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Abstract
Molecular self-assembly of cytosine (Cn) bases on graphene was investigated using molecular
dynamics methods. For free-standing Cn bases, simulation conditions (gas versus aqueous)
determine the nature of self-assembly; the bases prefer to aggregate in the gas phase and are
stabilized by intermolecular H-bonds, while in the aqueous phase, the water molecules disrupt
base–base interactions, which facilitate the formation of π-stacked domains. The substrate-
induced effects, on the other hand, find the polarity and donor–acceptor sites of the bases to
govern the assembly process. For example, in the gas phase, the assembly of Cn bases on
graphene displays short-range ordered linear arrays stabilized by the intermolecular H-bonds. In
the aqueous phase, however, there are two distinct configurations for the Cn bases assembly on
graphene. For the first case corresponding to low surface coverage, the bases are dispersed on
graphene and are isolated. The second configuration archetype is disordered linear arrays
assembled with medium and high surface coverage. The simulation results establish the role of
H-bonding, vdW π-stacking, and the influence of graphene surface towards the self-assembly.
The ability to regulate the assembly into well-defined patterns can aid in the design of self-
assembled nanostructures for the next-generation DNA based biosensors and nanoelectronic
devices.

Supplementary material for this article is available online
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1. Introduction

The self-assembly of biomolecules [1] and DNA/RNA
nucleobases into well-defined hierarchical structures has been
a topic of recent research interests [2, 3]. In particular, the
structural organization of DNA nucleobases on 2D material
surfaces has facilitated the wide scale applications of func-
tionalized nanomaterials as biosensors [4, 5]. This is due
to the recent advances in the fabrication techniques, which
has facilitated the self-assembly of DNA nucleobases into
well-defined hierarchical structures on metallic or nonmetallic
surfaces [2, 6–10]. For example, the self-assembled

heterostructures of DNA nucleobases on Au (111) [11, 12],
Ag (111) [13], Cu(110 and 111) [14, 15], and highly ordered
pyrolytic graphite (HOPG) [16, 17] have been recently fab-
ricated. Such attempts on functional 2D materials including
graphene are rather limited at both the experimental and
theoretical levels. The literature finds the Scanning Tunneling
Microscopy (STM) imaging of the self-assembly of guanine
nucleobases on MoS2 [18], while the self-assembly of DNA
nucleobases on h-BN [19, 20], was studied using first prin-
ciples density functional theory (DFT) methods. Due to the
computational cost, DFT calculations have limitations in
terms of the system size and explicit description of the solvent
environments. It is to be noted that, atomistic simulations
based on molecular dynamics (MD) method using classical
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force fields can be quite useful to understand the dynamics of
a system, using modest computational resources as discussed
in detail in [21].

In this study, we systematically investigate the self-
assembly of cytosine (Cn) nucleobases on graphene using MD
simulation methods with the objective to elucidate on the
crossover mechanism for self-assembly, from free-standing to
the surface supported cases that govern the base–base and
base–surface interactions [22, 23]. Of the previously studied
2D nanomaterials, graphene is the material of choice, due to its
inherent electronic properties that can be tailored via functio-
nalization. It has been reported that a weakly interacting sur-
face like graphene promotes the planar orientations of DNA
bases on the surface [24, 25]. Thus, a fundamental under-
standing of the intermolecular interactions that determine the
molecular assembly on graphene is required [26, 27].

Cytosine is a planar DNA nucleobase with a dipole
moment and polarity that can facilitate interactions with the
2D surface of graphene to form stable heterostructures [28].
Cytosine depicts regions of negative electron density on the
O12, N10 atoms while N1 and N7 atoms are regions with
intermediate to positive electron densities as shown in
figures 1(B) and (C). Unlike guanine, which exhibits three
H-bond acceptors and two H-bond donor sites in alternate
positions [29], the donor and acceptor sites in cytosine is
localized, lying adjacent to each other [30]. This configuration
restricts the ability to form long-range ordered 2D monolayers
through hydrogen bonding, while 1D structural motifs are
conceivable [31].

The calculated results reveal the importance of H-bonding,
π-stacking, role of graphene surface and the influence of simu-
lation media towards the self-assembly of Cn bases. Moreover,
the van der Waals π-stacking is predicted to play a key role in
stabilizing the physisorption of cytosine on graphene. The
intermolecular H-bonding between the base pairs facilitate base–
base aggregation, thereby controlling the assembly process.

2. Methodology

The MD simulations were performed at the constant-energy,
constant-volume (NVT) and isothermal-isobaric (NPT)
ensembles in the gas (vacuum) and aqueous phases using the

Nanoscale MD package [32]. The all atom Chemistry at
Harvard Macromolecular Mechanics (CHARMM27) force
field [33] for graphene was employed which include both
bonded and nonbonded parameters [34]. The Particle Mesh
Ewald [35] summation was used to calculate the periodic
electrostatic interactions with a long-range cutoff of 12.0 Å.
For aqueous phase, the water molecules were represented by
the TIP3P water model with constraints applied to the bond
lengths and angles using the SETTLE algorithm. Room
temperature (i.e. 298.15 K) simulations were performed using
the Langevin dynamics, and the Langevin piston Nose-
Hoover method was employed to maintain the pressure to
101.3 kPa.

The free-standing cytosine bases were simulated in a
periodic supercell of (50×50×50) Å3. Calculations
incorporated 2000 steps of energy minimization using the
conjugate gradient algorithm followed by 50 ns of production
run using the NVT and NPT ensembles in gas and aqueous
phases. The graphene monolayer was modeled in a periodic
supercell of (61.6×62.4) Å2 comprising of 1500 carbon
atoms. The MD simulation of the Cn/graphene incorporated
2000 steps of energy minimization followed by 50 ns of
production run at a time step of 1.0 fs. In aqueous phase, we
performed simulated annealing with a gradual increment of
temperature from 298.15 to 700 K at an interval of 50 K and
quenching the system to 298.15 K with a decrement interval
of 50 K.

The convergence of the simulation was analyzed using
the root mean-square deviation (RMSD) over the trajectory.
The RMSD helps in inferring the overall stability of system
and a uniform RMSD suggests no major fluctuations in the
system. The number of H-bonds provides a qualitative esti-
mate of the average number of H-bonds stabilizing the sys-
tem. For the last 2 ns of the trajectory, the radial distribution
function (RDF) was calculated. The RDF or pair-wise cor-
relation function denoted by g(r) represents the correlation
between atom pairs or the probability to find an atom at the
distance r of another reference atom. At short distances (less
than atomic diameter), the value of g(r) is zero which corre-
sponds to strong repulsive forces. The first large peak
demonstrates the likeliness of the two nucleobases to be found
at this separation and at long distances, g(r) approaches the
value of one which indicates there is no long-range order. The

Figure 1. (A) Cytosine with its dipole moment vector orientation. The ESP isosurface of cytosine in (B) gas, and (C) aqueous phases.
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normalized RMSD, RDF and the number of H-bonds were
calculated with the help of the visual MD [36] plugin.

3. Results and discussion

3.1. Self-assembly of Cn bases

The representative snapshots of free-standing Cn bases (for
n=2, 4 and 36) are displayed in figure S1, in the supporting
information, which is available online at stacks.iop.org/NANO/
29/195601/mmedia, and figure 2(A). In the gas phase, C2 and
C4 are stabilized by the intermolecular H-bonds (supporting
information, figures S1(A) and (B)) while C36 prefers to
aggregate in a condensed network, stabilized by intermolecular
H-bonds and π-stacking interactions. The intermolecular H-bond
(base–base) and vdW π-stacking (base–surface) are calculated at
∼1.75 and ∼4.0 Å as shown in figure 2(B).

In the aqueous phase, the presence of water disrupts the
base–base intermolecular interactions resulting in the bases
being dispersed. The bases prefer to form π-stacked domains, as
highlighted by the blue squares in figure 2(C). Snapshots of C2

and C4 in the aqueous phase demonstrate dispersion of the bases

with the loss of the intermolecular interactions in presence of
water molecules as illustrated in figures S1(C) and (D) of sup-
porting information. This was also predicted in our previous
study on the self-assembly of free-standing guanine bases in
solvent phase, wherein guanine formed π-stacked domains [37].

To further analyze the predicted stability of free-standing
Cn bases, we compared the number of H-bonds in the gas and
aqueous phases. The C2 is stabilized by two H-bonds and C4

by ∼5–6 H-bonds in the gas phase (figure S2(A), supporting
information). C36 is stabilized by ∼28–30 H-bonds in the gas
phase as shown in figure 2(D). In the aqueous phase, dis-
ruption of the intermolecular interactions between the bases is
reflected from a decrease in the number of H-bonds; C4 with
∼1 H-bond (see figure S2(B) of supporting information). For
C36, the number of H-bonds drops to ∼5, which indicates that
the base–base aggregation is driven by the formation of
π-stacked domains between the bases.

The overall fluctuations in the RMSD for C2 and C4 in
the gas phase are calculated to be less than ∼1 Å as shown in
figures S3(A) and (B) of supporting information. The two
break points for C4 correspond to the configurational recon-
struction during the simulation that levels at ∼1 Å. For C36,
the gas phase RMSD suggests no major fluctuations except

Figure 2. (A) The gas phase snapshot of C36 at 50 ns, (B) intermolecular H-bond and π-stacking distances in the gas phase, (C) the aqueous
phase snapshot of C36 at 50 ns with the π-stacked domains highlighted in the blue squares, and (D) number of H-bonds in the gas and
aqueous phases.
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for the first 5 ns of the simulation, and correlates to the
structural evolution from a dispersed to a compact (aggre-
gated) network (see figure S3(C) of supporting information).
In the aqueous phase, the fluctuations in RMSD is uniform at
∼1.0 Å and suggests the overall structural stability of C36.

3.2. Self-assembly of Cn on graphene surface

A periodic graphene monolayer comprising of 1500 atoms
was considered to model the self-assembly of Cn bases in
the gas and aqueous phases [32]. In the gas phase, for

Figure 3. The gas phase snapshots of Cn/graphene at 50 ns; (A) C2/graphene, (B) C4/graphene and (C) C6/graphene. The inset figure
demonstrates the alignment of the dipole moment vectors.

Figure 4. The gas phase snapshot at 50 ns for (A) C36/graphene, and (B) C72/graphene with a depiction of the cytosine/graphene in the
perpendicular orientation of interaction. (C) Number of H-bonds, and (D) RMSD for C36/graphene and C72/graphene in the gas phase.
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C2/graphene (figure 3(A)), the nucleobases tend to dimer-
ize, stabilized by two intermolecular H-bonds as illustrated
in the inset figure 3(A). The dipole moment vectors are
aligned in an anti-parallel direction. The average π-stacking
distance between graphene and cytosine is 3.34 Å, well within
the physisorption regime. In C4/graphene (figure 3(B)), the
base pairs are stabilized by the intermolecular H-bonds at an
average distance of 1.88 Å. Based on the orientation of cyto-
sine, we find two distinct domains in the assembly, denoted as
domains (1) and (2) (see inset figure 3(B)) with the dipole
moment vectors aligned anti-parallel to one another. For
C6/graphene (figure 3(C)), the base aggregation can be char-
acterized in three primary domains; in domains (1) and (2), the
bases are aligned anti-parallel to each other similar to C2 while
the other two apical bases represented by domain (3) interact
simultaneously through the O12 and the amine (N7)-H atoms.

At intermediate surface coverage corresponding to
C36/graphene, the bases align in linear arrays, but due to
steric hindrances between the bases, some of the bases adopt a
perpendicular and titled configuration on graphene as depic-
ted in figure 4(A), green square. The in-plane dipole moment
also causes a tilt in orientation of cytosine. For high surface
coverage, represented by C72/graphene, most of the bases
align in linear arrays in a parallel orientation, while some of
the bases adopt both titled and perpendicular orientations as
shown in figure 4(B). For the tilted/perpendicular orientation
of adsorption, the stabilization is rendered from the

intermolecular H-bonds between the bases, rather than the
base–surface interaction.

The number of H-bonds in Cn/graphene (figure 4(C)) is
similar to the free-standing Cn bases, suggesting that the bases
retain the overall H-bond interactions in presence of gra-
phene. This exemplifies that, graphene promotes the mono-
layer assembly without compromising the intermolecular
interactions that govern the overall stabilization between the
cytosine bases. The RMSD for C36/graphene and
C72/graphene are observed to be uniform at ∼2.35–2.50 Å,
illustrated in figure 4(D). This demonstrates the stability of
the system and that the initial fluctuations in RMSD below
3.0 ns is correlated to the reorientation and relaxation of the
bases on graphene.

Our recent study on Gn/graphene
37 predicted that at low

surface coverage (i.e. G6 and G12) the bases are aligned in a
linear array with the formation of G4-quartet motifs. At
intermediate coverage (i.e. G36), the bases aggregate in a
condensed 2D network in the gas phase. The polarity of
guanine coupled with the interaction via alternating donor/
acceptor sites facilitates multiple structural arrangements,
including the formation of G4-quartets on graphene. Unlike
guanine, which prefers a condensed network with the
π-stacking maximized on graphene, cytosine prefers short to
medium-range ordered linear arrays. The steric interaction
between the bases lead to titling of some of the bases with the
dipole moment vector aligned normal to the graphene plane.
The predicted trends on free-standing and graphene supported

Figure 5. The aqueous phase snapshot at 50 ns for (A) C36/graphene, (B) C72/graphene. (C) Number of H-bonds, and (D) RMSD for
C36/graphene and C72/graphene in the aqueous phase.
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Cn/Gn bases suggest that the electronic properties of the DNA
bases drive the nature of self-assembly and molecular
aggregation on graphene.

In the aqueous phase, at low surface coverage (i.e.
C2/graphene, C4/graphene and C6/graphene) the bases are
dispersed on graphene with no preferentiality towards base–
base aggregation as shown in figure S4 of supporting infor-
mation. At intermediate surface coverage, corresponding to
C36/graphene, the bases aggregate in groups of 3 or 4 as
shown in figure 5(A), highlighted in yellow. At high surface
coverage, corresponding to C72/graphene (figure 5(B)), the
bases aggregate with no well-defined arrays and some of the
bases form small groups similar to those observed at inter-
mediate coverage. The polarity of the water solvent media
drives the nature of self-assembly of cytosine bases on gra-
phene, and the dipole moment of water disrupts the home-
base aggregation by forming hydration spheres around the
bases in aqueous phase.

A detailed analysis of the number of H-bonds in the
aqueous phase reveals that, in contrast to the free-standing
bases, graphene facilitates the base–base interaction. This
becomes apparent at intermediate and high surface coverages
with an average number of H-bonds of ∼12 and ∼30,
respectively as illustrated in figure 5(C). The RMSD as shown
in figure 5(D) increases steadily towards the initial phase of
the simulation and saturates at ∼2.5 Å beyond 30 ns, with
lower fluctuations in the RMSD for C36/graphene. The
RMSD plots for C2/graphene, C4/graphene and C6/graphene
are provided in the supporting information, figure S5. Sub-
stantial fluctuations in RMSD for C2/graphene in the gas and
aqueous phases exhibit the loosely bound bases on graphene.
With the increase in the base count, fluctuations in RMSD is
uniform below 1.5 Å (see figures S5(B) and (C) of supporting
information) with the bases being stabilized on graphene
surface.

The RDF is found to be substantial in computing the
nearest neighbor distance and the formation of water hydra-
tion spheres around Cn and graphene. Figure 6(A) illustrates
the RDF profile of C36/graphene, which depicts two

characteristic peaks at ∼1.75 Å (label 1) and 3.80 Å (label 2)
associated with the two water hydration spheres around
cytosine (see figure 6(A)). The RDF for graphene (label 3)
shows a single characteristic broad peak around 4.0 Å which
corresponds to the water ordering distance on graphene.
Around 6 and 12 water molecules constitute the first and
second hydration sphere around a representative cytosine as
depicted in figure 6(B). This is significantly different from the
results obtained for Gn/graphene [37], wherein the guanine
nucleobase due to the presence of more H-bond donor and
acceptor sites, encompasses around 10 and 18 water mole-
cules in the first and second hydration spheres.

The trends obtained from our MD simulation agree with
the first-principles DFT results [38] suggesting that the tilt of
the bases is due to the dominance of intermolecular interac-
tions, especially at high surface coverage. Using vdW dis-
persion-corrected DFT at the wB97XD/6-31 G (d, p) level of
theory (see section SI of supporting information), we com-
pared the energy landscape of a cytosine molecule adsorbed
on graphene in the perpendicular, tilted and parallel orienta-
tions. An agreement was observed with the reported trends,
with the parallel configuration being energetically favored
compared to the perpendicular and titled configurations,
although the energy barrier was shallow for the three con-
figurations (see supporting information, section SII).

The MD simulations in gas phase (figure 3) find the pre-
ferred stacking mode to be the parallel orientation of cytosine
which enables maximum electron overlap. To affirm this pre-
diction, we now perform DFT calculations for C2/graphene
system as a prototype to investigate the energetics of interac-
tion in this complex. Following the cluster model used to
investigate G2/graphene system, we employ a finite 120 atom
model for graphene to investigate its interaction with C2

dimer [29].
The calculated DFT ground state configuration of

C2/graphene in gas phase is shown in figure 7(A). The C2

bases are perfectly aligned on graphene at an average inter-
planar distance of 3.24 Å and has an interaction energy of
−1.24 eV. The interaction energy is defined as the difference in

Figure 6. (A) RDF profile between Graphene/Water and Cytosine/Water in the aqueous phase, (B) depiction of the first (1) and second (2)
water hydration sphere along cytosine.
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total energy of C
2
/graphene complex and total energies of free-

standing cytosine dimer and graphene, respectively. Likewise,
the inclusion of basis set superposition error correction yields
the interaction energy of −0.90 eV in gas phase. The average
intermolecular H-bond distance between the C2 dimer physi-
sorbed on graphene is calculated to be 1.77 Å (see figure 7(B)).
Thus, the DFT and MD results are in excellent agreement
with each other in predicting the interaction energy for
C2/graphene. Note that the interaction energy value of
−1.72 eV was calculated for (Gua)2/graphene system in gas
phase at the PBE-D2 level of theory [29].

The ESP isosurface of C2/graphene (figures 7(C) and
(D)) display regions of negative electron density on the O12,
N10 and N7 atoms of cytosine, which contribute to the
intermolecular H-bond stabilization between the C2 dimer.
Although the regions of intermediate electron density are
delocalized on graphene, physisorption of C2 dimer leads to
localized negative charge density on the carbon atoms of
graphene in close proximity to the cytosine bases.

We further compare our MD results with prior studies on
the self-assembly of cytosine nucleobases on Au (111) and
HOPG surfaces. Kelly et al [31], reported the assembly of
cytosine bases on the Au (111) surface using ultrahigh
vacuum STM and ab initio DFT. Disordered assemblies of
cytosine was observed which connected into bent chains,
T-junctions and nanocages. Low and medium surface cover-
age resulted in zigzag lines and rings on the Au (111).
Wandlowski et al [39], observed cytosine forming both
ordered and disordered phases in solution on the Au (111)
surface. Otero et al [40], investigated the structures of dis-
ordered cytosine network on the Au (111) surface using STM.
The cytosine bases lacked a long-range ordered network and
formed small number of supramolecular structural motifs with

medium-range order. Besenbacher et al reported the adsorp-
tion and co-adsorption of guanine and cytosine bases at the
1-octanol/graphite interface using in situ STM [41]. The
cytosine bases were aligned in parallel and straight rows.
They were stabilized by the intermolecular H-bonds with a tilt
angle of 60° between the two linear domains.

The calculated results provide atomistic insights towards the
molecular ordering and self-assembly of Cn bases on graphene.
The bases have preference for ordered, short-range linear arrays.
Except for the aqueous phase results that demonstrate complete
immobilization and disruption of the base–base interaction at low
surface coverage and disordered orientations at intermediate and
high surface coverage, the predicted trends from the gas phase
simulation elucidate the role and dominance of graphene in
mediating the monolayer self-assembly of cytosine into linear
arrays with medium-range order. The self-assembly is found to
correlate with the nature of the surface, especially in the way the
bases prefer to align and assemble. In the gas phase, we observed
the bases to orient anti-parallel while Otero et al, predicted three
elementary structural motifs of Cn on the Au(111) surface; zigzag
filaments, five-fold and six-fold rings [40]. The intermolecular
H-bonding primarily stabilizes the self-assembly of Cn on gra-
phene with short-to-medium range molecular ordering.

It is well known that the H-bond strength of DNA bases
which is controlled by the ionization constant (pKa) determines
the extent of base-pairing and whether the imine nitrogen
atoms can function as H-donors or acceptors [42]. In general,
pKa values suggest that the DNA bases remain in neutral
(canonical) form under the physiological conditions within the
range of 5<pH<9 [43, 44]. Cytosine, thymine and uracil
are the naturally occurring pyrimidines that exist in the keto
(lactam) form at neutral pH. The keto form of cytosine is stable
at physiological pH, while in acidic pH, the N10 atom is

Figure 7. (A) Calculated equilibrium configuration of C2/graphene, (B) intermolecular H-bond distance between a C2 dimer in C2/graphene,
and (C and D) side and top views of the ESP isosurface of C2/graphene in gas phase.
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protonated with pKa1=4.45 [45], giving cytosine a positive
charge impeding base pairing. The change in protonation state
tends to decreases the stability of cytosine [46–49].

4. Summary

In summary, the present study provides qualitative and fun-
damental insights on the dominant interactions that determine
the self-assembly of cytosine nucleobases on graphene. A
detailed understanding on the self-assembly of canonical
versus noncanonical DNA bases could be substantial towards
unraveling the mechanisms that control the medium to long-
range ordering on 2D nanomaterials and serve as fingerprints
to differentiate between noncanonical DNA base pair com-
binations. The study exemplifies an important approach
towards understanding the molecular recognition, aggregation
dynamics and growth of noncanonical DNA nucleobases on
graphene and similar 2D functional nanomaterials.

The future direction of the research is the integration of
self-assembled nanostructures for biosensing applications.
The ability to regulate the assembly into well-defined patterns
would constitute the first step towards assimilating self-
organized hierarchical nanostructures in the next-generation
DNA based biosensors and nanoelectronic devices [50–52].
The graphene field effect transistors are one of the examples
of nanoelectronic devices [53, 54] which were successfully
fabricated for the ultrasensitive, label-free detection of DNA
nucleobases [55–60].
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