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Graphene oxide (GO) is one of the most popular materials applied in different research areas thanks to its
unique properties. The application of GO requires well-designed protocols to introduce different
functionalities on its surface, exploiting the oxygenated groups already present. Due to the complex and
unstable chemical environment on the GO surface, it is recommended to perform the functionalization
under mild conditions. The carboxylation of GO is a widely used method to introduce additional
carboxylic acids, which could be further modified through amidation or esterification reactions. The
strategy already reported in the literature requires harsh conditions (excess amount of sodium
hydroxide). GO is readily reduced under basic conditions, but the reduction of GO during the
carboxylation is barely studied. In this work, we performed the carboxylation using chloroacetic acid with
different amounts of sodium hydroxide and characterized the functionalized GO with various techniques.
The carboxylated GO was exploited to develop a double functionalization approach combining an
epoxide ring opening reaction and an amidation. The results showed that strong basic conditions were
necessary to derivatize GO. Nevertheless, these conditions resulted in a partial reduction of GO and
some functionalities on GO were removed during the reaction, thus reducing the total efficiency of the
functionalization in comparison to an epoxide ring opening reaction, indicating that carboxylation is not
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Introduction

Over the past two decades, GO has attracted large interest and is
one of the most popular nanomaterials with great potential
applications in different fields covering energy storage,"* anti-
bacterial agents,** biosensing,” diagnosis and therapy,*® and
artificial muscles.' GO is the oxidized form of graphene, usually
prepared by the oxidation of graphite using strong acid treat-
ments."""* It consists of a hexagonal ring-based carbon network
with abundant oxygen-containing functional groups such as
epoxides and hydroxyls on the basal plane, as well as carboxyl
and carbonyl groups at the edges, along with limited localized
graphitic domains.”® These oxygenated functional groups
endow GO with unique properties including high dispersibility
in water," good biodegradability,''® optical transparency and
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an efficient approach for the functionalization of GO.

photoluminescence quenching.'”*® The high surface area of GO
allows adsorption of a large amount of drugs,*'® RNA?*** or
nanoparticles,” while bioactive molecules can also be cova-
lently conjugated via the oxygenated groups.?® The possibility of
grafting functionalities onto the surface of GO greatly extends
its application to different areas.”**” Compared to noncovalent
complexation, covalent functionalization enables us to prepare
more stable conjugates and minimize the release of molecules
adsorbed onto the GO surface, especially for biological appli-
cations. Several strategies have been reported to functionalize
GO covalently by targeting different functional groups such as
carboxylic acids,”® epoxide rings* and hydroxyl groups®*>?
allowing the development of approaches for double function-
alization.*"**** However, the derivatization of the carboxylic
acids leads to very low loading efficiency compared to the
functionalization of the hydroxyl and epoxide moieties, due to
the limited amount of COOH on GO.* Therefore, a higher
amount of carboxylic acids would broaden the possibilities for
multi-functionalization of GO with a high loading efficiency.
Because of their large surface area, two-dimensional materials
have a limited amount of functional groups at the edges in
comparison with the basal plane. In order to increase the
amount of carboxyl groups on GO, a method of carboxylation
was developed through the derivatization of hydroxyls with
chloroacetic acid in the presence of sodium hydroxide.***” The
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prepared carboxylated GO was further derivatized with amine-
containing functionalities by amidation.*****® However, it was
reported that the use of a strong base often causes deoxygen-
ation resulting in the partial reduction of GO,***° thus changing
its properties and influencing the efficiency of the functionali-
zation. Although some articles already reported the partial
reduction of GO during carboxylation using chloroacetic acid
and sodium hydroxide,*>** the effect of this deoxygenation on
the functionalization efficiency of GO is still not clear. Under
most conditions, a wide concentration range of sodium
hydroxide solutions was used from 123 mM to 4 M, with 3 M
being the most commonly used.

To clarify the impact of a strong alkaline solution on GO, we
prepared carboxylated GO using different molarities of sodium
hydroxide and performed characterization by X-ray photoelec-
tron spectroscopy (XPS), thermogravimetric analysis (TGA),
transmission electron microscopy (TEM), magic angle spinning
(MAS) NMR and FT-IR spectroscopy. The introduction of the
carboxylates was observed along with a partial reduction of GO.
The efficiency of multifunctionalization of the carboxylated GO
was evaluated by the epoxide ring opening and amidation
reaction.

Results and discussion

(1) Carboxylation of GO with high amount of sodium
hydroxide

Large GO flakes (30 um) were prepared following a modified
Hummers method. By using a jet mill with a 0.1 mm nozzle, GO
with an average lateral size of 1 um was obtained.** We first
derivatized GO with chloroacetic acid under strongly basic
conditions following the protocol published by other groups to
increase the amount of carboxylic acids.?” Briefly, the pristine
GO was dispersed in 3 M sodium hydroxide solution followed by
the immediate addition of chloroacetic acid (Scheme 1). After
washing and dialysis, the resulting GO 1 was characterized by
XPS, TGA, FT-IR and TEM.

XPS provides information on the chemical composition of
the surface of GO (Fig. 1). The atomic percentage compositions
of the pristine GO and GO 1 were measured (Fig. 1a and c,
respectively), presenting a C/O ratio of 2.6 for the starting GO
and 3.0 for GO 1. The increase of the C/O ratio after carboxyl-
ation was certainly due to a partial reduction of GO,* indicating
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that some of the oxygen-containing functional groups were
removed during the reaction. The reduction of GO was also
supported by the analysis of the high resolution C 1s spectra.
The C 1s spectrum of the pristine GO exhibited two major peaks
assigned to the C-C bond at 284.8 eV and the C-O bond from
alcohols and epoxides at 286.6 eV (Fig. 1b). The shoulder in the
288.1 to 289.1 eV region could be deconvoluted into two
components, the carboxyl groups in the region from 288.7 eV to
289.1 eV and the carbonyl groups from 288.1 eV to 288.3 eV. The
C 1s spectrum changed significantly after the reaction (Fig. 1d).
The carboxyl groups on GO increased from 3.9% to 6.2%,
proving the successful modification of GO with carboxylic acids.
However, a significant decrease of the C-O component from
44.0% to 28.7% was also observed, confirming the partial
reduction of GO during the reaction.*® Some labile oxygenated
groups and oxidative debris*® were likely removed from the GO
surface during the treatment with sodium hydroxide. Some of
the epoxide rings were probably opened by OH™ and the
hydroxyl groups could be further reduced by OH™ with the
assistance of Na" and water molecules, resulting in the forma-
tion of CO,, vacancy defects and extension of conjugation, as
previously reported.***” The partial reduction of GO affects its
intrinsic properties and may decrease the loading of molecules
conjugated to the COOH groups. The high resolution O 1s peak
was deconvoluted into three components: C=0 (531.4-530.3
eV), C-O (533.0-532.0 eV) and H,0 (535.2-534.8 eV). The
increase of the C=O component from 5.0% to 5.7% after
carboxylation was not very significant, probably due to the
contribution of the chloroacetic acid moiety to both peaks
(Fig. S17).

The reduction of GO was corroborated by thermogravimetric
analysis under an inert atmosphere (Fig. 2a). The TGA curve of
the pristine GO showed two main weight losses due to (i)
physisorbed water (30-100 °C) and (ii) decomposition of labile
oxygenated groups (~150-200 °C). As evident in Fig. 2a, the TGA
curve of GO 1 displayed a higher thermal stability in the 150-
200 °C region and the total weight loss was lower.*” The increase
of the thermal stability could be attributed to the partial
reduction of GO by removal of some labile oxygen-containing
groups.

The GO samples were characterized by attenuated total
reflectance (ATR) FT-IR spectroscopy (Fig. 2b). The spectrum of
the pristine GO displayed a broad peak around 3400 cm™*

3 M NaOH in water
Sonication, 2h
Stirring, 14h

Scheme 1 Carboxylation reaction on GO. For the sake of clarity, only one hydroxyl group is derivatized and the epoxide rings are closed. The
epoxide ring opening by sodium hydroxide is under an equilibrium and some of the C—O™~ groups can close again to form a ring.4>43
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Fig. 1 XPS survey spectra (a and c) and high resolution C 1s (b and d) spectra of pristine GO (top row) and GO 1 (bottom row).

assigned to the O-H stretching of the adsorbed water and the
hydroxyl functionalities of GO.* The band at 1723 cm™* was
attributed to the stretching of C=O groups. The peak at
1619 cm ™' corresponded to the H-O-H bending vibration of
water molecules and the skeletal C=C bond vibrations of the
graphitic domains. The band at 1371 cm ™" was assigned to the
O-H bending vibration. The C-O-C vibration band of the
epoxides was located at 1232 cm ™" and the peak at 1143 cm ™"
was assigned to the C-O stretching. After the carboxylation, the
stretching band of C=0 at 1723 cm™ " was still present as well as
the O-H stretching at ~3400 cm ™.

The morphology of GO was characterized by TEM (Fig. S21).
The GO sheets have an average lateral dimension of around 1
pum and a wavy shape with folded edges. After carboxylation, the
morphology of GO was not affected.

Although the carboxylation method using chloroacetic acid
and sodium hydroxide has been widely used for GO surface
modification, the partial reduction of the material was never
clearly mentioned. On the other hand, the reduction of GO in
strongly alkaline solution at room temperature has been re-
ported by several groups,******* and it has been proved as an
efficient way to produce reduced GO.*

To better understand the effect of the partial reduction on
GO functionalization, we combined an epoxide ring opening

This journal is © The Royal Society of Chemistry 2020

reaction and the carboxylation of GO followed by an amidation
using  O-(2-aminoethyl)-O’-[2-(Boc-amino)ethyl]decaethylene
glycol (BocNH-PEG;,-NH,) in the presence of activating agents
(EDC/NHS) to achieve the double functionalization (Scheme 2).
The colorimetric Kaiser test was used to determine the amount
of amino-PEG groups grafted onto GO after Boc depro-
tection.*>*>*® The epoxide ring opening reaction was first per-
formed since the epoxides easily react with amines through
a nucleophilic addition forming C-N bonds and new hydroxyl
groups,® which can be further derivatized with chloroacetic
acid. For this purpose, the pristine GO was mixed with BocNH-
PEG,,-NH, in water and stirred for 3 days at room temperature
(Scheme 2). After washing and dialysis, GO 2 was obtained. The
amount of primary amines on GO 2 was assessed by the Kaiser
test after Boc deprotection and it was estimated to be 59 pmol
g~ ', proving that the PEG chain was successfully grafted onto
GO (Fig. 3a). For the carboxylation procedure, GO 2 was mixed
with chloroacetic acid in the presence of 3 M sodium hydroxide
under bath sonication following the protocol described above,
leading to GO 3 (Scheme 2). We cannot exclude that chloro-
acetic acid may also react with the secondary amine of the PEG
chain introduced after the epoxide ring opening. However, the
close proximity of this secondary amine with the surface of GO
likely hampers such a derivatization due to steric

Nanoscale Adv., 2020, 2, 4085-4092 | 4087
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100+ inaccessibility. The Kaiser test of GO 3 after Boc deprotection
a) revealed that the amount of amines decreased to 14 umol g~*
after the carboxylation (Fig. 3a), indicating that the PEG chain
may be partially removed during the reaction due to the partial
reduction of GO during the carboxylation step. GO 3 was further
reacted with BocNH-PEG;,-NH, through amidation in the
presence of EDC/NHS to give the double functionalized GO 4.
An increase of the amount of primary amines was measured by
254 —GO the Kaiser test (27 pmol g '), confirming that the PEG chain was
——GO1 linked to GO through amidation of the carboxyl groups (Fig. 3a).
Meanwhile, a control reaction was performed by directly graft-
200 400 600 800 ing BocNH-PEG;,-NH, on GO 2 through amidation obtaining
Temperature (°C) GO 4-CTR (Scheme S17). The Kaiser test value (62 pmol g™ )
showed a little increase compared to GO 2 (Fig. 3a), thus con-
firming that there is only a limited amount of carboxyl groups at
the edges of GO and that the reaction with chloroacetic acid
allows more COOH moieties to be introduced on GO.

The removal of some functional groups during the carbox-
ylation step due to the strongly basic conditions was confirmed
by thermogravimetric analysis (Fig. 3b). Compared to the
starting GO, GO 2 displayed another weight loss region located
between 200 and 400 °C, corresponding to the degradation of
—GO1 the PEG chain bound to GO. However, GO 3 showed a higher
thermal stability compared to GO 2, probably due to the deox-
4000 3500 3000 2500 2000 1500 1000 ygenation under strongly basic conditions. After the amidation

Wavenumber (cm™) reaction, more PEG chains were grafted onto the GO surface,
resulting in a higher weight loss for GO 4 between 200 and
400 °C. Overall, the TGA results confirmed the successful
double functionalization of GO thanks to the presence of the

754

504

Weight (%)

Transmittance (a.u.) ~

Fig. 2 (a) TGA of the pristine GO and GO 1 performed in an inert
atmosphere. (b) FT-IR spectra of the pristine GO and GO 1.

BOC\NH

A

< H
Boc” o0k,

3M NaOH in water
Sonication, 2h
Stirring, 14h

Water
3 days

H
E;oc’N\/’eo/\')f‘,)\/\NH2

EDC,NHS
DMF
Stirring, 14h

Scheme 2 Double functionalization of GO combining the epoxide ring opening reaction and the carboxylation reaction. For the sake of clarity,
only one type of functional group is derivatized.
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Fig. 3 (a) Kaiser test of GO 2, GO 3, GO 4 and GO 4-CTR, and (b) TGA of
the pristine GO, GO 2, GO 3 and GO 4 performed in an inert atmosphere.

additional carboxyl groups. Nevertheless, the distinct thermal
properties of GO 3 compared to GO 2 revealed that some
functionalities were partially removed during the carboxylation
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step. The XPS analysis also confirmed the removal of some
functional groups during the reaction (Fig. S31). After the
carboxylation step, the ratio of nitrogen atoms on GO 3
increased from 1.0% to 1.8% compared to GO 2 due to the
partial deoxygenation on GO. After the amidation reaction, the
%N in GO 4 increased to 2.1%, proving that more PEG chains
were grafted onto the GO surface.

With a combined epoxide ring opening and carboxylation/
amidation, a stepwise double GO functionalization was
successfully achieved. But, the partial reduction of GO resulted
in a lower efficiency of total functionalization and limited this
method to a certain extent for further application.

(2) Carboxylation of GO using a reduced amount of sodium
hydroxide

In order to limit the significant reduction of GO during the
carboxylation, we repeated this reaction using a lower amount
of sodium hydroxide. The carboxylation of GO was performed in
a sodium hydroxide solution at different pH values, at pH 9
(107> M NaOH in water) and pH 13 (0.1 M aqueous NaOH),
giving GO 5a and GO 5b, respectively (Scheme 3). Both samples
were characterized by XPS (Fig. 4). However, based on the C 1s
spectra, we could not observe an evident increase of the amount
of carboxyl groups in both cases, indicating a lower efficiency of
carboxylation. Moreover, the C-O component of GO 5a
decreased to 39.7% compared to the pristine GO (44.0%),
revealing a slight reduction of GO at pH 9. The reduction was
more pronounced in GO 5b (35.0% C-O) due to the higher pH.
These results are consistent with an increase of the C/O ratio
calculated from the survey spectra, from 2.6 for the pristine GO
to 2.8 for GO 5a and 3.0 for GO 5b.
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Fig. 4 XPS survey spectra (a and c) and high resolution C 1s (b and d) spectra of GO 5a (top row) and GO 5b (bottom row).
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Fig.5 TGA of the pristine GO, GO 5a and GO 5b performed in an inert
atmosphere.

pristine GO

GO 5a
GO 5a-CTR
300 200 100 0 [ppm]

Fig.6 3C DP/MAS NMR spectra of the pristine GO, GO 5a and GO 5a-
CTR.

GO 5a and GO 5b were also characterized by TGA (Fig. 5).
Both GO samples displayed a slightly higher thermal stability
than the pristine GO at around 200 °C, which could be assigned

NaOH in water
Sonication, 2 h
Stirring, 14h
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to the removal of labile oxygen-containing groups. The TGA
results are in agreement with the XPS data, showing a slight
reduction of GO during the carboxylation step.

In order to clarify the low efficiency of the carboxylation
reaction at lower pH, the pristine GO and GO 5a were charac-
terized by quantitative **C direct polarization (DP) solid state
MAS-NMR (Fig. 6). A control reaction was also performed under
the same conditions but without adding chloroacetic acid
leading to GO 5a-CTR (Scheme S27). Detailed analysis of **C
spectra required line shape fitting (Fig. S4f) with a CSA
(Chemical Shift Anisotropy) model in order to get the intensities
for inner components of each broad band (Table S17). The **C
NMR spectrum of GO confirmed the presence of abundant
epoxides and hydroxyl groups with a strong band at 60.1 ppm
and 69.8 ppm, respectively, and C=C bonds (peak at ~130
ppm).2>*>*> The peak of the carboxyl groups around 164 ppm is
negligible since the amount of carboxyl groups located at the
edges of the pristine GO sheets is very low.> After the carbox-
ylation reaction, unfortunately, the band of the carboxyl groups
did not increase, confirming the inefficiency of the reaction at
a lower pH.

The intensity of the peaks of the epoxides decreased from
22% in the pristine GO to 16% in GO 5a and GO 5a-CTR, while
hydroxyls showed a little increase from 20% in pristine GO to
23% in GO 5a and 22% in GO 5a-CTR, respectively (Table S17).
The difference in the peak areas of the epoxides and the
hydroxyls could be assigned to the opening of a small propor-
tion of the epoxides by sodium hydroxide. The fitting of the
C=C signal evidenced two peaks at ca. 126 and 132 ppm, which
could be ascribed to graphitic localized clusters of C=C and to
the other C=C in the proximity of oxygenated groups, respec-
tively (Table S1+).

H
Boc” N0 NAOSN,

Water
3 days

H
N
Boc” \/\o/\/o\/\NH2
EDC, NHS
DMF
Stirring, 14h

6a
6b

Scheme 3 Double functionalization of GO combining the carboxylation reaction using a reduced amount of sodium hydroxide and the epoxide
ring opening reaction, followed by amidation. For the sake of clarity, only one type of functional group is derivatized.
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Table 1 Percentage of nitrogen element and amount of amines on
GO samples assessed by XPS and the Kaiser test, respectively

Amine (pmol

Sample %N g
5a 0.1 —
6a 1.3 105
7a 1.4 75
5b 0.2 —
6b 1.3 99
7b 1.4 75

To confirm whether more carboxyl groups were covalently
linked onto the GO surface, the carboxylated GO samples
prepared at pH 9 (GO 5a) and pH 13 (GO 5b) were derivatized
with N-Boc-2,2'-(ethylenedioxy)diethylamine (Boc-TEG-NH,)
(Scheme 3). Since the reduction of GO was not severe at pH 9
and pH 13, we assumed it was possible to perform the carbox-
ylation keeping the epoxide group which can be susceptible to
the following ring opening reaction. The carboxylated GO 5a
and GO 5b reacted first with Boc-TEG-NH, through a nucleo-
philic epoxide ring opening, giving GO 6a and GO 6b, respec-
tively. Then, Boc-TEG-NH, was coupled to GO 6a and GO 6b by
amidation with the carboxyl groups of GO, obtaining GO 7a and
GO 7b.

The GO samples were characterized by XPS (Fig. S5T). A
significant increase of the %N values was observed for GO 6a
and GO 6b, indicating the successful functionalization of GO
through epoxide ring opening (Table 1). However, the %N did
not increase significantly after the amidation reaction, revealing
that the amount of carboxyl groups on the GO surface was very
low. These results were supported by the Kaiser test. After Boc
deprotection, the amounts of primary amines in GO 6a and GO
6b were calculated as 105 and 99 umol g™, respectively (Table
1). Both double functionalized GO 7a and GO 7b did not present
a higher amount of amines due to the low efficiency of the
carboxylation step at pH 9 and 13. The slight decrease of the
amine level after the amidation was likely caused by the removal
of some PEG chains physisorbed onto GO by DMF.

By applying this alternative strategy using a lower amount of
sodium hydroxide, the reduction of GO was limited. Neverthe-
less, the carboxylation was not efficient, thus limiting the scope
of the double functionalization strategy based on carboxylation
followed by epoxide ring opening.

Conclusion

In summary, we investigated the influence of different amounts
of sodium hydroxide on the carboxylation of GO aiming to
prepare a multifunctional platform using controlled chemical
approaches. The significant increase of the carboxyl groups on
GO was observed only under strongly basic conditions, but
a concomitant partial reduction of GO also occurred.
Combining an epoxide ring opening, carboxylation and ami-
dation reaction, GO was doubly functionalized, provoking,
however, a significant reduction of the material accompanied by

This journal is © The Royal Society of Chemistry 2020
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the removal of some functionalities during the carboxylation
step. With a lower amount of sodium hydroxide, GO was not
significantly reduced. Only a slight dehydration was observed
due to a small proportion of the epoxides being opened by
sodium hydroxide. Nevertheless, under these conditions, the
introduction of carboxylates was negligible. Although it was
possible to attach two distinct molecules by combining
carboxylation with the epoxide ring opening reaction, the total
level of functionalization remained lower than that of a direct
epoxide ring opening. Overall, our results demonstrate that
carboxylation is not an efficient approach for the functionali-
zation of GO due to the partial reduction of GO and it can be
hardly extended to achieve an efficient double functionalization
of GO for further modifications. This work shows that it is very
important to consider side reactions that may not be mentioned
in the previous literature. The control of the derivatization of
GO is crucial, in particular for biological purposes. The surface
modification would tune the intrinsic properties of GO,
affecting the loading efficiency and other factors which are
important for its application in biosensing and disease treat-
ment as drug nanocarriers.
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