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ABSTRACT: The ability to tune the molecular interaction electronically
can have profound impact on wide-ranging scientiﬁc frontiers in catalysis,
chemical and biological sensor development, and the understanding of
key biological processes. Despite that electrochemistry is routinely used
to probe redox reactions involving loss or gain of electrons, electrical
probing and tuning of the weaker noncovalent interactions, such as
molecular physisorption, have been challenging, primarily due to the
inability to change the work function of conventional metal electrodes.
To this end, we report electrical probing and tuning of the noncovalent
physisorption of polar molecules on graphene surface by using graphene
nanoelectronic heterodyne sensors. Temperature-dependent molecular
desorptions for six diﬀerent polar molecules were measured in real-time to study the desorption kinetics and extract the binding
aﬃnities. More importantly, we demonstrate electrical tuning of molecule−graphene binding kinetics through electrostatic gating
of graphene; the molecular desorption can be slowed down nearly three times within a gate voltage range of 15 V. Our results
provide insight into small molecule−nanomaterial interaction dynamics and signify the ability to electrically tailor interactions,
which can lead to rational designs of complex chemical processes for catalysis and drug discovery.
KEYWORDS: Noncovalent interaction, physisorption, electrical tuning, graphene, binding energy, heterodyne sensor

T

surface-to-volume ratios, exceptional electronic properties,
chemical stability in diﬀerent environments, and compatibility
with modern processing technologies.12−15 Most importantly,
the reduced density-of-states in low dimensional nanomaterials
provides the capability of electrostatic tuning of the charge
densities and hence their Fermi levels. As shown in Figure 1a,
the range of gate tunability in a typical nanomaterial device is
on the order of ±0.5 eV, which conveniently covers the energy
range for weak noncovalent interactions. Furthermore,
graphene is particularly attractive as a platform for studying
noncovalent molecular physisorption. Its perfect lattice ensures
physisorption nature for molecular adsorption, and its linear
band dispersion also enables a continuous gate tuning of the
Fermi energy level.
The electrochemical response of nanomaterials has already
been explored for a wide variety of applications like molecular
recognition and separation16−24 and even nanobiomimetics.25−27 Despite these progresses, there still is a lack of
understanding of the fundamental interactions between
molecules and nanomaterials. For example, the chemical

he behavior of molecules near a surface is dictated by the
interplay of attractive and repulsive forces between the
two, and these interactions can be classiﬁed as either chemical
(covalent/ionic) or physical (noncovalent). Covalent interactions involve sharing of electrons between the two systems
and are strong with interaction energies between 1 and 10 eV.1
On the other hand, electrostatic noncovalent interactions are
much more subtle and have interaction energy of only a few
100 meVs1 (Figure 1a). Even though noncovalent interactions
are weak, they are precise in nature, work in a time dependent
manner, and are the bedrock of important chemical and
biological processes.2,3 Understanding and controlling these
noncovalent interactions can usher new scientiﬁc and
technological breakthroughs in the area of catalysis,4,5 drugdiscovery,6,7 proteomics,8 combinatorial chemistry,9 supramolecular chemistry,10 and environmental remediation.11
While redox reactions and covalent interactions can be studied
by electrochemistry, electrical probing and tuning of noncovalent interactions have not been possible due to the inability
to change the work functions (or Fermi levels) of conventional
metal electrodes.
Miniature analytical systems based on nanomaterials like
carbon nanotubes, nanowires, graphene, and transition metal
dichalcogenides oﬀer a great platform to study the
physicochemical nature of such interactions due to their large
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electronic heterodyne sensor.18,20 We demonstrate electrical
probing of molecular physisorption on graphene by monitoring
the interaction kinetics in real-time, and experimentally quantify
the molecule-graphene binding aﬃnities. Furthermore, we
demonstrate for the ﬁrst time electrical tuning of molecular
physisorption through electrostatic gating of graphene.
We chose a graphene nanoelectronic heterodyne sensor20 as
our testbed to investigate molecular physisorption on the
graphene surface. Brieﬂy, graphene ﬁeld eﬀect transistors were
integrated with a gas chromatography (GC) system20 in order
to generate a subsecond wide vapor pulse for real-time dynamic
study of molecule−graphene interaction (see Supporting
Information). A high frequency alternating current (ac) voltage
was used to drive the adsorbed molecules’ dipoles, which
induces charge density ﬂuctuations inside graphene. These
charge density ﬂuctuations are frequency-mixed with the ac
excitation to generate a heterodyne mixing signal (see
Supporting Information). In particular, the high-speed, highsensitivity nature of the graphene heterodyne sensor20 enables
real-time monitoring of the molecular physisorption and
desorption (Figure 1b, black curve). Furthermore, the
interaction kinetics can be altered (Figure 1b, red curve) by
changing the temperature or, more interestingly, by changing
the chemical potential in graphene through electrostatic gating
and recorded using the same sensor.
To prove the concept, we measured the time domain mixing
current signal change upon adsorption and desorption of
chloroform and DMF (Figure 1c,d, respectively). Reversible
mixing current signal changes were observed with an
instantaneous current jump followed by a slower decay.
These events correspond to molecular adsorption and
desorption on the graphene surface. In all the experiments
carried out in this work, we consistently observed desorption to
be dominated by a single exponential decay. Following ﬁrst
order rate kinetics, Rdes = Ae−kdest, the desorption curve can be ﬁt
with an exponential to obtain the desorption rate, kdes, or
desorption time, τdes (= 1/kdes). We obtained kdes of 2.5 and
0.82 s−1 and τdes of 0.4 and 1.22 s for chloroform and DMF,
respectively. We also note the opposite mixing current signal
changes for the adsorption of chloroform and DMF, which is
related to the orientation of their molecular dipoles with
respect to the graphene plane; the electronegative (positive)
side of chloroform (DMF) being closer to graphene results in a
positive (negative) response, as explained in detail in our
previous work.20
We further characterized the molecular binding aﬃnities
through temperature dependent measurements. In the absence
of charge transfer, the weak interactive forces determine the
ability of a molecule to adsorb onto graphene surface. The
competing electronic repulsive forces and attractive van der
Waals forces lead to the formation of a potential energy well,
the minima of which determines the binding energy of
molecule to graphene.1 From the transition state theory,4
molecular desorption process is governed by the binding
energy, Ea, and the desorption rate, kdes, is given by

Figure 1. Electrical detection of molecular physisorption on graphene.
(a) Representation of the energy scales for covalent and noncovalent
molecular interactions. On the right is plotted the density of states for
common one-dimensional (carbon nanotube in green) and twodimensional (graphene in red and MoS2 in blue) materials with
energy. Through an electrostatic gate one can shift graphene’s Fermi
level about ±0.5 eV in practical devices. (b) Schematic showing the
physisorption and desorption of DMF molecule on graphene detected
by graphene nanoelectronic heterodyne detector (black curve).
Thermal or electrostatic activation can be used to tune the
adsorption−desorption kinetics (from black to red curve). (c,d)
Heterodyne mixing response of graphene to chloroform and DMF,
respectively. The responses are reversible with instantaneous rise
followed by an exponential decay. Exponential ﬁts to decay curves are
shown in red. The injected masses for chloroform and DMF are 2.85
and 4.72 ng, respectively. The back gate voltage (Vg) is 0 V and
temperature (T) is 296.2 K. Insets show the orientation of respective
molecule’s dipole orientation on top of graphene.

response of most conventional nanoelectronic systems is driven
by charge transfer via covalent binding with dangling bonds or
defect sites,16,17,28−31 which unfortunately does not represent
the interaction between a charge neutral molecule and the
perfect graphene lattice.20,28,32 In this work, we instead analyze
the noncovalent physisorption of polar molecules including
chloroform, dichloromethane, chlorobenzene, 1,2-dichlorobenzene, dimethylmethylphosphonate (DMMP), and N,N- dimethylformamide (DMF) on graphene using a graphene nano-

kdes = vf e−(Ea / kBT )

(1)

where vf is the attempt frequency, kB is the Boltzmann constant,
and T is the temperature. Hence, measuring the temperaturedependent molecular desorption rates can yield the corresponding binding aﬃnity.
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Figure 2. Electrical detection of temperature-dependent DMMP interaction with graphene. (a) Normalized graphene sensor’s temporal response to
1.145 ng DMMP at diﬀerent temperatures. (b) Graphene sensor’s temporal response to DMMP at 289.7 K. Exponential ﬁt (in red) to desorption
curve yields desorption rate kdes = 0.25 s−1 (τdes = 4 s). (c) Desorption rates, kdes, plotted against temperature on the Arrhenius scale (ln kdes − 1/T).
Slope of the Arrhenius plot (linear ﬁt in red) gives noncovalent binding energy Ea = 734 ± 52 meV. (d) Temporal response to repeated doses of
1.145 ng of DMMP at diﬀerent temperatures. (e) Temperature dependence of peak mixing current responses in (d). These measurements were
done on graphene transistor with L = 1 μm, W = 1 μm, and back gate voltage was held at Vg = 0 V. Error bars in (c,e) show the standard deviation
over 3 runs. All measurements were carried out in air and at atmospheric pressure.

drastically altered through electrostatic gating without the need
of changing substrate temperature. We further extract the
chloroform desorption rates, kdes (1/τdes), and plot them against
the gate voltage and Fermi level shifting from Dirac point of
graphene in Figure 3b. It is clear that more positive gate
voltages and higher Fermi levels weaken chloroform
physisorption on graphene, leading to a higher desorption
rate. Moreover, the reduced mixing current peak intensity at
more positive gate voltages (Figure 3c) also conﬁrms the
weakening of chloroform physisorption. Signiﬁcantly, this is the
ﬁrst time that electrical tuning of molecular physisorption has
been demonstrated.
We further investigated the gate-controlled molecular
physisorption of DMF, which has opposite dipole orientation
compared to chloroform. Active gate tuning of molecular
desorption rate was observed once again (Figure 3d).
Interestingly, contrary to chloroform, more positive gate
voltages and higher Fermi levels strengthen DMF physisorption
on graphene, leading to slower desorption rate (Figure 3e).
This is further corroborated by the enhanced mixing current
peak intensity at more positive gate voltages (Figure 3f). The
opposite trend for the gate tuning of chloroform and DMF
desorption can be attributed to their opposite dipole
orientations on top of graphene.20 The gate-induced electrostatic doping in graphene shifts graphene’s chemical potential,
leading to changes of the molecular binding aﬃnity on
graphene. For chloroform physisorption, the electronegative
side of its dipole sits closer to graphene.20 A positive gate
voltage raises the chemical potential of graphene, thus
decreasing the binding aﬃnity between graphene and chloroform. On the other hand, DMF has the electropositive side of
its dipole located above graphene. A positive gate voltage leads

Figure 2a shows the normalized time domain desorption
curves for DMMP at diﬀerent substrate temperatures. It is clear
that the desorption rate is faster at higher temperatures. Similar
to Figure 1c,d, the desorption rate at diﬀerent temperatures can
be extracted through an exponential ﬁt, as shown in Figure 2b.
Importantly, temperature-dependent physisorption responses
provide a means to investigate interaction kinetics and
determine corresponding binding energies.4 Figure 2c shows
an Arrhenius plot of temperature dependent desorption rates,
kdes, obtained by exponential ﬁts to the response curves at
diﬀerent temperatures shown in Figure 2d. The slope of the
ln(kdes) − 1/T plot gives the molecule−graphene binding
energy, which for DMMP is measured to be 734 ± 52 meV.
Similar temperature dependent desorption rate studies for
chloroform, dichloromethane, and DMF yield binding energies
of 223 ± 13, 195 ± 10, and 657 ± 23 meV, respectively (see
Supporting Information Figure S1).
We also studied the temperature dependence of peak mixing
current intensity as shown in Figure 2e. The peak mixing
currents at diﬀerent temperatures were obtained from Figure
2d. It is clear that the peak mixing current decreases with
increasing temperatures. This observation corroborates with the
faster desorption rate at higher temperature, which reduces
surface molecule concentration and hence the response signal.
Above 310.8 K substrate temperature, the signal response for
DMMP injection was within the noise ﬂoor.
In addition to temperature, the back gate electrode can
provide another knob to tune the Fermi level of graphene, and
hence control the behavior of molecular species on top of
graphene.33 To prove the concept, we studied the gate tuning
of molecular desorption on graphene. Figure 3a shows
desorption curves of chloroform at several diﬀerent gate
voltages. Importantly, the molecular desorption rates can be
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Figure S2) is extracted and the corresponding Arrhenius plot is
shown in Figure 4c. The slope of the ln(kdes) − 1/T gives DCBgraphene binding energy of 447 ± 24 meV. The temperaturedependence desorption trend for DCB agrees with the other
nonaromatic molecules reported in this study, and the
temperature-dependent peak mixing currents (Figure 4d) also
conﬁrms faster desorption with increasing temperatures.
Interestingly, the peak mixing current response to DCB was
found to saturate at lower temperatures as shown in Figure
4a,d. We observed the same eﬀect with chlorobenzene where
peak current saturation occurred at temperature below 289.7 K
as well (see Supporting Information Figure S1). The current
saturation may be due to surface saturation with a layer of
DCB, which screens the electric ﬁeld for additional layer of
DCB on graphene. Further in-depth studies are needed in order
to fully understand this interesting phenomenon.
We also studied the eﬀect of gate induced Fermi level tuning
on DCB adsorption on graphene. Figure 4e shows graphene
response to DCB at diﬀerent gate voltages. Interestingly, the
extracted desorption rates, kdes, show little gate dependence
(Figure 4f), and the peak mixing current increases only slightly
even with a ΔEF shift of ∼200 meV (Figure 4g). Careful
transport studies on DCB-decorated graphene transistor
suggest that the electric ﬁeld screening from DCB molecules
is not the reason for the weak gate tuning of DCB desorption
dynamics (see Supporting Information Figure S6 and
Discussion). Another possible explanation may be that in an
oﬀset parallel stacked structure as the electron density of
graphene increases, the dispersive interaction between local
polar C−Cl bonds and graphene π-electrons counters the oﬀset
π−π repulsion between the two systems.38 Similar gate
dependence is observed for chlorobenzene as well (Supporting
Information Figure S3). The temperature- and electric ﬁelddependent behavior of aromatic compounds shed new light
into the complex π−π stacked systems, a detailed understanding of which can play a key role in a wide range of
applications like drug discovery, protein-nucleic acid recognition, proteomics, and crystal packing.
Finally, we summarize the experimentally obtained binding
energies and attempt frequencies of various molecules on
graphene in Table 1 along with their dipole moments and
polarizability values. The mixing current response relates to the
molecular adsorbates’ dipole moment,20 but it is not surprising
that the binding energies do not exactly follow the dipole
moment strength of molecules. The mixing current response is
a direct manifestation of physisorption of molecules, where
weak van der Waals forces include contributions from both
permanent and induced dipoles, and therefore the binding
energy is aﬀected by both dipole moment and the polarizability
of the molecules.1 We note that the graphene devices typically
have intrinsic environmental doping that can shift the Fermi
levels away from the Dirac point even without gating. This
intrinsic Fermi level shift can aﬀect the molecular binding
aﬃnity in the same way as electrostatic gating. Hence, we list
the intrinsic Fermi level oﬀsets for graphene devices used in the
last column of Table 1.
Until now, the study of noncovalent molecule−nanomaterial
interactions have been conﬁned mostly to the theoretical realm.
Our results provide an experimental benchmark for future
investigation of such fundamental processes, especially in
graphitic systems. Furthermore, the gate controlled tuning of
adsorbate−graphene interactions provides new opportunities to
implement precise on-chip chemical control that can

Figure 3. Electrical tuning of molecular physisorption on graphene.
(a,d) Graphene mixing current response for chloroform and DMF at
diﬀerent back-gate voltages, respectively. (b,e) Desorption rates, kdes,
obtained from the exponential ﬁts to the mixing current responses to
repeated doses of chloroform and DMF, respectively, plotted against
graphene Fermi level shift and the applied gate voltage. (c,f) Peak
mixing current response of chloroform and DMF respectively, plotted
against Fermi level shift and the applied back-gate voltage. The
measurements were carried out on two diﬀerent devices with same
dimensions, L = 1 μm and W = 2 μm. The injected masses for
chloroform and DMF were 285 and 18.88 ng, respectively. Error bars
in (c−f) show the standard deviation over three runs. All
measurements were carried out in air at atmospheric pressure and
room temperature (296.2 K).

to higher graphene chemical potential and increases the binding
aﬃnity between graphene and DMF.
Noncovalent modiﬁcation of graphene lattice with aromatic
chemical compounds is widely pursued to enhance or tailor the
electronic and optical properties of graphene.34 The planar sp2hybridized graphene lattice also makes it a perfect substrate to
study π−π interactions, which has been a topic of intense
research, albeit mostly theoretical and controversial.35−38 Here,
we chose chlorobenzenes as model systems to study arene−
graphene interaction. Chlorobenzenes are important chemicals
for industry since they are widely used in deodorants, insect
repellents, and pesticides synthesis processes, and they are also
notorious for being environmental pollutants.39 Figure 4a
shows the normalized adsorption/desorption curves of 1,2dichlorobenzene (DCB) on graphene at diﬀerent substrate
temperatures. The most favored orientation of DCB on
graphene40 is oﬀset parallel stacking36,38 where local polar
C−Cl bonds lie directly atop the graphene π-electron cloud
(Figure 4b). Using ﬁrst order rate kinetics, desorption rate
(kdes) for DCB at each temperature (Supporting Information
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Figure 4. Electrical detection and tuning of noncovalent interactions between aromatic compounds and graphene. (a) Normalized graphene sensor’s
temporal responses to 130 ng DCB at diﬀerent temperatures. (b) Schematic illustration of most favored oﬀset-parallel stacked orientation of DCB on
top of graphene. (c) Desorption rates, kdes, obtained by exponential ﬁts to the temporal response to repeated doses of DCB at diﬀerent temperatures,
plotted against temperature on Arrhenius scale (ln kdes − 1/T). Slope of Arrhenius plot (linear ﬁt in red) gives noncovalent binding energy Ea = 447
± 24 meV. (d) Temperature dependence of peak mixing current response to repeated doses of DCB. These measurements were done on graphene
transistor with L = 5 μm, W = 1 μm, and back gate voltage was held at Vg = 0 V. Error bars in (c,d) show the standard deviation over three runs. All
measurements were carried out in air and at atmospheric pressure. (e) Mixing current responses to DCB at diﬀerent back-gate voltages. (f)
Desorption rates, kdes, plotted against Fermi level shift and the applied back-gate voltage. (g) Peak mixing current response to repeated doses of DCB
plotted against Fermi level shifts and the applied back-gate voltage. The measurements were carried out on a device with L = 1 μm and W = 2 μm.
Error bars in (f,g) show the standard deviation over three runs. All measurements were carried out in air at atmospheric pressure and room
temperature (296.2 K).

Table 1. Experimental Binding Energy (Eexp
bind, meV) and
Attempt Frequency (vf, s−1) for Polar Molecules on
Graphene Tabulated along with Molecule’s Dipole Moment
(D, Debye), Polarizability (α, 10−24 cm3), and Graphene’s
Fermi Level Oﬀset from the Dirac Point (ΔE0F, meV, see
Supporting Information)
chloroform
dichloromethane
chlorobenzene
1,2
dichlorobenzene
DMMP
DMF

D

α

1.04
1.6
1.54
2.5

8.23
6.48
12.3
14.17

223
195
367
447

3.62
3.82

10
7.8

734 ± 52
657 ± 23

Eexp
bind
±
±
±
±

1.23
3.71
1.79
6.32

×
×
×
×

104
103
106
106

1.10 × 1012
3.57 × 1010
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