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The gas and solvent phase stability of noncanonical (Gua), nucleobases is investigated in the framework
of dispersion-corrected density functional theory (DFT). The calculated results strongly support the high
tendency for the dimerization of (Gua), bases in both gas and solvent phases. An interplay between
intermolecular and bifurcated H-bonds is suggested to govern the stability of (Gua), bases which bears
a correlation with the description of dispersion correction terms employed in the DFT calculations. For
example, a higher polarity is predicted for (Gua), bases by the dispersion-corrected DFT in contrast to
the non-polar nature of (Gua)s and (Gua)4 predicted by the hybrid meta-GGA calculations. This distinct
variation becomes significant under physiological conditions as polar (Gua), is likely to exhibit greater
stabilization in the gas phase compared to solvated (Gua),. Graphene acting as a substrate induces
modification in base configurations via maximization of m-orbital overlap between the base and
substrate. In solvent, the substrate-induced effects are further heightened with lowering of the dipole
moments of (Gua), as also displayed by the corresponding isosurface of the electrostatic potential. The
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Accepted 2nd June 2017 criteria for molecular self-assembly. The DFT results therefore provide atomistic insights into the stability
DOI: 10.1039/c7cp02944f and molecular assembly of free-standing noncanonical (Gua), nucleobases which can be extended to
understanding the self-assembly process of functional biomolecules on 2D materials for potential
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self-recognition and molecular assembly. In particular, Gua

|. Introduction
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Deoxyribonucleic acid (DNA) is one of the fundamental building
blocks of life that decodes the genetic information, guides
protein synthesis and finds potential applications as biosensors
in nanoelectronic devices.! The four nucleobases, viz. adenine
(Ade), guanine (Gua), cytosine (Cyt) and thymine (Thy), deter-
mine the functionality and fascinating chemistry of DNA like
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(CsH5N50), a nitrogenous nucleobase comprising of a fused
pyrimidine-imidazole ring, has drawn significant research interest
over the past few years. There exists three H-bond acceptor
(N7, N3, and Og) and two H-bond donor (N;, and N,) sites (Fig. 1,
left panel) which subsequently act as Brensted acid and base
(pK. =3.3,9.2, and 12.3 vs. 4.45 and 12.2 for carbon), respectively.
An isosurface plot of the electrostatic potential (ESP) (Fig. 1, right
panel) displays regions of high (negative) electron density residing
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-0.025 N . 0.025

Fig. 1 Guanine: (left) schematic of the H-bond donor (N;, N,) and acceptor
(N7, N3, Og) sites, (right) isosurface plot of the electrostatic potential (ESP) in
the gas phase.
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on Og, N, and N; atoms corresponding to electron accepting
moieties and N; and N, as regions with low electron density or
electron donating moieties. What makes Gua relevant is its low
ionization potential (7.77-7.85 eV) and strong electron-donor
characteristics (E,x = +1.25 V vs. Saturated Calomel Electrode
(SCE)),? which facilitates charge transport in Gua-based mole-
cular complexes.*®

Apart from the conventional Watson-Crick canonical base
pairs, noncanonical base pairs constitute about 40% of the
nucleobase pairs in triplets and tertiary interactions and are of
potential biological relevance.*” For example, Gua-rich moieties
are abundant in the human genome with a high propensity to
fold into hierarchical structural motifs facilitated by hydrophobic
interactions.®® They can form an array of self-assembled nano-
structures like the (Gua), quadruplex,'® where the Gua base
pairs fold through Hoogsteen H-bonds. The G-rich moieties can
exhibit an exquisite internal H-bonded motif,"""* e.g. honeycomb
arrangements,"® nanowires’* and sheet-like assemblies.'*"®
Dimerization within analogous nucleobases is an inherent
characteristic facilitated by the polar, electronegative oxygen
and nitrogen heteroatoms. In Gua, the presence of donor/
acceptor sites determines its propensity to oligomerize which
are mediated by the noncovalent H-bonds."” For example, the
Gua-quartet is found to exhibit three types of H-bonding
patterns; Hoogsteen-type, two bifurcated and four bifurcated
bonds. The complexes with four bifurcated H-bonds demon-
strate the highest stability whereas lack of bifurcated H-bonds
results in energetically least-stable structures."® Furthermore, it
was suggested that incorporation of a cation in the Gua-quartet
leads to Hoogsteen-type H-bond patterns.*®

In general, the supramolecular self-assembly of biological/
functional molecules is mitigated in the presence of an inorganic
solid substrate which serves as the template for growth and
fabrication.”® In most cases, an array of diverse geometries
(polymorphs) is observed and the efficacy of the substrate on
monolayer assembly dictates the molecular orientation and
adsorption.>"® For example, imaging the self-assembly of Gua
molecules on freshly cleaved highly ordered pyrolytic graphite
(HOPG),** via MAC mode Atomic Force Microscopy showed that
Gua molecules condense (aggregate) in small nuclei or clusters
(20-40 nm in diameter and 2-3 nm in height) with uniform
coverage on HOPG, without any well-ordered array. The change in
exposure time from 5 min to 1 hour led to the reorganization of
Gua clusters. Furthermore, experimental studies on the mole-
cular packing of Ade nucleobases on the graphite (0001) surface
reported that Ade molecules are stabilized by an intermolecular
H-bonded network with four H-bonds per Ade molecule along the
graphite surface.”

Graphene has generally served as an ideal 2D candidate for
fabrication of novel bio-integrated structures®® due to its atomically
flat surface together with unique physical, optical and electronic
properties. Given the complexity of simulating the interface of a bio-
integrated material at an atomistic level, a detailed understanding of
a crossover mechanism in base-base and base-substrate inter-
actions therefore becomes a prerequisite condition for technological
applications of bio-integrated materials at the nanoscale.
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It is well known that a reliable description of noncovalently
bonded systems®” requires specific terms representing disper-
sion interactions in the electronic structure calculations. In
general, the dispersion forces, which arise from the correlated
motion of electrons,”® comprise the dominant ‘long-range’
effect.>** For Gua-complexes, previous density functional theory
(DFT) studies employed either the hybrid B3LYP/6-311G(d,p)"° or
the hybrid meta-GGA M06-2X/6-31+G(d,p) level of theory.** The
hybrid meta-GGA functional form implicitly accounts for the
‘medium-range’ (~2-5 A) electron correlation, and falls off expo-
nentially at the ‘long range’ (~ 5 A) thereby lacking the nonlocality
to support the R° asymptotic distance-dependence decay.’*
Grimme’s empirical dispersion correction (D2) uses an empiri-
cally derived interpolation formula®*?® by taking into account the
long-range correlation interactions.’” Here, the Cs coefficient
captures most of the correct asymptotic behavior in the long-
range, with its role diminishing at short distances.*®

Considering noncanonical (Gua), bases as an example, the
present study aims at providing an atomistic-level understanding
of the role played by (i) the choice of dispersion interaction
terms in DFT calculations, (ii) the usefulness of the implicit vs.
the explicit solvent model and (iii) the role of graphene as a
substrate in assimilating the monolayer adsorption and self-
assembly of guanine bases. Realizing that our choice of the
substrate represents a weakly interacting (physisorbed) surface,
the objective will then be to quantify the substrate-induced
effects on the energetics and electronic properties of (Gua),
bases. To address the question of how the stability of (Gua),
bases depends on the choice of the dispersion term, Grimme’s
correction term together with the hybrid meta-GGA M06-2X
functional form®® is considered. Since the molecular inter-
actions under physiological conditions are expected to be
different from those in the gas phase, solvent phase calcula-
tions are performed. We believe that an understanding of the
ability to regulate oligomerization of noncanonical (Gua), bases
with and without the substrate can help establish a systematic
approach towards integrating 2D materials for supramolecular
self-assembly at the nanoscale.

ll. Computational model

The stability and electronic properties of (Gua), bases with
n = 2-6 in gas and solvent phases were investigated in the
framework of dispersion-corrected DFT. The exchange correla-
tion potential was described by the Generalized Gradient
Approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE)
functional®® and a 6-31G(d,p) basis set.”* Since the PBE func-
tional has shortcomings in terms of the accurate description of
the self-interaction error and noncovalent vdW interactions,***?
Grimme’s empirical correction (D2) term was included. Although
Grimme’s D2 method is not the sole benchmark model for
accounting the noncovalent van der Waals (vdW) interactions, it
provides comparable results at a reasonable computational cost
compared to computationally expensive methods like CCSD(T).***>
For consistency with our prior reports,*®*” we considered the
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6-31G(d,p) basis set with the PBE-D2 functional. Additional
calculations were carried out using the dispersion corrected
wB97XD, M05-2X and M06-2X functionals to supplement pre-
vious DFT studies on the structure and stability of free-standing
(Gua),, complexes.** Note that the 6-31+G(d,p) basis set imple-
mented with the M06-2X functional includes one set of sp-type
diffuse functions to the non-H atoms yielding slightly lower
total energy values compared to a 6-31G(d,p) basis set. All the
calculations were performed using Gaussian09,*® with the
maximum force convergence for geometry optimization set to
10~* eV A~*. The convergence criteria in the density matrix and
the total energy were 10~ ° and 10~ ° eV, respectively.

To simulate the solvent effects, we employed the implicit
solvent model in which the polar solute interacts with the
surrounding dielectric medium through dipolar interactions.
The solvent medium was represented by the polarizable con-
tinuum model (PCM)*® with a dielectric constant of 78.36 for
water. In principle, a comprehensive comparison of implicit vs.
explicit solvents serves as an effective route to mimic the
influence of waters towards the intermolecular interactions
and molecular stability. However, we considered the implicit
solvent description in our study, as it was found to be invalu-
able and reliable in modeling the reactivity of solvents with
varying polarity.>

Two cluster models of graphene comprising of CosH,, and
C,94H,, atoms were considered to investigate the substrate-
induced effect on the adsorption (Gua), bases. Although molecular
adsorption on 2D materials typically employs periodic calcula-
tions mimicking the characteristics of an infinite slab, cluster
models can provide reliable descriptions to localized interactions
like adsorption®* and core level shifts.® The convergence of
interaction energy, interplanar distance, HOMO-LUMO energy
gap and dipole moments as a function of cluster size was
investigated previously,*® and as expected, the binding energies
are converged with an increase in the cluster size while the
HOMO-LUMO energy gap decreases with an increase in the
cluster size.'®>* Although a graphene (Xs;Hs) cluster was
proven to be effective for proton transport,> larger clusters
were considered to further reduce the edge effects influencing
the energetics of interaction. Note that comparison of our
results for the Gua/graphene complex with those obtained
using the periodic supercell method within the framework of
local, semi-local, and vdW-corrected DFT shows excellent agree-
ment (—0.72 eV for LDA, —0.14 eV for PBE and —1.18 eV for
PBE + vdW) supporting the accuracy and reliability of the
cluster model in describing the local properties such as mole-
cular adsorption.>®

lll. Results and discussion
A. (Gua), bases: structure and stability

(Gua),, bases can assume myriad conformations and diverse
polymorphic structures dominated by either bifurcated or inter-
molecular H-bonds. A bifurcated H-bond is defined as a three-
center bond wherein an electronegative atom (mostly oxygen) is
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bound by two H atoms lying in or close to the plane delimited
by them.*”>° The bifurcated H-bonds constitute about 20-25%
of all H-bonds in biological molecules and have been charac-
terized by X-ray diffraction measurements.®"®> Although the
terminology the ‘three-centered’ bifurcated H-bond is more
prevalent in systems where an H atom is covalently bonded to
one electronegative atom and H-bonded to the other two, it has
been adopted in explaining other three-centered bonds as
well.®? Conversely, an intermolecular H-bond exists between
two interacting molecules, but unlike the bifurcated H-bond it
represents atom to atom interaction between the donor and
acceptor moieties in a molecular system.

The equilibrium configurations of (Gua),, bases (for n = 2-6)
were obtained by performing an extensive conformational
search considering several initial configurations corresponding
to stacked and aligned orientations without imposing any sym-
metry constraint. Some of the initial configurations corres-
ponding to aligned orientations were adopted from a previous
DFT study.** We find that the equilibrium configurations of
(Gua),, bases are stabilized by an interplay between inter-
molecular and bifurcated H-bonds. The stacked and aligned
configurations of (Gua), and (Gua), are found to be nearly
degenerate (ESI,t Table S1) and difference between stacked and
aligned structures are noticeable for (Gua)e.

In the gas phase, (Gua), is found to be nonplanar stabilized
by two bifurcated H-bonds between N;-H, N,-H and O, atoms
at the PBE-D2 level of theory (Fig. 2a). Since Oy is in proximity to
N,-H as opposed to N,-H at an (average) Ro_y; distance of 1.69 A,
there exists variation in H-bond distances within the bifurcated
bond of the dimer. In the solvent phase, (Gua), is stabilized by
intermolecular H-bonds with an R_; distance of 1.82 A (Fig. 3a
and Table 1). Here, two Oy atoms lie in proximity at an Ro o
distance of 3.40 A. However, in the gas phase, due to large
degrees of freedom and molecular flexibility, (Gua), adopts an
anti-parallel configuration minimizing the steric repulsion between
the O-atoms in the dimer.

(Gua); prefers a partial cage-like structure stabilized by three
bifurcated H-bonds between the N;-H, N,-H and O¢ atoms in
both gas and solvent phases (Fig. 2b and 3b). The (average)
intermolecular Ro_y; distance is 1.83 (1.81) A in the gas (solvent)
phase. Interestingly, for configurations stabilized via bifurcated
H-bonds, a 6-membered pyrimidine ring solely participates in
the base-base interactions and a 5-membered imidazole ring
remains mostly inaccessible. This may be due to the sharing of
the pyrimidine ring coupled with the inclusion of vdW disper-
sion interaction that leads to puckering of the configuration
which maximizes the ‘long-range’ interactions.

In (Gua),, transition to a near-planar configuration (Fig. 2c)
is predicted which is stabilized by intermolecular H-bonds.
The quartet has an inner diameter of 6.88 A and an (average)
intermolecular Ro_y; distance of 1.67 (1.70) A in the gas (solvent)
phase. Our results are in agreement with the B3LYP/6-31G(d,p)
results®® reporting (Gua), with S, symmetry to be the stable one.
The Ro_i and Ry-y H-bond distances were comparable at the S,
symmetry and inclusion of D2 correction results in shortening of
H-bond lengths and stabilization of the quartet. Furthermore,
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Fig. 2 Gas-phase equilibrium configurations of (Gua), bases obtained at the (a—e) dispersion-corrected PBE-D2, and (f—j) hybrid meta-GGA M06-2X
levels of theory.

Table 1 (Gua), bases with n = 2—-6: point group symmetry, binding energy (E), binding energy per base (Ex/n), and (average) intermolecular Ro-n
distance calculated at the dispersion-corrected PBE-D2 and the hybrid meta-GGA M06-2X levels of theory. Ey, = E(gua), — NEGua, Where n is the number
of Gua bases and E is the total energy of the system

Dispersion-corrected PBE-D2 Hybrid meta-GGA M06-2X
Symmetry Ey (eV) Ep/n (eV) Rou (A) Symmetry Ey (eV) Ep/n (eV) Ron (&)
Gas phase
(Gua), Cy —~1.48 —0.74 1.69 c, —0.55 —0.28 1.90
(Gua), Cs —3.04 -1.0 1.83 Cs —2.43 —0.81 1.85
(Gua), S, —4.29 —~1.07 1.67 C, —3.45 —0.86 1.89
(Gua)s C, —5.41 ~1.08 1.72 c, —4.17 —0.83 1.78
(Gua)s C, —6.53 —1.09 1.75 Cy —4.43 —0.74 1.75
Solvent phase
(Gua), Cy —0.72 —0.36 1.82 Cy —0.44 —0.22 1.87
(Gua), C, —1.89 —0.63 1.81 c, -1.16 —0.39 1.86
(Gua), Sa —3.12 —0.78 1.70 c, -1.62 —0.41 1.89
(Gua)s C, —3.94 —0.79 1.74 C —2.24 —0.45 1.85
(Gua)g C, —4.73 —0.79 1.77 c, —2.55 —0.43 1.77
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Fig. 3 Solvent-phase equilibrium configurations of (Gua),, bases obtained at the (a—e) dispersion-corrected PBE-D2 and (f-j) hybrid meta-GGA M06-2X
levels of theory.
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we find that the planar (Gua), stabilized by bifurcated H-bonds
is higher in energy (~ 0.5 eV) than the near-planar (Gua), at the
PBE-D2 level of theory.

In (Gua)s and (Gua), the intermolecular H-bonds stabilize
the complexes in both gas (Fig. 2d and e) and solvent (Fig. 3d
and e) phases. The (average) Ro_y within the quartet is calcu-
lated to be ~1.68 A for both bases, consistent with the (Gua),
quartet, while the additional base is stabilized at an Rp_y
distance of 1.89 A. Similarly, in (Gua)s, addition of two bases
does not perturb the (Gua), quartet configuration ((average)
intermolecular Ro_y; within the quartet = 1.68 A) and the two
bases interact at an (average) Ro_y distance of 1.89 A. In the gas
phase, the (average) intermolecular Ry distances within the
(Gua)s and (Gua)s complexes are 1.72 and 1.75 A, respectively.
A similar argument holds for the (Gua),—(Gua)s complexes in
solvent and an inclusion of one or two bases to the (Gua),
quartet leads to an increase in the intermolecular Rq._y distance
to 1.89 A along the extended quartet motif. Compared to (Gua),
stabilized which is at an (average) Ro_y distance of 1.70 A,
additional Gua bases do not perturb the intermolecular Ro_y
distances within the quartet motif. A detailed list of the bond
distances namely, Ro-y, Ro-0, Rn-1, Rn-ny and Rc_g, is provided
in the ESI,} Table S2.

The selectivity and stability of (Gua), complexes via the
formation of bifurcated and/or intermolecular H-bonds has
been elucidated as follows. In a bifurcated H-bond complex
(e.g Fig. 2a or b), the bases adopt a configuration that mini-
mizes steric repulsion between Oy atoms, and stabilizes via
H-bond interactions between N;-H and N,-H atoms.®® For
smaller (Gua), complexes with n < 3, stabilization typically
occurs through bifurcated H-bonds. With an increase in the
number of bases, intermolecular H-bonds precede the bifurcated
H-bond involving interactions through the pyrimidine and
imidazole rings. At the PBE-D2 level of theory, (Gua),, (Gua)s
and (Gua)s bases interact preferentially through intermolecular
H-bonds maximizing the involvement of both electron donor and
acceptor moieties of Gua. It is to be noted that the energy
difference between (Gua), quartets consisting of bifurcated
or intermolecular H-bonds is quite small (~1-5 meV) at the
Hartree-Fock (HF) and hybrid B3LYP levels of theory.®® Overall, a
large degree of flexibility towards base-base interactions facilitate
molecular stability via bifurcated and/or intermolecular H-bonds
in smaller (Gua), bases. With an increase in the number of bases
beyond (Gua),, constraint in molecular geometry coupled with
the association of 6 + 5 membered rings within the base maxi-
mizes the stability via intermolecular H-bonds.

The calculated binding energy of (Gua), in gas and solvent
phases is listed in Table 1 at the PBE-D2 and M06-2X levels of
theory. In the gas phase, the calculated binding energy/base
is —0.74, —1.0, —1.07, —1.08 and —1.09 eV for (Gua),, (Gua)s,
(Gua),, (Gua)s, and (Gua)s, respectively, suggesting the satura-
tion of stabilization of (Gua), bases with an increase in the
number of homomers. This is also the case in the solvent phase
where the binding energy/base is —0.36, —0.63, —0.78, —0.79
and —0.79 eV for (Gua),, (Gua);, (Gua),, (Gua)s, and (Gua)s,
respectively. It is to be noted that the calculated binding energy
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of (Gua), is —1.48 eV (—0.72 eV) in the gas (solvent) phase
which is comparable to the (Gua-Cyt) base pair with a binding
energy of —1.63 eV (—1.16 eV) in the gas (solvent) phase.®”
Thus, the calculated results support a high tendency for Gua
dimerization in both gas and solvent phases. Our results are in
excellent agreement with the previous reported results obtained
at the local density approximation (LDA) with the additional
DFT-D correction for the gas-phase (Gua), in predicting enhanced
stability of an aligned configuration via intermolecular H-bonds.*®

In the framework of the M06-2X level of theory, (Gua),
prefers a nonplanar configuration stabilized by two intermole-
cular H-bonds as depicted in Fig. 2f (gas) and Fig. 3f (solvent).
The equilibrium configurations of (Gua); and (Gua), are planar,
stabilized solely by three and four bifurcated H-bonds (Fig. 2g
and h (gas) and Fig. 3g and h (solvent)). Note that a comparison
of the gas-phase equilibrium configurations of the (Gua), quartet
suggests a strong dependence of the functional form and level of
DFT calculations: M06-2X/6-31+G(d,p) predicts planar geometry
while M06-2X/cc-pVDZ obtains a nonplanar configuration,®
although both the complexes are stabilized by four bifurcated
H-bonds (Table S2 of the ESIt). (Gua)s and (Gua)s bases deviate
from planar geometries with puckering of the quartet motif
(Fig. 2i, j and 3i, j) and are stabilized by intermolecular
H-bonds. Overall, the equilibrium configurations obtained at
the M06-2X/6-31+G(d,p) level demonstrate a transition from
nonplanar to planar and then puckered geometries in going
from (Gua), to (Gua)s.

Additional calculations were performed to determine the
equilibrium configurations and optimized parameters of (Gua),
bases at the wB97XD and MO05-2X levels of theory as shown in
Fig. 4. The results find the equilibrium configurations obtained
at the wB97XD level to be nonplanar. (Gua), and (Gua); are
stabilized by bifurcated H-bonds at an average Ry distance of
1.74 and 1.86 A, respectively. Beyond (Gua)s, the complexes are
stabilized primarily by intermolecular H-bonds with an average
Ro.p; distance between 1.7 and 1.8 A (see Table S3 of the EST¥).

The meta-hybrid M05-2X functional form also yields a non-
planar configuration for (Gua), and (Gua); as depicted in Fig. 4f
and g. The average Ro_y; distance of 1.78 and 1.85 A was calculated
for (Gua), and (Gua);, respectively (Table S3 of the ESIf). The
calculated results for (Gua); were in contrast to the planar
configuration obtained at the M06-2X level of theory. The (Gua),
configuration is found to be perfectly planar with an average Ro
distance of 1.87 A (see Fig. 4h and Table S3 of the ESIt). In (Gua)s
and (Gua)s, the quartet motif comprising of the four bases is
observed to be a near-planar geometry, stabilized via intermole-
cular and bifurcated H-bonds and the orientation of the +1 and +2
bases is offset from planarity as depicted in Fig. 4i and j at an
average intermolecular Ro y; distance of ~1.90 A. Thus, disper-
sion corrected PBE-D2 and wB97XD functional forms yield a
similar equilibrium configuration for the bases considered, while
variations are observed at the M05-2X and M06-2X levels of theory
especially for (Gua);, (Gua)s and (Gua)s complexes. The equili-
brium configurations and optimized parameters of (Gua), bases
at the wB97XD and MO05-2X levels of theory corresponding to the
solvent phase is shown in Fig. S1 of the ESL}
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Fig. 4 Gas-phase equilibrium configurations of (Gua), bases obtained at the (a—e) dispersion-corrected wB97XD and (f-j) M05-2X levels of theory.

The gas-phase binding energy for (Gua), to (Gua) is depicted
in Fig. 5a. The overall trend in variation of the binding energy
follows the order: PBE-D2 > wB97XD > MO05-2X > M06-2X. The
binding energy/base converges beyond (Gua); (Table S3 of the
ESIt) suggesting a net per base stabilization of the (Gua) com-
plexes with increase in the number of homomers in both gas and
solvent phases.

The relative stability of (Gua),, defined as the binding energy/
H-bonds demonstrates a characteristic trend at the various
levels of theory. At the M06-2X and MO05-2X levels of theory
(Fig. 4b), (Gua), has a higher relative stability and is in good
agreement with the prior reported results obtained at the B3LYP,
MO05-2X, M06-2X and RI-DFTD BLYP levels of theory.'® In contrast,
the PBE-D2 and w97XD results show that the stability progres-
sively levels off in going from (Gua), to (Gua)s. The RI-DFTD
calculations which include the dispersion term demonstrate a
similar trend with the DFT-D2 beyond (Gua), quartet.'® The
results therefore suggest a substantial dependence of the stability
of (Gua), bases on the long-range vdW interaction. Likewise, in
the solvent phase we find a similar trend in relative stability of
(Gua),, bases as provided in the ESI,f Fig. S2, at the PBE-D2,
wB97XD, M05-2X and M06-2X levels of theory.

To further investigate the subtle effects introduced by the
way we describe the dispersive term in DFT calculations, we
compare the dipole moment values corresponding to the gas
phase as illustrated in Fig. 6. At the PBE-D2 level, (Gua), and
(Gua); exhibit dipole moment values of 3.7 and 9.0 Debye which
is correlated to the highly-puckered geometry. (Gua), has a near-
planar geometry compared to (Gua), and (Gua); with a lower
value of dipole moment. The M06-2X functional find both (Gua),
and (Gua), to have planar configurations with dipole moment
values of 0.4 and 0.1 Debye, respectively. In contrast, (Gua),
which is highly puckered and nonplanar has a dipole moment
value of 11.5 Debye. Beyond (Gua),, the transition from planar to
nonplanar geometries are reflected in an increase of dipole
moment values for (Gua)s and (Gua)e.

The dipole moment calculated at the wB97XD level is similar
to the PBE-D2 values, suggesting a consistent correlation in
the equilibrium configuration of (Gua) complexes within the
included vdW dispersion. At the M05-2X level, a dipole moment
value of ~ 3.0 Debye for (Gua), and (Gua); is associated with the
nonplanar equilibrium configuration as shown in Fig. 4f and g.
In (Gua),, except at the PBE-D2 level, which yields a dipole moment
of 2.5 Debye, the wB97XD, M05-2X and M06-2X functionals predict

O - - : . 0.2 — ; : . . .
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—=—PBE-D2 (gas ——
T —o—MO06-2X ((Sas)) T —+—WB97XD (gas)
—a—wB97XD (gas) —~ 03} —v— MO05-2X (gas)
2r ——MO5-2X (gas) 1 5 —+— PBE-D2 (gas)
2
Bk y-
< @ 04} ]
T 4r 1z
= 6
Wost 1
® £ o5} ]
Q
s | w
(a) (b)
Shar= : 06L— . . s i i

(Gua), (Gua), (Gua), (Gua);  (Gua)s

2 4 6 8 10 12
No. of H Bonds (count)

Fig. 5 (a) Calculated binding energies at the dispersion-corrected PBE-D2, wB97XD and hybrid meta-GGA MO05-2X, M06-2X levels of theory.

(b) Relative stability/H-bond of (Gua), bases in the gas phase.
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Fig. 6 Calculated dipole moments of (Gua), in (a) gas and (b) solvent
phases.

a dipole moment of ~0.0 Debye. Although the equilibrium
configuration of (Gua), at the wB97XD level of theory is puckered,
it is perfectly centrosymmetric which is reflected from its zero
dipole moment. Likewise, in (Gua)s, the symmetry of the complex
with a planar quartet motif results in a small dipole moment of
0.03 Debye. The overall trend in dipole moment in the gas phase
supports a good correlation between the wB97XD and PBE-D2
levels of theory while variations are observed at the M0X-2X
levels.

The solvent phase calculations find higher values of dipole
moment compared to the gas phase values (see the ESI,t Fig. S3)
due to the screening of intermolecular interactions as also
reflected in isosurface plots of ESP displayed in the ESL¥
Fig. S4 and S5. Overall, the results clearly demonstrate the
influence of the way we include the vdW dispersion interaction
terms in the calculations; the results support the dimerization
of (Gua),, though PBE-D2 results find higher binding energies
and slightly smaller intermolecular H-bond distances within
the base pairs relative to the other three functionals. Thus,
subtle differences in predicting the equilibrium configurations
of free-standing (Gua), bases under physiological conditions
can become quite substantial, as more polar (Gua), in the gas
phase is likely to exhibit greater stabilization compared to the
solvent phase counterparts.

To account for the subtle intermolecular interactions
between the Gua bases and water molecules defined explicitly,
we considered the case of solvation of (Gua), base pairs.
Molecular dynamics (MD) simulation on the preferred orienta-
tion in interaction of free-standing (Gua), bases in gas and
solvent phases demonstrate a selectivity in the stabilization of
the complexes.®” The bases interact via intermolecular H-bonds
in the gas phase while in solvent, screening of intermolecular
interaction introduced by water molecules leads to n—r stacked
configurations. Fig. 7 illustrates the explicit solvation of (Gua),
bases in the stacked and aligned configurations, depicting the
water hydration layer along the bases, modeled with 24 water
molecules for the two configurations considered. The interaction
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Fig. 7 Top and side views of the water solvation layer in (Gua), in (a and b)
aligned (c and d) stacked configurations.

energy of the complex is defined as the difference in the total
energy of the combined system and the individual constituents
(i.e. the total energy of the 24 water molecules and the bases in
the stacked and aligned configurations), respectively. Energeti-
cally, the stacked configuration (an interaction energy value of
—7.63 eV) is preferred over the aligned (an interaction energy of
—5.78 eV) and the average interacting distance between water
and Gua is calculated to be 1.92 and 1.98 A in the stacked and
aligned configurations, respectively.

The stacked configuration facilitates an increased availability
in intermolecular H-bonds with the water molecules and around
18 water molecules constituting the first hydration sphere
around the bases as depicted in Fig. 7c. On the other hand,
the intermolecular H-bond interaction between the base pairs in
the aligned configuration reduces the availability for H-bonding
with water molecules and around 9 waters constitute the solva-
tion sphere (Fig. 7b). The enhanced stability of the stacked
(Gua), dimers demonstrates that the water-water dipolar inter-
actions play an important role in base-base stabilization via the
screening of intermolecular H-bonded interaction and rendering
conformational flexibility towards the association. The compar-
ison of the implicit vs. explicit solvation model therefore finds
the implicit solvent description to be reliable for the present set
of calculations.

B. Adsorption of (Gua), bases on graphene

To comprehend the nature, preferentiality and energetics
of interaction of (Gua),, bases with graphene, calculations were
performed on (Gua)/graphene, (Gua),/graphene and (Gua),/
graphene complexes in both gas and solvent phases at the
PBE-D2 level. The aim here being to determine the extent to
which graphene-induced effects can alter the equilibrium con-
figurations of free-standing (Gua), and (Gua), complexes. Note
that the carbon atoms in graphene are sp> hybridized and the
out-of-plane C-p, orbitals form n bonding and n* antibonding
orbitals. Analysis of the calculated results in terms of the inter-
action strength describing the base-surface interaction, inter-
base H-bonds and dipole moments describing the polarity of
the complexes was considered. The interaction energy between
(Gua),, bases and graphene is defined as the difference in the
total energy of the (Gua),/graphene complex and the total
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energies of free-standing (Gua), bases and graphene. It is to be
noted that the availability of multiple interacting sites in (Gua),
bases introduces a complex energy landscape relative to the
case of a single base molecule interacting with graphene. For a
single Gua molecule physisorbed on graphene (ESL T Fig. S6),
the parallel stacked base-substrate configuration is preferred at
an interplanar distance of ~3.12 (~3.15) A in the gas (solvent)
phase. The calculated interaction energy of —1.02 (—0.82) eV in
the gas (solvent) phase (see Table S4 of the ESIt) suggests
significant screening of the interaction strength in solvents.

Fig. 8a and b depict the calculated minimum energy con-
figurations of (Gua),/graphene in gas and solvent phases. The
(Gua), bases are perfectly aligned along graphene at an average
interplanar distance of ~3.12 (~3.15) A in the gas (solvent)
phase. The interaction energy of the aligned (Gua),/graphene
complex is —1.72 (—1.58) eV in the gas (solvent) phase and
(average) the intermolecular R,y distance between the bases is
calculated to be 1.66 (1.67) A in the gas (solvent) phase. On the
other hand, for the stacked (Gua),/graphene configuration
(ESLt Fig. S7a and b), the calculated interaction energy is
—1.04 (—0.88) eV in the gas (solvent) phase with a base-base
stacking distance of ~2.95 A. The calculated interplanar dis-
tance between (Gua), and graphene is about ~3.12 (~3.14) A
in the gas (solvent) phase. Here, the second Gua base is under
the influence of the adjacent base and does not sense the effect
of graphene in the stacked mode of adsorption. Thus, the
stacked (Gua),/graphene configuration mimics the case of a
Gua/graphene complex in having a similar interaction strength
in both gas and solvent phases.

The preferred mode of interaction of (Gua), on graphene is
found to be the aligned configuration, though the difference in
the total energy for the stacked and aligned configurations is
relatively small (~1 eV) as shown in Table 2. Unlike the free-
standing (Gua), which prefers a nonplanar (puckered) configu-
ration (Fig. 2a and 3a), adsorption on graphene leads to the

(a) Gua, (gas)

(b) Gua, (solvent)

Fig. 8 Calculated equilibrium configuration and ESP isosurface plots of
(Gua),/graphene at the aligned configuration in gas and solvent phases.
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near planar geometries. This is due to the influence of the
graphene substrate wherein planar geometries facilitate maximum
overlap of m-orbitals associated with the interacting moieties
(Fig. 8a and D). Interestingly, the solvent phase results show a
noticeable decrease in the (average) intermolecular Ry y distance
from 1.82 (free-standing) to 1.67 A suggesting enhanced base-base
intermolecular interaction, though the gas phase results find very
small graphene-induced effects with the (average) H-bond distance
decreasing from 1.69 (free-standing) to 1.66 A.

Furthermore, the significant decrease in polarity of the
bases induced by graphene is highlighted in the calculated
dipole moments and isosurface of ESP along the interaction
region. For example, the dipole moment of the aligned (Gua),/
graphene complex is 2.0 (2.5) Debye in the gas (solvent) phase,
while it is 3.7 (15.0) Debye for free-standing (Gua), bases in the
gas (solvent) phase. The ESP isosurface along the interacting
region displays negative charge density along (Gua) with localized
contributions on graphene in the gas phase (Fig. 8c). In the
presence of solvent (Fig. 8d), regions of negative charge density
are further delocalized on graphene and the bases suggesting a
redistribution of charge densities along the interacting region.
Therefore, graphene-induced stability in molecular geometry
appears to lower the polarity of the (Gua), base in both gas and
solvent phases fulfilling one of the prerequisite criteria for self-
assembly of bases on graphene.

The (Gua), quartets in both the aligned and stacked configu-
rations were considered for adsorption on graphene. The aligned
mode of interaction was preferred on graphene (Fig. 9a and b)
and the bases were physisorbed at an interplanar distance
of 3.16 (3.19) A in the gas (solvent) phase (see Table 2). The
calculated energy difference between the aligned and stacked
(Gua),/graphene is ~1.3 (~1.4) eV in the gas (solvent) phase.

The graphene-induced effect on the intermolecular H-bond
distances within (Gua), is minimal; the (average) Ro_y distance
is calculated to be 1.72 (1.75) A in the gas (solvent) phase as
compared to 1.67 (1.70) A in the gas (solvent) phase for the free-
standing (Gua),. On the other hand, graphene appears to lower
the polarity of free-standing (Gua),. The dipole moment of
aligned (Gua),/graphene is calculated to be 1.34 (1.89) Debye
in the gas (solvent) phase whereas that for free-standing (Gua),
is 2.5 (3.1) Debye in the gas (solvent) phase. The decrease in
polarity can be related to the conformational relaxation within
the quartet with an increase in intermolecular H-bond distance
and change in the structure from puckered (nonplanar) to near-
planar in the presence of the substrate. The ESP isosurface
plots (Fig. 9c and d) demonstrate the regions of high (negative)
charge density delocalized along the quartet with intermediate
charge densities on graphene. Overall, graphene stabilizes the
(Gua), quartet facilitating conditions for monolayer self-assembly
via the base-substrate n-stacking interactions without perturbing
the structural properties in either the gas or the solvent phase.

To investigate the effect of charges on the hydrogen edge
atoms of the graphene cluster on the net interaction energy, we
considered a relatively larger graphene nanoflake (modeled
with 336 atoms) as depicted in Fig. 10a. The pristine graphene
nanoflake has a Dg,, symmetry and 0 dipole moment value like the
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Table 2 (Gua),/graphene: total energy, interaction energy (i), BSSE corrected interaction energy, interplanar distance between (Gua), bases and
graphene, and dipole moment calculated at the PBE-D2 level of theory. Ej is calculated as Ej = E((Gua)ﬂ,g,aphene) - E(Gua)n — Egraphene Where E is the total

energy of the system

System Total energy (a.u.)  Einc (6V)  Ein (BSSE corrected) (eV)  Interplanar distance (A)  Dipole moment (Debye)

Gas phase

(Gua),/graphene  Stacked = —4753.2342 —1.04 —0.80 3.12 4.66
Aligned —4753.2781 —-1.72 —-1.18 3.12 2.03

(Gua),/graphene  Stacked  —5837.3356 —1.65 -1.19 3.11 1.27
Aligned —5837.3824 —-2.97 —2.04 3.16 1.34

Solvent phase

(Gua),/graphene  Stacked  —4753.2765 —0.88 — 3.14 8.20
Aligned —4753.3143 —1.58 — 3.15 2.52

(Gua),/graphene  Stacked  —5837.3877 —1.59 — 3.13 1.21
Aligned —5837.4384 —2.79 — 3.19 1.89

Gua, (solvent)

(c)

-0.025

(d)

+0.025

Fig. 9 Calculated equilibrium configuration and ESP isosurface of (Gua)s/graphene in gas and solvent phases.

smaller 120 atom cluster. Since the trends in variation of inter-
action energy suggest the preferentiality of aligned over the
stacked configuration of the bases on graphene, we investigated
the physisorption of (Gua), in the aligned configuration, as shown
in Fig. 10b and c corresponding to the gas and solvent phases.

The adsorption on graphene leads to the formation of planar
geometries of (Gua), at an average interplanar distance of
~3.17 (3.19) A in gas (solvent) phases. The interaction energy
is calculated to be —3.34 (—3.04) eV in gas (solvent) phases
suggesting a net screening of intermolecular interactions in the
solvent phase. Monolayer adsorption of (Gua), in the aligned
configuration maximizes the n-orbital overlap facilitating enhanced
intermolecular interactions with significantly reduced edge effects
from the H atoms.

C. Effect of BSSE correction on (Gua),/graphene complexes

In the weakly bound physisorbed complexes governed by
noncovalent n-m stacking, e.g. (Gua),/graphene one often

This journal is © the Owner Societies 2017

encounters an artificial shortening in intermolecular distances
and strengthening of the intermolecular interaction, referred to
as a basis set superposition error (BSSE). The BSSE generally
arises when the wavefunction of a monomer is expanded with a
less basis function than the wavefunction of the complex. This
accessibility of extra basis function arises because of the incon-
sistent treatment of the monomers.”® For molecular complexes
separated at a small intermolecular distance, the monomer units
can realize the access extra functions from the other monomer,
which does not hold for systems separated by larger distances.
The counterpoise correction as proposed by Boys and Bernardi”*
determines a correction term, by using the same basis set for the
minimum energy configurations of the complex and the indivi-
dual monomer units (here (Gua), and graphene).

We performed the BSSE calculations using the GAUSSIAN09
program suite at the optimized configurations represented in
Fig. 8-10, respectively. The BSSE corrected interaction energies
were compared with the non-corrected values as shown in Table 2.
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Fig. 10 Calculated equilibrium configuration of (a) graphene nanoflakes consisting of 336 atoms, (Gua)s/graphene nanoflakes in (b) gas and (c) solvent

phases.

The trend in the non-corrected interaction energy follows a
similar order to those of the BSSE corrected DFT-D calculations:

(Gua),/graphene: aligned > stacked

(Gua),/graphene: aligned > stacked

The inclusion of counterpoise correction yields compara-
tively lower interaction energies in the gas phase and vary in the
range of —0.74 to —2.04 eV, suggesting that BSSE plays a vital
role in adequately describing the energetics of interaction of
(Gua),/graphene complexes. The trends in BSSE corrected inter-
action energies suggest that the aligned configurations facilitate
an enhanced stabilization of the (Gua) bases by maximizing the
orbital overlap with graphene. For the larger graphene nanoflake
considered corresponding to the (Gua),/graphene complex in the
gas phase (Fig. 10b), and the BSSE corrected interaction energy is
calculated to be —2.34 eV.

The nature of H-bonding in substrate-stabilized (Gua), and
(Gua), bases was compared with that in free-standing bases to
gain insights into the substrate-induced effects. (Gua), bases
adsorbed on graphene (Fig. 8a and b) is stabilized by inter-
molecular H-bonds within the dimer. We notice that transition
from puckered nonplanar to planar configurations is realized
due to the substrate induced effect. Unlike the observance of
bifurcated (gas phase) and intermolecular (solvent phase)
H-bonds in (Gua),, only intermolecular H-bonds stabilize the
complex in the presence of graphene. Likewise, intermolecular
H-bond stabilizes the (Gua), quartet adsorbed on graphene in
both gas and solvent phases. In contrast, stabilization in the
stacked configuration of (Gua),/graphene occurs via the base-
base and base-substrate interactions (ESL Fig. S8). Thus, the
monolayer adsorption of Gua bases in the aligned configu-
ration on graphene is preferred from the energetics perspective
compared to stacked conformations.

Experimental studies on the self-assembly of Gua oligomers
on the graphite surface suggest planar assembly of Gua stabilized
by intermolecular H-bonds,”> and are governed by centrosym-
metric dimers the H-bonded interactions.” Molecular dynamics
(MD) simulation on adsorption of DNA base pairs on graphite
find the dimer stabilization to be dominated by H-bonded

16828 | Phys. Chem. Chem. Phys., 2017, 19, 16819-16830

interactions and follows the order: Gua-Cyt > Ade-Gua >
Ade-Thy > Ade-Ade > Cyt-Thy > Gua-Gua > Cyt-Cyt > Ade-
Cyt > Thy-Thy > Gua-Thy.”* Furthermore, MD studies on the
adsorption of DNA nucleobases on single walled carbon nano-
tubes reported that the bases are stabilized by vdW interaction.”®
However, for a charged nanotube surface, the competition between
the polarized water and bases results in base-base n-stacking and
the bases no longer assemble along the nanotube sidewall. In our
study, dispersion-corrected DFT calculations demonstrate that the
base pairs and quartets adsorb/assemble in nearly planar geome-
tries along graphene by reducing their individual polarity and
maximizing the vdW interactions via base-surface m-stacking in
both gas and solvent phases.

IV. Summary

Intermolecular interactions governing the self-assembly of
(Gua),, bases are investigated at the level of dispersion-corrected
DFT. The calculated results demonstrate that the assembly of
free-standing (Gua),, bases is mainly determined by the base-
base intermolecular interactions and influenced by the way
we describe the dispersive interactions in DFT calculations.
Bifurcated and intermolecular H-bonds typically stabilize
the (Gua), bases. At the M06-2X level of theory, (Gua), bases
stabilized via bifurcated H-bonds yield nearly planar geome-
tries while bases stabilized by intermolecular H-bonds result
in the puckered geometries. The PBE-D2 and wB7XD results
find the energetically preferred configurations to have puckered
geometries except for (Gua); which exhibits a partial cage-like
geometry. The substrate-induced effects on the assembly of
(Gua),, bases are associated with coupling of base-base and
base-substrate intermolecular interactions. The presence of
graphene leads to considerable stabilization of free-standing
(Gua),, bases via lowering of the polarity of the bases. A pre-
ference for planar geometries by (Gua), bases on graphene
illustrates the role of substrates in molecular adsorption and
stability of (Gua), bases. The ESP isosurface provides a detailed
representation to the distribution of molecular charge densities
on adsorption of the (Gua), complexes on graphene.
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The subtle influence on the nature of adsorption and the
overall stability of (Gua), complexes is also determined by the
way we model the 2D substrate. Herein, considering the compu-
tational limitations in simulating a graphite substrate, we pro-
ceed with a monolayer graphene cluster model with constraints
applied on the graphene atoms, to mimic a graphite substrate.
For the graphene cluster considered, the DFT-D2 results suggest
an overall stability of the (Gua), complexes in gas and solvent
phases and substrate induced monolayer adsorption of the bases
compared to the free-standing counterparts. We comprehend
that the observed trends would hold for graphite as well in
driving the monolayer assembly process. The differences that
may be expected are in the energetics of interaction in the
conjugated complexes, while the overall essence of interaction
will remain the same.

Our results based on dispersion corrected DFT calculations
form a basis for atomistic MD simulations of free-standing and
interacting (Gua),, bases in gas and solvent phases. In particular,
the MD simulation takes into consideration the high surface
coverage density of (Gua), bases on graphene to determine
the dominate interaction modes namely the base-base vs.
base-substrate m-stacking, governing the supramolecular self-
assembly at the solid/liquid interface.
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Table S1. Stacked and aligned configurations of (Gua), bases: Total energy (a.u.), binding
energy (Ep), and dipole moment calculated at PBE-D2 level of theory. E, = Eg,,, —nEq,, >

where E is the total energy of the system.

(Gua), (Gua)y (Gua)g

Gas Phase Stacked  Aligned  Stacked Aligned  Stacked Aligned

Total Energy (a. u.) -1083.9891 -1084.0079 -2168.0681 -2168.0664 -3252.0549 -3252.1027

Ey (eV) -1.01 -1.48 -4.47 -4.29 -5.42 -6.53
Dipole Moment 33 3.7 0.01 2.5 0.02 5.2
(Debye)

Solvent Phase

Total Encrgy (a.u)  -1084.0225 -1084.0346 -2168.1107 -2168.1173 -3252.0834 -3252.1781

Ey, (eV) -0.60 -0.72 -2.99 -3.12 -2.23 -4.73

Dipole Moment 7.8 15.0 0.01 3.1 11.9 53
(Debye)




Table S2. (Gua), bases with n = 2-6: The (average) intermolecular base-base bond distances (A)
calculated at the dispersion-corrected PBE-D2 and the hybrid meta-GGA MO06-2X levels of
theory.

System Dispersion-corrected PBE-D2 Hybrid meta-GGA M06-2X
Roo Row Ryn Ran Rec |Roo  Row Rynm Ryw Rec

Gas phase
(Gua), 376 232 481 330 4.0 345 316 193 4.9 4.72
(Gua); 411 194 261 423 457 | 411 196 342 462 5.01
(Gua), 332 313 1.87 491 454 | 417 204 244 5.06 5.17
(Gua)s 330 315  1.83 493 454 | 346 3.07 230 5.09 4.78
(Gua)g 329 317 1.80 494 455 | 334 316 1.85 5.05 4.69

Solvent phase
(Gua), 340 325 186 499 454 | 354 316 199 5.07 4.67
(Gua); 409 198 258 419 457 | 415 196 343 4.62 5.01
(Gua), 324 324 184 492 450 | 418 204 244 5.06 5.17
(Gua)s 323 324 185 493 451 | 339 316 194 511 4.75
(Gua)g 323 325 1.80 493 450 | 335 3.17 187 5.08 4.71




Table S3. (Gua), bases with n=2-6: Point group symmetry, binding energy (Ey), binding energy
per base (Ep/n), and (average) intermolecular Ry y distance calculated at the wB97XD and MO5-

2X levels of theory. E, = E,,, —nEg,,, where n is the number of Gua bases and E is total

Gua >

energy of the system.

wB97XD Hybrid meta-GGA M05-2X
Symmetry  E, Ey/n Ro.x | Symmetry Ey Ey/n Ron
(eV)  (eV) (A) (eV) (eV) (A)
Gas phase

(Gua), G -1.39  -0.70 1.74 C -1.36 -0.68 1.78
(Gua); C; -2.85  -0.95 1.86 C; -2.75 -0.92 1.85
(Gua)y Sy -4.01  -1.00 1.73 Cun -3.87 -0.97 1.87
(Gua)s C -5.03  -1.01 1.78 C -4.72 -0.94 1.90
(Gua)g G -6.04  -1.01 1.81 C -5.62 -0.94 1.91

Solvent phase

(Gua), C -0.64  -0.32 1.86 G -0.56 -0.28 1.78
(Gua)s C; -1.64  -0.55 1.83 C; -1.49 -0.50 1.85
(Gua)y G -2.63  -0.66 1.77 Sy -2.33 -0.58 1.91
(Gua)s C -3.36  -0.67 1.81 C -2.90 -0.58 1.90

(Gua)g C -433 -0.72 1.80 C; -3.50 -0.58 1.91




wB97XD (a)(Gua), (b)(Gua), (c) (Gua), (d) (Gua)s (e) (Gua)g
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A mﬁr st
e Y
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FIG. S1. Solvent-phase equilibrium configurations of (Gua), bases obtained at the (a-e)
wB97XD, and (f-j) M05-2X levels of theory.
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FIG. S2. The relative stability of (Gua), bases obtained at the PBE-D2 and M06-2X levels of
theory in solvent phase.
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FIG. S3. Calculated dipole moments for (Gua), bases obtained at the PBE-D2, wB97XD, M06-
2X and M05-2X levels of theory in solvent phase.



(c) (Gua),

PBE-D2 | (a)(Gua);

'

g

() (Gua)s

(h) (Gua),

430

(f) (Gua), (9)(Gua),

M06-2X

18

FIG. S4. ESP isosurfaces of (Gua), complexes in gas phase: (a)-(e) PBE-D2 and (f)-(j) M06-2X
levels of theory.
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FIG. S5. ESP isosurfaces of (Gua), complexes in solvent: (a)-(e) PBE-D2 and (f)-(j) M06-2X
levels of theory.
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FIG. S6. Calculated equilibrium configurations and ESP isosurfaces of (Gua)/Graphene in gas

and solvent phases.
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FIG. S7. Calculated equilibrium configurations and ESP isosurfaces of (Gua),/Graphene in the

stacked base configuration in gas and solvent phases.
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FIG. S8. Calculated equilibrium configurations and ESP isosurfaces of (Gua)s/Graphene in the

stacked base configuration in gas and solvent phases.



Gua/Graphene complex: Gas-phase interaction of a single Gua base with graphene was
previously investigated in a periodic supercell model in the framework of vdW-corrected DFT.S!
The PBE-D2 calculations found the base-substrate distance to be 3.26 A with the interaction
energy of -1.18 eV for the Gua/graphene complex. Employing the same level of theory, our
cluster model finds the base-substrate distance to be 3.12 A and the interaction energy to be -1.02
eV for the Gua/graphene complex (Table S4), thus showing qualitative agreement between the
results obtained from the cluster and periodic supercell models. Note that a small difference
between the base-substrate distance and the interaction energy is likely due to different basis sets

employed in these calculations.

Table S4. Gua/Graphene complex: Interaction energies (Ejy, €V), interplanar base-substrate
distance (A), dipole moment (Debye) calculated using the PBE-D2 level of theory.

System Ein Distance Dipole moment
(eV) (A) (Debye)
Gas phase -1.02 3.12 2.88
Cluster Model
(This work) Solvent phase  -0.82 3.15 7.65
Ref. S1 (PBE + vdW) Gas phase -1.18 3.26 -

(Periodic Supercell model)

S1J.-H. Lee, Y.-K. Choi, H.-J. Kim, R. H. Scheicher, J.-H. Cho, J. Phys. Chem. C 117, 13435
(2013).
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