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Molecular dynamics of cholesterol 
in a thin film surrounding a carbon nanotube 
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Molecular dynamics (MD) simulations of the system composed of a single walled carbon nanotube 
(SWNT) surrounded by a thin film of: a) cholesterol–water mixture and b) pure cholesterol have been 
carried out. The translational and rotational correlation functions and their Fourier transforms of both 
cholesterol and water molecules have been calculated for several temperatures and concentrations. The 
interpretation of translational and rotational dynamics of both cholesterol and water molecules in the 
specific environment is presented. 
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1. Introduction 

The discovery of carbon nanotubes [1] has initiated a number of scientific investiga-
tions devoted to the study of their mechanical, chemical, optical, thermal and electrical 
properties [2–6]. Recently, however, there has been increasing activity in investigating 
small, finite size SWNT-based mixture systems, because they are expected to exhibit inter-
esting properties for nanotechnological applications [7, 8]. This paper presents a classical 
molecular dynamics simulation (MD) [9] study of the single-walled carbon nanotube sur-
rounded by cholesterol molecules and a cholesterol–water mixture. 

2. Simulation details 

As a typical representative of the family of carbon nanotubes an armchair (10, 10) 
nanotube [7] was chosen. The Lennard–Jones (L–J) interaction potential V between 
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the carbon atoms of the nanotube and the sites (atoms) of the cholesterol molecule 
(Fig. 1) as well as between cholesterol sites was applied. 

 
Fig. 1. The structure of the cholesterol molecule 

The L–J potential energy is given by the formula: 
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where ε is the minimum of the potential at a distance of 21/6σ, kB is the Boltzmann 
constant and rij is the distance between the atoms i and j. The parameters used in 
Eq. (1) are given in Table 1 [10]. 

Table 1. Lennard–Jones potential parameters 

Atoms ε/kB [K]  σ [Å] m [10–25 kg] 

C  58.2 3.851 0.199 
O 88.7 2.95 0.26551 
H 12.4 2.81 0.016594 

 
The L–J potential parameters between unlike atoms are given by the Lorentz 

–Berthelot rules [9] σA–B = (σA + σB)/2 and A-B A B ,ε ε ε=  where A, B are C, O or H 
atoms. We applied an approach involving the TIP4P model of the water molecule 
[11, 12], which provides a reasonable description of liquid water and aqueous solu-
tions [11]. This model is based on four interaction sites located in a planar configura-
tion, two of which (H) are associated with protons and another two (M and O) are 
associated with the oxygen nucleus. The angle between H, O and another H site is 
ŒHOH = 104°52′. The distances between O and H, and between the O and M sites 
are rOM = 0.15 Å and rOH = 0.9572 Å, respectively. The interactions between the mole-
cules are described in terms of the pairwise potential composed of the Lennard–Jones 
and Coulombic components: 
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where rOO is the distance between the i-th and j-th oxygen atoms and rim, jn are the dis-
tances between all pairs of charges. The charges appearing in the potential are  
qH = 0.52e, qM = –1.04e and qO = 0, where e2 = 331.8 (kcal⋅Å)/mol. As a part of the 
molecular design process, the negative charge has been shifted away from the O site 
by a small amount to the M site, which has been introduced specifically for this pur-
pose. The rest of the parameters appearing in the L–J-part of Eq. (2), which acts only 
between the O sites, are A = 600.0×103 (kcal⋅Å12)/mol and B = 610.0 (kcal⋅Å6)/mol. 

The classical equations of motion are integrated up to 5 ns by the predictor 
–corrector Adams–Moulton algorithm [13]. The integration time step was 0.4 fs 
which ensures total energy conservation within 0.01 %. The initial positions were 
generated by the Monte Carlo method [9] and initially equilibrated over 106 MD time 
steps before the MD data were calculated and collated. 

3. Results 

Firstly one single armchair carbon nanotube surrounded by a varying number n = 
3, 5, 9 of cholesterol molecules was simulated, for several temperatures. In Fig. 2 the 

calculated mean square displacement 
2

Δ ( )r t
�

 of the centre of mass of cholesterol 

is presented, where  
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Fig. 2. The mean square displacement of the centre 
of mass of the cholesterol molecule for three  

concentrations at several temperatures:  
a) SWNT(chol)3, b) SWNT(chol)5 and  

c) SWNT(chol)9. The legend concerning temperature
is placed on subsection b) but it applies also to  

a) and c). This notation is used  
in all subsequent figures  

and r
�

 is the position of the centre of mass of a single molecule [14]. The mean 
square displacement is connected with the diffusion coefficient via Einstein relation 
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where D is the translational diffusion coefficient. 

 
Fig. 3. The translational diffusion coefficient D of the centre of mass  

of the cholesterol molecule for three concentrations as a function of temperature 

It can be seen in Figures 2 and 3 that at low temperature, T = 350 K, a solid phase 
appears (no diffusion, D ≈ 0), whereas the fluid phase is observed at higher tempera-
tures. The distinction between solid (T = 350 K) and liquid (T = 550 K) phase can be 
also seen in Fig. 4, where an example of the radial distribution function g(r) [9] of the 
centre of mass of cholesterol (n = 9) is given. 

  

 

Fig. 4. The radial distribution function of the centre 
of mass of cholesterol for three concentrations  

and several temperatures: a) SWNT(chol)3, 
b) SWNT(chol)5 and c) SWNT(chol)9 
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Note that the translational mobility of cholesterol’s fluid phase in the layer which 
covers the SWNT increases with a growing number n of cholesterol molecules. In the 
case of small n each particular molecule is in direct contact with the SWNT’s surface 
being strongly attracted by the carbon atoms of the nanotube. More cholesterol mole-
cules (larger n) means more interactions between the cholesterol sites, the tight bind-
ing of cholesterol molecules to the nanotube’s surface is partially weakened by non-
negligible cholesterol–cholesterol interactions and the increased ability of the choles-
terol molecules to move over the nanotube’s surface. A representative snapshot of the 
fluid state configuration of the system studied (n = 9) is presented in Fig. 5. 

 
Fig. 5. An example of the liquid state instantaneous 

configuration of the SWNT(chol)9 cluster at T=550 K 

  

Fig. 6. The linear velocity autocorrelation function 
of the centre of mass of the cholesterol molecule  
for three concentrations at several temperatures:  

a) SWNT(chol)3 b) SWNT(chol)5  
and c) SWNT(chol)9  
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Closely connected with the translational motion is the velocity autocorrelation 

function
1
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−=�
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, where ( )v t
�

 is the translational velocity of 

the molecule. The behaviour of the calculated correlation functions Cv(t) of choles-
terol can be seen in Fig. 6. 

The strong oscillations of Cv(t) at low temperatures – characteristic of the solid 
state [9] – become gradually smoother and less pronounced at higher temperatures as 
a result of significant randomization of ( )v t

�

 in the liquid phase. Examples of the 
corresponding Fourier transforms 

0
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are given in Fig. 7. 

  
Fig. 7. The Fourier transform ( ( ))vFT C t�  of the linear velocity correlation function  

of the cholesterol for the solid a) and liquid b) phase of SWNT(chol)9 

Two characteristic modulation frequencies are clearly visible at low temperature. 
The lower frequency (ν ≈ 20 cm-1) is associated with the back and forth pulling of 
cholesterol by the nanotube and the higher frequency (ν ≈ 50 cm-1) is connected with 
cholesterol librations within the layer of cholesterol molecules composed around the 
nanotube. The higher frequency peak becomes broader and less defined as a result of 
mutual and random collisions of cholesterol molecules in the liquid state. 

  
Fig. 8. The mean square displacement of the centre of mass of the cholesterol molecule for two  
concentrations at several temperatures: a) SWNT(chol)3(water)45 and b) SWNT(chol)2(water)80 
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Fig. 9. The mean square displacement of the centre of mass of the water molecule for two 

concentrations at several temperatures: a) SWNT(chol)3(water)45 and b) SWNT(chol)2(water)80 

 
Fig. 10. The translational diffusion coefficient of the centre of mass of the cholesterol 

molecule for two concentrations as a function of temperature 

 
Fig. 11. The translational diffusion coefficient of the centre of mass of the water  

or two concentrations as a function of temperature 
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The second part of the work focussed on the properties of a cholesterol–water mixture 
surrounded an armchair (10, 10) single walled carbon nanotube. The motivation was, that 
in living cells, cholesterol usually appears accompanied by water. Two concentrations of 
the cholesterol–water mixture: SWNT(chol)3(water)45 and SWNT(chol)2(water)80 were 
studied. The mean square displacement of the centre of mass of both, cholesterol and 
water molecules, is shown in Figs. 8 and 9, respectively. 

The liquid phase developed here at much lower temperature, comparing to the 
previous system (pure cholesterol layer). The diffusion coefficients of cholesterol and 
water molecules are presented in Fig 10 and Fig 11. 

The presence of water molecules significantly changes the dynamics of the choles-
terol molecules. Note the substantial increase of the value of Dchol for the cholesterol–
water mixture compared to the cholesterol only layer. An example of the simulated 
radial distribution functions of the centre of mass of cholesterol and water molecules 
SWNT(chol)2(water)80 is given in Figs. 12 and 13. 

  
Fig. 12. The radial distribution function of the centre of mass of cholesterol for two concentrations 

and several temperatures: a) SWNT(chol)3(water)45 and b) SWNT(chol)2(water)80 

  
Fig. 13. The radial distribution function of the centre of mass of water for two concentrations  

and several temperatures: a) SWNT(chol)3(water)45 and b) SWNT(chol)2(water)80 

The pronounced peak of gchol(r) at the large distance of r ≈ 23 Å comes from two 
cholesterol molecules which happened to be positioned on the opposite side of the 
nanotube (for the snapshot of this configuration see Fig. 14). 

The first peak of the gwater(r) functions corresponds to the nearest neighbours aver-
age distance of water molecules surrounding the nanotube. As expected, the highest 
first peak corresponds to completely frozen water at T = 15 K and the lowest first 
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peak corresponds to the liquid phase at T = 75 K. The translational velocity autocorre-
lation functions for the cholesterol chol ( )vC t�  and water water ( )vC t�  molecule are given in 
Figs. 15 and 16, respectively. 

Fig. 14. Snapshot of the instantaneous 
configuration of SWNT(chol)2(water)80  

at a temperature of T = 55 K  

  

Fig. 15. The linear velocity autocorrelation function chol ( )vC t� of the centre of mass 

of the cholesterol molecule for two concentrations at several temperatures: 
a) SWNT(chol)3(water)45 and b) SWNT(chol)2(water)80 

  

Fig. 16. The linear velocity autocorrelation function water ( )vC t�  of the centre of mass of the water molecule 

for two concentrations at several temperatures: a) SWNT(chol)3(water)45 and b) SWNT(chol)2(water)80 
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One can see a slight temperature and concentration sensitivity of chol ( )vC t�  for such 

a large molecule as cholesterol. Contrary to this, the water ( )vC t� of the light water mole-

cule significantly depends on temperature. The dumped oscillations of water ( )vC t� in the 
solid phase at low temperature (T = 15 K) becomes gradually smoother and feature-
less when the water is liquid (T = 75 K). The time scale of the decay of chol ( )vC t�  and 

water ( )vC t�  is quite different, which reflects the disproportion between masses of cho-
lesterol and water. The representative examples of the Fourier transforms 

chol( ( ))vFT C t� and water( ( ))vFT C t�  are presented in Figs. 17 and 18, where a distinct 

difference between water( ( ))vFT C t�  of frozen and liquid water is clearly observed. 

 

Fig. 17. An example of the Fourier transform chol( ( ))vFT C t�  of the linear velocity correlation 

function of cholesterol for SWNT(chol)3(water)45 at T = 55K. 

  

Fig. 18. An example of the Fourier transform water( ( ))vFT C t�  of the linear velocity correlation function 

of the water molecule in solid a) and liquid b) phase of SWNT(chol)2(water)80 
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4. Conclusion 

The preliminary MD simulations reported here may encourage future experimental 
studies, for example Raman spectroscopy, of carbon nanotubes coated by pure choles-
terol and cholesterol–water mixture. 
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