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Abstract

Hybrid materials formed by DNA and carbon nanotube (CNT) have shown very interesting
properties, but their simulation in solution using quantum mechanical approaches is still a chal-
lenge in the computational chemistry community. In this paper, we developed a QM:MM model
to study the interactions between charged DNA nucleotides and carbon nanotubes in solution. All
four types of DNA nucleotides were taken to interact with two CNTs of similar diameter but dif-
ferent chiralities: (4,4) and (7,0). The nucleotides and CNTs were treated at the QM level, while
added water and neutralizing ions were modeled at the MM level. ONIOM simulations were per-
formed at (M06-2X/6-31G(d):Amber) level for the hybrids, as well as for individually solvated
CNT and nucleotide, which allowed us to evaluate the energy of binding. Our binding energy val-
ues range from 146.60 to 503.43 kJ/mol, indicating strong physisorption of nucleotides on CNTs.
The relative large BE, compared with past studies on nucleobase-CNT binding in vacuum, could
be due to the larger size of nucleotides compared with nucleobase, the charges on the nucleotides,
and the inclusion of solution which causes the release of water molecules upon hybridization.
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1 Introduction

Since the discovery of carbon nanotube (CNT) in 1991, ! extensive studies have been performed to
uncover its interesting properties. Theoretical and experimental investigations have shown strong
dependence of CNT’s properties on its structure.? For example, electronic properties of CNT de-
pend strongly on its chirality (n,m): if n = m, the CNT has metallic properties and if n —m is a
multiple of 3, the CNT is a semi-conducting material with small band gap.?

Functionalization of CNT has introduced an exciting area of research and various functional
groups have been investigated in recent years. DNA is one type of molecule that has exhibited
interesting properties when used to functionalize a CNT.? The intriguing properties of the hybrids
formed by DNA and CNT have led to potential applications such as drug delivery,!® biosens-
ing,*”7 CNT dispersion and separation®® and DNA sequencing.'®!3 Understanding the process
of hybrid formation and the properties of these hybrids are essential to the realization and wide
usage of such applications. Theoretically, interaction of DNA polymer with CNT has been widely
studied mostly using classical molecular mechanics (MM) simulations. Classical MM approach
is suitable to study these large molecular systems, however, it is inaccurate in describing the elec-
tronic response of CNT because in those simulations, CNT were completely neutral and only in-
teracted with the DNA through van der Waals (vdW) interactions. '4-2! Quantum mechanics (QM)
approaches can precisely model electronic behavior of materials based on Shrédinger equation. On
the other hand, QM approaches are limited to very small systems (typically less than one hundred
atoms) due to their high computation cost. Therefore, most QM simulations have been restricted
to the interaction of CNT or graphite with small building blocks of DNA including nucleobase,
nucleoside or nucleotide. More specifically, binding of individual nucleobases to CNT or graphite
constitutes the majority of past studies with QM methods.??~#° In addition, most studies using
QM methods have been carried out in vacuum while in experiments DNA-CNT hybrids have been
formed in an electrolyte solution. Only very few studies considered solution, but in those studies
the hybrid structures were still optimized in vacuum, and the solvation energy was simply added

using a continuum solvent model. A comprehensive review on the interaction of nucleobases with
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graphene or CNT can be found in Chehel Amirani and Tang.*!

While the dominant majority of the past work focused on the interaction of nucleobases with
CNT, there are a few works on nucleotide-CNT interactions. Compared with nucleobases, nu-
cleotides are larger molecules that consist of a nucleobase (base), a sugar ring, and a phosphate
group. When residing in a solution, the phosphate group in the nucleotide becomes negatively
charged and its electric field may be affected if a CNT (electronically responsive) is nearby. There-
fore, to resemble the experimental conditions, it is more appropriate to consider the interaction
of nucleotide with CNT in solution at the QM level. Wang and Ceulemans employed density
functional theory (DFT) with local density approximation (LDA) to study the interaction of adeno-
sine monophosphates with different CNTs in vacuum and evaluated the binding energy (BE) and
charge transfer upon hybridization.*? In another study also in vacuum, Enyashin et al** explored
the binding between monophosphate nucleotides and a graphene sheet using dispersion-corrected
self-consistent-charge density functional based tight binding method (DC-SCC-DFTB) and re-
ported BEs. While attempting to include sugar ring and phosphate group into their simulation,
the nucleotides in both works above were kept neutral and no solution was involved. Charged
nucleotides were studied by Frischknecht and Martin in an MD work. !4 In their work, the adsorp-
tion of nucleotide monophospahtes (NMPs) on a (6,0) CNT in solution was studied and BEs were
evaluated. Although their model was relatively large, electronic response of the CNT was still
lacking. To date, a comprehensive model that takes into account charged nucleotides, solution, and
the electronic response of CNT is still missing.

In this study, our goal is to present a more complete model to study the interaction of nu-
cleotides with CNT. Charged nucleotides as well as explicit representation for water and ion are to
be considered, which makes our model considerably larger than what has been simulated before
at QM level. Since the electronic structure of CNT is important, a proper QM method should be
employed to model CNT and nucleotides. The large number of water molecules can be simu-
lated using classical MM approach in order for the simulation time to be manageable. Hence, a

hybrid QM:MM model is developed for the nucleotide-CNT interaction. The rest of the paper is
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organized as follows. In Section 2, model development and computational details are described.
The structural analysis and BE calculations are presented in Section 3. Conclusions are given in

Section 4.

2 The QM:MM Model

2.1 Simulated systems

Four DNA nucleotides in the form of monophosphates i.e., nucleoside monophosphate (NMP),
were considered in this study: adenosine 5’-monophosphates (AMP), cytidine 5’-monophosphates
(CMP) , guanosine 5’-monophosphates (GMP) and thymidine 5’-monophosphates (TMP). Fig-
ure 1(a)-(d) shows the corresponding molecular structure of the NMPs. It has been reported in a
number of experimental and theoretical works that under physiological conditions each of the two
singly-bond oxygen atoms carries one negative charge and hence each NMP has a net charge of -2
at neutral pH. 144449

Two CNTs were chosen to interact with NMPs: a zigzag CNT with the chirality of (7,0) and
an armchair CNT with the chirality of (4,4). These two CNTs have similar diameters (5.48 and
5.42 A) and hence the effect of their curvature in the binding with NMPs is negligible; however,
arrangements of carbon atoms in two CNTs are different. Figure 1(e) and 1(f) shows the molecular
structures of the two CNTs. The dangling bonds at the CNT ends were saturated with hydrogen
atoms, giving rise to the length of 15.6 A and 14.8 A for the (7,0) CNT and (4,4) CNT, respec-
tively. The CNTs lengths are reasonably large to provide a sufficient contact area with NMPs. The
numbers of each type of atoms in each structure are listed in Table 1.

NMP-CNT hybrids were assembled by placing the NMPs above the CNT surface. In each
system, the nucleobase in the NMP was placed above the CNT surface so that the plane of pyrim-
idine ring was parallel to a plane defined from a hexagonal ring of carbon atoms on the CNT.
Such an orientation was chosen based on previous studies where nucleobases were shown to prefer

parallel orientation with respect to the CNT surface in order to maximize the 7-7 stacking inter-
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(a) AMP (b) CMP

(c) GMP (d) TMP

(e) (7,0) CNT (f) (4,4) CNT

Figure 1: Molecular structures of NMPs and CNTs simulated in this work. Atoms in the NMPs
are numbered in (a)-(d) to facilitate later discussgpn on binding structure.
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Table 1: Numbers of each type of atoms in NMPs and CNTs

C H N O P
AMP 10 12 5 6 1
CMP 9 12 3 7 1
GMP 10 12 5 7 1
TMP 10 13 2 8 1
(4,4) CNT 104 16 - - -
(7,0) CNT 112 14 - - -

36,38,40,50,51

actions. The separation between NMP and CNT in the initial configuration was set to

be 3.2 A which is close to the optimal distance between nucleobases and CNT reported in previ-

26.28,36:40.52 1t s recognized that even with the nucleobase placed parallel to the CNT

ous studies.
surface, many initial configurations can be defined, and different initial configurations may result
in different optimized structures and BEs. Unfortunately, since our simulated systems are quite
large, it is not practical to perform an extensive search to determine the configuration that leads
to the most stable structure. Therefore, one initial configuration was chosen for each NMP-CNT
system based on our knowledge of what structure might be close to an energy minimum. For the

(7,0) CNT, the initial configuration was based on our previous work*’

where a systematic search
was performed to determine the initial configurations that lead to the most stable structures for the
corresponding nucleobase-CNT system. For the (4,4) CNT, each NMP was placed above the CNT
surface such that the pyrimidine ring in the NMP was aligned with a hexagonal carbon ring on the
CNT. The initial configurations for all eight systems are presented in the Supporting Information
(Figure S1).

To include the effect of an electrolyte solution, the NMP-CNT hybrids were solvated in explicit
water and placed in the center of a box with dimensions of 3 x 2.4 x 2 nm?® generated using Gro-
macs.>3>* Each of the eight systems simulated in this work include 386 water molecules, which

makes the density of water in those model systems to be close to the density of bulk water i.e., 1

g/cm?. Due to the net negative charge on NMPs, two Na™ cations were added to the solution to
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neutralize the system. The location of ions was chosen randomly.

2.2 QM:MM method

QM:MM scheme is a relatively new class of methods in which different regions of a molecular
system are modelled using different levels of theory i.e., QM and MM levels. ONIOM (our own
n-layered integrated molecular orbital and molecular mechanics) is one of the QM:MM methods
which can be used to simulate a molecular system with a reasonable computational cost. In an
ONIOM simulation, the molecular system is partitioned into different regions and the energy of
the entire system can be expressed as Equation 1 in which "Real" and "Model" refers to the entire
system and the QM region, respectively. “High” and "low” refer to the level of theory which are

respectively QM and MM.

E ONIOM _ EModel,ngh +EReal,low . EModel,low (1)

ONIOM method as implemented in Gaussian 09

was used to carry out our simulations. Each
system consists of a QM layer and a MM layer. Because there may be charge transfer between the
NMP and CNT and this may play important role in their interaction, both entities were considered
in the QM region. Due to the large number of water molecules and the unlikely charge transfer
with the NMP and CNT, all water molecules and two cations were treated classically in the MM
layer. Therefore, there is no covalent bond between QM and MM regions. Figure 2 shows the
AMP-(7,0) CNT hybrid in the solution.

To perform the ONIOM simulation, appropriate methods need to be chosen for the MM and
QM regions. For the MM calculations, Amber force-field (FF) which is widely used to study the
biological systems at atomistic level was employed. It has been shown that Amber FF can be even

more accurate than some of the semi-empirical QM methods for such systems.>%>’ TIP3P model

for water molecules was used.
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Figure 2: The ONIOM representation of the solvated AMP-(7,0) CNT hybrid. The two Na™ ions
are colored purple.
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For the QM calculation, a wide variety of methods with different levels of complexity and accu-
racy have been used to study molecular interactions involving nucleobases and nucleotides.
These methods include ab initio methods (HF, MP2 and CCSD(T)), DFT and semi-empirical meth-
ods, among which DFT has been most widely used due to its relatively low computational cost
compared with high level ab initio methods and high accuracy compared with semi-empirical
methods. It is worth pointing out that dispersion forces, which are universal and among the most
important interactions in molecular systems, were poorly treated in many DFT approaches. For
the binding of nucleotides to CNT, dispersion can be important in determining the binding struc-
ture and BE since it is believed that & — 7 stacking plays a crucial role in the binding. A num-
ber of dispersion-corrected methods has been proposed .>”01-68 Minnesota density functionals
(including M0O5, M05-2X, M06, M06-L, M06-2X, and M06-HF), Grimme’s functionals (B97-D,
DFT-D2, and DFT-D3),%°-7! TS,”> vdW-DF,%? vdW-DF2,73 and B3LYP-DCP’* are among the
dispersion-corrected methods within DFT that have been used to study 7 — 7 interacting systems.
MO06-2X functional developed by Truhlar’s group has shown good performance in several studies
where vdW interaction was important.3>>2760 To evaluate the suitability of M06-2X functional
in modeling our system, we performed a benchmarking study with different basis sets. Individ-
ual nucleobases, i.e. adenine (A), cytosine (C), guanine (G), thymine (T) and uracil (U), shown
respectively in Figure 3(a) to Figure 3(e), are considered to interact with a benzene ring shown
in 3(f). We chose nucleobase-benzene systems for two reasons: first, it is similar to nucleotide-
CNT systems in the sense that the interaction is governed by 7w — & stacking; and second, results
of BE obtained from high level calculations (CCSD(T) method) are available in literature for the
nucleobase-benzene system>’ which allows for the assessment of the M06-2X results.

Configurations for the nucleobase-benzene systems were adopted from the work of Rutledge
and Wetmore.”’ Single-point energy calculations were performed for the individual nucleobases
and benzene as well as their hybrids. The BE between nucleobases and benzene is then calculated

as follows:

10
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(@) A (b)C ©G

@rT (e) U (f) Benzenel

Figure 3: Molecular structures of the nucleobases and benzene for the benchmarking study.

11



Physical Chemistry Chemical Physics

BE — | E Nucleobase—Benzene __ E Nucleobase E Benzene| )

where E Nucleobase=Benzene jq the energy of the hybrid, E Vucleobase js the energy of the nucleobase
and E Bezm¢ is the energy of the benzene. Several different basis sets were used to test their
accuracy. These calculations were conducted using the default fine grid in Gaussian. Since it
has been reported that MO-family functionals may have grid size dependency, we examined the
effect of grid size by evaluating the BEs at M06-2X/6-31G(d) and M06-2X/6-31+G(d,p) levels
using ultra fine grid. Table 2 shows the BE values obtained using M06-2X and the corresponding

relative errors (in the parenthesis) compared to the BEs obtained using CCSD(T).

Table 2: BEs (kJ/mol) and relative errors (% in the parenthesis) obtained using M06-2X
method compared with CCSD(T)%7 results

Basis Set A G C T U
6-31G(d) 24.8 (6.4) 256 (1.2) 20.6 (0.0) 24.6 (0.4) 21.4 (1.0)
6-31G(d)

(Ultra fine grid) 24.7 (6.0) 25.6 (1.2) 20.6 (0.0) 24.6 (0.4) 21.5(0.9)
6-31G(d,p) 24.8 (6.4) 25.7 (1.6) 20.7 (0.5) 24.7 (0.8) 21.5(0.9)
6-31+G(d,p) 24.4 (4.7) 26.2 (3.6) 21.3 (3.3) 25.0 (2.0) 21.6 (0.5)
6-31+G(d,p)

(Ultra fine grid) 24.2 (3.9) 26.2 (3.6) 21.3 (3.3) 25.0 (2.0) 21.6 (0.5)
cc-pVDZ 26.3(12.9) 27.3(7.9) 21.54.4) 25.0 (2.0) 21.8 (0.5)

It can be seen that the relative errors are quite small except for A-benzene evaluated using
cc-pVDZ. In addition, 6-31G(d) basis set performs well compared with the other basis sets we
tested. Our results also show that except for A-benzene and U-benzene systems, grid size has no
effect on BEs. Even for those two systems, using ultra fine grid only made a slight difference to
the BE. Therefore, to achieve a balance between accuracy and computational efficient, we chose

MO06-2X/6-31G(d) with fine grid to perform the QM calculation for our NMP-CNT systems.

12
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2.3 Simulation Procedure

All individual NMPs and CNTs were first optimized at M06-2X/6-31G(d) level in vacuum. All
atoms were free to relax during this optimization. This step provides appropriate initial structures
for the QM:MM simulation in solution. After the optimization in vacuum, Resp charges’> were
evaluated for each NMP and CNT. This was done by single-point energy calculations at HF/6-
31G(d) level using Gaussian, followed by Resp charge calculation using AmberTools.’® Partial
atomic charges for the two CNTs are presented in Supporting Information (Figure S2). It should
be pointed out that the initial atomic charges in the NMPs and CNTs are different from those in the
final optimized structures since the NMPs and CNTs were treated at the QM level in the QM:MM
simulations.

The individually relaxed NMP and CNT were assembled and solvated to construct the initial
configuration for the QM: MM simulation, as described in Section 2.1. Each solvated NMP-CNT
hybrids was subjected to a two-step geometry optimization. First, a pure MM optimization was
performed in which all atoms were free to move, with the purpose of relaxing atoms specially water
molecules and reducing large forces in the system. Amber FF and Resp charges determined from
the simulation in vacuum were used in this step. Structure obtained from the MM optimization
was then subjected to an ONIOM optimization at M06-2X/6-31G(d): Amber level, where carbon
atoms in CNTs were frozen to reduce the computation time.

In order to evaluate the BE between the NMPs and CNTs, two additional simulations were
performed, one in which individual CNTs were optimized in water, and the other where individual
NMPs were optimized in water in presence of the two ions. The same two-step optimization
procedure was followed for these two simulations. The numbers of water molecules in these two
simulations were chosen such that they add up to the same as the number of water molecules in the

NMP-CNT hybrid simulation (see details below).

13
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2.4 Data analysis

BE between NMP and CNT was calculated for each of the QM:MM model simulated above, ac-

cording to the following equation:

E NMP—-CNT E NMP

where is the energy of the optimized hybrid, is the energy of the relaxed NMPs
and E “NT is the energy of the relaxed CNT, all evaluated in presence of solution. Unlike past
simulations in vacuum, the BE calculation in the presence of solution is not trivial because of the
solute-solvent interactions. In addition, due to the limitations of the ONIOM simulation, applying
periodic boundary condition (PBC) was not possible,> and hence free surfaces exist on the periph-
ery of the simulation box. To include the solute-solvent interactions in the calculation of all energy
terms in Equation 3, the 386 water molecules in the NMP-CNT hybrid simulation were partitioned
into the individual NMP and CNT systems: each CNT was solvated in pure water while each NMP
was solvated in water along with the two Na™ ions.

As pointed out earlier, the lack of PBC introduces free surfaces around the water box, and the
surface area of the box in the NMP-CNT hybrid simulation is not equal to the sum of surface areas
of the boxes in the individual NMP and CNT simulations. It is well known that water molecules on
the surface have different properties compared with the interior ones, due to the different hydrogen
bonding network around surface and interior molecules. It has been shown that at room tempera-
ture, on average each bulk water molecule forms 3.59 hydrogen bonds,”” while each surface water
molecule forms ~2 hydrogen bonds.”®7 One result of this is the high surface tension water pos-
sesses. Therefore, the change in surface area can contribute an artificial term in the BE calculated

from Equation 3. To correct this, the BE from Equation 3 was modified to eliminate the effect of

the free exterior surfaces. Specifically, the changes in surface energy was calculated in Equation 4.

14
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AE = [yAS| )

where v is the surface tension of water (0.072 N/m3") and AS is the change in exterior surface area

calculated from

AS — § NMP—CNT _ ¢ NMP _ ¢ CNT (5)
where § MMP—CNT g the surface area of water box of the optimized hybrid, S ¥™* and § N7 are
respectively the surface areas of the water boxes for the optimized NMPs and CNT. To determine
those surface areas, all oxygen atoms of water molecules were used to define a set of points,
and a tetrahedral 3 dimensional mesh was created based on those points. The exterior surface
of the meshed region was defined to be S and subsequently calculated. The energy correction
evaluated in Equation 4 was deducted from the BE calculated in Equation 3 and presented in the
results section for the BEs between NMPs and CNT. It should be pointed out upon binding, some
water molecules are released from around the solutes into the bulk. As a result, the water surface
surrounding the NMP-CNT hybrid also has a different area compared with the total surface area
around the individual NMPs and CNTs. However, the energy associated with water release should
be considered in the BE, as water release provides one driving force for the binding process. Hence,
correction of BE was only performed for water molecules on the outer surface of the simulation

boxes.
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3 Results

3.1 Structural analysis

Figure 4 shows the optimized structures for the eight systems simulated in this study (with water
and 1on removed for clarity; images with water and ion are given in Figure S3 of the Supporting
Information). In almost all cases (except the GMP-(7,0) CNT system), the nucleobases tend to
have parallel orientation with respect to the CNT surface, which was observed in almost all past
simulations on nucleobase-CNT binding. 2628384231 Therefore, the presence of phosphate group
and sugar ring does not cause strong interruption to the parallel orientation of nucleobases relative
to CNT surface, which has also been reported by Wang and Ceulemans in their simulation for the
physisorption of DNA nucleoside on zigzag and armchair CNTs.*? In Figure 4, the sugar ring in
all NMPs exhibits a perpendicular orientation relative to the nucleobase; which was observed in
the relaxed NMPs in vacuum and such configuration did not change upon binding to CNT. Overall,
little deformation of the internal structure was found during the binding process.

To further explore the location of NMP atoms relative to the CNT, the separation distance
between each atom of NMPs and CNT surface in all optimized structures was calculated and
shown in Figure 5. In each subfigure, the horizontal axis shows the atom number in the NMP and
the vertical axis shows the separation distance of the atoms from the CNT surface. The separation
was obtained by first calculating the distance from each atom to the CNT axis and then subtracting
from it the radius of the CNT. The two series of data in each plot, presented with different symbols,
correspond to the two CNTs. The ranges of the separation distance obtained for AMP, CMP, GMP
and TMP adsorbed on the (4,4) CNT are respectively [2.30, 7.66] A, [2.07, 6.08] A, [2.09, 7.00]
A, and [2.22, 6.05] A. The corresponding ranges for the (7,0) CNT are respectively [1.73, 4.95] A,
[1.98, 6.06] A, [2.12,5.00] A, and [1.95, 5.55] A.

In each NMP, No. 1-5 refer to the atoms in the phosphate group (1: phosphorous; 2 to 5: the
four oxyens connected to phosphorous), No. 6 to 20 represent atoms on sugar ring, and the rest

of the atoms belong to nucleobases, with the last six being the six atoms in the pyrimidine ring).

16

Page 16 of 34



Page 17 of 34 Physical Chemistry Chemical Physics

(a) AMP-(4,4) CNT (b) AMP-(7,0) CNT

(c) CMP-(4,4) CNT (d) CMP-(7,0) CNT
% f% m
’%

PR P

3,

() GMP-(4,4) CNT (f) GMP-(7,0) CNT

P e
R R

(g) TMP-(4,4) CNT (h) TMP-(7,0) CNT

Figure 4: Optimized NMP-CNT structures: (a) AMP-(4,4) CNT, (b) AMP-(7,0) CNT, (c) CMP-
(4,4) CNT, (d) CMP-(7,0) CNT, (e) GMP-(4,4) CNT, (f) GMP-(7,0) CNT, (g) TMP-(4,4) CNT, (h)
TMP-(7,0) CNT; water molecules and ions are not shown for clarity.
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The detailed numbering can be found in Figure 1. It can be seen from Figure 5 that atoms in
the phosphate groups are generally located farther from the CNT surface. This is consistent with
the hydrophilic properties of phosphate groups in DNA, namely that the DNA backbone tends to
expose itself to the solution to maximize contact with water.3! On the other hand, the six atoms
in the pyrimidine ring of NMPs (29-34 in AMP and TMP, 27-32 in CMP, and 30-35 in GMP) are
generally located at a distance of ~3 A from the CNT, which confirms the parallel orientation of

nucleobases in NMPs relative to the CNT surface.
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Figure 5: Separation distance between NMP atoms and CNT surface: (a) AMP-CNT, (b) CMP-
CNT, (¢) GMP-CNT, (d) TMP-CNT,; results for NMP-(4,4) CNT and NMP-(7,0) CNT hybrids are
respectively indicated by A and [J symbols.
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3.2 Binding Energy

BEs between the NMPs and CNTs evaluated based on the method described in Section 2.4 are
presented in Table 3. It is recognized that there may be an inaccuracy associated with the calcu-
lation of surface area S in Equation 5. Using the initial structure of the NMP-CNT systems as a
benchmark, the error was estimated to be around 2-17%. This may result in 2-25 kJ/mol error in
the BEs, which is still much smaller than the values of the BE in Table 3 and hence acceptable. The
BE values vary from 146.60 to 503.43 kJ/mol, which are relatively larger than past reported energy
of binding of nucleobase or nucleotide with CNT or graphene. For the nucleobase-CNT systems,
a wide range of BE values covering 5.79 to 115.78 kJ/mol have been reported, depending on the
specific system studied and the method chosen to do the optimization and calculation.*! Compared
with the many works on nucleobase-CNT binding, there are only a few studies on the binding of
nucleotides with CNT. For instance, the BE between two connected AMPs on CNTs with the chi-
ralities of (7,0) and (4,4) in vacuum was determined to be respectively 337.70 and 303.93 kJ/mol
by Wang and Ceulemans.*?> Given the fact that two connected AMPs were modelled in that work,
the BE for a single AMP physisorbed on the CNTs is expected to be around 150-170 kJ/mol, which
is comparable to our result for AMP on (4,4) CNT, but smaller than our result for AMP on (7,0)
CNT. To the best of our knowledge, the only work on the binding of NMPs with CNT in solution
was performed by Frischknecht and Martin, in which the BE was evaluated using molecular dy-
namics. The BE for a NMP-(6,0) CNT system was determined to vary from 17.99 to 28.87 kJ/mol,
depending on the type of NMP and salt concentration, which is considerably smaller compared
with our results. '* Even for the binding of NMPs with graphene which usually possess larger BE
compared with CNTs due to larger contact area, smaller BEs (89.73-115.78 kJ/mol) have been
reported in vacuum.*

Several reasons might have contributed to the relatively large BEs found in our study. The first
is the inclusion of solution and the energy associated with water release. Before binding, the CNT
and the NMP are each solvated with certain number of water molecules around it. Upon the ph-

ysisorption, some water molecules are released into the bulk. As each water molecule form more
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Table 3: BE (kJ/mol) between NMP and CNT in solution and contribution of water release
(kJ/mol) (in parenthesis)

NMP (4,4) CNT (7,0) CNT
AMP 146.60 (27.91) 459.99 (104.58)
CMP 249.13 (163.98) 406.58 (112.81)
GMP 410.96 (118.17) 448.96 (126.46)
TMP 332.43 (153.77) 503.43 (99.87)

hydrogen bonds in the bulk, such water release can contribute to lowering the energy of the system.
In fact, water release has been recognized as an important mechanism in the biomolecular bind-
ing. 3284 Using the same approach employed to evaluate the energy due to change in exterior sur-
face area (See Section 2.4), we estimated the contribution of water release in the BE and presented
it in Table 3. Clearly, this contribution is large and is on the order of the BE values. Even though
solution was included in some of the previous studies on nucleobase-CNT binding, !417-28.31.85 3
continuum model for the solution was typically adopted to estimate the solvation energy, which is
probably unable to accurately predict the contribution of water release in the BE.

Secondly, NMPs are charged in this study while all past studies except the work of Frischknecht
and Martin ' studied neutral nucelobases or nucleotides. It has been shown that charged molecules
can bind stronger compared with their neutral counterparts.3-% For instance, the adsorption of
CO,, CHy4, and H, on Boron Nitride (BN) nanosheets and nanotubes with neutral, 1e~, and 2e™
charged states was investigated. 3 The BE between the negatively charged BN nanostructures and
the three molecules was reported to be higher compared with the neutral ones, especially for CO;
molecule. Also, the BE of the hydrogen molecule, H,, on a doubly charged fullerene, Céar , was
shown to be higher than the value for neutral and singly charged fullerenes.33° In addition, com-
pared with the past works on nucleobase-CNT binding, the presence of sugar ring and phosphate
group can considerably enhance the vdW interactions between NMPs and CNT. According to the

results for the separtion distance in Figure 5, although the phosphate group tends to be solvated

in solution, some atoms in the sugar ring and phosphate groups do have similar separation from
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the CNT surface compared to the nucleobase atoms. These atoms contribute to the vdW attraction
between NMP and CNT, leading to larger BE than nucleobase-CNT binding. As for the work of
Frischknecht and Martin, even though the study was performed in solution with the presence of
charged NMP and ions, CHARMM force-field was used which could not capture the redistribution
of electronic charges upon binding. More importantly, the BE calculation was based on the differ-
ence between NMP-CNT energy when they are close and the corresponding energy when the NMP
and CNT are separated with a spring force. This force was not excluded from their calculations
and might be the source of the relatively low BEs compared with results of Wang and Ceulemans *>
and our results.

According to the results in Table 3, for the (4,4) CNT the BEs of the four different NMPs
follow the order of GMP>TMP>CMP>AMP, while the order for the (7,0) CNT is different, being
TMP>AMP>GMP>CMP. Two important factors in determining the order of the BE for 7 — 7
interaction systems are the size and orientation of the molecule. In our study, GMP has the largest
size since it contains the highest number of atoms (35) while CMP possess smallest (32). AMP
and TMP each contains 34 atoms. The BE results show that GMP has highest BE among the four
NMPs for the (4,4) CNT, but it is not the case for the (7,0) CNT. The optimized structure for the
GMP-(7,0) CNT (Figure 4(f)) indicates that the nucleobase in GMP is not as parallel as in the
other systems which is likely the reason for its smaller BE to the (7,0) CNT compared with TMP
and AMP. Although AMP and TMP have the same number of atoms, TMP tends to have higher
BE to the CNTs. For the interaction with the (4,4) CNT, the adsorbed TMP is closer to the CNT
surface than the adsorbed AMP: the range of separation distance between TMP and the (4,4) CNT
1s [2.22, 6.05] A while it is [2.30, 7.66] A for the AMP. This explains why AMP has smaller BE
than TMP and even CMP ([2.07, 6.08] A from the CNT). For the interaction with the (7,0) CNT, no
visible difference in the nucleotide-CNT separation can be observed for AMP and TMP, the cause
for the small difference (<10%) in their BE requires further investigation. It is worth mentioning
that very different orders for the BE have been reported in the past studies, where the dominant

majority focusing on the interaction of nucleobases with CNT in vacuum (See Ref.*!), although G
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has been mostly found to bind to CNT more strongly compared with the other nucleobases possibly
due to its larger size. For example, Umadevi and Sastry used ONIOM approach at M06-2X:AM1
level to study interactions between nucleobases and armchair CNTs in vacuum.®® Atoms in the
nucleobases and the "reacting atoms" of CNTs were modeled as the high layer using M06-2X/6-
31G(d), although it was not clearly explained what carbon atoms were considered to be reacting.
The remaining atoms in CNT were considered as the low layer using semi-empirical AM1. The
order of the BE between nucleobases and a (4,4) CNT was determined to be T>G~C>A, but
it changed to G>T>A>C when an additional single-point energy calculation using B3LYP-D
method was performed.

Comparing the two different CNTs, BEs for NMP-(7,0) CNT hybrids are in general found to
be larger than the ones for the NMP-(4,4) CNT hybrids. This difference shows that two CNT's with
very similar diameter and hence similar contact areas may interact differently with the same NMP,
due to their different chiralities. Chirality dependence of CNT properties has been previously
shown to be important in the dispersion and separation of CNTs. % Specifically, in the experiment
by Zheng et al.,® it was discovered that single-stranded DNA (ssDNA) can bind to CNT in an aque-
ous environment and form a hybrid structure where the ssDNA helically wraps around the CNT.
The hybrids can be easily dispersed and subsequently separated, using ion exchange chromato-
graph, according to the chirality of the CNT. In addition, both dispersion and separation of CNTs
was found to depend on the sequence of the DNA. Our model showed that different nucleobases
and CNT chiralities give rise to different BEs, which may affect the stability of the ssDNA-CNT

hybrids in the experiments.

3.3 Limitation and future perspective

The present work is an attempt to more appropriately model the interactions between NMPs and
CNT by combining QM and MM approaches. The model has several merits compared with past
studies. Firstly, unlike past studies which focused on nucleobase-CNT binding, the current model

includes the charged phosphate group and sugar ring, present in real DNA polymer binding with
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CNT. Secondly, while past studies usually consider nucleobase-CNT hybrids in vacuum, the cur-

8.9 and

rent model contains an explicit solution and ions, which does exist in practical applications
can play an important role in the binding. Furthermore, the QM:MM scheme adopted to simu-
late the binding provides a balance between computational efficiency and accuracy in capturing
electronic distribution. In fact, our model contains the largest number of atoms among all avail-
able QM and QM:MM simulations on nucleobase/nulceotide-CNT binding. On the other hand, it
is important to point out the limitations of this study. First of all, CNTs simulated in this work
are short with hydrogen atoms at the two ends. The free edges can introduce some effects on the
BE values as well as separation distances. The non-zero partial charges at the edge carbons and
hydrogens may also lead to stronger interaction with water compared with infinitely long tube.
Application of PBC not only can remove the influence of free edges, but can also more precisely
describe electronic properties of CNT. To the best of our knowledge, there is no hybrid QM:MM
method available that can include PBC in charged systems. One way to overcome this problem
might be using QM approaches with plane wave basis sets in the QM:MM framework. This area of
research is being explored to improve the simulation of charged systems using QM:MM methods.
Secondly, each geometry optimization in this study was started with a single initial configura-
tion. It has been shown that initial configuration can affect the optimized structures and results of
BE.*0 Performing potential energy scan (PES) and geometry optimization together can a be solu-
tion, however it needs more computational time and resources. Furthermore, only neutral pH was
considered in the simulations. Different pH value can lead to different deprotonation state of the
phosphate group, which can in turn affect the binding. This is an interesting area to be explored
in the future. Lastly, only two neutralizing cations were included in our simulations. Different
salt concentrations (number of ions) may also affect the results, which was shown by Frischknecht
and Martin. '* It is worth studying the effect of screening ions, which is especially important if one
is to better understanding how the DNA-CNT interaction changes upon addition of salt under the

experimental conditions.3

23



Physical Chemistry Chemical Physics

4 Conclusion

A QM:MM model was developed to study the physisorption of nucleotides on CNT surface in so-
lution. The nucleotides and CNTs were modeled at the QM level, while aqueous environment was
modelled at the MM level through explicit water molecules and ions. Optimized binding structures
were obtained from ONIOM simulations and BEs were calculated from the optimized structures.
Our results revealed strong physisorption of nucleotides on CNTs, with the BE in the range of
146.60 to 503.43 kJ/mol for the (4,4) and (7,0) CNTs. The relative large BE, compared with past
studies on nucleobase-CNT binding in vacuum, could be due to the larger size of nucleotides com-
pared with nucleobase, the charges on the nucleotides, and the inclusion of solution which causes

the release of water molecules upon hybridization.
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