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pH-responsive chemically reduced graphene/poly(acrylic
acid) (PAA) assembly is simply formulated through noncovalent
interaction. Graphene/PAA assembly shows optical absorbance
change depending on pH of the solution. Structural rearrange-
ment of graphene/PAA assembly might contribute this optical
modulation at different pH through either “hydrophobic
interaction dominating” mode in strongly acidic medium or
“charge repulsion dominating” mode in strongly basic medium.

Solubilization of chemically reduced graphene has been
extensively attemped through various covalent or noncovalent
chemistry since the pioneering work done by Stankovich et al.
in 2007 in order to utilize outstanding electrical, thermal, and
mechanical properties of graphene through wet chemistry.1

While significant efforts have been concentrated on the covalent
chemistry initially,2 various noncovalent chemistries have been
rivaling covalent chemistries owing to their simplicity and
versatility. Either ³­³ interaction,3 micellar encapsulation,4 or
hydrophobic interaction5 has been uncovered to be effective for
producing stable dispersion of chemically reduced graphene in
solvent media in the presence of polymers or small molecules
which can interact on graphene plates through corresponding
interaction. Exploiting benefits of noncovalent chemistry
prompts us to develop certain stimulus-responsive graphene/
polymer assemblies. Recently, thermo-responsive graphene/
poly(N-isopropylacrylamide) (PNIPAM) assembly which shows
lower critical solution temperature (LCST) has been designed
through hydrophobic interaction in our group.6 Prepared
graphene/PNIPAM assembly showed solubility switching and
absorbance change depending on temperature variation.

Herein, we simply demonstrate pH-responsive graphene/
poly(acrylic acid) (PAA) assembly through noncovalent chem-
istry. PAA has been utilized to enhance direct exfoliation of
natural graphite into individual graphene sheets in N-methyl-2-
pyrrolidone (NMP),7 but pH-responsive optical modulation of
chemically reduced graphene has not been reported by using
PAA through noncovalent interaction. While initial formulation
of soluble graphene/PAA assembly (1:100 or 1:50 of graphene
oxide (GO) to PAA mass ratio) was not successful, optimization
of feeding ratio (here, 1:10) surprisingly produced clear and
stable dispersion of chemically reduced graphene/PAA assem-
bly. Probably, “side-by-face” interaction of PAA chains on
graphene plates in 1:10 feeding ratio might be more effective to
produce solublized chemically reduced graphene than “end-by-
face” interaction in either 1:50 or 1:100 feeding ratio.6 In detail,
5mg of PAA in 5mL of deionized water was mixed with freshly
prepared GO solution (0.5mg in 5mL of deionized water with
sonication for 30min). Then, a few drops of hydrazine
monohydrate were added to the above bright brown GO/PAA
mixture. Reduction of this GO/PAA mixture solution at 80 °C

for 24 h resulted in dark black-colored chemically reduced
graphene oxide/PAA dispersion (Figure 1). Much decreased
transmittance of graphene/PAA assembly in the whole wave-
length range and stability of prepared graphene/PAA dispersion
well support the effective assembly formation between chemi-
cally reduced graphene and PAA.

To elucidate the detailed interaction parameter between
graphene plates and PAA chains, we modulated pH of graphene/
PAA assembly solution between 2 and 12. The concentrations of
both graphene and PAA were set to be constant in all cases.
Graphene/PAA solution was stable without forming any graph-
ite-like precipitation in every pH (Figure 2a). Next, ultraviolet­
visible (UV­vis) spectroscopy of prepared graphene/PAA solu-
tion was monitored at different pH (Figure 2b). Interestingly,
there was significant change of optical absorbance depending
on pH of graphene/PAA solution. The highest absorbance was
observed at pH 12. Decreasing of pH to 5 induced decrease
of optical absorbance, and then further decreasing of pH to 2

Figure 1. UV­vis spectra of solutions of GO and graphene/
PAA (1:10) assembly (the insets are schematic illustration for the
preparation of graphene/PAA assembly).

Figure 2. a) Photos and b) UV­vis spectra of solution of
graphene/PAA (1:10) assembly at different pH.
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showed again increase of optical absorbance. This unusual pH-
dependent optical modulation of graphene/polymer assembly
has been reported recently in graphene/polyacrylamide (PAM)
assembly, but the modulation behavior is dissimilar.8 The lowest
transmittance (the highest absorbance) was observed at pH 7
in the case of graphene/PAM assembly while graphene/PAA
assembly showed the highest absorbance at pH 12 together with
relatively high absorbance at pH 2. In comparison, both GO and
GO/PAA solutions did not show significant change of optical
absorbance at different pH. This pH-dependent modulation of
optical absorbance in graphene/PAA assembly system might
strongly correlate with the modulation of interaction parameter
between graphehe plates and PAA chains (Figure 3a).

In the first, PAA is the most hydrophobic at pH 2 due to the
complete protonation of ­COOH groups. Therefore, hydro-
phobic interaction between graphene plates and PAA chains is
maximized, and relatively well-dispersed graphene/PAA assem-
bly is obtained, resulting in increase of absorbance. It is thought
that graphene/PAA assembly switches to “hydrophobic inter-
action dominating” mode in strongly acidic conditions. In the
second, at pH 5­9, hydrophobic interaction of PAA is weakened
due to partial deprotonation of ­COOH groups, resulting in
partially aggregated graphene/PAA assemblies. Dynamic light
scattering (DLS) spectra supports certain aggregation of assem-
bled stucutures at pH 7, which showes much increased particle
size with broader distribution around 7000­9000 nm while
graphene/PAA assembly at pH 2 shows much smaller particle
size and narrower distribution around 700­2500 nm (Figure 3b).
In this aggregated state, it seems that the presence of outer
graphene plates might hamper optical absorption of inner
graphene plates. In the third, further increasing of pH up to 12
might enhance the reduction of hydrophobic interaction due to
complete deptrotonation of ­COOH groups but the presence
of several negative charges on PAA chains can hinder the
aggregation of graphene plates through charge repulsion. There-
fore, it is believed that graphene/PAA assembly switches to
“charge repulsion dominating” mode in strongly basic condi-
tions. In addition, above optical modulation of graphene/PAA
assembly is fully reversible in the variation of pH.

This modulation of interaction parameter between graphene
plates and PAA chains is also suppored by atomic force
microscopy (AFM) analysis of graphene/PAA assembly.9 At
pH 2, most graphene plates showed plate thickness of around
3.2 nm, which confirms that exfoliation of graphene plates is
well maintained through “hydrophobic interaction dominating”

mode in the presence of interacting PAA chains. At pH 12, plate
thickness decrease to 1.8 nm. Probably, the presence of several
charges on PAA chains in this highly basic condition might
induce stretching of PAA chains on graphene plates, resulting in
decreased thickness of assembled strtucture. At pH 7, aggre-
gated structure of thickness more than 11 nm was observed. This
result correlates with the formation of bigger aggregation in DLS
analysis. Several graphene/PAA assembled structures might
stack due to the absence of either strong hydrophobic interaction
or charge repulsion.

Filtration of the above graphene/PAA solution produces
“graphene only” film without any PAA chains. Interaction
between graphene plates and PAA chains might be weakened
and finally broken during filtration process. The resulting
graphene film was not soluble again in water at any pH.
Dispersive Raman spectroscopy of this graphene film shows
characteristic increase of D and G band intensity ratio, I(D)/I(G)
compared with GO, showing that reduction to graphene is
almost completed in the presence of PAA.

In summary, pH-responsive graphene/PAA assembly was
simply formulated through noncovalent interaction. Modulation
of interaction parameter (“hydrophobic interaction dominating”
or “charge repulsion dominating” mode) effectively changes
structural arrangement and optical absorbance of graphene/PAA
assemblies in the variation of pH, which is useful for the
applications of various graphene assemblies in the area of
sensing, drug carriers, etc.
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Figure 3. a) Schematic illustration of modulation of inter-
action parameter of graphene/PAA assembly and b) DLS spectra
of graphene/PAA assembly solution (1:10) at different pH.
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