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Over the past few years, graphene
has generated a great deal of inter-
est in both fundamental and ap-

plied research areas.1-3 Structurally, grap-
hene is a single-atom-thick planar sheet of
sp2-bonded carbon atoms that are densely
packed in a honeycomb crystal lattice. Its
unique electronic structure, chemical bond-
ing, and relatively defect-free crystalline
order renders graphenewith extremely high
carrier mobility (∼200000 cm2 V-1 s-1),1

exceptional mechanical strength (Young's
modulus ∼1100 GPa,2 fracture strength
∼125 GPa),2 and thermal conductivity
(∼5000Wm-1 K-1).3 These and other novel
observations in graphene have generated
quite a bit of excitement among researchers
from diverse disciplines ranging from nano-
electronics4,5 to composite materials6,7 and
energy applications.8,9

In the past, surfacemodification of graph-
itic materials such as carbon nanotubes
and graphene with a variety of chemical
groups has been demonstrated to be a
novel method that can significantly en-
hance their functionalities.10-12 In the case
of graphene, a commonmethod for achiev-
ing such functionalization is by a covalent
modification of its surface, whereby the sp2

symmetry is broken and carbon atoms are
attached to hydroxyl groups or join with
epoxide groups.12 This chemical disruption
of the graphitic order significantly affects
the exceptional properties of graphene.
For example, the process of chemical func-
tionalization introduces impurities and
disorder that are known to significantly dete-
riorate theconductivepropertiesofgraphene12

and hence greatly diminishes their usefulness.

An alternate method, involving functionali-
zation through a benign π-stacking mecha-
nism, allows selective functional groups
to be attached without any disruption of
the graphitic order. These functional groups
can enable attractive new properties absent
in pristine graphene, while retaining the
mechanical, chemical, and electronic prop-
erties of graphene due to the noncovalent
nature of its binding with the graphene
surface. The latter method is in sharp con-
trast with the former and is clearly a better
choice wherever the quality of graphene
is crucial. In our previous work,13 we had
demonstrated how such a noncovalent
functionalization could be achieved via π-
stacking graphene with 1-pyrenecarboxylic
acid (PCA). In this work, we describe hybrid
structures of films of such functionalized
graphene laminated on a flexible, inert,
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ABSTRACT We present fabrication and characterization of macroscopic thin films of graphene

flakes, which are functionalized with 1-pyrenecarboxylic acid (PCA) and are laminated onto flexible

and transparent polydimethylsiloxane (PDMS) membranes. The noncovalently (π-stacked) function-

alization of PCA allows us to obtain a number of unique optical and molecular sensing properties

that are absent in pristine graphene films, without sacrificing the conducting nature of graphene.

The flexible PCA-graphene-PDMS hybrid structure can block 70-95% of ultraviolet (UV) light,

while allowing 65% or higher transmittance in the visible region, rendering them potentially useful

for a number of flexible UV absorbing/filtering applications. In addition, the electrical resistance of

these structures is found to be sensitive to the illumination of visible light, atmospheric pressure

change, and the presence of different types of molecular analytes. Owing to their multifunctionality,

these hybrid structures have immense potential for the development of versatile, low-cost, flexible,

and portable electronic and optoelectronic devices for diverse applications.

KEYWORDS: graphene • functionalized graphene • graphene-polymer hybrid •

UV absorbent material • transparent conducting films • sensors • photodetectors
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and transparent polymer surface and present interest-
ing new results related to their optical and enhanced
sensing properties.
The discovery that a single layer of chemically

unmodified graphene (pristine graphene) absorbs a
fundamental quantum of light (πR ≈ 2.3%)14 that is
only dependent on the fine structure constant R (≈1/
137) has generated immense interest in the funda-
mental nature of its optical properties. At the same
time, it has opened up large possibilities for its
application as the world's thinnest transparent con-
ductivematerial, a fact thatmakes it immensely useful
in many optoelectronic and photovoltaic applica-
tions. Experiments performed on pristine graphene
as well as graphene produced by chemical reduction
of graphene oxide15-17 show very limited variation of
their optical absorbance over large wavelength bands
within the ultraviolet-visible (UV-vis) range. Com-
pared to carbon nanotubes, the UV-vis spectrum of
graphene is significantly featureless due to the
smooth and monotonically increasing density of
states of graphene near its Fermi level with marked
absence of van Hove singularities. In carbon nano-
tubes, these singularities are a result of its 1D con-
finement (absent in 2D graphene) and are hallmarks
of its electronic structure. Transitions between these
singularities are directly responsible for the absorp-
tion peaks seen in the optical spectrum of carbon
nanotubes. In the absence of such absorbance peaks,
graphene by itself is incapable of acting as a wave-
length-specific optically absorbent or filtering material
within the UV-vis region.
In addition to its optical properties, the high-quality

crystalline order of graphene renders it with extremely
low electrical noise. This, combined with the fact that
its conductance changes upon being doped and that it
has very large specific surface area (calculated value,
2630 m2 g-1),18 makes it extremely attractive as a
material for conductometric molecular sensing. Des-
pite these advantages, however, pristine graphene
shows little or no response to a variety of analyte
molecules.19 This is no surprise, since the covalent
sigma bonds between the in-plane C atoms in gra-
phene are completely satisfied, whereas the efficient
pi-electron network on the surface leaves no available
binding sites for analyte molecules to form any kind of
chemical bonds that could potentially “dope” gra-
phene and change its electrical conductance. How-
ever, it has been shown that even a monolayer of
contaminants could vastly enhance its sensing abil-
ities, and this has been attributed19 to be the reason
behind the demonstrated “single-molecule detection”
by graphene. Hence, it stands to reason that a con-
trolled type of surface functionalization will enable
graphene to respond strongly in the presence of a
certain type or category of analytes that can adhere to
the said functional groups.

In our previous work, we have demonstrated a
“molecular wedging”method for exfoliating graphene
from graphite.13 In this method, 1-pyrenecarboxylic
acid (PCA), an amphiphilic molecule, is used as a
molecular wedge to exfoliate graphene from graphite.
This method retains the pristine nature of graphene;
that is, it does not chemically modify graphene in any
way. At the end of the exfoliation process, the gra-
phene flakes are π-functionalized with PCA, which
enables them to remain suspended stably in water.
Although, in principle, the PCA molecules can be
mostly removed from the graphene flakes by washing
thoroughly in methanol, here we chose to retain the
PCA molecules on the graphene surface, as they serve
to provide a number of added functionalities as de-
scribed below.
PCA, a well-known polyaromatic derivative, is a

fluorophore that has sharp absorption peaks in the
UV region.20 This means that when exposed to UV
light, PCA will absorb a significant amount of UV
light. When attached to graphene, we find that PCA
retains this extremely useful property. In addition,
the dangling-COOH group of PCA provides sites for
hydrogen bonding with polar analytes such as etha-
nol vapor,13 which in turn could impact the electrical
conductance of the PCA-graphene flakes, making
them useful as conductometric sensors. To utilize
these optical and sensing properties in macroscopi-
cally useful structures, we first fabricated thin films
of overlapping PCA-functionalized graphene flakes
and then laminated these films onto flexible, trans-
parent substrates of polydimethylsiloxane (PDMS).
In the past, carbon nanotube-polymer composites
have been researched extensively for many applica-
tions that need the combination of unique electro-
nic, optical, and mechanical properties of carbon
nanotubes and polymer materials.21-28 Graphene,
as a new and outstanding member of carbon mate-
rials, will provide novel opportunities as composite
materials in a variety of applications. Some groups
have successfully made graphene-polymer compo-
site structures with the potential ability for electrical
applications.29,30 Our method differs from these
past reports in the fact that we use a benign surface
functionalization of graphene in the hybrid struc-
ture to obtain unprecedented optical and sensing
properties that graphene alone could not provide.
The hybrid structures demonstrate large optical
absorbance in the UV region, while remaining sig-
nificantly transparent in the visible region of the
optical spectrum. At the same time, its electrical
resistance shows tremendous sensitivity to the pre-
sence of a large variety of polar molecules, including
alcohols, ketones, and esters. We first present the
fabrication of these hybrid structures, discuss their
properties, and then summarize the implications of
these findings.
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RESULTS AND DISCUSSION

Figure 1a schematically describes the process of the
fabrication of graphene-polymer hybrid structures.
An aqueous graphene dispersion, produced by our
“molecular wedging” method,13 contains PCA-func-
tionalized graphene flakes that are a few hundred nano-
meters in size. This is vacuum filtered through a nano-
porous cellulose-basedmembrane. Thedispersion leaves
a homogeneous gray or dark gray film on the surface of
the membrane after it dries. Then, a prefabricated
PDMS disk is pressed onto the surface of the graphene
film on the cellulose. After the cellulose membrane is
peeled off from the PDMS, a uniform graphene film is
left on the surface of PDMS to produce the required
graphene-polymer hybrid structure. The details will
be explained in the Experimental Methods section. The
obtained hybrid structure is partially transparent to the
eye, is flexible, and can be cut into desired shapes and
sizes and attached to external leads to form simple,
flexible, multifunctional devices.
Since the dispersion used to fabricate the graphene

film contains a mixture of monolayer (about 10%)13

and few-layer graphene flakes, a similar layer-thickness
distribution can be expected to be present in the film
aswell. Figure 1b is a Raman spectrum31,32 taken on the
graphene film on PDMS using an excitation wave-
length of 532 nm. A strong peak indicative of the
ordered graphitic crystal lattice known as the G-band
was observed around 1584 cm-1, which corresponds
to the Raman-active doubly degenerate zone center
E2g phonon (in-plane optical mode) of sp2-hybridized
carbon, close to the Γ point. In addition, other peaks
are observed at around 1350 cm-1 (corresponding to
the D-peak or the first-order edge or defect-induced
zone boundary phonons) and 2692 cm-1 (the D0-band
related to second-order zone boundary phonons).

The smaller peak at 2692 cm-1 in the Raman spectrum
indicates the majority presence of few-layer graphenes.
Together, these peaks represent the presence of
graphene flakes in the hybrid structure.
We find that, to a good extent, the amount of grap-

hene deposited on the PDMS surface increases with
the amount of material that was previously deposited
on the nanoporous membrane, i.e., by using different
volumes of graphenedispersionwhile filtering. Figure 2a
shows the optical images of graphene-polymer
hybrid composite structures A, B, and C prepared using
5, 10, and 15 mL of graphene dispersion, respectively.
To demonstrate their transparent nature, the hybrid
structures have been placed on a printed Rensselaer
logo. The transparent bulks are PDMS, and the gray or
dark gray films on PDMS are graphene films. It can be
seen that the contrast of graphene film changes
slightly from gray to dark gray with the increase in
volume of graphene dispersion used for the fabrication
of these structures. Figure 2b shows the optical trans-
mittance spectra within the UV-visible window (250-
800 nm, using a Perkin-Elmer lambda-900 UV-vis-NIR
spectrophotometer) on the PCA-graphene-PDMS
hybrid structures A, B, and C. Table 1 summarizes the
transmittance at different regions of the UV-vis spec-
trum. In the visible range from 400 to 800 nm, the
average transmittance is varied from ∼45% to 65%
in the present set of samples. In comparison to their
transmittance in the visible range, the transmittance
in the ultraviolet region is extremely low, at 281 to
353 nm. As our previous work has shown,13 these two
wavelengths are fingerprints in the absorption spec-
trum of pure PCA. It is hence clear that the strong
absorption of light at 281 and 351 nm in our structures
is due to the noncovalently functionalized PCA on
the surface of graphene. These results reveal that our

Figure 1. PCA-graphene-PDMS hybrid structures. (a) Scheme outlining the steps describing the fabrication process.
(b) Raman spectrum of the PCA-functionalized graphene film showing characteristic peaks of few-layered graphene.
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graphene-PDMS hybrid structure can allow a signifi-
cant amount of light to pass through in the visible
region while selectively prohibiting transmittance in
the UV region. This has been schematically shown in
Figure 2c.
Figure 2d shows an optical photograph of a rectan-

gular hybrid structure of a graphene film laminated on
PDMS. Two external leads have been attached using a
conductive silver paint, as shown. The functional area
of the graphene film is around 0.5� 0.5 cm2. Since the
graphene film is very thin, it is difficult to distinguish it
from PDMS in this case. Such structures were used to
measure the sheet resistance of PCA-graphene films
of different thicknesses on PDMS, as well as to perform

electrical tests under different conditions as described
later on. Figure 2e shows the variation of sheet resis-
tance of the PCA-graphene films on PDMS with
different transmittance values. As expected, we find
that the sheet resistance increases with increasing
transmittance. These values of resistance are higher
than that obtained in single flakes/continuous sheets
of graphene. The high resistance can be ascribed to the
high interfacial resistance between the numerous gra-
phene flakes that form themicroscopic structure of the
film. In addition, the rough surface of PDMS may also
add to nonplanar overlap of the flakes during the
fabrication process. We are currently working onmeth-
ods to decrease the sheet resistance, and this will be
reported in the future. Despite this shortcoming, light
absorption appears to have another interesting out-
come in these samples: we find that our macroscopic
structures are also photosensitive, with a reproducible
change in overall conductivity in the presence of light.
Figure 2f shows the variation of resistance as a function
of time in a sample that has been isolated with a
windowed screen (see inset of Figure 2f) and placed
in front of an incandescent lamp. We see a periodic
variation of its resistance with periodic switching on/
off of the lamp. Our previous work has shown that

Figure 2. Optical properties of PCA-graphene-PDMS hybrid structures. (a) Digital optical images of three samples (A-C)
with different degrees of graphene-film lamination. The discs were placed on a Rensselaer logo and photographed under the
same lighting conditions for comparison. (b) UV-vis transmittance of the same samples, A-C. (c) Schematic describing the
UV filtering action of these hybrid structures. (d) A rectangular piece of sample with electrodes attached for resistance
measurement. (e) Sheet resistance of the samples with respect to their optical transmittance at 600 nm. (f) Variation of
resistance R as a function of another sample when in the presence of an incandescent lamp that was periodically switched on
andoff. Anopaque screenwith a rectangular openingwasused tomask the contact areas, and lightwas allowed to fall only on
the graphene film, as shown.

TABLE 1. Transmittance of the Three Samples, A, B, and C,

at Various Regions of the UV-Visible Spectrum

sample

average

transmittance

(%) 400-800 nm

(visible)

transmittance

(%) at 281 nm

transmittance

(%) at 351 nm

A 64.2 4.63 6.37
B 54.6 4.71 6.64
C 44.9 1.87 2.51
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these films have a negative temperature coefficient of
resistance; that is, resistance decreases when the sam-
ple is heated.13 In contrast, we find that the resistance
of these films increases when the lamp is turned “on”,
indicating that the resistance change upon exposure to
light is not due to “heating” of the sample from the
lamp. The effect of gradual heating can be seen in the
form of a steady decrease in overall resistance as a
function of time, when the lamp has been switched
“on” several times. The relative change in resistance of
graphene flakes under illumination was found to be
approximately 6%. The change in photoconductivity
is found to be different from that previously reported
for carbon nanotubes,33,34 CdS nanoribbons,35 GaN
nanowires,36 and ZnO nanowires,37 where it has been
demonstrated that photogenerated carriers result in
the decrease of resistance with increasing incident
light intensity. The exact mechanism of photodetec-
tion in our case is yet unclear, since electron-hole pair
generation (in the presence of light) in graphene has
time scales on the order of picoseconds,38 whereas the
response seen here is on the order of seconds. The UV
absorbance of PCA is unlikely to produce this effect for
similar reasons. It is possible that slow molecular
desorption of oxygen39 may be triggered by incident
light, which could potentially cause the slow response
seen in our samples. This would justify both the
increase in resistance and the slow response seen in
our experiments. However, detailed experimentation is
required before further conclusions can be drawn in
this regard.
Having discussed its various optical properties, we

now turn to the molecular sensing aspect of our
PCA-graphene-PDMS hybrid structures. In this case,
PDMS plays the role of providing a stable substrate for
the macroscopic PCA-graphene films. Molecular sen-
sing can have a variety of uses, ranging frommeasure-
ment of pressure of known gases to the detection of

specific molecules. We first present the electrical prop-
erties of our PCA-graphene films with change in air
pressure. Changing the ambient pressure will change
the overall concentration of molecular constituents of
air, and a reproducible and measurable change over a
large range of pressures could be utilized in the
fabrication of air pressure gauges or sensors. Air pres-
sure sensors fabricated from graphene films will be
low-cost, lightweight, and portable and will occupy a
small volume. Such sensors would be useful in diverse
applications in weather instrumentation, aircrafts, ve-
hicles, and any other machinery that has pressure-
related functionalities implemented.
Figure 3a shows the resistance change of a pressure

sensor, made from a graphene hybrid structure (similar
to the one shown in Figure 2d), as a function of time,
while it is exposed to different air pressures. The test
was performed in a vacuum chamber attached to
pump/vent lines, and the pressure was controlled
periodically through pumping/venting cycles and
measured against a separate calibrated gauge. We find
that the resistance of our pressure sensor decreases
when the pressure of the measuring system is de-
creased to 1.3 Torr (base pressure of the pump) and
recovers when the pressure of the system changes
back to 758 Torr (ambient atmospheric pressure). The
recovery was immediate, since the venting process is
instantaneous. The decrease in resistance was initially
rapid and then gradual, following the gradual ap-
proach toward the base pressure of our pump, at lower
pressures. This indicated that our graphene pressure
sensor responded quite rapidly to external changes in
pressure. This has two immediate implications. First, on
one hand, the change in electrical resistance is not an
outcome of oxygen desorption as in case of our
photodetection experiment, since that process in-
volves large time scales, and desorption of oxygen
causes an increase in resistance, quite the opposite of

Figure 3. Atmospheric pressure sensing using PCA-graphene-PDMShybrid structures. (a) Periodic variation of resistance in
a hybrid structure in response to periodic change in pressure between 758 Torr (ambient atmospheric pressure) and 1.3 Torr.
The resistancewas found to decreasewith a decrease in pressure. (b) Percentage change in resistance of the graphenefilms as
a function of pressure. This change appears to follow a power-law trend at higher pressures.
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what happens in this case. Similar arguments can
be used to pre-empt any role of nitrogen or carbon
dioxide,19 two other major constituents of air. On the
other hand, our previous work has shown that the
presence of moisture can cause a small but reasonable
increase in resistance in our PCA-functionalized gra-
phene films.13 Owing to their permanent dipole mo-
ment, water molecules can interact with the polar
-COOH groups of PCA through a hydrogen-bonding
mechanism, leading to an effective change in conduc-
tance that is consistent with both the rapid response of
these sensors and the direction of resistance change.
We believe that the decrease in sensor resistance with
decreasing air pressure is due to the removal of water
molecules in the pumping cycle (and vice versa for the
venting cycle). Second, the rapid response makes it
extremely useful for accurately monitoring rapid
changes in ambient pressures, such as that required
on aircrafts or vehicular stability control. To obtain their
sensitivity, these sensors were tested over the entire
range of pressure (1.25 Torr < P < 760 Torr). Figure 3b
shows the percentage variation of response, ΔR/R, at
different controlled values of air pressure within this
range. The percentage change is relative to the extra-
polated value of resistance at P= 1 Torr. As the pressure
is increased, so does the concentration of molecules in
the chamber, and we find a monotonic increase in the
sensor resistance up to a maximum of ∼8% at atmo-
spheric pressure. For 10 Torr < P < 760 Torr, the sensor
resistance shows a power-law dependence on pres-
sure (as shown in Figure 3b), making it easy to calibrate
such sensors in this range. Compared to previous re-
ports on carbon nanotube-based pressure sensors,40,41

our pressure sensor is also easier to fabricate and has
higher response to pressure change.

To further support our hypothesis that hydrogen
bonding of PCAwith polar molecules has an impact on
the electrical resistance of the hybrid films, we have
tested their behavior in the presence of organic solvent
molecules that are known to have permanent dipole
moments. Previously, we had presented preliminary
results on sensors that were built on cellulose mem-
branes.13 However, cellulose is an organic compound
and dissolves/degrades in most organic solvents or
their vapors. This narrows down their usefulness, and
hence they are unsuitable for testing against vapors of
organic solvents such as acetone. The PDMS substrate
used to build the present sensors overcomes this
problem, since PDMS is an inert polymer and is in-
soluble in most organic solvents. Hence sensors fabri-
cated from the present hybrid structures are extremely
robust and could be used to test a wide range of
molecular analytes.
Figure 4 show the resistance change of the PCA-

graphene films in the presence of saturated vapors of
acetone, ethanol, ethanol acetate, isopropyl alcohol,
and methanol. We see the striking difference in their
resistance in the presence of these analytes. Table 2
shows various experimental details, properties, and the
percentage change in resistance seen in the presence
of these analyte molecules. In comparison to the few
percent change in resistance seen when the concen-
tration of air (which comprises mostly nonpolar mole-
cules except for water, as discussed before) was
changed over orders of magnitudes, here we find that
the percentage change in resistance is, in fact, orders of
magnitude in size in the presence of a few to tens of
percents of polar molecules. While at this point we do
not fully comprehend why the presence of polar
molecules will lead to such a large increase in its

Figure 4. Periodic variations of sensor resistance in response to periodic exposure to saturated vapors of different organic
solvents (see Table 1 for details). In each case, the resistance increases in the presence of the analyte vapors. The lower
resistance values are those measured in air (in the absence of any analyte molecules).
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resistance, we do note that the resistance recovers
completely and instantaneously when the analyte is
removed. This indicates that neither physisorption nor
the formation of chemical bonds between the analytes
and the PCA-graphene complex is occurring in the
presence of the analyte, since the desorption process
shows slower changes (as discussed before), and for-
mation of chemical bonds will result in little or no
recovery. This, in turn, means that resistance increase is
not a “doping effect”, which has been usually attrib-
uted to the cause for resistance change in pristine
graphene in the past. We believe that this strikingly
large response in the presence of polar molecules is
due to the random trapping of a large number of
dipoles near the surface of graphene due to the
formation of hydrogen bonding between the analyte
molecules and PCA. Our past work42 with carbon
nanotubes has shown that the presence of localized
inhomogeneous electrostatic fields in the vicinity of
nanotubes can open up large gaps in their density of
states, resulting in orders-of-magnitude increase in
their resistance. It is possible that the hydrogen-bond-
ed polar molecules form a random array of strong,
localized dipole fields near the parent graphene, and
these random dipole potentials could affect the trans-
port in graphene in a similar manner. In fact, experi-
ments on bilayer graphene grown on SiC have shown
that breakdown of layer symmetry due to formation of
local dipoles can indeed lead to opening of band gaps
in graphene.43 The formation of hydrogen bonds is
consistent with both the rapid response and complete
recovery of the sensors, and we believe that trapping
of local dipoles by the PCA molecules is possibly
responsible for this large change in electrical resistance
of graphene. In this preliminary report, it is not possible
to completely ascertain this hypothesis, and systematic
experimentation in conjunction with computational
modeling is required to analyze the effect of dipole
fields on graphene. We plan to investigate these issues
in a comprehensive manner in the future. Regardless
of the nature of the underlying mechanism, our
observation opens up new methodologies for tailor-
ing the sheet resistance of graphene-based devices

and could be important for a number of electronic
applications.

CONCLUSION

In conclusion, we have fabricated flexible multifunc-
tional PCA-graphene-PDMS hybrid structures by
transferring PCA-functionalized graphene films of var-
ious thicknesses onto PDMS substrates. The π-stacked
(noncovalent) attachment of PCAon graphene enables
us to obtain a variety of functionalities that are absent
in pristine graphene, without sacrificing the conduct-
ing nature of graphene. The hybrid structures possess
promising optical properties, in the form of UV absorp-
tion/suppression and photodetection, as well as mole-
cular sensing properties, applicable in pressure sensors
and molecular detectors. In particular, UV protection is
a matter of great importance in the healthcare arena,
especially in ophthalmology. Our simple methodology
opens wider possibilities of tailoring wavelength-spe-
cific UV-absorbing materials, by selectively functiona-
lizing the surface of graphene with other derivative of
polyaromatic fluorophores, giving rise to UV absorp-
tion centered at different wavelength values, which is
very useful for UV light filters.44,45 PDMS is a transpar-
ent, inert, nontoxic, nonflammable, and biocompatible
material similar to that used in contact lenses, and
hence these laminated PDMS films find tremendous
potential as UV protection in contact lenses and other
optical devices such as microscopes, binoculars, and
cameras. UV protection also has other industrial appli-
cation such as protection of certain organic chemicals
from degradation46 or in textile industries.47 Other
possible uses include UV filters and coatings on win-
dows in domestic, vehicular, military, and space
applications.44,45 In addition to its UV-suppressing
property, the PCAmolecules on graphene render them
immensely sensitive to the presence of polar mole-
cules. On one hand, this opens up a new method for
tailoring the electronic properties of graphene films,
which may have several fundamental and applied
implications in graphene-based electronics. On the
other hand, by tailoring the surface with different kinds
of functional groups, this methodology may pave the

TABLE 2. List of Polar Analytes TestedwithOur PCA-Graphene Sensors, Concentrations Used,Molecular Properties, and

Response

analyte

concentration %

(v/v) in air

molecular

weighta

(g/mol)

dipole

momenta

(D)

response

(ΔR/R)%

acetone 30.2 58.079 2.88( 0.03 5500( 925
ethanol 7.7 46.068 1.68( 0.03 85( 11
ethyl acetate 12.5 88.106 1.78( 0.09 547 063( 36 059
isopropyl alcohol 5.7 60.095 1.58( 0.03 209( 18
methanol 16.7 32.042 1.70( 0.02 100( 4.7
a These data were taken from ref 54.
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way for the development of a new generation of molec-
ular sensors, which, again, could have numerous environ-
mental, industrial, and military applications. Furthermore,
we believe that the optimization of conductance of these
hybrid structures can greatly enhance their potentials in
fields where transparent conducting films are utilized,

such as organic photovoltaic cells,48,49 light-emitting
diodes,50,51 and electronic display.52,53 These structures,
hence, demonstrate a variety of functionalities and pos-
sess significant potential for the development of versatile,
low-cost, flexible, and portable electronic and optoelec-
tronic devices for diverse applications.

EXPERIMENTAL METHODS
The stable aqueous dispersion of noncovalently PCA-func-

tionalized graphene is prepared by the “molecular wedging”
method.13 According to our previous work, the obtained PCA-
functionalized graphene flakes are a few hundred nanometers
in size, and the concentration of the dispersion is about 10 μm/
mL. This graphene dispersion was vacuum filtered through
cellulose membranes with pore size 25 nm. After the cellulose
membranes dried, the dispersion gave a gray or dark (depends
on howmuch dispersion used) contrast to thewhitemembrane.
The obtained graphene film on the cellulose membrane was
then transferred onto the flexible polymer polydimethylsilox-
ane (PDMS) to get a graphene-polymer hybrid composite
structure. The PDMS membrane was made by using a mixture
of silicone elastomer base and silicone elastomer curing agent
(10:1 in mass), which was put in an oven and dried under 60 �C
after being sonicated for 10 min. This transferring step is carried
out by stamping PDMS membranes onto the surface of a
cellulosemembrane overnight under the force of a 5 kgweight.
The weight allows the PDMS to uniformly adhere to the top
layer of the graphene flakes, which effectively laminates one
side of the PDMSdisk. After we peel the cellulosemembrane off
the PDMS, we obtain the flexible graphene-polymer hybrid
composite structure. The hybrid composite structure can be
cut into suitable shape and size and then attached to external
leads by using silver paint on the two ends of the composite
structure to fabricate multifunctional electrodes. The multi-
functional electrodes made from the hybrid composite struc-
ture can be directly used as a controllable UV filter, transparent
conducting films, photodetector, pressure sensor, and chemi-
cal sensor.
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