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Abstract 

 
DNA-carbon nanotube (DNA-CNT) hybrids have many useful properties important in the field of nanoscience. 
Molecular dynamics (MD) simulations are well-suited to provide insights into the fundamental properties of DNA-
CNT hybrids because they enable calculation of structural properties with atomic resolution. Radial distribution 
functions are often used to detect structural properties of liquids and crystalline materials in MD simulations. In this 
work other metrics for measuring how well ss-DNA conforms onto CNT were defined, tested, and compared to 
radial distribution functions. Three measures were defined as the maximum, minimum and average of the molecule 
separation distances intended to measure how close and tight the ss-DNA wraps around the CNT. An axial 
distribution function with respect to the z-axis was also defined. It is based on an expanding cylinder centered in the 
symmetry axis of the CNT instead. A simple ss-DNA (Poly-C) was used for testing purposes. A complex process of 
model building, simulation and data analysis was completely automated as a script (MoSDAS). Simulations were 
performed for Poly-C's with varying number of bases. Both of the metrics defined above as well as two radial 
distribution functions provided by the GROMACS MD package were compared.  It was found that MoSDAS greatly 
simplifies the simulation process and avoids errors. Also, the molecule separation based metrics provides better 
information than the other measures on when the ss-DNA wraps around the CNT. The axial distribution function was 
best suited as an indicator of how the DNA atoms conform around the CNT. Analysis of this function shows, for 
example, a shift to larger CNT-DNA distances as the ss-DNA length increased. A two-peak distribution suggests that 
different parts of the Poly-C agglomerate at different levels. This information is not evident in the usual radial 
distribution functions. 
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1. Introduction 
 
Carbon nanotubes (CNT) and single stranded DNA (ss-DNA) are both interesting and important systems in 
nanoscience. For example, ss-DNA-CNT hybrids have been recently used to construct nanoscale chemical sensors.1 
ss-DNA has also been used to separate and sort CNTs based on metallicity.2 They are completely compatible with 
one another. Molecular dynamics (MD) simulations are well-suited to provide insights into the fundamental 
properties of DNA-CNT hybrids because they enable calculation of structural properties with atomic resolution.  
   It is understood that ss-DNA attaches readily to the CNT by the ππ −  stacking interaction. However, these have 
not yet been studied in detail to determine the specific conformation of ss-DNA about a CNT. Several MD 
simulations of Poly C ss-DNA adsorbing to a CNT have been done both at University of Pennsylvania and at the 
University of Puerto Rico at Humacao. The analysis of the results has been mostly quantitative. This work presents 
the results of a comparison of different quantitative metrics that can be used to study them. 
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2. Background 
 
2.1. carbon nanotubes 
 
Carbon nanotubes are cylindrical sheets of carbon with diameters of ~1nm and lengths up to a few centimeters.3 
They are unique for their size and special properties. CNTs have electronic and structural properties that vary 
depending on the diameter, chirality and length. Nanotubes can form both single-wall (SWNT) and multiple-wall 
(MWNT) structures.3 They have many interesting properties such as high mechanical strength (nanotubes can have 
tensile strengths 60 times larger than steel) and electronic stability (nanotubes can accommodate current densities 
1000 times higher than copper and silver). These features make them possible candidates for practical applications. 
 
2.2. single stranded DNA 
 
Single stranded DNA is a DNA molecule consisting of only one chain of alternating sugars and phosphates. They are 
often represented by sequences of the letters C, A, T, and G that correspond to the different bases unit. For this work, 
ss-DNA composed of a repeating sequence of one of the bases, Cytosine (Poly-C ss-DNA) was simulated. 
 
2.3. measuring molecule separation 
 
Three distances between the Poly-C and the CNT were defined. These distances are based on the point-to-set 
distances in metric spaces.  
 
Definition.  Let 3, ℜ∈ba and 3, ℜ⊂CD , D and C finite sets. The Euclidean distance between 
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In our application C and D correspond to the sets of atoms of the CNT and Poly-C.4 
 
2.4. distribution functions 
 
Three kinds of measures of densities of atoms are compared in this work.  They fall within the two following 
categories. 
 
2.4.1. radial distribution functions in MD 
 
In Molecular Dynamics the term distribution function refers to the densities of points as the separation to a reference 
set is varied. They are based in how many atoms of a given type can be found at the distance r away from the points 
in the reference sets. Distribution functions are often used to detect structural properties of liquids and crystalline 
materials in MD simulations. Two kinds of radial distribution functions are for example with respect to a set of 
atoms and with respect to the center of mass of a set of atoms. They are useful as validation of simulations because 
their results resemble x-ray diffraction experiments.  The following definition uses a formulation of the notion of 
radial distribution that is useful for computational purposes. 



 

 1259 

 
Definition.  Let 3, ℜ⊂TC , C and T finite sets. The radial distribution function with bin size rΔ   is defined by 
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where V is the volume of the smallest sphere that contains all atoms in the sets C and T, M is the total number of 

frames; N is the total of atoms of a given type within the volume elements, and mQ  the classification function 
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where r is the radial distance and 

jiTCr is the distance between atoms iC  and jT .6 

 
Figure 4 shows the geometric distribution of the atoms. Where Rg is the reference group and the small disks 
represents atoms. A ring centered on the reference is drawn with radius r and thickness rΔ .7 

 
In Formula 1 the term  mQ  classifies the atoms in two groups. The atoms that are in the ring at distance r of the 

reference group and the other ones. The sums are for counting the atoms that are in the ring at distance r of the 

reference group.  The term 
rrΔ 4

1
π

 normalizes the geometric density of all the atoms in the system.  Finally, the 

term 
TC NNMr

V
   

  normalizes the measurements, so the final measure of all the systems is 1. That is useful for 

comparison different systems. 
 
When the radial distribution function is computed with respect to the center of mass of the system the set C can be 
taken to be this point in space and (1) becomes 
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Figure 4. Graphical representation of geometric distribution. 
 
2.4.2. axial distribution function 
 
The axial distribution function is the distribution of the atoms of a given type based on an expanding cylinder 
centered on the reference axis. It is analogous to the radial distribution function described above with an infinite 
reference set (the axis of reference). It is a probability distribution measure.  
 
Definition5.  A function  ℜ→ℜ:G  is a probability distribution function if 

i. G is non-decreasing , 
ii. G is left continuous,     

xy
xy

xxGyG
<
→

ℜ∈= , all  ),()(lim  

iii. .1)(lim)(       ,0)(lim)( ====−∞
∞→−∞→

xGxGxGG
xx

 

 

If there is a function )(xg  such that ∫
∞−

=
x

dttgxG )()(  then )(xg is called the density function corresponding 

to G . 
 

If the function )(xG  satisfies ∑
<

=
N

xxj
j

j

pxG
:

)(  where jp  > 0, 1
1

=∑
=

N

j
jp  and }11:{ ∞≤+<≤= njxS j  is 

a subset of ),( ∞−∞  then it is called discrete.  The associated probability density function is  
 

      
⎩
⎨
⎧

≠
=

=
j

jj

xx
xxp

xf
for    0
for  

)( . 

 
For the particular application presented here the function )(xG  is defined by 
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where N  is the total number of atoms of a given type within the volume elements, ir  is the distance between the 

atom i  and the axis of reference and 
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In this work the axial density function is referred by axial distribution function to agree with the way it is called in 
the Molecular Dynamics as pointed out in section 2.4.1. 
 
3. Software and methods 
 
In this work, the performance of molecular dynamics simulations using the GROMACS MD package was done.8 
The ss-DNA structure was obtained from the nucleic program, which is part of the Tinker molecular modeling 
package.9 Also, tleap program was used. Tleap is a sub-program of the AMBER7 molecular dynamics package.10 
The results of the simulations were visualized with VMD.11 In the following sections, is the outline of the procedure 
for setting up and running the simulations. Also, is the comparison of the results between two programs developed as 
part of this work (molecule separation and axial distribution function) and g_rdf program that is part of GROMACS 
MD package. 
 
3.1. MoSDAS 
 
The Model building, Simulation and Data Analysis Script (MoSDAS) was developed to automate the production of 
the complete system. MoSDAS was made in bash programming language. The main purpose of MoSDAS is to call 
and run other programs.  
 
3.2 simulations 
 
The molecular dynamics simulation was done with the GROMACS MD package. About eight simulations were run. 
The only variation in the simulations was the number of monomers of the ss-DNA. The obtain simulation data was 
of Poly-C ss-DNA of 5, 10, 15, 19, 20, 25, and 30 monomers.  
 
3.3. metrics 
 
Here are three different metrics to analyze the data. Those metrics are: the molecule separation, the radial distribution 
and the axial distribution.   
 
3.3.1. molecule separation 
 
For the molecule separation a computer program was developed. This program was written in C++ programming 
language. The program use the complete trajectory of the atoms to calculated the separation of ss-DNA from the 
CNT. 
   The distance between an atom (name N4 in the data files) in the ring of the ss-DNA and all the CNT atoms was 
calculated. The minimum distance of each monomer was stored. Then, the minimum and maximum distances were 
selected and the average was calculated.  
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3.3.2. radial distribution functions 
 
For the calculation of the radial distribution function the program g_rdf that is part of the GROMACS package was 
used. The default measure of this program is with respect to a set of atoms. To use the measure with respect to the 
center of mass, the -com option was used. In both measures the CNT atoms was used as the reference group and the 
ss-DNA as the group1. Also, they are calculated with the complete trajectory of the atoms.  
 
3.3.3. axial distribution function 
 
For the calculation of the axial distribution function a computer program was developed. This program is in C++ 
programming language. The z-axis was used as the reference axis because the CNT is inside of it. The axial 
distribution of Poly-C atoms was measured with the last frame of each simulation.  
   The distance between the coordinates (x, y) of Poly-C was measured and stored in a vector. Then the vector was 
sorted in an ascending position (calculation of )(rG ).  Next the program prints out the distance and the portion of 
the system that have the atoms at a respective distance of the axis of symmetry.  
   The following pseudo-C++ code stores a table of values of the probability distribution function )( irG  in the 

vector G[i]: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note that, since the distances ir  in r have been sorted, the formula i/N computes the portion of the atoms that 
have distances less than r[i]. 
 
Appending the following code to the previous one completes the computation of )( irg  defined in (2): 
 
 
 
 
 
Since this approximation of )(rg  produces exaggerated fluctuations, the final plot was done with averages of the 

values of )( irg  around )( irg  
 
3.4 post processing 
 
When the results of all the metrics are complete, a qualitative comparison of the developed metrics and the 
GROMACS metrics (radial distribution functions) was done. A comparison with the visual representation of the 
system revealed which metrics give more information about the specific problem. 

 

valarray <double> r = readAtomCoordinatesAndStoreDistances(); 
int N = r.size(); 
sort(r.begin(), r.end()); 
for(int i=0; i < N; i++) 

G[i] = (double)i / N; 

 

for(int i=0; i < N-1; i++) 
G[i] = (G[i+1] – G[i]) / (r[i+1] – r[i]); 
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4. Results and Discussion   
 
4.1 molecule separation distances 
 
Molecule separation distances between Poly-C and CNT shows how close and tight the Poly-C wraps completely 
around the CNT. Also, they show is the system is equilibrated or not. Figure 5 depicts the molecule separation 
measures of Poly-C (30). 
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Figure 5. Molecule separation of Poly-C (30) 

 
Figure 5 shows a descended step at approximately 5 ns of simulated time. This descent of the maximum distance is 
an indicator that the system is coming to the equilibrate status. Before this moment the user should infer that the 
simulation needs to be executed for a longer time. High steps indicate that there are stacks of Cytosine bases due to 
the ππ −  attraction. 
 
4.2 distribution functions 
 
Table 1 depicts the results for each of the distributions that were calculated. They are examples of Poly-C consisting 
of 5, 15, and 30 monomers.  
 
Table 1. Results for Poly-C of 5, 15, and 30 monomers. 
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In the first row of Table 1 are pictures of the last position of atoms in Poly-C and CNT in the symmetry axis view (Z-
axis). These pictures show atoms agglomeration in different groups or levels (A, B, and C) with different densities. 
   Table 1-second row, shows the density of the atoms of Poly-C ss-DNA with respect to the Z-axis. This 
measurement was calculated with respect to the Z-axis because Z-axis is the axis of symmetry for the CNT. A two-
peak distribution suggests that different parts of the Poly-C agglomerate at different levels. They also show a shift to 
larger CNT-DNA distances as the Poly-C ss-DNA length increased. This information is not evident in the usual 
radial distribution functions. 
   Next in Table 1 is the radial distribution of Poly-C with respect to the CNT.  This measure calculates the density of 
the atoms with respect to the CNT (a group of atoms) in terms of the distance between them. In last row are the 
radial distributions of Poly-C with respect to the center of mass of the CNT. The only difference between these two 
radial distributions is the reference group. In the first one the reference group is a group of atoms and in the second 
one is a point of reference (this point is calculated by the program g_rdf).  
 
5. Conclusions  
 
It was found that the development of MoSDAS simplifies and avoids the most of the errors in the simulation process. 
The molecule separation distances provides better information than the other measures on when the ss-DNA wraps 
around the CNT, and give an idea of how close and tight is the ss-DNA from the CNT. The molecule separation 
distances can also be used to determine when the system is in the equilibrated stage. The axial distribution function 
was best suited as an indicator of how the DNA atoms conform around the CNT.   
 

Radial Distribution of Poly-C (30) w/r to the Center 
of Mass of the CNT

-5

0

5

10

15

20

0 0.5 1 1.5 2 2.5 3

diatance (nm)
de

ns
ity

A 
B 

C 

Radial Distribution of Poly-C (15) w/r to the Center 
of Mass of the CNT

0

2

4

6

8

10

0 0.5 1 1.5 2

distance (nm)

de
ns

ity

A B 
C

Radial Distribution of Poly-C (5) w/r to the Center 
of Mass of the CNT

0
2
4
6
8

10
12
14
16

0 0.5 1 1.5 2

distance (nm)

de
ns

ity  B C 
A 

Radial Distribution of Poly-C (30) w/r to the CNT

-1

0

1

2

3

4

5

0 0.5 1 1.5 2 2.5 3

distance (nm)

de
ns

ity A  B          C 

Radial Distribution of Poly-C (15) w/r to the CNT

-0.5

0

0.5

1

1.5

2

2.5

0 0.5 1 1.5 2

distance (nm)

de
ns

ity  A     B C 

Radial Distribution of Poly-C (5) w/r to the CNT

-0.5

0

0.5

1

1.5

2

2.5

3

0 0.5 1 1.5 2

distance (nm)

de
ns

ity     A       B                         C 

Axial Distribution of Poly-C (30)

-1
0
1
2
3
4
5
6
7

0 1 2 3 4 5 6 7

distance to symmetry axis (Å)

de
ns

ity
 (a

to
m

s 
/ Å

)

A 

B 
C 

Axial Distribution of Poly-C (15)

-10

0

10

20

30

40

50

0 1 2 3 4 5 6 7

distance to symmetry axis (Å)

de
ns

ity
 (a

to
m

s 
/ Å

)

A B 

Axial Distribution of Poly-C (5)

-10
0

10
20
30
40
50
60
70
80

0 1 2 3 4 5 6 7
distance to symmetry axis (Å)

de
ns

ity
 (a

to
m

s 
/  

Å)

A B 



 

 1265 

6. Future work 
 
Development of a Graphical User Interface (actually in construction) that will help the user execute the 
automatization script, the molecular dynamics simulation and the post processing phase in which the analysis of the 
results will be done. 
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