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For our purposes, we underscore that while the above derivative discontinuity has 
been established for semiconductors and for insulators, there exists no proof that it is non-zero or non-negligible 
in real materials. 
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Several of these schemes entail adjustable parameters that preclude or 
diminish their predictive capability.  
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rrrn ,  a  sum  over  wave  functions  of  occupied  states  only.                                                             
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F igure 1. Nitrogen edge saturated (10, 0) CNT. The green balls stand for N atoms, the black balls stand for C atoms. 
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F igure 2.Oxygen molecule adsorption on (10, 0) N/CNT system. The red balls stand for O atoms, the green atoms stand for N 
atoms and the black atoms stand for C atoms. 
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Ab Initio Molecular Dynamics Simulation of an Uncharged Propylene 
Carbonate-filled Nanotube Forest 

 

Abstract: Ab initio 

K eywords: 

1.  Introduction  
Effective   electrical   energy   storage   materials   -­-­-­   batteries   and   capacitors   -­-­-­   are   necessary   components   for  
systematic  exploitation  of  carbon-­neutral   renewable  energy  resources   that  are   intermittent,  e.g.,  solar  and  wind,  
and   for   regenerative   energy   capture   from   the   repetitive   motion   of   cranes,   forklifts,   or   braking   of   vehicles.  
Recently   proposed   electric   double-­layer   capacitors   (EDLCs)   with   electrodes   of   aligned,   single-­wall   carbon  
nanotubes   can   have   capacitances   exceeding   those   of   conventional   EDLCs.1-­3   They   offer   possibilities   for  
deliberate  nanoscale  mechanical  and  chemical  design.  The  natural  goal   for  such  capacitors  would  be  to  achieve  
energy  densities  comparable   to   those  of  current  battery   systems,  but  also   to  retain   the   traditional  advantages  of  
capacitors,  namely  faster  response  and  longer  cycle  lifetimes.4  
  
An  important  start  in  developing  a  molecular  understanding  of  EDCLs  based  on  nanotube  forests  has  been  made  
on   the   basis   of   classical   molecular   simulations.4         Nevertheless,   some   characteristics   of   particular   interest   are  
intrinsically   quantum   mechanical   in   nature;;   chemical   damage   and   quantum   (or   more   properly   intrinsic)  
capacitances5  are  examples  of   such  characteristics.  Ab   initio  molecular  dynamics   (AIMD)   are   thus  an  essential  
step  in  the  development  of  a  molecular  understanding  of  these  systems.  
  
AIMD  calculations  treat  electronic  structure  of  materials  on-­the-­fly,  within  molecular  dynamics  simulations.  They  
are   feasible   for   condensed  matter   simulation   on   the   basis   of   three   enabling   theoretical   ingredients:   (i)   electron  
density  functional  theory,  (ii)  pseudo  potentials  that  permit  the  calculation  to  focus  only  on  outer,  e.g.,  valence,  
electrons,  and  (iii)  suitability  of  plane  wave  basis  sets  for  dense  matter  simulation.  AIMD  calculations  are  several  
orders-­of-­magnitude   more   demanding   than   molecular   simulations   based   on   model   classical   force-­fields.   For  
computational  studies  of  EDCLs  based  on  nanotube  forests,  which  require  consideration  of  several  distinct  length  
scales,  several  distinct  varieties  of  simulation  calculations  have  to  be  used  in  concert.      Results  specifically  of  on-­
going  classic  simulation  work  on  these  systems  are  reported  elsewhere  in  this  Proceedings.6  
  

2. Methods  
,  with  the  PBE  electron  density  

functional  model,  a  norm-­conserving  pseudo-­potential  (NCPP),  and  a  plane-­wave  basis  set  cut-­off  of  85  Ry.7      
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To  assist  in  understanding  the  organization  of  our  calculation,  Figure  1  gives  a  typical  geometry  of  the  system  
simulated.      Periodic  boundary  conditions  in  all  three  spatial  dimensions  includes  one  80-­carbon-­atom  nanotube  
(with  the  implied  images),  10  (13  atom)  propylene  carbonate  molecules,  210  atoms  in  total.    This  is  huge  on  the  
now-­conventional  electronic  structure  size-­scale,  but  small  on  the  now-­conventional  simulation  size-­scale.  It  is  
not  feasible  with  present  algorithms  and  equipment  to  treat  seriously  larger  systems  by  naïve  simulation,  and  even  
for  this  size  system  customary  thermal  aging  with  classic  molecular  simulation  is  not  a  serious  possibility.  

  
Figure  1:  Configuration  of  the  propylene  carbonate-­‐filled  nanotube  forest,  the  subject  of  the  AIMD  simulation  discussed  
here.    Four    primitive  images  are  shown  here. 

Because  of  these  difficulties,  we  evolved  a  more  complicated  simulation  protocol  that  is  analogous  to  the  parallel  
tempering  algorithm,8  now  a  standard  feature  of  non-­AIMD  calculations.  We  first  carried-­out  a  standard  AIMD  
trajectory   for   t=16ps   at   the   high   temperature   of   T=600K.      That   should   permit   physically-­appropriate  
randomization   of   an   initial   configuration.         From   the   t=16ps   trajectory,   16   configurations   were   sampled  
uniformly.        Each  of  those  16  configurations  seeded  an  AIMD  trajectory  which  was  first   thermal  zed  for  6ps  at  
T=300K   (the   temperature   of   interest),   then   extended   for   another   6ps.      Our   primary   analysis   here   utilized   12  
configurations   sampled   uniformly   from   each   of   those   last   6ps   trajectories.            The   goal   of   this   procedure   is   to  
obtain  statistically  independent  structural  observations.      We  are  unaware  of  alternatives  that  might  be  feasible  for  
calculations  of  this  AIMD  difficulty.  
  
The  analysis  of  first  interest  here  is  based  on  the  binding  energies  defined  by    

U(n) U(n 1) U(1) .                                                                                                                
The  distribution  of  binding  energies     provides  the  free  energy  of  the  fluid  on  the  basis  of  the  partition  (thermal  

function  formula  
exp( (ex) ) exp( ) .                                                                                            
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(ex )    is   the   interaction   part   of   the   partial  molar   Gibbs   free   energy   of   the   PC   fluid;;   the   brackets   indicate   the  
thermal  average.    Since  there  can  be  ten  (the  number  of  PC  molecules)  observations  of  a  binding  energy  for  each  
configuration,  this  data  collection  scheme  produces  10x12x16=1920  elementary  data.  
  
Though  the  natural  place  to  start  fuller  statistical  analyses,  direct  use  of  Eq.  (2)  is  never  naïvely  successful.      One  
example  of  a  further  analysis  of  this  relation  is  the  Tchebysheff  bound9  

exp( (ex) ) exp( ) 1 p( )d   

  

Figure   2:   Distribution   of   binding   energies.         (left)   The   normal   QQ   (quantile-­‐quantile)   plot   indicates   that   the   binding  

energies  are  distributed  approximately  normally.  (right)  The  Gaussian  probability  density  of     gives  an  additional,  rougher  

indication  of  that  point.  

3. Results 

4. Conclusions  
Ab initio 
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Figure  3:      Tchebysheff  bound  on  the  free  energy  of  PC-­‐filling  of  the  nanotube  forest  (the  red  curve),  a  positive  value.  
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F igure 1: Geometry of Span80. Head consists of 
a five member ring. 

 

F igure 2: Head region of the Span80. The tail 
was removed to reduce the computational 
burden for ab-initio calculations. 
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Double-layer Capacitors 
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Abstract: Molecular dynamics simulations are in progress on  (a) bulk liquid propylene 
carbonate (PC), force-field model and electron-density-functional based ab initio molecular 
dynamics (AIMD), with/without dispersion corrections;  (b) PC fluid droplet; and (c) PC droplet 
on graphite. The measured contact angle of a PC droplet on graphite, reported here, shows that 
PC wets graphite effectively, though not completely.   Simulations with a GAFF force-field 
leads to complete wetting of a model graphite surface by a PC droplet.   Ongoing AIMD work 
with dispersion-correction electron-density-functional models, and further exploitation of 
contact angle measurements are expected to lead to a refined force-field model for large-scale 
molecular dynamics studies of electrochemical double-layer capacitors based on nanotube 
forests. 
 
Keywords: propylene carbonate, molecular dynamics simulation, graphite, contact angles 

 
1.  Introduction  
 
The performance of electrochemical double-layer capacitors (EDLCs) is expected to be sensitive to molecular-
scale interactions involving the solvent and solution, yet compelling simulation testing of realistic possibilities has 
been almost non-existent [1].   Propylene carbonate (PC) is the most common choice of solvent for electrolyte 
solutions filling EDLCs; acetonitrile is the second most common choice of solvent.  Ab initio molecular dynamics 
(AIMD) simulations of PC filling a nanotube forest with currently standard methods strongly suggest that, as 
described by currently standard electron-density-functional models, the PC would evacuate the forest [2].  This 
behavior reflects the balance of attractive interactions between PC molecules and the nanotubes.  Observation 
(Figure 1) of the contact angle of a PC droplet on graphite indicates favorable wetting, and thus the AIMD result 
with currently standard methods is undoubtedly not correct in this respect.  This suggests that the description of 
dispersion interactions in currently standard AIMD methods, built upon electron-density-functional models, is not 
sufficiently accurate for this application. 
 
Calculations in progress (TeraGrid on Kraken, http://www.nics.tennessee.edu/computing-resources/kraken) 
utilize dispersion corrected electron-density-functional models, specifically PBE-D for propylene-carbonate-
filled nanotube forests. But to exploit the experimental contact angle information, we must do simulations at a 
larger spatial scale that permits direct observation of a contact angle.   Those larger calculations are not presently 
possible with AIMD methods.   Instead, refined force-field models will be required for those larger scale 
calculations.  Suitable AIMD results provide one source of information for the refinement; experimental results 
assist in further refinement.   

101



Proceedings of Louisiana EPSCoR RII LA-SiGMA 2011 Symposium 
 

 
!

 

!
!"#$%&'()'*%+,-.&/&'01%2+/13&'4*56'7%+,.&3'+/'#%1,8"3&9' ' ':8&' .+;'+2<&%=&7'0+/3103'1/#.&'+>'?@A' "/7"013&<'#++7';&33"/#'
2&81="+%B'1/7'<$##&<3<'3813'*5'<8+$.7'&>>&03"=&.-'>"..'/1/+3$2&'>+%&<3<'3813'1%&'1'21<"<'+>'CD5E<9 

Several types of calculations are in progress: (a) bulk liquid PC [3], force-field model and AIMD, and both PBE 
and PBE-D model electron-density-functional based interactions;  (b) PC fluid droplet; and (c) PC droplet on 
graphite.  Here we discuss principally the larger scale, force-field based calculations on PC.  These calculations 
use widely available simulation codes: AMBER [4], GROMACS [5], and NAMD [6].   
 

'
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2. Bulk liquid PC 

We summarize our previous results with a generalized AMBER force-field (GAFF) [3] (Figure 2): The dielectric 
constant of the liquid and its temperature derivative, the density and the compressibility of the bulk liquid are 
conventionally satisfactory. The bulk liquid force-field simulations will permit a close comparison with bulk 
liquid AIMD calculations (with/without dispersion correction for the electron-density-functional models).   An 
interesting comparison will be with the binding energies of PC molecules to the liquid.   Those results should 
clearly indicate the role of dispersion interactions in stabilizing the liquid.   For the nanotube forest AIMD 
calculations, it is likely that the dispersion interactions associated with the nanotubes are the foremost problem of 
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conventional AIMD simulations, i.e., neglect of dispersion interactions by electron-density-functional models is 
less serious for the highly polar bulk liquid PC than for the nanotube forest.   

The dipole moments of the PC molecules analyzed on the basis of the maximally-localized Wannier orbitals of 
individual molecules constitute second interesting point of comparison for force-field simulations.  The force-
field model that has been used so far intentionally makes a standard error:  the dipole moment of the PC molecule 
is significantly larger than experimental determinations for the isolated molecule.   The dielectric properties then 
agree with experiment.   Because PC functions as a solvent for electrolytes in these devices, it is important that 
these electrostatic characteristics be understood clearly.  The calculations necessary for the desired comparison 
are also in progress now. 

The bulk liquid simulations also provide basic data for construction of an accurate thermophysical model that 
should assist us in device-level modeling of EDCLs; they will evaluate conventional transport properties and 
dielectric relaxation processes. 
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3. PC droplet 

Calculations on PC liquid droplets will serve as a control when we proceed to the more complicated solution-
electrode-interface (SEI). Molecular dynamics calculations on PC droplets are in progress, but Figure 3 shows 
preliminary results. 

4. PC droplet on graphite 

As a test of the PC-graphite interactions, we have carried out simulations of PC droplets on graphite surfaces, 
using the Amber GAFF force fields. These simulations contain 600 PC molecules and three layers of graphite, 
each containing 8856 carbon atoms. Starting with the PC molecules above the surface, the droplet moves to the 
surface after 300 ps of simulation time. As shown in the Figure 4, PC completely wets the graphite surface, rather 
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than forming a drop with a small contact angle of 37° (Figure 1). This suggests that the PC-graphite 
interactions of the GAFF force-field are too attractive. We are currently carrying out simulations with 
reduced PC-graphite interactions to reproduce the experimental contact angle. 

'
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5. Conclusions  
 
AIMD with standard methods underestimates the strength of attractive PC-nanotube interactions [2].   
Observation of the contact angle of a PC droplet on graphite indicates that PC should wet graphite effectively.   
Larger-scale simulations with a GAFF force-field [3] leads to complete wetting of the graphite surface by a PC 
droplet.   Ongoing AIMD work with dispersion-correction electron-density-functional models, and further 
exploitation of contact angle measurements are expected to lead to a refined force-field model suitable of large-
scale molecular dynamics studies of electrochemical double-layer capacitors based on nanotube forests [1]. 
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The intrinsic capacitance of two-dimensional electron gases 
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Abstract: The quantum mechanical nature of nanoscale devices has led to the concept of 
quantum or intrinsic capacitance.  This paper investigates the capacitance properties of a two-
dimensional electron gas, paying close attention to the energetics of the system and including all 
interactions in the analysis.  It is found that, in many ways, the two-dimensional quantum 
mechanical system behaves like a classical conductor.  In particular, it is shown that an electric 
field will not penetrate the two-dimensional electron gas and that the capacitance of a two-plate 
capacitor made up of two-dimensional electron gases is the same as that for two classically 
conducting plates.  The energetics of the two-dimensional electron gas, however, allows an 
alternate definition of the capacitance in which an intrinsic capacitance results.  This intrinsic 
capacitance contributes in series, is large, and thus not expected to be an important component 
in real, physical devices. 
 
Keywords: Quantum capacitance, intrinsice capacitance, two-dimensional electron gas 

 
1.  Introduction  
 
The concept of quantum capacitance was first proposed in a paper by Luryi1 in 1988.  In that paper, a three-plate 
capacitor was devised in which the middle plate was a two-dimensional electron gas while the two outer plates 
where treated as classical conductors.  Due to the quantum mechanical nature of the electron gas, Luryi came to 
the remarkable conclusion that an electric field would penetrate the middle plate, in apparent violation of classic 
electrostatic theory.2 A key ingredient in that analysis was the energy dependence of the two-dimensional electron 
gas on the charge density, which is different from that of a classical conductor.  This difference in energy 
properties led to a difference in capacitance properties for the device.  An anomalous contribution to the 
capacitance was identified and labeled the quantum capacitance.  A similar analysis was extended to the one-
dimensional conductor by John, et al. 3 
Léonard4 proposes a different name for this phenomenon.  He discusses corrections to the classic values of the 
capacitance of a carbon nanotube and notes that these corrections are “not generally quantized or do not generally 
arise from quantization conditions”.  As a consequence, he favors the term intrinsic capacitance over quantum 
capacitance.  In the interest of maintaining precision, that term will be used here as well. 
Several simplifications and approximations were adopted in the analyses of Luryi1 and John.3 One of the more 
serious approximations is that “[c]orrections due to electron interactions have been neglected”.1  Since 
capacitance behavior is tied to the actual electric potential and thus to the interactions between charges in the 
system, it is important that this omission be remedied.  It is, in fact, possible that this neglect could have led to the 
surprising predictions made.  This paper presents a more careful analysis of the same system, insuring that all 
effects of electron interactions are represented. 
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2. The three-plate capacitor 

 
The three-plate capacitor is presented in Figure 1, which is reproduced from Luryi's original paper.1  Plate 1, on 
top, is set at a voltage, V1.  Plate 2, on the bottom, is grounded.  The middle plate is referred to as a “quantum 
well” in Luryi's paper and is defined to be a two-dimensional electron gas.  It will be labeled as plate q in this 
paper.  Plate q is also grounded.  The distance between the center plate and the upper plate is d1 and that between 
the center plate and the lower plate is d2.  The spaces between the plates are filled with dielectric media with 
permitivities, !1 and !2.  The system is treated as if it were infinite in extent in the lateral dimensions.  Denote the 
direction perpendicular to the plates as the z-direction and let the positive z-direction point upwards (from plate 2 
to plate 1) in Figure1.  Then the system is invariant with respect to translations in the x,y-plane. 
Some definite conclusions about this system can be made without probing the quantum mechanical nature of the 
middle plate.  The voltage on plate 1 will generate a charge density, "1, on that plate.  The resulting electric field 
will then induce a charge density on the middle plate and, potentially, also on plate 2.  Let the charge density on 
the middle plate be denoted "q and that on plate 2 by "2.  Due to the symmetry of the system, the electric field can 
have a non-zero component only in the z-direction.  By constructing cylindrical volumes having their end surfaces 
perpendicular to the z-axis, the usual application of Gauss's law derive relates electric fields and these charges. If 
plates 1 & 2 are semi-infinite conducting slabs, then vanishing of the electric fields within those conductors 
implies that ("1+"q+"2) = 0.  This condition then implies that the electric fields outside the device vanish.    
The electric field in regions 1 and 2 are easily found to be  and .  Since the electric fields 
are independent of z in the two regions, the electric potential varies linearly in the two regions.  The potential 
difference defined in region 1 leads to the relation  and the fact that the middle and bottom plates are 
both grounded implies that .  The charge on the bottom plate must be zero and the electric field therefore 
does not penetrate the middle plate, whether it is treated as a quantum mechanical electron gas or not. 
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3. The two-plate capacitor 

Deeper insights can be gained by considering a two-plate capacitor where both plates are treated as two-
dimensional electron gases.  The details of these considerations will be presented elsewhere.   A principal 
consideration is the energy required to charge the parallel pair of 2D plates; analysis of that energy benefits from 
evaluations of energies of the two-dimensional electron gas that have been computed to a high degree of accuracy 
using quantum Monte Carlo methods.5 The energy is decomposed into several analytic expressions plus a 
numerically computed exchange-correlation energy for which a functional fit is available.  A principal conclusion 
is that the energy associated with the pair of charged plates relative to the neutral system contains a term which 
diverges unless "1 = -"2.  If this requirement is applied, the electric field does not penetrate outside the plates.  If 
the capacitance is defined as the ratio of the charge on one plate to the potential difference between the plates (the 
classic electrostatic definition), the classic result is obtained for this system, even if both plates are treated as 
quantum mechanical two-dimensional electron gases. 

 
4. Intrinsic capacitance  
It is possible to define capacitance alternatively in terms of the energy stored in the capacitor.  By using the 
expressions for the energy of a two-dimensional electron gas, it is found that the capacitance of the two-plate 
capacitor has an additional contribution, the intrinsic capacitance.  To summarize the principal results, the net 
capacitance per unit area (the specific capacitance)  is obtained as 

 

!"

where  is the specific classic capacitance, and the specific intrinsic capacitance ( ) is given by  
"
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Here  is the charge on one plate and .""For a  pair of graphene sheets, this intrinsic capacitance can be 
computed (Figure 2).  This intrinsic capacitance adopts values greater than 20 F/m2.  A significantly high value 
for the capacitance of an ultracapacitance device has been reported6 as 1 F/m2.  The effect of the intrinsic 
capacitance on this would be less than 5%. 
 
5. Conclusion  
The intrinsic capacitance of a parallel plate capacitor containing two-dimensional electron gases has been 
carefully analyzed, taking into account all interactions in the system.  It is concluded that the electric field will not 
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penetrate the electron gas and that the classic definition of the capacitance of the system leads to a result that is 
identical to that for the classical system.  Defining the capacitance instead in terms of the energy of the system 
leads to an additional, intrinsic capacitance.  This intrinsic capacitance contributes in series, is large, and is not 
expected to contribute significantly to the capacitance of physical devices. 
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3. Project Development [6] 
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Separating robot movement and display operations 

 
Both robots as slaves to user controlled bar 

F igure 2. 

Tailoring to Laboratory robots: 
Convergence issues
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