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ABSTRACT: The emergence of graphene in recent years provides exciting avenues for
achieving fast, reliable DNA/RNA sensing and sequencing. Here we explore the possibility of
enhancing electronic fingerprints of nucleobases adsorbed on graphene by tuning the surface
coverage and modifying molecular dipoles using first-principles calculations. We demonstrate
that intermolecular interactions have a strong influence on the adsorption geometry and the
electronic structure of the nucleobases, resulting in tilted configurations and a considerable
modification of their electronic fingerprints in graphene. Our analysis reveals that the
molecular dipole of the nucleobase molecules plays a dominant role in the electronic structure
of graphene—nucleobase systems, inducing significant changes in the work functions and
energy level alignments at the interface. These results highlight tunable control of the
measured molecular signals in graphene by optimizing the surface contact between
nucleobases and graphene. Our findings have important implications for identification and
understanding of molecular fingerprints of DNA/RNA nucleobases in graphene-based sensing
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and sequencing methods.

he ability to detect biologically important molecules (such

as DNA and RNA) in a sensitive, selective, and cost-
effective manner is playing an increasingly important role in
numerous fields such as medicine, biology, forensics, and
technology.' ® Graphene-based biosensors have attracted
extensive attention in recent years as they exhibit a high
potential of providing fast, label-free, and ultrasensitive
detection of biomolecules and nanomaterials.”'> Graphene,
owing to its unique structure and electronic properties, offers
many new opportunities for detection and quantification of
nucleic acid sequences in DNA and RNA as well as in whole
DNA strand sensing.”"*~"” Recently, numerous approaches
have been proposed to achieve label-free real-time molecule-
specific detection of DNA and RNA nucleobases with
graphene.m_26 Among these, electronic detection methods
using graphene nanodevices and nanopore-based architectures
are the most promising.” Despite their potential, there are still
many issues that need to be solved before these approaches can
be implemented in real applications, particularly due to a lack of
fundamental understanding of graphene—nucleobase interac-
tions and the origin of measured molecular fingerprints.

From an experimental perspective, detection of DNA using
graphene-based electronic sensors has been realized by
measuring conductance changes in graphene or a shift of the
Dirac point as a function of gate voltage in graphene field effect
transistors (FETs).”’ > Both n-type’”’~> and p-type’”’’
doping of graphene caused by adsorption of DNA have been
reported. The experimental conditions seem to have a
significant influence as reported by Lin et al,”” showing both
p- and n-type doping of graphene in liquids but only n-type
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doping in vacuum. Adsorption of layers of individual DNA
nucleobases on graphene FET's in vacuum has been found to
exhibit complex coverage-dependent behavior with n-type
doping for cytosine and thymine, p-type doping for adenine,
and both n-type and p-type doping for guanine.’”” These
observations present a clear challenge on how to programmably
control the electronic signals from graphene—DNA interactions
and achieve distinct single-base sensing.

Previous theoretical studies have shown that the interaction
of DNA/RNA with graphene is dominated by the weak
noncovalent 7—n interaction between nucleobases and
graphene.”™* The weak nature of this interaction indicates
that the electronic structure of the graphene—nucleobase
system can be readily tuned by altering surface contact between
the substrate and the adsorbate. A recent experimental study
has shown that tilted adsorption of DNA nucleobases on
graphene is possible in thin submonolayer layers and can result
in both n- and p-type doping of graphene depending on the
coverage.”” This finding offers a tantalizing possibility for the
role of adsorption geometry and molecular dipole moments in
modifying the electronic signals of nucleobases. A novel
theoretical model is therefore needed to explore new pathways
for enhancing DNA/RNA base sensing based on molecular
dipoles.

Here, we report on a systematic electronic structure study of
nucleic acid bases on graphene as a function of molecular

Received: May 23, 2017
Accepted: June 19, 2017
Published: June 19, 2017

DOI: 10.1021/acs jpclett.7b01283
J. Phys. Chem. Lett. 2017, 8, 3087—3094


pubs.acs.org/JPCL
http://dx.doi.org/10.1021/acs.jpclett.7b01283

The Journal of Physical Chemistry Letters

1.26x10-"mol/cm?

5.28%10"° mol/cm?

G

C

A T U G C A T U

I 1.26%10"°mol/cm? | 5.28%107° mol/cm?

Figure 1. Adsorption geometry and energies of nucleobases on graphene. (a) Atomic structure of isolated nucleobases showing the direction and
magnitude of their in-plane dipole moments. (b) Top and side views of optimized adsorption configurations of the nucleobases on graphene at low
(126 x 107'° mol/cm?) and high (5.28 x 107'° mol/cm?) molecular concentrations. (c) Adsorption energy (E,q) and formation energy (E,,.) of

the physisorbed nucleobases at different molecular concentrations.

orientation and surface coverage using density functional theory
with van der Waals corrections. We demonstrate that the
adsorption geometry and the electronic structure of DNA/
RNA nucleobases on graphene is strongly influenced by
intermolecular interactions, leading to a tilt of the nucleobases
on graphene at high molecular densities. As the nucleobases
possess strong in-plane dipole moments (Figure la), their tilt
causes significant changes of the electronic structure of the
whole graphene—nucleobase system. We analyze how this
affects the molecule-specific features in the local density of
states close to the Fermi level, HOMO—LUMO energy levels,
and the work function of graphene. We identify that the in-
plane dipole moments play a dominant role in altering the
electronic structure of graphene and lead to both p- and n-type
doping of graphene depending on the direction of the z-
component of the interface dipole moment. Using this
mechanism, we suggest a new strategy for enhancing the
measured signals of DNA/RNA nucleobases adsorbed on
graphene by using vertically aligned nucleobases. Our results
provide a new understanding of interfacial interactions and
molecule-specific signatures of DNA/RNA nucleobases on
graphene.

The optimized geometry and the electronic structure of the
adsorbed nucleobases on graphene are obtained using first-
principles density functional theory as implemented in the
Vienna ab initio simulation package (VASP). The Perdew—
Burke—Ernzerhof (PBE) form of the generalized gradient
approximation (GGA) is used to describe electron exchange
and correlation.”” The kinetic energy cutoff for the plane-wave
basis set is set to 600 eV. A semiempirical functional developed
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by Grimme (DFT-D2)'"** is used to describe dispersion
forces.”® We have also confirmed the consistency of our results
by using different approaches to treat dispersion forces; see
Figure S1 in the Supporting Information. We study a series of
molecular concentrations from isolated molecules to a close-
packed monolayer coverage similar to that in experiments,
which is in the range of 1.26 X 107'°-5.28 x 107'° mol/cm®.
To achieve this, we consider hexagonal unit cells of various
sizes with each unit cell containing a nucleobase molecule
adsorbed on a free-standing graphene.*” Here, we present
concentrations of 1.26 X 107'° and 5.28 X 107'° mol/cm? as
representatives of low and high molecular concentrations,
respectively, as shown in Figure 1b. Other molecular
concentrations considered in this study are shown in the
Supporting Information (Figures S2 and S3, Tables S1 and S2).
All structures were fully relaxed until the ionic forces were
smaller than 0.01 eV/A. For accurate calculations of the
electronic structures, we used 12 X 12 X 1 and 20 X 30 X 1 T'-
centered grids for sampling the Brillouin zone at low and high
molecular concentrations, respectively.

Figure 1b shows that increasing the molecular concentration
has a significant effect on the molecular geometry and
adsorption energetics of adsorbed DNA/RNA nucleobases on
graphene. The most significant geometry change is found in the
tilt angle of the nucleobases, @, defined as the rotation angle of
the molecular plane around the x axis with respect to the
graphene surface (xy plane). The tilt angle of isolated molecules
at low molecular concentration (1.26 X 107'° mol/cm?) is close
to zero, similar to previous theoretical calculations.** The tilt
angle becomes significant at high molecular concentrations (see
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Figure 2. Electronic structure of nucleobases on graphene. (a) PDOS of guanine upon adsorption on graphene at molecular concentrations of 1.26
x 107" (black) and 5.28 X 107'° mol/cm® (red). PDOS of graphene upon adsorption is shown in gray. (b) HOMO and LUMO peaks of the
nucleobases as a function of molecular concentration. (c) Side views of the charge density difference of guanine on graphene at low and high
molecular concentrations. The yellow (cyan) isosurface denotes charge accumulation (depletion). The isosurface level is +0.002 e/A>.

Table S1), reaching 46°, 29°, 67°, 45°, and 38° for guanine,
cytosine, adenine, thymine, and uracil, respectively, at 528 X
107" mol/cm® These values are close to the experimentally
measured tilt angles of nucleobases on graphene using angle-
resolved near edge X-ray adsorption fine structure (NEXAFS)
measurements, which found « at around 40° for all nucleobases
at a molecular coverage above 0.5 monolayer.”

To investigate the stability of the nucleobases physisorbed on
graphene in different concentrations, we calculate the
adsorption energy (E,q) per nucleobase molecule defined as
E.q = Egy + Bpase — Egra—base Where Eg_y, is the total energy of
the relaxed graphene—base system and Eg, and E,. are
energies of the free-standing graphene and the nucleobase layer
with the same density. We also calculate the formation energy
(Eform) to quantify the thermodynamic stability of the
graphene—base system with respect to the isolated states of
its individual constituents as Ego = Egry + Eigobase — Egrabase:
The energy of an isolated nucleobase (E; ) is defined as the
energy of a nucleobase molecule in the gas phase. With this
notation, positive adsorption and formation energies indicate
thermodynamically favorable adsorption of a nucleobase on
graphene.

It is clear from Figure 1c that at low molecular concentration,
the adsorption energy follows the order G> A~ T > C > U,
consistent with previous theoretical studies that suggest that the
adsorption strength correlates with the molecular polar-
izability.****” Figure 1c also shows that the adsorption energy
is 0.2—0.4 eV higher at low molecular concentration of the
nucleobases than at high concentration. This can be attributed
to parallel 7—7 stacking between graphene and nucleobases,
which enables better contact between 7z orbitals of aromatic
cores of the nucleobases and graphene. This observation agrees
well with previous studies highlighting the effect of molecular
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geometry and indicates that the adsorption of tilted molecules
can be significantly stabilized by increasing molecular
concentration.’”*! On the other hand, although the binding
of the nucleobases on graphene becomes weaker at high
molecular concentration, as the molecular plane of the
nucleobases becomes tilted, intermolecular interactions further
stabilize the system, resulting in the higher formation energy at
high molecular concentration of 528 X 107'° mol/cm?. This
shows that the formation of high-density tilted nucleobase
layers is energetically more favorable than the isolated flat
nucleobases on graphene, supporting recent experimental
observations.””**

The intermolecular binding energy of the nucleobases is
estimated as the difference between the formation energy and
the adsorption energy. The intermolecular binding energy at
high molecular concentration follows the order G (0.75 eV) =
C (0.74eV) > A (045 eV) > T (0.38 eV) > U (0.24 eV) and is
expectledly negligible (~0.02 eV) at low molecular concen-
tration. Detailed analysis of the intermolecular interactions
shows that the stabilization of the tilted nucleobases on
graphene originates mainly from the formation of hydrogen
bonds between neighboring nucleobases.*”" These results
demonstrate that the adsorption of nucleobase layers on
graphene is driven by a subtle interplay between graphene—
nucleobase and intermolecular interactions, and the resulting
adsorption structure is expected to strongly depend on the
exact conditions in experiments (e.g, surrounding molecules
and ions).””??

The changes in the adsorption geometry of nucleobases on
graphene have a strong influence on the electronic structure of
the whole system and the electronic fingerprints of DNA/RNA
nucleobases on graphene, which are used for their identi-
fication."™***" Figure 2 demonstrates how the electronic
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structure of nucleobases on graphene changes with increasing
molecular concentration. As an example, we show the partial
density of states (PDOS) of guanine upon adsorption on
graphene at low and high molecular concentrations in Figure
2a. PDOS plots for other nucleobases are available in the
Supporting Information (Figures S4—S7). There is a significant
shift in all electronic bands from low to high molecular
concentrations, particularly in the region near the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). The energy positions
of the HOMO and LUMO are highly molecule-specific for all
of the nucleobases, as depicted in Figure 2b, and change with
increasing molecular coverage. The overall trend shows an
upshift of HOMO and LUMO levels for most of the molecules
from low to high molecular concentration, except for adenine,
which exhibits a downshift. The shift of HOMO and LUMO
levels is on the order of 0.2—0.7 eV from low to high molecular
concentration. As each molecular concentration is associated
with a different adsorption geometry, these results also provide
clear evidence of high sensitivity of the electronic states of the
nucleobases to changes in adsorption geometry due to
intermolecular interactions. Thus, any fluctuations of the
nucleobase adsorption structure on graphene is expected to
modify the distinct fingerprints in the electronic density of
states (DOS) of the nucleobases,'®* causing a complication for
their unambiguous identification.

To gain more insights into the origins of distinct electronic
structures at low and high molecular concentration, we plot the
distribution of charge density difference for guanine in Figure
2c. Similar plots for other nucleobases are shown in Supporting
Information (Figures S4—S7). At low molecular concentration,
the charge redistribution is concentrated at the interfacial
region between aromatic cores of graphene and the
nucleobases. In contrast, most of charge redistribution
concentrates along the edges of the adsorbed molecules at
high molecular concentration. This reinforces the fact that for
titled nucleobases at high molecular concentration the
graphene—base interaction is not only contributed to by z—x
interaction between aromatic cores but also by the specific side
functional groups.

Previous density functional theory calculations of isolated
DNA nucleobases adsorbed flat on graphene have identified
molecule-induced work function shifts as the dominant
mechanism for electronic structure modification of graphene
and determination of the doping by the nucleobases.”* Similar
conclusions have been drawn from recent experimental work
that measured electronic fingerprints of individual DNA
nucleobases deposited on graphene using FETs and X-ray
photoelectron spectroscopy (XPS).”” The measured Dirac
point shifts in FETs have followed the same trend as work
function shifts determined by XPS, showing a very distinct
coverage dependence for each of the DNA nucleobases and
providing a new way for their discrimination.”” Figure 3 shows
that the large in-plane dipole moments of DNA/RNA
nucleobases (Figure la) can significantly alter the work
function of graphene (W), particularly when the tilt of the
molecules becomes significant. There is a 10-fold increase of
the nucleobase-induced work function change of graphene for
the tilted high-density nucleobases compared to the isolated flat
nucleobases on graphene. Each of the nucleobases causes a very
distinct work function change in graphene with increasing
molecular density. The work function change in Figure 3 is
plotted with respect to the work function of isolated graphene
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Figure 3. (a) Work function changes of graphene (AW) and (b) z-
component of molecular dipole moments (y,) of adsorbed
nucleobases on graphene as a function of molecular concentration
for different nucleobases.

(W = 4.25 eV). It is interesting to note that while most of the
nucleobases induce p-type doping of graphene (positive work
function change), which is consistent with our charge transfer
analysis that can be found in Supporting Information (Figure
$8), adenine at high coverage induces n-type doping (negative
work function change).

The work function changes are found to be closely correlated
with the molecular dipole moment of the nucleobases normal
to the graphene surface (u,) (Figure 3b). Note that positive y,
refers to the induced dipole moment directed from the
nucleobase to graphene. At low molecular concentrations, the
z-component of the molecular dipole moments is weak and is
predominantly caused by small local structural changes of
nucleobases from the flat adsorption geometry (e.g, the
pyramidalization of the amino group (=NH,)""). u, increases
significantly at high molecular concentrations as strong
intermolecular interactions lead to significant tilt of the
nucleobases. These interfacial z-dipole moments act as local
electric fields, the strength of which can be estimated as E =
A®/ed, where AD is the electrostatic potential difference
between the vacuum level near the molecule and graphene and
d is the separation distance. We find that the tilted molecules at
high molecular concentration lead to much higher electric field
strength (in the range of 0.21 eV/nm for guanine to 0.56 eV/
nm for uracil) compared to that at low molecular concentration
(nearly 0.02 eV/nm for all nucleobases). This localized electric
field is the main cause of the work function shift. In
experiments, the magnitude of this localized field can possibly
be estimated using atomic force microscopy techniques as
reported in recent studies.””>* However, we find that the
resulting work function changes deviate significantly from the
expected work function changes predicted by the conventional
Helmoltz equation, AW = u,e/€A, where A is the area of the
graphene supercell.”* ™ Notably, in the case of guanine with a
large dipole moment (—2.38 D), we have obtained a small work
function increase (0.15 eV), which is in apparent contradiction
with the Helmholtz equation. This provides clear evidence of
the limited validity of simple electrostatic approximations for
weakly adsorbed systems, such as DNA/RNA nucleobases on
graphene, and highlights the importance of full quantum
mechanical treatment of the problem.

We find that the extent of work function changes caused by
adsorption of nucleobases is roughly inversely proportional to
the intermolecular binding energy. Guanine has the strongest
intermolecular binding energy and also the strongest binding
with graphene among all nucleobases at high molecular
concentrations. The effect of strong molecular dipole moments
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Figure 4. (a) Vertically oriented cytosine adsorbed on graphene with the maximized z-component molecule dipole moment (shown in arrows)
pointing toward the molecule (denoted as Up) and graphene (denoted as Down). (b) Corresponding Up configurations for guanine, adenine,
thymine, and uracil. (c—e) The z-component molecular dipole moment 4, (c), work function changes AW (d), and HOMO levels as a function of

rotation angle around the x axis relative to Up configuration 6, (e).

of guanine is suppressed by a combined influence of graphene—
nulecobase interactions and base—base interactions. Con-
versely, uracil has a lower intermolecular binding energy
(0.24 vs 0.75 eV for guanine) but induces a 1.25 eV work
function increase in graphene. These results indicate that the
intermolecular interactions and molecular screening effects
(e.g., depolarization effect) can significantly lower the effective
electric field that originated from molecular dipole moments,
particularly at high molecular concentration. The final
magnitude of the work function change of graphene at high
molecular concentration is a result of a complex interplay
between graphene—base and intermolecular interactions,
screening eftects, and geometry changes of adsorbed molecules
on graphene. On the other hand, insights into the competition
between graphene—base and intermolecular interactions can
also be assessed by calculating the interaction-induced dipole
moment (see Table S3 in the Supporting Information), low
magnitudes of which show that the interaction between
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graphene and nucleobase molecules has a smaller effect on
the total dipole moment in the molecules.

Close examination of Figures 1—3 reveals that the results
presented here can collectively provide key electronic
signatures for the type of nucleobase molecule and its
concentration. For example, at low concentrations (less than
4 X 107" mol/cm?), the HOMO and LUMO levels provide
distinct signals for different nucleobase molecules. On the other
hand, at high concentrations, a change in the work function of
graphene can effectively distinguish between different types of
nucleobases. These observations can be exploited to design
nucleobase sensing experiments using graphene as a substrate.
These results further motivate us to examine the role of
molecular dipoles and are useful for designing effective DNA
sequencing experiments using graphene-based electronic
devices to maximize measured signals. In DNA sequencing,
the contact between graphene and nucleobases is nonplanar
and can be off of a low-energy configuration due to the
backbone rigidity, temperature, or interactions between
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nucleobases and other molecules.”® It has been shown that
nucleobases can contact graphene perpendicular to its surface
during sequencing.'””” Another important aspect is the
direction of the dipole moment with respect to the sugar—
phosphate group that forms the link between the nucleobase
and the backbone. As can be seen in Figure 1a, the direction of
the dipole moment (marked by a dashed circle) is completely
different for each of the nucleobases; the molecular dipole
moment points out for G, C, and A and inward for T and U
nucleobases. We next show that the nonplanar adsorption of
the nucleobases on graphene, which is typical during DNA/
RNA sequencing, has important consequences for the
molecular identification.

To simulate experimental conditions, we calculate the
changes in the electronic structure upon adsorption of vertically
oriented nucleobases at low molecular concentrations. A low
molecular concentration is chosen because the distance
between the nucleobase in a DNA strand is around 5—7 A.
At these distances, although the noncovalent interactions
between neighboring nucleobase interactions are expected to
influence the configurational geometry, the effect on the
electronic structure can be expected to be minimal.***”* First,
we adjust the molecular geometry of nucleobases so that i, of a
nucleobase in perpendicular contact with graphene is
maximized. We denote the molecular geometry of nucleobases
with a large dipole moment directed from graphene to
molecule as Up (positive dipole) and the geometry with a
large dipole moment directed from graphene to the molecule as
Down (negative dipole) (Figure 4ab). Considering the
complexity of the interfacial contact between nucleobases and
graphene, we rotate the Up adsorption configuration around
the x axis in steps of 30° (the rotation angle is denoted as 0,).
Figure 4c,d shows the magnitude of the molecular dipole
moment as a function of the rotation angle and the
corresponding work function changes. There is a large
difference in work function changes between Up and Down
configurations (1—1.6 eV), resulting in p-type and n-type
doping of graphene, respectively. It can also be seen that the
work function changes in Figure 4d deviate slightly from the
sinusoidal trend in Figure 4c; an equal magnitude of molecular
dipole moment does not lead to the same magnitude of work
function shift. The negative dipole results in much less work
function shift compared to the positive molecular dipole.
Moreover, the HOMO levels (Figure 4e) of nucleobases also
show more asymmetric anisotropic behavior, especially for
adenine and uracil. These results can be attributed to the
different surface contact between nucleobases and graphene.

In general, a negative molecular dipole moment occurs when
an oxygen atom is close to the surface (for adenine, the amino
group) (see Supporting Information Table S4 for a summary of
all rotational configurations considered). The strong electro-
negativity of oxygen atoms significantly increases the magnitude
of induced molecular dipoles when we compare the molecular
dipole of adenine with those of other nucleobases. When 6, =
90° and 270°, the molecular dipole moment almost vanishes to
zero, and we observe only a small work function shift (within
0.1 eV) for all nucleobases. This shows that the molecular
dipole is the main driving force for the work function shift
rather than the molecule—graphene interactions, consistent
with our findings in concentration analysis. However, the
strong asymmetric electronic behavior along the molecular
rotation proves the strong modulation of the electronegativity
difference between the substrate and the adsorbate. Therefore,
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the final electronic fingerprints of nucleobases on graphene are
highly sensitive to the adsorption configuration, resulting in a
unique geometry—property correlation for each base, which can
be utilized for identification of nucleobases in contact in DNA/
RNA sequencing experiments. Moreover, the nucleobase
sensing experiments can also take advantage of the behavior
of Up and Down molecular dipole moments by using
frequency-dependent AC measurements as suggested in some
studies.”’ The strong AC field can force the molecule to stand
in a perpendicular position to extract a unique electronic signal.
This strategy can effectively enhance the measured signals and
an ability to distinguish between different nucleobases in
molecular sensing schemes. Finally, it should be noted that we
have not considered the effect of a substrate on the electronic
signatures of nucleobases in graphene. Experiments and
theoretical studies have shown that the states of nucleobases
can strongly hybridize with the states of the underlying
substrate despite the separating layer of graphene.””*’ This see-
through effect is significant near the Fermi level and makes the
electronic signals of nucleobases difficult to identify. Con-
sequently, most experiments on nucleobase sensing and
sequencing using graphene-based devices are done with a
free-standing graphene membrane,**¥%%%

In summary, we have investigated the role of the surface
coverage and adsorption geometry on the electronic structure
of DNA/RNA nucleobases on graphene using density funtional
theory calculations. We have demonstrated that the adsorption
behavior of the nucleobases on graphene is determined by a
subtle balance between graphene—molecule and intermolecular
interactions, where the resulting adsorption geometry and
energetics of the system are often decided by the interaction
with surrounding molecules. We identify that the in-plane
dipole moments play a dominant role in electronic structure
modification of graphene with tilted nucleobases on the surface,
resulting in both p- and n-type doping of graphene depending
on the direction of the z-component of the molecular dipole
moment. Moreover, we have found that the electronic
fingerprints of nucleobases can be significantly enhanced if
the molecular dipoles of nucleobases are appropriately
maximized. We observe large differences in work function
changes by comparing flat and tilted configurations of
nucleobase molecules (up to 1 eV). These results highlight
the opportunities to improve the design of current electro-
chemical sensing devices and provide critical fundamental
knowledge for the identification of molecular fingerprints in
graphene-based nucleobase sensing and sequencing methods.
In addition, this study presents a new perspective on the
interaction in a #—x stacking system from a concentration-
dependent view, which challenges the conventional picture of
energy band alignment between physisorbed organic molecules

and graphene.
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