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Soluble graphene covalently functionalized with poly(vinyl
alcohol) (PVA) has been synthesized by simple esterification
reaction of carboxylic groups in graphite oxide using two
different synthetic strategies.

Graphene has emerged to be a promising material due to its
novel electrical transport properties." However, the use of gra-
phene is limited by the lack of an effective method for large-scale
production. Several chemical methods have been explored to
obtain soluble graphene including the reduction of graphite oxide
(GO) in a stabilization medium~ and covalent modification by
amidation of the carboxylic groups,’ nucleophilic substitution to
epoxy groups,® and the diazonuim salts coupling.” These mod-
ified graphenes provide opportunities for researchers to employ
them in designing new materials, such as polymer nanocompo-
sites. In such materials, controlling the interfacial interaction
between the filler and the polymer is crucial to control the
properties. Although graphene-based polymeric nanocomposites
have been developed,® polymer chains have not been used to
covalently modify graphene. Nevertheless, 8polymer-bounded
carbon nanotubes (CNT)’ and fullerene (Cq)* have been widely
studied. PVA-functionalized CNTs have been obtained by ester-
ification reaction’ and used as fillers in nanocomposites. In that
sense, the presence of COOH in the edge planes of GO can be
exploited to anchorage PVA by using a similar way.

In this Communication, we report the covalent functionaliza-
tion of graphene sheets with PVA (Scheme 1). We employed two
synthetic strategies. The first one involves the direct esterification
of GO, while the second one goes through its acyl chloride
derivative (GOCI) (Supporting Information). The obtained pro-
ducts, named as GO-es-PVA and GOCl-es-PVA, are soluble in
DMSO and water with the aid of heat, similar to PVA and PVA-
CNT.” In the present research a special interest has been paid to
the isolation and characterization of the PVA-functionalized GO.
First, an appropriate elimination of the no reacted GO was
achieved by centrifugation, which completely removes the GO
and leaves the PVA-functionalized GO (see Supporting In-
formation). A comprehensive spectroscopic analysis was carried
out to ensure that the esterification reactions were successfully
completed.

The "H NMR spectrum of the soluble GO-es-PVA and GOCl-
es-PVA in DMSO-dys are compared with that of neat PVA
(Figure S2). The latter exhibits the polymer backbone signals at
~3.82 ppm (methine) and ~1.38 ppm (methylene) and the
hydroxyl signals at 5—4 ppm, from which the stereoregularity
of PVA is estimated as isotactic (mm):hetero (mr): syndiotactic
(rr) of roughly 2:5:3.'° Upon the attachment to GO the PVA
proton signals become a little wider but maintain similar chemical
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shifts (Figure S2). The signals are less broadened than in PVA-
CNT suggesting that, in principle, a lower degree of functiona-
lization was achieved in our case.

Itisinteresting to pay special attention to the hydroxyl protons
resonances which are resolvable in terms of conﬁ%urational
sequences (Figure 1). Several authors have concluded'' that the
hydrogen-bonding tendency, which is dominant for hydroxyl
units in a meso configuration, predominantly determines the
hydroxyl proton shielding. Since hydrogen bonding leads to
downfield shifts, the chemical shifts of hydroxyl sequences
resonances increase when passing from iso (4.7 ppm) to hetero
(4.5 ppm) and from hetero to syndio (4.2 ppm) triad. On the other
hand, it has been demonstrated that the reactivity of substituent
groups along the polymer chain can be influenced by tactic
sequence'” where the substituent at mm sequence exhibited higher
reactivity than those at the rr counterpart.

By a mere inspection of the evolution of the 'H spectrum, we
can easily observe an increase in the rr signal in detriment of the
mm one for both GO-es-PVA and GOCl-es-PVA which suggests
that esterification reaction occur at isotactic configuration.
Surprisingly, as shown in Figure 1, a new signal at 4.2 ppm
upfield, very closed to the rr triads of unmodified PVA, is clearly
observed in spite of the low degree of esterification. This signal
can be related to hydroxyl protons next to acetate groups as have
been reported for esterification of PVA.'*!'* By integration of this
'"H NMR signal we can evaluate, within the experimental
uncertainties, the degree of functionalization, obtaining a mod-
ification of around 1.8%. Interestingly, this value is reasonably
low due to the huge volume of graphitic laminates (GLs) and is in
agreement with the decrease of mm triad content, as consequence
of being less sterically hindered internally than those at syndio-
tactic counterpart, specifically in the incorporation of the GLs.

The FTIR spectra of GO-es-PVA and GOCl-es-PVA re-
tained most of the bands of PVA, although some of them
changed in intensity or even disappeared due to the modification,
and show new bands (Figure 1). The development of the band
at 1715 cm™ " suggests the presence of new carbonyl species. This
band is most often related to the C=O0 stretching motions of
COOH groups situated at the edges of the GO lamellae'® and has
low intensity due to high aspect ratio of GO which makes the
relative amount of edge sites very small. Similarly, in our case the
band at 1715 cm ™' can be attributed to C=0 stretching of ester
groups. Indeed, this band was also observed in the esterification
reaction of PVA and glycerol,'® suggesting that esterification is
also taking place in our system. This is confirmed by the marked
increase in the band around 1640 cm ™', which appears weakly in
PVA and has been assigned to adsorbed water.!” However, this is
a strong band centered at 1628 cm ™' in the spectrum of the GO
(Figure S1), and although may also be due to adsorbed water, it
contains a significant contribution from the skeletal vibration of
nonoxidized graphitic domains." In addition, some interesting
changes in the relative intensities of the characteristics bands of
PVA in the 1200—1000 cm ™' region can be observed. These
bands are attributed to the C—O of doubly H-bonded OH in
crystalline regions (1144 cm™ ') and C—O unbonded in amor-
phous zones (1096 cm™")."® The intensity ratio of these bands
(I144/T1096) diminishes markedly for the esterified products,
suggesting a large decrease in the degree of crystallinity of the
modified polymer.

Raman data further confirm the presence of GLs covalently
bonded to PVA chains (Figure S3). The Raman spectra for
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GOCl-es-PVA product shows the most of the bands of PVA and
two new broad bands at 1320 and 1596 cm ™" corresponding with
the characteristics D and G bands of graphitic materials. In the
case of GO-es-PVA, the spectrum shows only the typical D and G
bands of GO on top of a broad fluorescent band' while the
bands of PVA become imperceptibles (Figure S3).

At this point, it is important to emphasize the special care
taken in the purification of the products to ensure that no traces
of nonreacted GO remained. Therefore, the observed D and G
bands in Raman spectra correspond to graphitic layers covalently
linked to PVA chains.

Regarding the changes in crystallinity suggested by FTIR
results, some changes it the crystallization and crystalline
parameters of the esterified products can be expected. Indeed,
significant changes in the crystalline parameters have been
observed in reduced GO/PVA (RGO-PVA) nanocomposites,”
where an almost amorphous material was obtained for 10 wt %
of filler.

Regarding the heating scan, it can be observed that 7}, and the
melting enthalpy (AH,,) are dramatically influenced by the
presence of graphitic layers (GLs). In the modified products
the melting peaks disappear, and the partially crystalline PVA
(X. = 0.51) became totally amorphous, supporting the existence
of covalent linkage between the PVA and the GLs. Because of
low content of GLs grafted from the PVA chains, we suppose that
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Figure 1. Spectroscopic characterization of PVA, GO-es-PVA, and
GOCl-es-PVA: enlarged view of the hydroxyl signals in "H NMR, at
room temperature in DMSO-dg (left) and FTIR spectra (right).
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hydrogen bonding between oxygenated groups in GO and PVA is
also involved. However, the covalent bonds are the main con-
tribution for altering the parameters, since in GOR-PVA was not
achieved the same effect even with 10 wt % of filler.2° In addition,
the mobility of the polymer chains is strongly affected by the
covalent linkage of graphitic species (Figure 2). It is especially
conspicuous the dramatic shift in 7, of 35 °C for the GO-es-PVA.
This shift is similar to the best available data obtained for
polymer composites using individuals functionalized graphene
sheets (FGS) as filler in the same composition.*® In these systems,
the wrinkled single-sheet morphology of FGS and its surface
oxygen and hydroxyl groups gave rise to intimate filler—polymer
interactions. In our system the effect can be ascribed to the
effective covalent attachment of the polymer to the graphitic
layers that prevents the segmental motions of the polymer chains.
Obviously, the presence of huge rigid graphitic structures in the
polymer chains restricts the movement. In the case of GOCl-es-
PVA, the shiftis lower than in GO-es-PVA (12 °C). The shift in 7,
is more marked when graphite oxide is used since the GO
laminates in a chain can interact with nearby chains by hydrogen
bonding, limiting even more the mobility. Also, it is necessary to
consider that in the case of GOCl-es-PVA the presence of big
chlorine atoms which have not reacted may also increase the
steric effect compared with GO-es-PVA. The dramatic effects on
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Figure 2. Thermal behavior of PVA, GO-es-PVA, and GOCl-es-PVA:
DSC heating scans at 10 °C min™! (left) and thermogravimetric curves
(right).

Scheme 1. Schematic Illustration of the Esterification of Graphite Oxide with PVA
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Scheme 2. Schematic Illustration of the Reduction of GO-es-PVA with Hydrazine
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the thermal parameters are mainly due to the covalent bonds
between GLs and PVA. Moreover, in the case of GO-es-PVA, the
hydrogen bonding represents an additional factor that contri-
butes to affect the polymer dynamics.

In order to investigate the effects of the GLs on the thermal
stability of the polymer matrix, thermogravimetric analysis was
performed (Figure 2b). TGA curves for both products suggest
that just very small amounts of GLs improve remarkably the
thermal stability of the nanocomposites. The temperature of
maximum degradation rate for the nanocomposites increases
more than 100 °C as occurred with PVA 1ntercalated in GO?*! and
GOR/PVA nanocomposites (Figure S4).%° Figure 2b also shows
that despite a weight loss is observed around 200 °C common in
these systems; the onset of decomposition for GO-es-PVA and
GOCl-es-PVA is retarded. This noticeable effect in the thermal
properties can be attributed to the high aspect ratio of the GLs
laminates linked to PVA.

Because of water solubility of the esterified systems, highly
transparent films can be prepared (Figure S5). In addition, this
material can be used as filler for nanocomposites with PVA dnd
PVA-miscible polymers such as poly(N-vinyl-2-piyrrolidone)®
and polyaniline (PANI).** Furthermore, solubility allows us for
subsequent modifications of GO-es-PVA getting higher yields
than in heterogeneous phase. It is widely known that GO became
graphene when treated with reducing agents, and it aggregates
giving graphite when no stabilizing agents are added. Taking into
account that the reductlon of GO in the presence of PVA prevents
the aggregation,”® we attempt the reduction of PVA-functiona-
lized GO to produce PVA-functionalized graphene (Scheme 2).
The obtained product (named RGO-es-PVA) had a blackish
color, different from the original slightly brown for GO-es-PVA
(Figure S5), suggesting that the oxygenated groups are eliminated
during the reduction. RGO-es-PV A retains the solubility in water
exhibited by GO-es-PVA, giving transparent films as well (Figure
S5). Because of the low yield of esterification, the concentration
of GLs in GO-es-PVA and so in RGO-es-PVA is very low.
Therefore, the structural changes produced by the reduction of
the graphite sheets are difficult to detect and quantify by spectro-
scopic techniques used in this work. However, the Raman
spectrum of RGO-es-PVA is better defined than the obtained

for GO-es-PVA because of the broad fluorescence band disap-
pearance (Figure S3). This result indicates that there is a reduc-
tion of GO to graphene as it has been shown that solid GO emits
photoluminescence (PL), and the PL is altered by chemical
reduction with hydrazine.'” These changes have been attributed
to the generation/elimination of electronic band gap for single
graphene sheets caused by the disruption/regeneration of the
w-network. "’

Although graphene has a high aspect ratio, no measurable
conductivity values were obtained for RGO-es-PVA due again to
its very low GLs concentration. Anyway, is not the aim of this
Communication to study a particular property, but to show that
graphene laminates can be covalently modified with polymers by
using the above-described esterification reaction. In addition, the
procedure could be extended to other polymers bearing pendant
hydroxyl and amino groups. In fact, we are studying the
esterification of poly(ethylene glycol) using similar procedures.
Whereas the number of carboxylic groups in GO is high under the
conditions employed in its synthesis (and thus the number of
reactive sites), the degree of esterification is mainly governed by
the tacticity of PVA.

In summary, we have successfully modified graphene lami-
nates by esterification using the carboxylic groups in GO and the
hydroxyl groups in PVA. We have demonstrated that the reaction
depends on the tacticity of the polymer and that the covalent
linkages between the GLs and the PVA are responsible for
remarkably altering the crsytallinity and thermal stability
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