
 

 

 

 

 

 

Electrostatics of DNA Nucleotides-Carbon Nanotube  

Hybrids Evaluated From QM:MM Simulations 
 

 

Journal: Nanoscale 

Manuscript ID NR-ART-06-2015-003665.R1 

Article Type: Paper 

Date Submitted by the Author: 09-Sep-2015 

Complete List of Authors: Chehel Amirani, Morteza; University of Alberta, Mechanical Engineering 
Tang, Tian; University of Alberta, Mechanical Engineering 

  

 

 

Nanoscale



Electrostatics of DNA Nucleotides-Carbon Nanotube

Hybrids Evaluated From QM:MM Simulations

Morteza Chehel Amirani and Tian Tang∗

Department of Mechanical Engineering, University of Alberta, Edmonton, AB, Canada

E-mail: tian.tang@ualberta.ca

∗To whom correspondence should be addressed

1

Page 1 of 28 Nanoscale



Abstract

Biomolecule-functionalized carbon nanotubes (CNTs) have been studied vastly in recent years

due to their potential applications for instance in cancer detection, purification and separation of

CNTs, and nanoelectronics. Studying the electrostatic potential generated by a biomolecule-CNT

hybrid is important in predicting its interactions with surrounding environment such as charged

particles and surfaces. In this paper, we performed atomistic simulations using a QM:MM ap-

proach to evaluate the electrostatic potential and charge transfer for a hybrid structure formed by

a DNA nucleotide and a CNT in solution. Four types of DNA nucleotides and two CNTs with the

chiralities of (4,4) and (7,0) were considered. The type of the nucleotide and CNT were both found

to play important role in the electrostatic potential and charge transfer of the hybrid. At the same

distance from the CNT axis, the electrostatic potential for the nucleotides-(4,4) CNT hybrids was

found to be stronger compared with that for the nucleotide-(7,0) hybrids. Higher electric charge

was also shown to be transferred from the DNA nucleotides to the (7,0) CNT compared with the

(4,4) CNT. These results correlate with the previous finding that the nucleotides bound more tightly

to the (7,0) CNT compared with the (4,4) CNT.

Keywords: DNA, Nucleotide; Carbon nanotube; Electrostatic potential; Charge transfer; QM:MM
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1 Introduction

Hybrids formed by DNA and carbon nanotube (CNT) have attracted much attention in recent years

due to their interesting properties and useful applications.1–7 Dispersion and separation of CNTs

using single stranded DNA (ssDNA) is one such application. Due to the hydrophobic nature of

CNT, its dispersion in water is difficult and bundled CNTs are usually formed in aqueous solution.8

Some methods have been proposed to increase the solubility, but they may alter some of CNT’s

properties at the same time. For example, shortening CNTs using acids can increase their solubility,

but meanwhile this reduces the aspect ratio of the CNTs.9,10 In addition to the poor solubility,

separation of CNTs according to their chirality is another challenge in their synthesis, which is

critical in electronic applications where the CNT’s electric properties play an important role. In

an experiment by Zheng et al.,1 ssDNA was found to helically wrap around the CNT and form a

hybrid structure in an electrolyte solution. The negatively charged phosphate groups in the ssDNA

backbone caused the hybrids to repel, leading to a stable solution of dispersed hybrids. Separation

of the CNTs into metallic and semiconducting types was subsequently achieved using the method

of ion exchange chromatography (IEC). In the IEC, the negatively charged hybrids were adsorbed

on the positively charged IEC column. With increasing salt concentration, it was found the ssDNA-

metallic CNT hybrids generally desorb earlier from the column than the ssDNA-semiconducting

CNT hybrids, allowing for their separation. The separation was shown to strongly depend on the

ssDNA sequence.11,12 More recently, separation of semiconducting CNTs with the same diameter

but different chiralities (e.g. (9,1) and (6,5)) has been successfully carried out.13,14

Several attempts have been put forward in order to understand the mechanism of the separa-

tion phenomenon. Zheng et al. proposed that ssDNA sequence and electronic properties of the

CNT influence the surface charge of the CNT hybrid.1 Based on a free energy formulation,15 they

predicted ssDNA-metallic CNT to possess less surface charge and hence less binding strength to

the IEC column than the ssDNA-semiconducting CNT, if the same ssDNA is used. Khripin et al.

evaluated the mobility of poly(GT)30 ssDNA-CNT hybrids using capillary electrophoresis (CE)

technique.16 With the measured mobility and making use of the Poisson-Boltzmann (PB) equa-
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tion and electric double layer formulation,17 they obtained different average charge densities for

ssDNA-(6,5) CNT and ssDNA-CNT (7,5) hybrids: -6.0 e/nm for the former and -6.8 e/nm for the

latter. They also performed molecular dynamics (MD) simulations to obtain optimized structure

of the ssDNA on different CNTs. Based on the wrapping angle, the charge of the hybrid per unit

length of the CNT was determined to be -5.8 e/nm and -6.2 e/nm, respectively for ssDNA-(6,5)

CNT and ssDNA-CNT (7,5) hybrids. Although these values were in good agreement with those

calculated based on CE experiments, due to the nature of the MD simulation (fixed atomic par-

tial charges) the charge transfer between DNA and CNT upon hybridization was not taken into

account. In another study using replica exchange MD (REMD), Roxbury et al. determined the

charge density to be 4.5-6.0 e/nm for a hybrid in which the same (6,5) CNT was wrapped by an

ssDNA with the sequence being (TAT)4;18 the reported range, instead of a single value, was due to

different number of strands (1 to 4) simulated in their work .

While the above studies focused on determining the charge of the hybrid, others attempted

to understand the mechanism of separation by examining the electric field of the hybrid. The

observation that ssDNA-CNT hybrids with different CNT chiralities elute at different time implies

that the strength of electrostatic interaction between the hybrid and the IEC column depends on

the electronic response of the CNT. Motivated by this, several studies have been performed to

explore the electric field of a charged entity near an electronically responsive media.15,19–23 The

electrostatic potential of a line of charges in an electrolyte solution near a metallic, dielectric or

semiconducting half space was analytically solved using PB theory by Tang et al.,19 which was

shown to strongly depend on the nature of the half-space. Malysheva et al. presented an analytical

solution for the electrostatic potential of a more complicated system which contained a charged

wall (representing IEC) and a hybrid consisting of a charged polyelectrolyte (representing DNA)

and an electronically responsive cylinder (representing CNT), both embedded in an electrolyte

solution.21 Using the electrostatic potential, they determined the binding force between the wall

and the hybrid and showed that the presence of a grounded metallic cylinder reduced the magnitude

of the electric field of the polyelectrolyte and resulted in a smaller binding force compared with
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the polyelectrolyte hybridized with a neutral dielectric cylinder. More recently, Malysheva et al.

employed the one-dimensional density of state of CNT24 and the Debye-Hückel equation25 to

evaluate the electrostatic potential of the hybrid.26 As an approximation, the DNA charges were

smeared out onto a cylindrical surface with the same axis as the CNT. The metallic CNT was

shown to possess larger induced charge compared with the semiconducting one which resulted in

smaller magnitudes of total charge and electrostatic potential for the hybrid, consistent with their

previous work. Using semi-empirical tight binding method, Rotkin and Snyder indicated that DNA

charges induced an electron density on CNT surface and changed its electronic structure.27 They

showed that the electrostatic potential of an ssDNA on a (7,0) CNT surface was approximately

half of the corresponding value if no CNT was involved.28 Although the above studies were useful

in qualitatively describing the electric field of the hybrid, they were based on several assumptions

including simplified geometries to represent DNA and CNT. Furthermore, DNA sequence which

was shown to be very important in the experiments was not taken into account in those studies.

At a much smaller scale, a series of quantum mechanics (QM) simulations have been also

performed to model the DNA-CNT hybrids; however, the focus of those studies was mainly on the

structure and energy of binding.29–54 To the best of our knowledge, there has not been any work at

the atomistic level (using QM or even classical molecular mechanics (MM) simulations) to study

the electrostatics of the DNA-CNT hybrids due to the complexity of the problem. Classical MM

approaches can be used to simulate relatively large DNA-CNT hybrids in solution, however they

can neither accurately describe the CNT’s electronic structure nor distinguish the CNTs according

to their chiralities. To capture CNT’s electronic properties as well as the charge transfer upon

hybridization, using QM approaches to model DNA and CNT is inevitable; however, the usability

of atomistic QM methods is limited by the size of the system.

As the first attempt to study electrostatics of the ssDNA-CNT hybrid at the atomistic level, in

this work, we perform a simulation to determine the electrostatic potential of a DNA nucleotide

hybridized with a CNT in presence of explicit water and ions. The nucleotide, as a building block

of DNA, is expected to capture the charged nature of the DNA backbone, while keeping the amount
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of computation manageable. A combined QM:MM approach was employed in order to take into

account the electron redistribution upon nucleotide-CNT binding, as well as to include the effect of

electrolyte solution. In Section 2, computational details are described. Results of the electrostatic

potential and charge transfer calculations are presented in Section 3 and conclusions are given

Section 4.

2 Simulation details

In total, eight systems were simulated in this work, using a QM:MM scheme developed in our

previous work.55 Readers can refer to Ref.55 for details of the method. Four DNA nucleoside

monophosphates (NMPs) were considered in this study: adenosine 5’-monophosphates (AMP),

cytidine 5’-monophosphates (CMP), guanosine 5’-monophosphates (GMP), and thymidine 5’-

monophosphates (TMP). The corresponding molecular structure of the NMPs is shown in Fig. 1(a)-

(d). Each NMP carries a charge of -2 due to the presence of two negatively charged oxygen atoms

in its phosphate group.56–58 Two CNTs (Fig. 1(e) and 1(f)) with different chiralities, (7,0) and

(4,4), but similar length (respectively 15.6 and 14.8 Å) and diameter (respectively 5.48 and 5.42

Å) were considered to interact with the NMPs. Since applying periodic boundary condition (PBC)

was not possible due to the limitations of the QM:MM approach,59 hydrogen atoms were used

to saturate the dangling bonds at the CNT ends. For each system, using Gromacs,60 a water box

with dimensions of 3×2.4×2 nm3 was created and the NMP-CNT hybrid was solvated inside the

box. In addition, we added two Na+ cations, by random placement, to the solution so that each

simulation system is charge neutral.

The simulations were performed using ONIOM approach in Gaussian 09.59 A QM region and

an MM region were defined for each simulated systems. The QM region contains all atoms in

the CNT and NMP while the rest of the atoms i.e., all water molecules and the two cations were

considered in the MM region. To perform the ONIOM simulation, we chose density functional

theory (DFT) along with M06-2X functional for the QM calculations and Amber force-field for the
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Figure 1: Molecular structures of NMPs and CNTs simulated in this work.
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MM calculations. Each system was optimized according to the following procedures, as described

in detail in Ref.:55

1. Individual NMP and CNT were optimized in vacuum using DFT with M06-2X functional

and the basis set of 6-31G(d). Partial atomic charges (based of restrained electrostatic potential

(Resp)61 method) were calculated for the individually optimized NMP and CNT using Amber-

Tools.62

2. The simulation system was constructed using the relaxed NMP and CNT as well as water

and Na+ cations. It was then subjected to an MM optimization, using the partial charges obtained

from step 1.

3. An ONIOM optimization was performed for the relaxed structures obtained from step 2.

4. Electrostatic potential and charge transfer were evaluated for the optimized hybrids obtained

from step 3. The details of the calculations are explained below.

Electrostatic potential, ϕ , was obtained directly from the QM:MM simulations and evaluated

at three dimensional grid points in the space surrounding the NMP-CNT hybrid. As pointed out

in the introduction, ssDNA-CNT hybrids with different CNT chiralities appear to have different

strengths of attraction to the IEC, that is, they likely have different electrostatic potential at the

location of the IEC. Therefore, we are interested in the electrostatic potential of the hybrid in its

encompassing cylindrical region and will use the cylindrical coordinate shown in Fig. 2 (optimized

AMP-(4,4) CNT hybrid as an example) to analyze the results. In this coordinate, the CNT axis is

set to be the Z-axis. The origin of the coordinate system is defined as the projection of the NMP’s

center of mass (COM) onto the Z-axis. Y -axis is set to be the axis passing through the NMP’s

COM and the origin, and X-axis is perpendicular to both Y and Z axes (See Fig. 2(b)). The polar

coordinates, r and θ , are defined in the X −Y plane where r is the radial distance from the origin

and θ is the counterclockwise angle measured from the X-axis. In addition, it was found that the

largest separation distance between all NMP atoms and the CNT axis was ∼10 Å. Since in the

IEC experiment, the surface of the IEC column is expected be located near the hybrid, the range

of the radial coordinate, r, was chosen to be between 12 Å and 15 Å throughout the paper. The Z
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coordinate was varied from -20 Å to 20 Å which is large enough to cover the length of the CNT.

Finally, θ is varied from 0◦ to 360◦.

For the charge transfer, we first employed the Resp approach to calculate the atomic partial

charges on the NMP and CNT atoms, as well as on the two Na+ ions. The Resp scheme was

chosen because it generates atomic partial charges at atom centers to reproduce the electrostatic

potential in the space, hence is consistent with the electrostatic potential calculations in this work.

Water molecules were removed from the molecular model in the charge transfer calculation due

to computational limitations.62 Instead, we used the conductor-like polarizable continuum model

(CPCM)63 which is the most commonly employed implicit model for the solution. Since the initial

net charge in each NMP is -2, the charge transfer was determined as the δ = q− (−2), where q is

the final net charge of the NMP. Positive δ corresponds to electron transfer from NMP to CNT.
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Figure 2: The representation of the cylindrical coordinate (using AMP-(4,4) CNT hybrid): a. Side
view; b. Front view. COM marks the center of mass of the AMP.
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3 Results and discussion

3.1 Electrostatic Potential

The final optimized structure for the AMP-(4,4) CNT hybrid is shown in Fig. 2 where the water

and ions are not shown for the purpose of clarity. Similar final configurations were obtained for

the rest of NMP-CNT hybrids. More specifically, nucleobases possessed a parallel orientation with

respect to the CNT surface with a separation distance of ∼3 Å while the phosphate group tends to

expose itself to the solution phase. Distributions of the electrostatic potential for the AMP-(4,4)

CNT hybrid at the radial distance of 15 Å is shown in Fig. 3 (The corresponding distributions for

all the eight systems are compared in Fig. S1 of the Supporting Information). In these plots, the

electrostatic potential is depicted versus Z (CNT axis) and θ axes, and its magnitude is highlighted

by the color. While all values are negative due to the negative charges on the NMPs, the blue and

red regions respectively correspond to the most and least negative values.

For all systems, a valley-shaped distribution for the electrostatic potential, ϕ , is obtained. The

minimum value of ϕ present in each system (located in the valley and colored blue), ϕmin, cor-

responds to the lowest electrostatic potential at the radial distance of r =15 Å. The θ and Z co-

ordinates at ϕmin are about 90◦ and 0, respectively. In other words, at r =15 Å, ϕmin = ϕ(θ =∼

90◦,Z =∼ 0), which is a location on this cylindrical surface relatively close to the phosphate group

of NMPs (see Fig. 2). This is expected due to the concentration of the negative charge in the phos-

phate group. The location of ϕmin is important because if an external charged entity (such as the

IEC column) is present, it will have the strongest interaction with the hybrid where the minimum

electrostatic potential is found. The magnitude of ϕmin is also of significance since it measures the

strength of interaction, and more generally is an indication for the molecular reactivity in biological

systems.64–66
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(a) AMP-(4,4)CNT

Figure 3: Distribution of the electrostatic potential (ϕ ) for AMP-(4,4) CNT hybrid as a function of
Z and θ . The radial distance is fixed at r=15 Å.

Similar distributions of ϕ for smaller radial distances, i.e., 12 Å < r <15 Å , was also obtained.

More specifically, at a given r a minimum was found in the vicinity of the phosphate group in all

eight systems. To examine ϕmin in detail, we obtain ϕmin at each radial distance and plot it as a

function of r in Fig. 4. Different curves in Fig. 4 correspond to different simulated systems, and

they all show a similar trend of ϕmin versus r. Specifically, each curve starts with the most negative

value of ϕmin at r =12 Å , gradually increases with r, and shows the trend of converging to zero as

r tends to infinity. More negative ϕmin is obtained for smaller values of r because the potential is

evaluated at points closer to the negatively charged zone of the NMP. The minimum value of the

electrostatic potential on the molecular surface of the isolated nucleobases in vacuum was deter-

mined by Pullman et al. to be -2.25, -1.34, -1.99, and -1.23 V, respectively for guanine, adenine,

cytosine, and thymine.65 For the nucleotides, more negative values for the minimum electrostatic

potential was reported due to the inclusion of the negatively charged phosphate group.66 Pullman
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and Pullman studied the electrostatic potential of dimethylphosphate (with a net charge of -1) as a

model to represent the phosphate group in DNA. The minimum electrostatic potential was reported

to be -8.67 V at a distance of 1.05 Å from the anionic oxygen bound to the phosphors in a plane

defined by the phosphorous and two anionic oxygen atoms.64 Considering all NMP-CNT systems,

the range of ϕmin is [-10.30,-4.28] V at r =12 Å and [-4.90, -2.95] V at r =15 Å, which is similar

in magnitude to the ϕmin of dimethylphosphate. More direct comparison cannot be made between

the electrostatic potential of the NMP-CNT hybrids and that of the dimethylphosphate for several

reasons. Firstly, the dimethylphosphate had a net charge of -1 while each of the NMPs we simu-

lated has a net charge of -2. Secondly, the dimethylphosphate was isolated while our NMPs are

under the influence of the CNT. In addition, the dimethylphosphate was located in vacuum while

our hybrids were solvated. The highly polar solvent (water) and the ions can create a screening ef-

fect for the electrostatic field. Also, the electrostatic potential in Ref.64 was evaluated at a distance

of 1.05 Å from the anionic oxygen, while the electrostatic potential in our systems was evaluated

at larger distances from the two anionic oxygen atoms.

Despite the qualitative similarity in the dependence of ϕmin on r, quantitatively, ϕmin is quite

different for different NMP-CNT hybrids. At any given r, the absolute value of ϕmin follows the or-

der, from small to large, of TMP-(7,0) CNT, AMP-(7,0) CNT, GMP-(7,0) CNT, CMP-(4,4) CNT,

TMP-(4,4) CNT, CMP-(7,0) CNT, GMP-(4,4) CNT, and AMP-(4,4) CNT. Clearly, the electro-

static potential of the hybrids strongly depends on the chirality of the CNT as well as the type of

nucleobase in the NMP.

First let us consider the effect of CNT. Except for CMP, NMP-(4,4) CNT hybrids generates

stronger electrostatic potential compared with the NMP-(7,0) CNT hybrids. For example, ϕmin at

r = 12 is -4.39, -7.10, -4.79, and -4.28 V, respectively for AMP, CMP, GMP, and TMP adsorbed

to the (7,0) CNT. For the hybrids formed by NMPs and the (4,4) CNT, ϕmin(r=12 Å) is -10.30,

-5.41, -8.93, and -6.13 V, respectively for AMP, CMP, GMP, and TMP. Although the two CNTs

possess similar length and diameter, their different chiralities lead to very different electrostatic

potential when they interact with the NMPs. To the best of our knowledge, there is no work at
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atomistic level to study the electrostatic potential of the hybrid. In the continuum-based study of

Malysheva et al., it was shown that an ssDNA-metallic CNT hybrid generates smaller magnitudes

of electrostatic potential compared with an ssDNA-semiconducting CNT hybrid26 which would

predict easier elution of ssDNA-metallic CNT hybrids observed in early IEC experiments.1,11 The

stronger electrostatic potential we found from our simulations for (4,4) CNT, which is seemingly

contradicting to the earlier studies,1,11 may be first due to the fact that the CNTs in this study

have finite lengths (caused by the incapability of including PBC within the QM:MM scheme59)

and hence may not truly reflect the metallic/semiconducting properties of long CNTs. To explore

why NMP-(4,4) CNT hybrids generates stronger electrostatic potential, we calculated the separa-

tion distance between the NMP atoms and the CNT surface. It was found that except for CMP,

the phosphate group in the NMP-(7,0) CNT hybrids is located closer to the CNT compared with

that in the NMP-(4,4) CNT hybrids.55 In other words, the (7,0) CNT binds more tightly with the

NMPs compared with the (4,4) CNT (with the exception of CMP), which is also confirmed by

examining the atomic separations and binding energy (see Ref.55 for detailed results of the bind-

ing energy calculations as well as binding structures). The stronger binding can lead to stronger

charge transfer (as will be demonstrated in the next section) from the NMP to the CNT, and the

wider distribution of charges in space (as compared to concentrated charge at the phosphate group)

can cause reduction in the magnitude of electrostatic potential. In other words, the electrostatic

field of the hybrid may not be only influenced by the electronic property of the CNT, but also by

their binding strength and structure. It should be mentioned that some experiments revealed that

semiconducting CNTs were more weakly adsorbed to the IEC and eluted earlier compared with

metallic CNTs14 which implied the complexity of the DNA-CNT interactions.
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φ
m
in

(V
)

 

 

AMP/(7,0)CNT
AMP/(4,4)CNT
GMP/(7,0)CNT
GMP/(4,4)CNT
TMP/(7,0)CNT
TMP/(4,4)CNT
CMP/(7,0)CNT
CMP/(4,4)CNT
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3), and the minimum value is reported as ϕmin(r).

In addition to the influence from the CNTs, the electrostatic potential of the hybrid is also

affected by the type of nucleobase in the NMP. When the absolute value of ϕmin is ranked ac-

cording to the NMP, the order is CMP>GMP∼AMP∼TMP for the NMP-(7,0) CNT hybrids and

AMP>GMP>TMP>CMP for the NMP-(4,4) CNT hybrids. The different orders of ϕmin for the

two CNTs suggests that the types of CNT and NMP have coupled roles in determining the elec-

trostatic potential of the hybrids. To further explore this, we defined the difference in minimum

electrostatic potential, ∆ϕmin, presented in equation 1.

∆ϕmin(r) = |ϕ (7,0) CNT
min (r)−ϕ (4,4) CNT

min (r)| (1)

For each NMP, ∆ϕmin was evaluated at each r in the range of 12 Å to 15 Å and is shown in Fig. 5.

According to the figure, ∆ϕmin decays as r becomes larger and is expected to converge to zero as r

tends to infinity, since ϕmin approaches zero in all systems (see Fig. 4). Interestingly, for all values
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of r, ∆ϕmin for AMP and GMP are considerably larger than that for CMP and TMP. For instance,

for almost all r, ∆ϕmin of GMP is more than twice that of TMP and CMP, and ∆ϕmin from AMP

is more than three times larger. This implies that the type of nucleobase in the NMPs remarkably

influence the electrostatic potential of the hybrid, although all NMPs carry the same amount of

negative charge and have the sugar ring and phosphate group in common. Quantitatively, ∆ϕmin

is a measure on the easiness of distinguishing the two types of CNTs. The significantly larger

∆ϕmin caused by AMP and GMP suggests that the two CNTs can be more easily differentiated and

potentially separated with these two types of NMPs. In the separation of CNT using ssDNA in the

IEC, it has been shown that the separation is very sensitive to the DNA sequence.11 Although the

simulations here do not involve DNA polymer, our results for ∆ϕmin can provide some clues on

why the separation depends on the type and sequence of nucleotides.
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Figure 5: Difference in the minimum electrostatic potential between NMP-(4,4) CNT hybrid and
NMP-(7,0) CNT hybrid. Each minimum electrostatic potential is evaluated at a given distance r
from the CNT axis.
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3.2 Charge Transfer

Final partial atomic charges of the nucleotides and CNTs for all eight systems are presented in the

Supporting Information (Figure S2 and Figure S3). The charge transfer, δ , between each NMP

and CNT was calculated and is presented in Table 1. For two of the hybrids, AMP-(4,4) CNT

and GMP-(4,4) CNT, the adsorption took place without noticeable charge transfer. In the other

six hybrids, a partial electronic charge was transferred from the NMP to the CNT and hence the

CNT became negatively charged upon the hybridization. In these six systems, δ ranges from 0.08

to 0.65 e: it is similar (around 0.1 e) for the CMP-(4,4) CNT, TMP-(4,4) CNT, AMP-(7,0) CNT,

and CMP-(7,0) CNT; while for GMP and TMP adsorbed on the (4,4) CNT, δ is considerably large

(around 0.6 e).

Unlike the lack of reports on the electrostatic potential in the literature, the charge transfer

between the nucleotide/nucleobase and CNT has been reported in some of the past studies, all

based on using QM approaches. For instance, Shukla et al. determined the charge transfer to be

0.02-0.04 e from DNA nucleobases to a (7,0) CNT using DFT (M05-2X functional) and Mulliken

approach.49 Using DFT(LDA) and Bader analysis, Gowtham et al. showed that a small amount

of electric charge, 0.05 and 0.08 e, was transferred respectively from adenine and guanine to a

(5,0) CNT.31 Das et al. studied the adsorption of DNA nucleobases onto a (5,5) CNT using Mul-

liken population and showed that the charges were only redistributed among the atoms without

any net charge transfer between nucleobases and the CNT.67 Clearly, the charge transfer between

DNA nucleobases and CNT are essentially negligible, due to the absence of the charged phosphate

group. Enyashin et al., using self consistent charge density-functional based tight-binding method

(SCC-DFTB), reported 0.2-0.4 e charge transfer from a PolyC-DNA to CNTs with the chiralities

of (8,2) and (7,4), and less than 0.05 e for CNTs with the chiraliteis of (5,5), (7,3), (8,0), and

(10,0).47Considering that the hybrids involved polymer DNA, the charge transfer is still insignif-

icant. This is because although the phosphate groups were included, they were not deprotonated

and hence the DNAs simulated were neutral. The only work where the charge transfer was found

to be significant is by Wang and Ceulemans, who evaluated the charge transfer for two connected
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AMPs adsorbed on CNTs using Mulliken approach.35 The simulations were also performed in

vacuum and the two connected AMPs were charge neutral. Charge transfer of 0.85 and 0.56 e was

found, respectively for (7,0) and (4,4) CNTs, but in contrary to all other studies, the direction of

the transfer was from the CNT to the AMPs, which is not yet understood.

It should be pointed out that the charge transfer calculations are quite sensitive to the choice of

the QM approach as well as the charge calculation scheme. It has been shown that very different re-

sults for the charge transfer in the biological systems may be obtained based on different selections

of the QM and charge calculation methods.68 It is well known that the Mulliken charge scheme, al-

though most widely used due to its simplicity, poorly describes the molecular properties especially

the electrostatic potential.69 On the other hand, Resp approach, employed in our study, is known to

accurately reproduce the electrostatic potential of the molecular systems. Our finding that hybrids

with (7,0) CNT generally have larger charge transfer compared with the (4,4) CNT is consistent

with the electrostatic potential results discussed in Section 3.1, and both can be explained in terms

of the tightness of the binding. As mentioned earlier, the NMPs are more tightly bound to the

(7,0) CNT compared with the (4,4) CNT,55 which may facilitate the charge transfer between the

two entities, and this is evidence by the data shown in Table 1. The correlation between binding

strength and charge transfer was also reported by Lu et al., who showed that the physisorption

of naphthalene, anthracene, and tetracyanoquinodimethane (TCNQ) on a (6,6) CNT was in gen-

eral stronger compared with those on a (10,0) CNT, which was accompanied by higher charge

transfer to the (6,6) CNT.70 On the other hand, for the NMPs adsorbed onto the same CNT, the

order of the charge transfer is more complex, and cannot be explained by the tightness of binding

alone. For example, for the (4,4) CNT, the energy of binding for the four NMPs was found to fol-

low the order of GMP>TMP>CMP>AMP.55 The corresponding order for the charge transfer is

CMP>TMP>GMP∼AMP. For the (7,0) CNT, the order of the energy of binding was shown to be

TMP>AMP>GMP>CMP55 while the order for the charge transfer is GMP>TMP>CMP>AMP.

One possible explanation might be the position and orientation of the NMPs relative to the CNT. It

is well known that the potential energy surface (PES) for nucleobase-CNT hybrids is shallow with
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many possible local minima,32,33,54 which is likely also true for the NMP-CNT hybrids. These lo-

cal minima can correspond to the similar binding energy but different configurations of the NMPs

relative to the CNT, which can result in different charge transfers. Leenaerts et al. evaluated the

energy of binding and charge transfer upon the adsorption of H2O, NH3, CO, NO2, and NO on

graphene. They showed that different relative configurations (adsorption site and orientation) of

the adsorbed molecules may result in the same energy of binding, but completely different values

of the charge transfer.71

Table 1: Charge transfer (e) between NMPs and CNTs

AMP CMP GMP TMP

(4,4) CNT ∼ 0 0.10 ∼ 0 0.08

(7,0) CNT 0.12 0.15 0.65 0.54

Compared with past works in literature, the present work adopted an atomistic QM:MM ap-

proach and evaluated the electrostatic potential generated by the NMP-CNT hybrid for the first

time. An electrolytic environment was introduced, which has two consequences: the charged

NMPs as well as the polar medium around the hybrids. This was never done in previous QM stud-

ies, but is essential and better mimics the conditions in most experiments involving these hybrids

(e.g., the CNT separation experiments using IEC). The presence of solution is important to the

properties of the hybrids including binding structure and strength, as well as electrostatic potential.

For instance, the contribution of water release to the binding energy between NMPs and CNTs

has been shown to be considerable.55 The polarization of the CNT by the NMPs and the solu-

tion was taken into account so as to produce accurate electron density, which is not possible with

classical MM or continuum approaches. Therefore, our work is an important step toward more

comprehensive modeling of the DNA-CNT hybrids.

Despite these merits, several limitations, caused by the current limitations in computational

capacity and methodology, should be addressed. First, applying PBC or simulating a relatively long

CNT is essential in order to precisely resemble the electronic properties of the bulk CNT. Second,
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a larger number of nucleotides should be included in order to resemble a long DNA interacting

with the CNT. Presence of a longer piece of DNA may introduce other influential factors in its

interactions with CNTs. For instance, it has been shown that the wrapping angle which is affected

by the length of the ssDNA plays an important role in the properties of the hybrid.15 In addition,

only two Na+ cations were considered in this work to just neutralize the system. Different type

and concentrations of salt may affect the properties of the hybrids, as it has been shown that the

number of ions affects the energy of binding between NMPs and a (6,0) CNT.56 The effect on the

electrostatic potential and charge transfer requires a series of separate simulations with different

salt types and concentrations. Last, the explicit water molecules were replaced by a continuum

model in the charge transfer calculations which may reduce the accuracy of the partial atomic

charge calculation. It is important to develop computationally affordable QM:MM methods to

reduce the aforementioned limitations in order to more precisely study the properties of the ssDNA-

CNT hybrids.

4 Conclusions

Using a QM:MM method, the electrostatic potential and charge transfer was evaluated for the

hybrids formed by DNA nucleotides and CNTs in aqueous solution. It is the first model that

included QM description of the CNT and nucleotide under the influence of the electrolytic envi-

ronment, and explicitly calculated electrostatic potential from atomic simulations. It is shown that

the electrostatic potential of the hybrid in its vicinity strongly depends on the type of nucleotide

and the chirality of the CNT. At the same distance from the CNT axis, the NMP-(4,4) CNT hy-

brids were found to generate stronger electrostatic potential compared with the NMP-(7,0) CNT

hybrids. Atomic charge calculations also showed stronger charge transfer from the NMP to the

CNT in the case of (7,0) CNT. Compared with our previous findings where NMPs were shown

to generally bind tighter to the (7,0) CNT compared with the (4,4) CNT, these results suggest the

electrostatics of the DNA-CNT hybrids may be influenced by the tightness of the binding. AMP
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and GMP were found to produce larger difference in electrostatic potential when they bind to the

two types of tubes, indicating their better capability of distinguishing the two CNTs.
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