrum of C-
GO sensibly changes (Fig. 7b). The first apparent difference is
the significant abatement of the epoxide component at
287.1 eV, whose area contribution dramatically drops from 0.75
to 0.28 (see Table 1), which strongly points at a participation of
these functional groups in the reaction of functionalization, as
anticipated before.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 XPS spectra in the region C 1s of GO (a), C-GO (b), and F-GO (c).
Experimental data are reported in dots, while fitting reconstruction is
represented with a continuous line and color-filled curves corre-
sponding to the various functional groups. Color code: red: sp? C=C;
blue: hydroxyl; green: epoxy; magenta: carbonyl/carboxylate; yellow:
carboxyl; light cyan: methylene; violet: ester/hydroxyl (see text); dark
yellow: di-fluoromethylene.

Moreover, an additional small component is needed for
a proper reconstruction of the experimental profile at 285.4 eV
(light cyan curve in Fig. 7b). This contribution can be assigned

Nanoscale Advances

to the methylene groups within the succinate moiety, suppos-
edly bound to GO after functionalization (vide infra).”®*
Furthermore, in the spectrum of C-GO, the component at
286.6 eV (violet curve in Fig. 7b), typically assigned to hydroxyl
groups in GO, may receive contribution also from estereal
C-O(C=0)- atoms of graphene oxide, should this be bound to
the succinate moiety after reaction with SA (vide infra).>**° As to
the intensity of this peak, it is found that its normalized area
remains nearly constant compared to pristine GO (0.25 vs. 0.26,
Table 1). This suggests that a diminution of the reactive
hydroxyl groups is equally counterbalanced by the build-up of
estereal functionalities upon carboxylation reaction with SA, as
expected considering a direct O-acylation mechanism. Another
striking feature of the C 1s XPS spectrum of C-GO is the
combined increase of the signal of both carbonyl/carboxylate
groups at 288.2 eV and carboxyls at 289.3 eV compared to
pristine GO (see Table 1), which strongly supports the accom-
plishment of its chemical modification via carboxyl enrich-
ment. The increment of the carbonyl/carboxylate signal at
288.2 eV also suggests an increased number of carbonyl groups,
which may derive, through resonance effect, from edge enolate
groups close to epoxides reactive towards carboxylation with SA
(vide infra).

Overall, besides the obvious increase in carboxyl features,
the decrease of epoxides, coupled to the perfect counterbalance
between hydroxyls and estereal carbon atoms, and the increase
of carbonyl groups, nicely matches with a picture of the
carboxylation reaction where both edge enol-like and basal
epoxide groups are reactive towards SA (vide infra, theoretical
modelling).

In order to support these findings, XPS spectra were recorded
also from the GO sample reacted with the fluorinated derivative
of SA (F-SA). In this case, the fluorine atoms of the opened
anhydride possibly appended to the GO sheet constitute an
easily detectable tag in the XPS spectrum, both in the F 1s (see
Fig. S31) and in the C 1s region, which may render easier the
identification of the reaction products. The C 1s XPS spectrum
of F-GO (Fig. 7c) displays, in comparison to the pristine GO,
a substantial intensity decrease of epoxide groups (0.40 vs. 0.75),
with the hydroxyl/estereal area contribution constant at 0.26.
The amount of carbonyl/carboxylate moieties rises up with
a normalized area of 0.28, while undissociated carboxyl groups
at 289.2 eV show an area of only 0.04. In this case, the fluori-
nated methylene groups, -CF,—, of the appended succinate
moiety display an intense chemical shift which make them

Table 1 Area ratios” of oxygenated functional groups versus C=C (Cqp2) from C 1s XPS spectra of GO, C-GO, F-GO, C-RGO and RGO

Sample C-OH/Cgp C-0-C/Cgp? C=0 + COO /Cyy COOH/Cy, ~CH,~/Cyy ~CF,~/Cqp
GO 0.26 0.75 0.19 0.06 — —

C-GO 0.25” 0.28 0.30 0.06 0.11 —

F-GO 0.26” 0.40 0.28 0.04 — 0.14
C-RGO 0.07” 0.01 0.17 0.03 0.03 —

RGO 0.28 0.21 0.12 0.06 — —

“ Associated error is £10%. ” In C-GO, F-GO and C-RGO the C-OH signal is also contributed by the estereal C-O(C=0)- atoms of graphene oxide

bound to the succinate moiety, which display the same BE as C-OH.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Adv., 2023, 5, 893-906 | 899



Nanoscale Advances

Fig. 8 Reaction scheme for the synthesis of C-GO.

clearly visible at 290.0 eV (dark yellow curve in Fig. 7c). These
results, together with the F 1s spectrum (Fig. S3t), further
support the validity of the applied method for a carboxyl
enrichment of GO.>

4.5. Theoretical modelling of the carboxylation reaction
mechanism

On the basis of the obtained experimental results, a two-fold
reaction path can be envisaged for the reaction of GO with SA
in aprotic solvent in the presence of K,COj3. These hypothesized
routes are the direct O-acylation at edge phenolates and the
ring-opening of basal epoxide, as schematized in Fig. 8 (see
Fig. S41 for the corresponding scheme in the presence of F-SA).
The obtained C-GO product is expected to be functionalized
with linear succinate moieties.

With these premises, the reaction of SA with GO to form the
carboxyl-functionalized GO (C-GO) was modeled into the DFT
framework to acquire useful information on the mechanisms
underlying the carboxylation process. Both investigated reac-
tion paths involve a nucleophilic attack of the GO oxygenated
species on the SA carbonyl group, and both require an acid-
base activation, in order to enhance the nucleophilic nature of
the GO functionalities. The acid-base activation is promoted by
the carbonate ion (see Experimental section), which extracts

DMF, K,CO,

Paper

a proton from an acidic site on the GO. Beside the carboxyl
groups, also enol/phenol groups can be involved in this proton
transfer process in presence of a strong enough base. Therefore,
the first modelled reaction path involves the approach of SA
carbonyl to the enolate/phenolate group located at the GO edge
(Fig. 9, path 1).

The second path considered involves the approach of a SA
carbonyl group to an epoxy group located on the GO basal plane,
which turns an edge phenolate/enolate group into a carbonyl,
while promoting the epoxide opening (Fig. 9, path 2). Our
model starts by considering the epoxide group located in posi-
tion 3,4 with respect to the hydroxyl. The activation step is
shared by both mechanisms and it is slightly esoergonic (AG =
—4.3 keal mol ™). Geometrical analysis of the system before and
after the acid-base proton transfer reveals that the C-OH
distance (1.37 A) is strongly reduced after the proton transfer
(C-O = 1.24 A), while charge analysis shows that the negative
charge increases on passing from enol to enolate (—0.3 vs. —0.5,
respectively). It is worthy of note that also the negative charge
on the epoxide group slightly increases after the proton transfer
(0.00 vs. —0.1, respectively) as a consequence of the partial
delocalization of the negative charge on both oxygen species. At
this point, the approach of SA can occur towards either the edge
enolate group, leading to mechanism (1), or to the basal epoxide
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Fig. 9 Reactivity of GO toward SA in presence of K,COz with two different reaction paths.
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edge enolate attack (path 1)

epoxide ring opening (path 2)

Fig. 10 Energy profiles for the proposed mechanisms of the O-acylation of GO promoted by SA.

group, leading to the epoxide ring-opening (2). Computed
energy profiles reveal that mechanism (2) is preferred over
mechanism (1), with an evaluated Gibbs free energy barrier of
26.8 kcal mol ™' and 30.7 kcal mol ™", respectively (Fig. 10).
Notably, without the initial base activation, the carboxylation
step does not occur.

Moreover, it was found that the epoxide ring-opening
mechanism occurs preferentially when enol and epoxide
groups are closely located within the carbon network. In fact,
moving the epoxide far from the enol brings about a parallel
increase in the energy barrier for its ring-opening mechanism
(Table 2).

By contrast, the energy barrier for the acylation of the eno-
late, simultaneously decreases with the epoxide distance. This
inverted behavior of the two mechanisms with respect to the
distance between enolate and epoxide groups can be explained
by their different nucleophilic character. By following the
charge population on both the enolate and epoxide O atoms, it
appears evident that moving the epoxide away from the enolate,
the negative charge increases on the enolate O atom, while
decreases on the epoxide (Table 2). As a consequence, at short
distance the nucleophilic character of epoxide is slightly
enhanced compared to long distance. This effect favors the SA
approach to the epoxide group, rather than to the enolate, in

Table 2 Energy barrier (kcal mol™) for both carboxylation paths and charge analysis parameters evaluated at two different distances between

the enolate and the epoxide groups

Short distance

Long distance

Enolate-epoxide distance (A) 4.0
Path 1, AG} (kcal mol™) 30.7
Path 2, AG} (kcal mol ") 26.8
Charge on enolate —0.749
Charge on epoxide —0.607

© 2023 The Author(s). Published by the Royal Society of Chemistry
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—0.784
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Fig. 11 Possible reaction scheme for the synthesis of C-RGO.

those regions of the GO sheet where they are both present and
close to each other.

From the above results, it emerges that the carboxylation
process occurs preferentially in proximity (epoxide ring-opening
mechanism) or at the edge (O-acylation on the enolate) of the
GO sheet, with the latter process being less probable. The
activation step, consisting in the proton transfer from the GO
surface to the carbonate, is fundamental for the carboxylation
process. The negative charge thereby resulting can be delo-
calized on an epoxide group in the close vicinity, promoting the
ring-opening mechanism, in keeping with the depression of the
epoxide signal observed by XPS in the C-GO sample.

4.6. Spectroscopical characterization of chemically reduced
carboxyl-rich GO

In order to obtain a water dispersible reduced graphene oxide,
the effect of using ascorbic acid (AA) as a reducing agent on C-
GO was investigated (Fig. 11). The expected reduced graphene
oxide derivative will be referred to as C-RGO.

AA is a known reducing agent toward the epoxide and diol
functional groups of GO, with no reported effects on the
carboxyl functionalities.?*3%515°

The black-powder of C-RGO collected after the purification
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HO

0.06 mg mL™', strongly suggesting that the purpose of the
reaction was successfully reached. The UV-Vis spectrum shows
that the shoulder localized at 232 nm in C-GO is red-shifted to
255 nm in C-RGO, whereas the other shoulder at 300 nm
associated to the n-w* electron transitions disappears
(Fig. 12a). Furthermore, in C-RGO, absorption in the whole
range of visible light is dramatically enhanced, as a conse-
quence of the restoration of the m-conjugated C texture, in
accordance to the literature.’>**

The Raman spectrum (Fig. 12b) of C-RGO in the region of D
and G bands, shows an increased I/l ratio (0.92) compared to
C-GO (0.86), a trend which is fully coherent with reduction of
a graphene oxide based material.***">?

The C 1s XPS spectrum of C-RGO (Fig. 13a) shows a dramatic
decrease of the hydroxyl and epoxide groups related features
(see Table 1) compared to C-GO, as a consequence of the further
elimination of these moieties operated by AA. In particular, the
peak due to the residual epoxide groups almost disappears
(normalized area: 0.01 vs. 0.28 in C-GO). In addition, the
hydroxyl/ester signal at 286.3 eV also decreases (normalized
area: 0.07 vs. 0.25 in C-GO), with a residual intensity most likely
contributed by the ester groups alone, deriving from the
carboxylation reaction. Finally, the XPS spectrum of C-RGO
displays, in comparison to its starting material C-GO, a lower,

turned out to be easily dispersible in water (see Fig. 2), up about ~yet significant, content of carbonyl/carboxylate groups
——C-RGO
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GO (black line) and C-RGO (red line).
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(a) Normalized UV-Vis spectra of C-RGO (red line) and C-GO (black line) recorded in water at room temperature. (b) Raman spectra of C-
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Fig. 13 XPS spectra of the C 1s region of (a) C-RGO and (b) RGO.
Experimental data are reported in dots, while fitting reconstruction is
represented with a continuous line and color-filled curves corre-
sponding to the various functional groups. Color code: red: sp? C=C;
blue: hydroxyl; green: epoxy; magenta: carbonyl/carboxylate; yellow:
carboxyl; light cyan: methylene; violet: ester/hydroxyl (see text).

(normalized area: 0.17 vs. 0.30), and of undissociated carboxyl
groups (normalized area: 0.03 vs. 0.06). This clearly demon-
strates that the carboxyl enrichment is preserved after reduction
with AA. To further support the interpretation of C 1s XPS
results, an additional control experiment was performed, by
applying the same reduction protocol with AA to the pristine GO
(see Experimental section). The obtained product (RGO) turned
out to be hardly soluble in water, and its C 1s XPS spectrum
(Fig. 13b) shows, in comparison to C-RGO, a much more
prominent intensity in the OH/epoxide region (yet much lower
than pristine GO), and a lower intensity of the carbonyl/
carboxylate related features.

5. Conclusions

In summary, we investigated a one-pot carboxylation reaction of
GO through a novel sustainable synthetic procedure, which
employs succinic anhydride. The obtained novel functionalized
material was characterized by means of spectroscopic and
analytical methods, which evidenced the nature and extent of
the chemical modifications, confirming the occurrence of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a carboxyl-enrichment of the GO sheet. DFT calculations were
conducted to support the interpretation of the experimental
results, and put in evidence a twofold reactivity of GO in pres-
ence of succinic anhydride and a strong enough base, such as
potassium carbonate, which provides deprotonation of edge
hydroxyl groups. In particular, an (unprecedented) ring-opening
based reactivity of epoxide groups towards succinic anhydride,
more favored when proximal to hydroxyls at the edges of the
sheet, was demonstrated. This reaction route was found to be
more probable than that directly involving deprotonated edge
hydroxyls (direct O-acylation), which may however partially
contribute to the overall process. This synthetic route to
carboxyl-rich GO constitutes an improvement over use of
hazardous chemicals, such as cyanides, and may be particularly
desirable in those applications were a high concentration of
carboxyl groups is required, e.g. preparation of supramolecular
hydrogels, catalysis and heavy metal ions removal from
wastewater.

The obtained carboxyl-enrichment of GO was then employed
to achieve a reduced graphene oxide material with the advan-
tage of being water-dispersible, through reaction with r-ascorbic
acid, a mild and green reducing agent. According to the spec-
troscopical results, we demonstrated that the carboxyl func-
tionalities preliminary appended to the structure of GO are not
involved in the subsequent reduction process, which selectively
operates on epoxide groups, ensuring a significantly improved
colloidal kinetic stability in water, compared to reduced gra-
phene oxide material obtained with traditional methods. The
chemical reduction of a formerly carboxylated GO is more
advantageous than the carboxyl-functionalization of a RGO
sample, since, in this latter case, the amount of oxygen-based
functional groups available to react with SA would be very low.

Improvements in water-dispersibility of reduced graphene
oxide materials may result prominently beneficial in fields like
smart electronic-textiles, environmental chemistry, biomedi-
cine and nano-scaffolding. In particular, considering the known
dependence of biocompatibility of the graphene-based nano-
materials on the amount and type of oxygen groups, C-RGO
could be beneficial in the numerous biological applications
where cells growth and differentiation require the presence of
acidic functions.
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