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ABSTRACT: Graphene oxide (GO) prepared in bulk
quantities by oxidation of graphite with strong oxidants
contains many hydrophilic groups, such as hydroxyl, epoxy,
and carboxyl acid. We present a method to efficiently convert
these hydrophilic groups into alkyl and alkyl ether groups by a
one step reaction of bimolecular nucleophilic substitution with
alkyl bromide. The functionalized graphene oxide (fGO) can
be homogeneously dispersed as exfoliated monolayers in
various organic solvents without degradation of size and shape
of graphene oxide sheet. The degree of substitution reaction of

each hydrophilic group in GO with alkyl bromide is

Intensity (a.u.)

642-831, Korea

Graphene oxide Functionalized graphene oxide

Sx2 reaction
7

Intensity (a.u.)

/ o\

/N\a\
/./ 1R
rénan;o // /“ Ve
IBON
TN AN

*H
530 532 534 536
Binding Energy (eV)

L L
534 536

|
532
Binding Energy (eV)

530

528 528

quantitatively determined by comparing the deconvoluted O 1s X-ray photoelectron spectrum of GO with that of fGO.
Addition of a small amount of fGO in poly(ethylene terephthalate) (PET) improves remarkably tensile and gas barrier properties
of PET/fGO composite due to homogeneous dispersion of f{GO sheets in PET matrix.
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1. INTRODUCTION

Graphene sheets, a single-atom-thick sheet of hexagonally
arrayed sp>-bonded carbon, have garnered tremendous interest
because of their unique structure and outstanding physical
properties such as high intrinsic carrier mobility,' tunable band
gap,” high mechanical strength and elasticity,” and superior
thermal conductivity. These unique features of graphene
sheets offer a wide variety of applications including nano-
electronics,5’6 sensors,7’8 capacitors,g’lo and composite re-
inforcement." ™'* For the pursuit of these applications, the
development of a high-yield, high-throughput processing
method for high quality graphene sheet would be exceptionally
necessary. Thus, a number of studies for the fabrication of
graphene sheets have been continuously reported.’>™"° Single-
layer graphenes are directly obtained by a top-down approach
(e.g., mechanical cleavage of graphite) and bottom-up approach
(e.g, organic synthesis, epitaxial growth, and chemical vapor
deposition). Although those routes might be preferred for
precise device assembly with low defect, they can be less
effective for large-scale manufacturing of graphene sheets.
Consequently, an alternative method for producing graphene
sheets starting from graphene oxide (GO) has been suggested.
The GO prepared in bulk quantities by oxidation of graphite
with strong oxidants can be transformed back to graphene
sheets by chemical,®® thermal,®* and electrochemical reduc-
tion.”* Recently, this oxidation—reduction method to produce a
graphene sheet from GO precursor has most widely been used,
because this method is fast, simple, cost-effective, and largely
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scalable. Aside from a precursor of graphene sheet, GO itself
also has several applications including polymer composite,”**
supercapacitor,” dru§ delivery,”® hydrogen storage,”” and
organic photovoltaics.”*** However, owing to their hydrophilic
nature, GO sheets are dispersed only in aqueous media that are
incompatible with most of organic polymers.

Since graphenes dispersible in organic solvents have the
potential to realize effective graphene-polymer composite, the
development of organic soluble graphene has been beneficial.
To date, the dispersion of graphene in organic solvents has
been accomplished via covalent functionalization of GO sheets
with several solvophilic groups: GO was modified by amidation
reaction between the carboxyl acid group of GO and
alkylamine,® by esterification between carboxylic acid group
of GO and hydroxyl group in poly(vinyl alcohol),” by
esterification between the carboxylic acid group of GO and
ROH,”> by Gomberg—Bachmann reaction between the
aromatic ring and diazonium salt,>* and by nucleophilic ring-
opening reaction between the epoxy group of GO and amine
group of an amine-terminated organic molecules.’**** The
functionalized graphene sheets with solvophilic groups were
well dispersed in polymer matrix, such as polycarbonate,
polyurethane,®” and polystyrene,*® and the composites showed
enhanced mechanical properties and electrical conductivity.
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Scheme 1. Synthetic Procedure for Functionalization of GO
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However, those functionalization methods neither are efficient
nor produce highly soluble and long-term stable GO in various
organic solvents.

Since poly(ethylene terephthalate) (PET) has good barrier
properties against oxygen and carbon dioxide as well as good
mechanical properties, it has been utilized in bottles and trays
for various liquids and foods. However, these properties of PET
should be further enhanced for high pressure bottles such as a
carbonated beverage container. This enhancement would be
achieved if graphenes could be homogeneously dispersed in
PET because of inherent excellent mechanical properties and
two-dimensional planar structure of graphenes.

In this paper, we report a new facile functionalization method
of GO via bimolecular nucleophilic substitution (Sy2) reaction
with alkyl bromide in a one step reaction, which is faster and
simpler compared to other functionalization methods. Three
kinds of alkyl groups (hexyl, octyl, and dodecyl) were
introduced onto the graphene surface, and their dispersion in
organic solvent is compared. The chemical structure of the
functionalized graphene oxide (fGO) and the degree of
functionalization are quantitatively identified using Fourier
transform infrared (FT-IR), thermogravimetric analysis (TGA),
and X-ray photoelectron spectroscopy (XPS). Finally, PET/
fGO composites are prepared, and the mechanical and gas
barrier properties of PET/fGO composites are examined in
terms of the dispersion of fGO in PET matrix.

2. EXPERMENTAL SECTION

Synthesis of GO and fGOs. All reagents were purchased
from Sigma Aldrich and were used without further purification.
Graphite flake was oxidized by a modified Hummers method.
In the pretreatment step that ensures complete oxidation,
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potassium persulfate (10 g) and phosphorus pentoxide (10 g)
were added in sulfuric acid (50 mL) at 80 °C and stirred until
the mixture was dissolved to prepare the oxidation solution.
After graphite flake (10 g) was added to the oxidation solution
and stirred at 80 °C for 4 h, the solution is diluted with 2 L of
deionized (DI) water, stirred overnight, and filtered using ester
cellulose membrane (Millipore, 0.2 um pore size). The filtered
mixture was washed with water to remove the oxidizing agents
and dried in a vacuum oven.

Pretreated graphite (4 g), phosphorus pentoxide (62 g), and
potassium manganate (24 g) were added to a solution of
sulfuric acid (480 mL) and DI water (80 mL), and then, the
mixed solution was stirred slowly for 12 h. After the solution
was sonicated in a bath-type sonicator (Hwashin Instrument,
Power Sonic 410) for 1 h, 35 wt % hydrogen peroxide (8 mL)
and DI water (600 mL) were added to the solution. Thereafter,
the mixed solution was stirred vigorously at room temperature
and sonicated for 2 h once a day during 1 week. To dissolve
nonreacted potassium manganate solid, 30% hydrogen chloride
(300 mL) and ethanol (300 mL) were added to the reaction
mixture. Then, the mixed solution was put into a metal sieve to
sift out graphite. The filtered mixture was centrifuged at 7500
rpm for 1 h, and the supernatant was decanted away several
times until pH of the supernatant was neutralized. The
sediments were dried under vacuum overnight at room
temperature. After GO (100 mg) and potassium carbonate
(200 mg) were added in a mixture solvent of anhydrous
dimethylformamide (25 mL) and water (2 mL), the solution
was sonicated in a bath-type sonicator for 30 min and stirred at
100 °C for 12 h under nitrogen atmosphere. 1-Bromododecane
(5.5 mL) was added to the mixed solution, and the solution was
stirred at 100 °C for 48 h. The reaction solution was filtered by

dx.doi.org/10.1021/am300906z | ACS Appl. Mater. Interfaces 2012, 4, 4184—4191



ACS Applied Materials & Interfaces

Research Article

PTFE membrane (Millipore, 0.45 ym pore size) and washed
with chloroform, methanol, and DI water. The product (fGO,)
was dried at 30 °C in a vacuum oven. fGO, and fGO; were also
prepared using bromooctane and bromohexane by the same
procedure, respectively, as shown in Scheme 1.

Preparation of PET/fGO, Composite Films. All of PET/
tGO, composites with different loadings of fGO, were prepared
by solution blending. A typical procedure of PET/fGO,
composite with 1 wt % of fGO, is as follows: A solution of
10 mg of fGO, in 5 mL of o-chlorophenol was sonicated for 1
h. The solution was then mixed with a solution of 1 g PET
(Toray Saehan, M,, of 192000) in 10 mL of o-chlorophenol.
The mixture was sonicated for an additional 30 min and
precipitated in excess methanol. The precipitate was collected
by filtration and washed with methanol. The filter cake was
dried at 70 °C for 24 h under vacuum.

Films of PET/fGO, composites were prepared by solution
casting: A solution of PET/fGO; in o-chlorophenol was poured
onto a glass plate, and then, a doctor blade was used to prepare
a solution film. The solvent was slowly evaporated at room
temperature for 24 h, and the resulting film was thoroughly
dried under high vacuum at 70 °C for 24 h. For comparison, a
film of PET/GO was also prepared by the same procedure.

General Characterization Methods. The functionaliza-
tion of GO was identified by FT-IR (Thermo Scientific, Nicolet
6700). The dispersion state of GO and fGOs were observed by
TEM (JEOL, JEM-1010), SEM (JEOL, JSM-7600F), and AFM
(Surface imaging systems, NS4A). Thermal property was
measured by TGA (TA Instruments, TGA 2050) under
nitrogen atmosphere. The UV—visible absorption spectra of
three fGOs in ortho-dichlorobenzene (0-DCB) were obtained
from an UV—visible—NIR spectrophotometer (Perkin-Elmer,
Lambda 25). X-ray photoelectron spectra were obtained on
AXIS-His (Kratos).

The tensile properties of composite films were measured
with a universal testing machine (Instron-5543, Instron) with a
1 KN load cell at a constant cross-head speed of 3 mm/min. At
least five specimens were tested for each sample, and the tensile
properties are reported on average. The crystallinity of PET and
PET/fGO, were determined by measuring the heat of melting
using a differential scanning calorimeter (DSC, TA Instru-
ments). The gas barrier properties of composite films were
measured using a gas permeation analyzer (MOCON, OX-
TRAN 2/20).

3. RESULTS AND DISCUSSION

To disperse GO homogeneously in organic solvent such as
tetrahydrofuran (THF), chloroform, and 0-DCB, the hydro-
philic groups in GO surface were converted to alkyl groups, as
shown in Scheme 1. When GO was prepared via a modified
Hummers method,” the GO sheets have three types of
chemically reactive oxygens, viz. carboxylic acid, hydroxyl, and
epoxy, which provide a reaction site for chemical modification.
As the oxygen groups are reacted with alkylbromide in the
presence of potassium carbonate, the oxygens of GO are first
deprotonated to O~ or COO™ ions by potassium carbonate,
and then, those are reacted with alkyl bromide by Sy2 reaction
in one step to afford fGO.

The chemical structure of fGO, is identified by FT-IR
spectroscopy, as shown in Figure 1. While the characteristic
bands of GO are observed at 1050 and 3450 cm™ (C—O and
O-H stretching peak, respectively), 1702 cm™' (C=0
stretching in carboxylic acid group), 1230 cm™' (C-O
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Figure 1. FT-IR spectra of GO and fGO,. The inset shows the
magnified spectra for C=O stretching vibrations of GO and fGO,,
indicating that the absorption band of carboxylic acid (1702 cm™) in
GO shifts to that of ester (1730 cm™) in fGO,.

stretching in epoxy group), and 1588 cm™ (C=C stretching),
new peaks are observed in the spectrum of f{GO, at 1140, 2853,
and 2926 cm ™}, corresponding to C—O—C bending and C—H
stretching vibrations in the substituted alkyl group, respectively,
and concomitantly, the peaks at 1050 cm™', 1230 cm™' (C—O
stretching in hydroxyl and epoxy groups), and 3430 cm™" (O—
H stretching) are largely decreased, indicating that most of the
hydroxyl and epoxy groups are converted to ether groups by
the substitution reaction. The carboxylic acid groups (1702
cm™') in GO are also partially changed to the ester group
(1730 cm™'), as shown in the inset of Figure 1. This
observation demonstrates that hydroxyl, epoxy, and carboxylic
acid groups of GO are substituted with alkyl groups. FT-IR
spectra of fGO, and fGOj; also show the same feature as that of
fGO, (see Figure S1, Supporting Information). Raman
spectrum and TGA thermogram also support the modification
of GO, because the C—C stretching peak (1150 cm™) of
dodecyl group appears in the Raman spectrum of f{GO; while
the C—C stretching peak is not observed in the Raman
spectrum of GO (Figure S2, Supporting Information), and the
weight loss of f{GO, exhibits different behavior from that of GO
(Figure S3, Supporting Information). In addition, EDS spectra
provide another evidence for the successful substitution of GO
because the carbon/oxygen ratio of f{GO, is higher than that of
GO and the Br peak is absent in the EDS spectrum of fGO,
(see Figure S4, Supporting Information).

To examine the solubility of f{GO, in organic solvents, the
dispersions of GO and fGO, in organic solvents are compared
(see Figure SS, Supporting Information). GO is readily
dispersed in water due to the presence of hydrophilic groups,
whereas it is not dispersed in organic solvents such as
chloroform, toluene, THF, and 0-DCB. In contrast with GO,
tGO, is homogeneously dispersed in various organic solvents
while it is precipitated in water. Especially, the dispersion of
fGO, in 0-DCB was stable for several weeks standing. This
result clearly indicates that substituted alkyl groups in fGO,
change the surface property of GO.

The exfoliation state of GO in water and fGO, in organic
solvent (0-DCB) was identified by TEM, as shown in Figure 2.
While GO is well dispersed in water as single layers,** fGO, is
homogeneously dispersed in 0-DCB as single layers without
degradation of size of the graphene sheet by the substitution
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Figure 2. TEM images of (a) GO and (b) fGO,; AFM images of (c) GO and (d) fGO, and height profiles of (¢) GO and (f) fGO,.
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Figure 4. The Ols XPS spectra of (a) GO and (b) fGO, with deconvoluted peaks.
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Figure 5. SEM images of PET/GO (a) and PET/fGO, (b) composites with 1 wt % GO and fGO,. Right side images are magnified ones.

reaction. The surface images and height profiles of AFM for
GO and fGO, also reveal that the individual graphene sheets
remain exfoliated after functionalization (Figure. 2). The AFM
images of GO in water and fGO, in 0-DCB show the existence
of irregularly shaped sheets with uniform thickness and lateral
dimension of a few micrometers. The height profiles along the
straight line depicted in Figure 2c,d show that the height of GO
is about 1 nm, consistent well with the reported value®' (Figure
2e) while the height of fGO, is in the range of 1.3—1.5 nm,
which is obviously larger than that of GO due to the
introduction of alkyl groups on the surface of GO (Figure
2f). The above result indicates that our functionalization
method is very effective to obtain functionalized individual
graphene sheets.

Although it was qualitatively identified by FT-IR that
hydroxyl, epoxy, and carboxylic acid groups in GO are
converted to ether and ester linkages by the substitution
reaction, we analyzed and compared the C 1s and O 1s XPS
spectra of GO and fGO for quantitative analysis of the
substitution reaction, as shown in Figures 3 and 4, respectively.
Figure 3a shows the C 1s XPS spectrum of GO which can be
deconvoluted into five components: C=C (284.5 eV), C—OH
(286.4 eV), C—O (epoxy) (287.1 eV), C=0 (288.0 eV), and
C=0(0H) (2892 eV), * while the C 1s signal of £-GO,
exhibits an additional new peak at 285.3 eV corresponding to
C—C sp® carbon due to alkyl groups in fGO, as shown in Figure
4b. Since the C Is peaks of ether and ester in fGO, have the
same positions as those of hydroxyl (C—OH) and carboxylic
acid in GO, respectively, it is not possible to analyze
quantitatively the degree of reaction from those peaks.
Nevertheless, the comparison of C 1s spectra of GO and
GO indicates that a considerable amount of hydrophilic groups
in GO was replaced by alkyl group, because the peak intensity
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of hydrophilic groups is significantly decreased except the
hydroxyl group and concomitantly the new peak of alkyl group
is observed at 285.3 eV in fGO, (Figure 3 and Table S,
Supporting Information). The atomic percentages of various
type of carbons in GO and fGOs are determined from the
deconvoluted XPS spectra and listed in Table S1, Supporting
Information.

For quantitative analysis of the degree of substitution
reaction, we analyzed the O 1s XPS spectra of GO and
fGOs. The binding energies of oxygens in various functional
groups were assigned according to the literature,*~** as shown
in Figure 4. Since the hydroxyl and epoxy groups in GO are
converted to ether linkages and a considerable amount of
carboxylic acid groups are converted to ester linkages after the
substitution reaction, the XPS spectrum of fGO shows two
additional peaks at 532.6 and 533.6 eV, which correspond to
oxygens of C—O—R (ether) and O=C—O*R (ester),
respectively. The O 1s peak positions and their relative atomic
percentages are listed in Table S2, Supporting Information.
When the atomic percentages of oxygens in GO are compared
with those in fGOj, it reveals that 99% of C—OH (hydroxyl)
and 53% of C—O (epoxy) are converted to C—O—R and that
43% of O=C—OH (carboxylic acid) is also converted to O=
C—OR (ester). It should be noted that the conversion from
carboxylic acid to ester (10.6—4.7 = 5.9%) is almost consistent
with the atomic percentage of ester in f{GO; (5.5%) within a
deconvolution error. Furthermore, the amount of ether linkage
in fGO, (53.9%) is also nearly consistent with the sum of the
conversion from hydroxyl (452 — 0.3 = 44.9%) and the
conversion from epoxy (24.0—12.8 = 11.2%). fGO, and fGO,
also show similar behavior to GO, (see Table S2 and Figure
S6, Supporting Information), indicating that the substitution
reaction is not dependent upon the chain length of alkyl
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Figure 6. Mechanical properties of PET/fGO,; (red A) and PET/GO (blue O) composites as a function of GO and fGO, content.

bromide. In short, most of the hydroxyl groups in GO are
reacted with alkyl bromide while about half of epoxy and
carboxylic acid in GO are converted to ether and ester by the
substitution reaction, respectively.

The eftect of alkyl chain length on the dispersion of fGOs in
organic solvent (0-DCB) was examined by comparing UV—vis
absorptions of three fGO solutions (Figure S7, Supporting
Information). Since the absorption coefficients of three fGOs
are equal (Figure S8, Supporting Information), the absorbance
of each solution is proportional to the dispersed concentration
of fGO in solution. Hence, the largest absorption of fGO,
indicates that the dodecyl group in fGO, affords the best
dispersing ability in 0-DCB.

The homogeneous dispersion of filler in composite is one of
the most important requirements to effectively enhance the
matrix properties. When the dispersion of GO and fGO in PET
matrix was examined by SEM images, as shown in Figure §, it
revealed that GO sheets in PET/GO composite were rolled to
minimize the contact area with immiscible PET matrix and
aggregated with uneven distribution of GOs in PET matrix,
whereas fGOs in PET/fGO composite were homogenously
dispersed with individually exfoliated fGO, sheets in PET
matrix, indicating that the alkyl groups in fGO, improve the
compatibility between PET and fGO,.

When the tensile properties of neat PET, PET/GO, and
PET/fGO, were plotted against GO and fGO, loading, as
shown in Figure 6 and Figure S9, Supporting Information,
tensile properties of PET/GO composites were inferior to
those of neat PET, while both tensile strength and Young’s
modulus of PET/fGO; were superior to those of neat PET.
The negative behavior of PET/GO is mainly attributed to poor
dispersion of GO in PET matrix (Figure Sa) whereas the
enhancement of tensile properties of PET/fGO; may arise from
good interfacial adhesion between fGO,; and PET owing to
preferential interaction between the alkyl groups in fGO, and
PET matrix. However, when the addition of f{GO,; exceeds 1 wt
% addition, the mechanical properties of the composite start to
decrease, showing the maximum at 0.5 wt % addition. The
reason for this decrease is probably due to some aggregation of
fGO, sheets in PET matrix when more than 1 wt % of fGO, is
added (see Figure S10, Supporting Information). Another
interesting feature of mechanical properties is that the
elongation-at-break of PET/fGO, increases with addition of
fGO, in PET matrix (Figure 6). This is not a usual case,
because it has been known that the elongation-at-break of most
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composites decreases with addition of fillers while the modulus
of the composites increases. The increase of elongation-at-break
in PET/fGO, is probably because the fillers (fGO;) suppress
stress-induced crystallization as the fillers act to disrupt the
formation of crystalline lattice by their physical presence.* To
identify the effect of fGO, on the crystallization of PET, the
crystallinity of PET composite was measured before and after
stretching by DSC (see Figure S11 and Table S3, Supporting
Information). The crystallinities of neat PET and PET/fGO,
films were 14.6% and 14.1% before stretching, respectively,
while the crystallinities of the two films increased up to 19.5%
and 16.7%, respectively, after stretching until breaking,
indicating that the stretching-induced crystallinity of PET/
fGO,; composite was smaller than that of neat PET. This
suppression of strain induced crystallization in PET/fGO,
makes the PET matrix more ductile and as a result increases
the elongation-at-break.

The gas barrier properties of neat PET, PET/GO, and PET/
fGO, were measured by a gas permeation analyzer. Oxygen
permeability coefficient (P) in Barrer unit (1 Barrer = 107"
cm?/s-cmHg) is expressed as P = (OTR:t)/Ap where OTR is
the equilibrium oxygen transmission rate of film, ¢ is the film
thickness, and Ap is the pressure gradient across the
membrane. When the oxygen permeability coefficients of
PET, PET/GO (1 wt %), and PET/fGO; (1 wt %) are
compared, as shown in Figure 7, it reveals that the oxygen
permeability coefficients of PET/GO and PET/fGO; are
decreased by 38% and 85% as compared to that of neat PET,
respectively. Especially, the oxygen permeability of PET/fGO,
(3 wt %) was reduced by about 96% compared to that of neat
PET, indicating that the oxygen permeability of fGO, is
reduced more effectively than that of GO due to homogeneous
dispersion and 2-dimensional planar structure of graphene in
PET matrix.

4. CONCLUSIONS

We have proposed a versatile and facile functionalization
method of GO with alkylbromide by Sy\2 reaction. All
functional groups in GO, such as hydroxyl, epoxy, and
carboxylic acid are easily reacted with alkylbromide in a one-
step reaction, and the degree of substitution reaction of each
group is quantitatively determined by comparing the Ols XPS
spectrum of GO with those of f{GOs. f{GOs are homogeneously
dispersed in several organic solvents. Addition of a small
amount of fGO in PET matrix improves remarkably the tensile
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Figure 7. Oxygen flux rate and oxygen permeability coeflicient of PET,
PET/GO, and PET/fGO,.

and gas barrier properties due to homogeneous dispersion of
graphene sheets in PET matrix. This functionalization method
can be used for many other applications, because any specific
functional compounds with alkyl-bromide moiety can be
covalently bonded onto the GO surface by a simple Sy2
reaction.
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