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Abstract

An algorithm has been developed to create structural models for amorphous carbons using Monte Carlo simulations in the
canonical ensemble. The simulation method used follows the experimental preparation of nanoporous carbons (NPC) by pyrolysis
from polyfurfuryl alcohol as a guideline. The resulting structure exhibits properties that compare favorably to those observed exper-
imentally for real NPCs. These atomistic NPC models are approaching a realistic representation of NPCs used for gas separations
and as such, are being used to study the diffusion of small gas molecules in these materials. Limitations of the method and possible

improvements are discussed.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Several amorphous carbons have high surface area
and porosity making them useful in separation and puri-
fication processes. Activated carbons, for example, are
used in water purification, sugar refining and most rele-
vant for this work, gas separation. Amorphous carbons
can be broadly classified into graphitizing and non-
graphitizing carbons [1]; the former usually transform
to graphite when treated at high temperatures while
the latter do not. Non-graphitizing carbons prepared
from the pyrolysis of carbon containing polymeric pre-
cursors, such as polyfurfuryl alcohol (PFA) (structure
shown in Fig. 1), are characterized by very high surface
areas and narrow pore size distributions. These carbons
are known as nanoporous carbons (NPC) and are
important materials with applications in gas purifica-
tion, as adsorbents and as catalyst supports [2-4]. NPCs
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are used extensively in the pressure swing adsorption
process to separate nitrogen and oxygen [5]. Membranes
prepared from NPCs have been shown to exhibit nitro-
gen-to-oxygen selectivity values as high as 30:1 [6].

Despite being of importance in industry, there is no
accepted atomistic model for NPCs. Pair distribution
functions (PDF) obtained from neutron scattering
experiments on NPCs show that these materials have
structural correlations up to around 2 nm but are glob-
ally amorphous [7]. Adsorption studies indicate a very
narrow pore size distribution for NPCs, the mean pore
size being about 5 A [2,8]. High resolution transmission
electron microscopy (HRTEM) images of NPCs reveal
the presence of curved graphene sheets in the structure
[9-11]. The curvature is generally attributed to the pres-
ence of non-hexagonal rings in the structure. A good
knowledge of the molecular structure of NPCs is vital
to understanding the interesting separations possible
with these materials.

Modeling the structure of amorphous materials is
challenging. Two kinds of approaches are generally fol-
lowed to model amorphous materials: mimetic and
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Fig. 1. Schematic diagram of the structure of polyfurfuryl alcohol.

n

reconstruction methods. Mimetic techniques simulate
the process by which the material is synthesized experi-
mentally and hence, require knowledge of the mecha-
nism by which the material is formed. Gelb and
Gubbins [12] used a mimetic simulation protocol to
model the structure of Vycor glasses. Classical and
ab initio molecular dynamics (MD) simulations are gen-
erally used to model amorphous materials using the mi-
metic approach [13,14]. On the other hand,
reconstruction methods like reverse Monte Carlo
(RMC) [15] refine an initial structure by moving the
atoms so that the structure finally resembles the actual
structure in terms of some experimentally observable
property of the material (such as the PDF). A number
of amorphous materials such as amorphous carbons
[16,17], silica glasses [18] and other disordered materials
[19-21] have been modeled using RMC.

Several previous attempts have been reported to
model the structure of NPCs. Warren [22] showed the
presence of layer-planes of graphite-like structure in a
non-crystalline carbon (carbon black). It was observed
[23] that the layers of graphitic domains were transla-
tionally and rotationally disordered, an arrangement
known as turbostratic. Franklin [1] was the first to dis-
tinguish between graphitizing and non-graphitizing car-
bon, suggesting that the structure of non-graphitizing
carbon consisted of randomly oriented graphite-like lay-
ers interconnected by non-organized carbon. However,
recent HRTEM observations on non-graphitizing car-
bons [9,10] indicate the presence of curvature in the
structure which necessitates more sophisticated models
that account for the presence of non-hexagonal rings.
Harris and Tsang [10] proposed a model for NPC struc-
ture in which curved fragments obtained from fullerenes
were used as the building blocks. This model accounted
for the presence of curvature and five-membered rings in
the structure. Acharya et al. [24] attempted to generate
the structure of NPC by connecting fragments of graph-
ene sheets in a random fashion. This method was com-
putationally inexpensive and could generate large
models with non-hexagonal rings but the models gener-
ated were non-periodic. Smith et al. [25] randomly incor-
porated small amount of non-hexagonal rings into
graphene sheets and turbostratically layered several such
sheets to create a three dimensional model of NPC.
RMC methods have also been used extensively to gener-
ate structural models for NPC. Thomson and Gubbins
[16] used RMC on a starting structure of graphitic sheets

to generate a model for NPC. The models generated use
graphite as the starting structure which is not the case
for real NPCs. Rosato et al. [26] have used the RMC
technique to generate amorphous carbon structures
which they subsequently relaxed using tight binding
molecular dynamics simulations. However, their investi-
gations were limited to high density (p = 3 g/cm?) cases.
Pikunic et al. [17] used RMC in conjunction with simu-
lated annealing to generate models whose PDF matched
the PDF of real NPCs very well. However, the models
generated by RMC have the problem of non-uniqueness
associated with them. Detailed review of the various
methods used to model NPC structure can be found in
articles by Harris [27] and Bandosz et al. [28].

In this paper, we present a novel algorithm for the
development of NPC structures by mimetic pyrolysis.
Canonical ensemble Monte Carlo (MC) simulations
are used to evolve an initial polymer structure to an
NPC. This new algorithm generates periodic carbon
structures with pre-defined carbon density. The PDFs
of the model structures generated using this method
are found to match the experimental PDF of NPCs that
show exceptional O,/N, gas selectivity.

2. Simulation method

NPCs are commonly prepared in the laboratory by
the pyrolysis of a carbon containing polymer precursor
such as PFA [29,30]. Using this as a broad guideline,
an NVT Monte Carlo (MC) simulation was developed
starting with PFA to generate model amorphous carbon
structures.

2.1. Generation of starting polymer

To generate the starting polymer, a technique pro-
posed by Kotelyanskii et al. [31] was followed because
this method guarantees linear polymers that are peri-
odic, follow Gaussian statistics and fill space. The back-
bone of the polymer chain was generated on a
completely filled cubic lattice (Fig. 2(a)), decorated with
the repeat units and annealed using energy minimization
to remove any structural overlaps. All the non-carbon
atoms (i.e., hydrogen and oxygen) were then removed
from the polymer structure and this polymer (devoid
of all the non-carbon atoms) was used in the MC simu-
lations as the starting structure. An example of such a
starting structure folded inside a cubic periodic box is
shown in Fig. 2(b).

A 7x7x7 cubic lattice (having 343 node points) (see
Fig. 2(a)) was used to generate the initial polymer back-
bones for all the models presented in this work. Simula-
tions on polymer backbones generated on 9 X9 x 9 and
11 x 11 x 11 lattices were also performed to explore the
effect of lattice size on the final structure obtained.
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(a)

Fig. 2. Evolution of the structure during the simulation from an amorphous, Gaussian polymer backbone folded into a periodic simulation box to a
folded linear carbon polymer to a disordered carbon structure with sp® coordination. (a) Polymer backbone on a 7 x 7 x 7 cubic lattice, (b) starting
polymer structure folded into a cubic simulation box and (c) final structure obtained after 4000 MC cycles at 7'= 800 °C and p = 1.72 g/em®. For
clarity, bonds crossing the periodic boundary have not been shown in any of the cases.

The results were found to be similar to those obtained
for simulations carried out on a 7 x 7 x 7 lattice under
the same conditions.

2.2. Generation of NPC structure

The NVT MC simulations were carried out in a cubic
simulation box with periodic boundary conditions. The
DREIDING force field [32] was used to describe the
bond stretching, bond bending, torsional and non-
bonded interactions between the atoms. A Morse poten-
tial was used to model the bond stretching energy while
a simple 12-6 Lennard—Jones (LJ) potential was used to
model the non-bonded energy. Non-bonded interactions
were not considered between atoms interacting by the
bond stretching, bond bending or torsional interactions.
Further, non-bonded interactions were not considered
to be present between carbon atoms which were bonded
to less than three other carbon atoms. For these atoms,
if they were not already interacting with either bond
stretching or bond bending or torsional interactions, a
hard sphere potential was used. Two kinds of MC
moves were carried out on the atoms.

e Move 1: Standard Metropolis MC was applied [33].
The maximum step size was 0.2 A.

e Move 2: Atoms, selected at random, were given a
large random  displacement (maximum  step
size = 3.82 A). After an atom was moved, all its bonds
were broken, as well as all bonds of all the atoms
within 2.65 A of the new position of the moved atom.
All the atom pairs involved in the bonds that were
broken were stored in an array along with the atom
pairs between which new bonds could form. Bonds
were then reformed in random order between every
stored atom pair under the following constraints:

— The atoms involved in the formation of a bond
could have a maximum of three bonded neighbors
(because all carbon atoms are assumed to be sp”
hybridized).

— A random number R was generated between 0 and
1. To accept the bond formation, this number had
to be less than the probability P given by

e*Eab/ kgT

(1)

where kg is the Boltzmann constant, 7 is the tem-
perature at which the simulation is being carried
out. E,;, is given by

1
2
Here, r,3, is the distance between atoms a and b, r,
is the equilibrium bond distance, and K, and D are
constants chosen for the harmonic function E,; to
match the Morse potential (see Table 1). Finally,
all the atoms involved in bond rearrangement were
annealed using standard MC (50 moves with a
maximum step size of 0.1 A). Fig. 3 shows a sche-
matic of the different steps involved in this type of
move.

T 1 4 o Ea/ksT

Eyp = Ke(rab - re)z -D (2)

Both types of moves were accepted or rejected based
on the Metropolis acceptance criterion. For every move,
a random number % was generated between 0 and 1 and
compared to the Boltzmann factor e AT If 9 was
less than or equal to the Boltzmann factor, the move
was accepted, otherwise it was rejected. Here AE is the
total energy change associated with the move. In the
simulation, one step of type 2 was carried out after every
200 steps of type 1. One step of any type was complete

Table 1
Parameters used in the MC simulations to match the harmonic
potential to the Morse potential

Parameter Value

re 14A )
K. 700 keal/(mol A%)
D 70 kcal/mol
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(c)
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Fig. 3. Schematic of a MC move of type 2 (bond rearrangement). Atom being moved is shown in black. (a) Configuration before the move, (b) atom
moved and bonds broken, (c) bonds formed back and (d) atoms involved in bond rearrangement equilibrated by MC.

when all the atoms in the system had been displaced
once. The atoms to be displaced in a step were chosen
in random order and no atom was displaced more than
once in a step. One MC cycle is defined as a collection of
200 steps of type 1 and one step of type 2.

After the Monte Carlo simulations were complete, an
optimized structure composed entirely of carbon atoms
(some of which had less than three bonded neighbors)
was obtained. To satisfy the coordination requirements
of all the carbon atoms, hydrogen atoms were explicitly
introduced into the structure using Cerius” software [34].
Energy minimization was subsequently carried out on
the structure to remove any non-bonded overlaps.

The programs for the simulation were written in
C++. The simulations were carried out on Linux ma-
chines with 2.4 GHz Intel Xeon processors. The simula-
tion of a system (4000 MC cycles) having 1450 atoms at
a temperature of 800 °C and density of 1.72 A required
approximately 20 days of computer time. The simula-
tions were stopped after 4000 MC cycles because the
fraction of carbon atoms bonded to three carbon atoms
was generally seen to change by less than 1% between
3000 and 4000 MC cycles.

3. Characterization methods

The quality of the model carbon structure obtained
was ascertained by comparing the pair distribution func-
tion (PDF), bond length and bond angle distribution,
fraction of 5-, 6- and 7-membered rings and the compo-
sition (fraction of carbon atoms bonded to three carbon
atoms). The final structures obtained from the simula-
tions were further characterized by using the following
metrics:

3.1. Pair Distribution Function (PDF), g(r)

This is the probability of finding two atoms a distance
r apart relative to the probability expected for a com-
plete random distribution at the same density. The
PDF obtained from the simulations is defined as [33]

" (r) = 02<Z > 8(r)o(r; - r)>

i j#i

:%<Z Zé(r—r,-j)> (3)

i JF#L
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where p is the number density, J(...) is the Dirac delta
function, V is the volume of the system and N is the
number of atoms in the system.

The experimental PDF used to compare with the
models is given by [7]

) =2 [ 0ls() - 1sin(ondo @

where Q is the magnitude of the scattering vector and
S(Q) is the structure factor. g”P(r) is related to g*™(r)
through the following relationship (obtained by using
equations in [35]).

g% (r) = dnrp[g™™ (r) — 1] (5)
The simulated PDF is transformed using equation (5) to
compare with the experimental PDF.

3.2. Cavity size distribution and excluded volume map

The cavity size distribution (CSD) is defined as the
probability distribution of inserting a hard-sphere probe
into the structure without any overlaps between the
probe and the atoms in the structure. In this work, the
method described by Cuthbert et al. [36] was used for
the calculation of CSDs. The simulation box was di-
vided into a three-dimensional grid with adjacent node
points 0.1 A apart. At every node, the largest possible
hard-sphere probe was then inserted. Finally, the distri-
bution was binned and normalized.

The excluded volume map (EVM) is defined as a map
of the volume elements in the structure where a hard-
sphere probe of a given radius can be inserted without
any overlaps with the structural atoms. To generate
the EVMs, a three dimensional grid was placed on the
simulation box and attempt was made to introduce the
probe at all the different nodes of the grid. The node
points where the placement of the probe did not result
in any overlaps defined the EVM for the structure and
the probe molecule. Hard sphere probes with diameters
corresponding to single LJ site models for He, O, and
N, were used as probes.

3.3. Bond anisotropy map

The degree of anisotropy in a structure is quantified
by the net orientation of C-C bonds. Two-dimensional
bond anisotropy contour maps were generated by
recording all bond orientations in terms of the 6 and ¢
angles in spherical coordinates. Thus, a bond density
distribution was obtained as a function of the two spher-
ical angles (0 and ¢) relative to the Eulerian simulation
box coordinates.

3.4. Simulation of transmission electron microscopy
(TEM) images

TEM images of the model carbons were obtained
using HRTEM module of the Cerius® software [34].

The images were generated at an electron energy of
200 kV and an aperture focus of 0.70 AL A defocus
of —825 A was used with a defocus spread of 250 A.
The spherical aberration coefficient and beam spread
were 2.70 mm and 0.30 mrad respectively.

4. Results and discussion

Several simulations were carried out at various condi-
tions to explore the effects of process as well as simula-
tion parameters on the final structure. Temperature,
density, simulation box size and the starting structure
were varied (see Table 2). In Table 3, the fraction of
5-,6- and 7-membered rings in the final structures ob-
tained for the different simulations are listed. In all
cases, the majority of the rings are hexagonal with
10-15% non-hexagonal rings present.

Fig. 2(c) shows the final structure obtained after 4000
MC cycles on a starting polymer structure at a temper-
ature of 800°C, density of 1.72 g/em® and cubic

Table 2
List of simulations performed along with the conditions at which they
were carried out

Starting Temperature Density Simulation =~ Number
structure (°C) (g/em®)  box size (A) of carbon
atoms

1 Polymer A 800 1.72 25.68 1450

2 Polymer B 800 1.72 25.68 1450

3 Free carbon 800 1.72 25.68 1450
gas

4 Polymer A* 800 1.72 25.68 1450

5 Polymer A 400 1.72 25.68 1450

6  Polymer A 1200 1.72 25.68 1450

7  Polymer A 800 1.38 25.68 1165

8  Polymer A 800 2.20 25.68 1855

9  Polymer A 800 1.72 28.59 2000

10  Polymer A 800 1.72 30.79 2500

Polymers A and B were created from two different configurations of
the lattice polymer backbone.

% The random number generation sequence in this case was different
from case 1.

Table 3
Fraction of 5-, 6- and 7-membered rings in the final structures
generated at different conditions (outlined in Table 2)

Simulation % of % of % of Total number
S-member 6-member 7-member of rings
rings rings rings

1 7.0 86.9 6.1 443

2 6.9 89.0 4.1 435

3 5.1 91.2 3.7 429

4 6.2 88.8 5.0 439

5 6.5 90.1 34 414

6 5.8 89.4 4.8 451

7 7.9 86.7 5.4 353

8 44 91.5 4.1 539

9 6.3 87.8 5.9 605

10 6.9 88.8 4.3 723




3104 A. Kumar et al. | Carbon 43 (2005) 3099-3111

(b)

Fig. 4. “Defects” in the structure of the model carbons. The simulation was carried out at a temperature of 800 °C and a density of 1.72 g/cm® in a
cubic simulation box of length 25.68 A and having 1450 carbon atoms. (a) A fragment of the final structure showing the presence of 5- and 7-
membered rings and (b) a portion of the model carbon showing a “hole” in the structure.

simulation box length of 25.68 A. The structure is com-
posed of slightly curved, randomly-oriented graphene
sheets. A section of this final structure is shown in
Fig. 4(a) where the 5- and 7-membered rings are high-
lighted. The presence of non-hexagonal rings in the
model structures is in conformity with experimental re-
ports in literature [24]. Fig. 4(b) shows another ““defect”
found in this structure. A random interconnection of
three carbon sheets produces what can be considered
as a “hole” in the structure. Apart from the fraction
of non-hexagonal rings, the structure was characterized
using various other metrics like the bond length and
bond angle distribution, fraction of hydrogen atoms,
PDF, CSD, EVM and bond anisotropy map.

In Fig. 5, the variation of the fraction of carbon atoms
bonded to 1, 2 and 3 carbon atoms as the simulation pro-
gresses is shown (the curves corresponding to polymer
A). The rates of change of these fractions become very
low after approximately 1000 MC cycles and the struc-
ture remains constant by the end of the simulation. This
suggests that the final structure is trapped into a local
free energy minimum. In the final structure, the fractions
of carbon atoms bonded to 1, 2 and 3 carbon atoms are
about 0%, 28% and 72% respectively, implying that the
fraction of hydrogen atoms in the structure is about
22%, a value that is significantly higher than that ob-
served experimentally in NPCs of the same density. This
high hydrogen fraction is the result of a lower level of

i~ o o
e =)} oo
\

Fraction of carbon atoms

S
)

— T 1 neighbor, polymerA§

2 neighbors, polymer Al

— 3 neighbors, polymer Al
1 neighbor, polymer A

© 2 neighbors, polymer A
o 3 neighbors, polymer A
1 neighbor, polymer B

* 2 neighbors, polymer B

hd 3 neighbors, polymer B

0 1000 2000

Number of Monte Carlo cycles

Fig. 5. Variation in the fraction of carbon atoms having different number of neighbors with the number of MC cycles. The simulations shown here
were carried out at a temperature of 800 °C and a density of 1.72 g/cm? in a cubic simulation box of length 25.68 A and having 1450 carbon atoms.
The three cases differ in the starting structure and the random number generation sequence. ‘Random number generation sequence in this case was

different.
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connectivity in the model carbons than in real carbons.
For reference, pure graphite has 100% carbon atoms,
all bonded to three other carbon atoms.

NPC structures are non-equilibrium and therefore,
are dependent on the initial structure and processing
conditions. This is observed in experimental NPCs
where the temperature of pyrolysis is the primary gov-
erning factor for determining the degree of order and
other material properties. Since a mimetic algorithm is
being used in this work to generate model NPC struc-
tures, a trend similar to experiments is observed whereby
the structure becomes kinetically trapped in a local free
energy minimum after sufficient pyrolysis time. The re-
sults in the following paragraphs show that the final
structure is nearly independent of the simulation param-
eters, such as simulation box size, starting configuration
and random number sequence. However, the NPC
structures do depend strongly on the thermodynamic
variables like temperature and density.

Fig. 6(a) shows the change in the PDF as the struc-
ture evolves from an amorphous linear polymer to an
amorphous carbon with interconnected graphene sheets.
As the simulation progresses, the degree of correlation
in the structure increases and the final structure ob-
tained after 4000 MC cycles shows correlations out to
10A. A comparison of the PDF of this model carbon
is made with the PDF of a real amorphous carbon (pre-
pared at 800 °C) obtained by Petkov et al. [7] in
Fig. 6(b). The two PDFs are in semi-quantitative agree-
ment and their peak positions match closely. The bond
anisotropy maps of the model carbon at different points
in its evolution during the simulation, shown in Fig. 7,
complement the information provided by the change
in the PDFs with simulation progress. The starting poly-
mer is amorphous and there is very little anisotropy with
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respect to the bond directionality. As the simulation
progresses, many bonds tend to preferentially orient
along some specific directions leading to an increase in
the anisotropy of the structure. This is characteristic of
organization into graphene sheets.

The CSD of the final structure, shown in Fig. §(a),
indicates that there is a low but finite probability of
inserting a nitrogen or an oxygen molecule into the
structure. The EVM generated by using a hard sphere
representation of oxygen molecule as probe (Fig. 8(c))
shows that there are regions within the structure where
an oxygen molecule can be accommodated. The EVM
generated by inserting a hard sphere representation for
a nitrogen molecule (diameter =3.70 A) shows that
nitrogen can be successfully inserted into the structure,
but such regions are smaller than those observed for a
hard sphere oxygen (diameter = 3.46 A). A helium atom
(diameter = 2.58 A), which the cavity size distribution
shows to have a much higher insertion probability than
oxygen and nitrogen, does in fact see a larger free vol-
ume inside the carbon structure as shown in Fig. 8(b).
Although an effective hard sphere representation of O,
and N, has been used to calculate the EVMs, the mole-
cules are anisometric and so, the actual insertion proba-
bilities may be higher. The O, molecule whose effective
hard sphere diameter is 3.46 A has a dimension of
3.03A along the direction normal to the O-O bond.

Fig. 9 shows a comparison between the experimental
TEM image [30] of an NPC prepared at 800 °C
(p=1.72 g/cm®) and the simulated TEM image of a
model carbon (simulation 1 in Table 2). Similar level
of organization of the carbon is observed in simulation
and experiment.

Simulations were carried out at several other condi-
tions of temperature, density, box size and starting

16

F o Experimental 1
— From Model

Pair distribution function, g(r)

0 1 2 3 4 5 6 7 8 9 10 11 12 13
(b) r(A)

Fig. 6. PDF for structures generated by simulation at a temperature of 800 °C and a density of 1.72 g/cm?> in a cubic simulation box of length 25.68 A
and having 1450 carbon atoms. (a) Change in the PDF as the structure evolves during the MC simulation (for comparison, the PDF of the final
structure has also been shown). Some PDFs have been shifted vertically for clarity (b) a comparison of the PDF of the final structure with that of an
experimental carbon (p = 1.72 g/em?, prepared at 800 °C by Petkov et al. [7]).
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Fig. 7. Change in anisotropy of the carbon structure (7 = 800 °C and p = 1.72 g/cm®) as it evolves during the MC simulation: (a) Starting polymer,
(b) after 100 MC cycles, (c) after 1000 MC cycles, (d) after 4000 MC cycles. The contour plots have been normalized by the maximum bond density in
the structure obtained at the end of the simulation. The scale bar in (d) is common to all the contour plots.

structure to study the effects that these parameters have
on the structure of the final carbon models obtained. To
understand the effect the starting structure has on the
carbons generated, two polymers (which will be referred
to as polymer A and B) with different polymer lattice
backbones (see Fig. 2(a)) were used as starting struc-
tures. These polymers were obtained by selecting two
independent structures along the Monte Carlo trajectory
of the algorithm used for polymer generation [31]. A
third structure composed of a random arrangement of
non-bonded carbon atoms was used as starting structure
for a separate simulation. Finally, a fourth simulation
was performed in which the random number generation
sequence for the MC moves was altered with polymer A
as the starting structure. All four of these simulations
were carried out at a temperature of 800 °C, density of
1.72 g/em® and a box size of 25.68 A. Fig. 5 shows the
variation of fractions of carbon atoms having 1, 2 and
3 carbon atom neighbors with the number of MC cycles
for three of the aforementioned simulations (simulations

1, 2 and 4 from Table 3; the results for simulation 3 are
not shown here for clarity). The trend of the variation as
well as the final values after 4000 MC cycles are very
similar for all the three cases; the results for the fourth
case (free carbon gas, simulation 3) were also found to
be similar. The fractions of 5-, 6- and 7-membered rings
in the final structure are comparable for the four cases as
can be seen from Table 3. These results indicate that the
starting structure as well as the random number genera-
tion sequence do not have an effect on the final
structure.

On the other hand, the CSDs for these four cases,
shown in Fig. 10(d), suggest that all these carbon struc-
tures have comparable insertion probabilities for he-
lium. However, the structure generated using polymer
B as the starting structure exhibits larger cavities than
observed in the other three. Consequently, the probabil-
ity for successfully inserting nitrogen and oxygen mole-
cules is highest for the carbon generated from polymer
B. The EVMs shown in Fig. 11 were generated using
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Fig. 8. CSD and EVMs for model structures generated by simulation at a temperature of 800 °C and a density of 1.72 g/cm® in a cubic simulation
box of length 25.68 A and having 1450 carbon atoms. (a) CSD of the final structure. The vertical lines show the effective hard sphere radius of a
helium atom (ry. = 1.29 A), a nitrogen molecule (ry, = 1.85 A) and an oxygen molecule (ro, = 1.73 A), (b) EVM for the final structure obtained by
inserting a hard sphere helium atom (rg. = 1.29 A) and (c) EVM by inserting a hard sphere oxygen molecule (ro, = 1.73 A).

(b)

Fig. 9. Comparison of the experimental TEM image of an NPC prepared at 800 °C (p = 1.72 g/cm®) with the simulated TEM image of a model
carbon (simulation 1 in Table 2). (a) Experimental TEM image [30], (b) magnified view of a portion of the experimental TEM image and (c) simulated

TEM image.

helium insertion into the final amorphous carbons ob-
tained for the four cases mentioned above. A helium
atom “‘sees’” large void spaces in all the structures and
the amount of free volume experienced by a helium
atom is quite similar for all four cases. Finally, the bond
anisotropy maps in Fig. 12 for the final structures ob-
tained in the above four cases show the presence of
anisotropy in all four structures. Although the phenom-
enon of preferential orientation of bonds in some spe-
cific directions is observed in all four cases, the

direction in which this bond alignment takes place is
very different. From the results presented above, it be-
comes evident that the starting structure does not have
a big effect on the model amorphous carbons obtained
in terms of the average structure and chemical composi-
tion, but the local orientation of bonds and structure of
the “pore” space available for oxygen/nitrogen adsorp-
tion and diffusion depend on the initial structure. Conse-
quently, we can conclude that the simulations are
generating robust, representative NPC structures, but
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Fig. 10. Effect of change in (a) temperature, (b) density, (c) box size, and (d) starting structure on the CSD of the final structure obtained.

that the simulation size is too small such that fluctua-
tions between systems are not negligible, as is often
the case with molecular simulations.

Simulations were performed at three different tem-
peratures (400 °C, 800 °C and 1200 °C) keeping the
other adjustable parameters constant (p = 1.72 g/cm®,
box size =25.68 A, starting structure: Polymer A).
The fractions of 5-, 6- and 7-membered rings are similar
as can be seen from Table 3 (simulations 1, 5 and 6).
The percentage of carbons bonded to three carbons in-
creases with simulation temperature from 67% at
400 °C to 74% at 1200 °C (and consequently the per-
centage of hydrogen atoms goes down from 25% at
400 °C to 21% at 1200 °C). The CSD does not show
any trend with simulation temperature as can be seen
from Fig. 10(a). The structure obtained at 800 °C has
the smallest cavities and the lowest insertion probabili-
ties for nitrogen and oxygen molecules and that ob-
tained at 1200 °C shows the presence of some very
large cavities (larger than 3.5 A in radius). From the re-
sults, it can be concluded that the average structure is
not affected by changes in simulation temperature at
constant density, but rather the chemical composition

tends toward pure carbon with increasing pyrolysis
temperature.

Simulations were also performed at three different
densities (1.38 g/em®, 1.72 g/cm® and 2.20 g/cm?) keep-
ing the other parameters constant (7'= 800 °C, box si-
ze =25.68 A, starting structure: Polymer A) to assess
the effect of system density on the NPC structure. The
fractions of 5-, 6- and 7-membered rings are similar
for p = 1.38 g/em® and p = 1.72 g/cm?, however the sim-
ulation at p = 2.20 g/cm® has a significantly higher frac-
tion of hexagonal rings as can be seen from Table 3
(simulations 1, 7 and 8). The percentage of carbon
atoms bonded to three carbon atoms goes down with
the density of the system from 73.48% at 1.38 g/cm’ to
70.67% at 2.20 g/cm® (and consequently the percentage
of hydrogen atoms goes up from 21.18% at 1.38 g/cm?
to 22.96% at 2.20 g/em®). A wide difference is seen in
the cavity size distribution of the final structures ob-
tained for these three cases (Fig. 10(b)). Not unexpect-
edly, the probability of hard sphere insertion as well as
the size of the cavities go up significantly as the density
goes down. The system with the lowest density has cav-
ities larger than 4 A in radius while the system with the
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Fig. 11. Effect of change in starting structure on the EVMs obtained by helium insertion: (a) Polymer A, (b) polymer B, (c) polymer A (different
sequence of random numbers) and (d) a (hypothetical) gas of free carbon atoms. Polymers A and B have the same number of carbon atoms but differ
in conformation. The simulations were carried out at a temperature of 800 °C and a density of 1.72 g/cm? in a cubic simulation box of length 25.68 A

and having 1450 carbon atoms.

largest density hardly has any cavities that can accom-
modate nitrogen.

Finally, the effect of simulation box size on the car-
bon structures was studied by using simulations with
sizes 25.68 A, 28.60 A and 30.80 A keeping the other
parameters constant (7= 800 °C, p = 1.72 g/cm’, start-
ing structure: Polymer A). The fractions of 5-, 6- and 7-
membered rings are quite similar for all the three cases
as can be seen in Table 3 (simulations 1, 9 and 10).
The fraction of carbon atoms bonded to three carbon
atoms in the final structure was also found to be similar
for all three box sizes. The CSD shown in Fig. 10(c) indi-
cates that the size of the cavities increases as the size of
the simulation box is changed from 25.68 A to 28.60 A
but does not change with further increase in the box size.

The results outlined in this section indicate that
although the methodology to generate amorphous car-
bon models creates structures that are chemically sound
and in good agreement with some experimental results,
there are some inherent limitations. An important result
is the presence of anisotropy in the model carbons.
Experimental evidence [11] suggests that non-graphitiz-
ing carbons are generally isotropic. The net bond orien-

tation observed in our models is a consequence of the
limited simulation size. No preference for this orienta-
tion is observed in independent simulations, suggesting
it is not an artifact of the algorithm. HRTEM images
[9,10] of amorphous carbons also show the presence of
onion-like regions having predominantly positive curva-
ture. The models presented in this work have similar
amounts of pentagonal and heptagonal rings (which
are responsible for the positive and negative curvatures
respectively) implying that the overall average curvature
is small. This is not surprising since the methodology
used involves single-atom bond rearrangements while
the mechanism of pyrolysis of polycyclic aromatic
hydrocarbons, for example, involves steps like ring con-
traction and hydrogen shift [37]. The complex and
poorly understood mechanism of PFA pyrolysis can
also be expected to involve some similar multiple
bond-breaking, bond-making steps.

These observations indicate several directions that
can be followed to improve the agreement between mod-
els and real carbons. Multiple atom moves can be in-
cluded in the algorithm to create more pentagonal
rings at the expense of hydrogen atoms. Incorporating
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Fig. 12. Anisotropy maps for model carbons generated from different starting structures (a) Polymer A, (b) polymer B, (c) polymer A (different
sequence of random numbers) and (d) free carbon atoms. Polymers A and B have the same number of carbon atoms but differ in conformation. The
simulations were carried out at a temperature of 800 °C and a density of 1.72 g/cm® in a cubic simulation box of length 25.68 A and having 1450

carbon atoms.

such moves will serve to increase the fraction of 5-mem-
bered rings relative to the 7-membered rings resulting in
more positive curvature in the structure. Removal of
hydrogen atoms will also serve to bring the fraction of
hydrogen atoms close to the experimentally observed
value of 6-12%. Moreover, the creation of net positive
curvature in the structure might reduce the observed
anisotropy in the carbon models.

5. Conclusions

The new algorithm presented here is able to generate
carbon structures that are amorphous, periodic and
have the correct chemistry and density of real amor-
phous carbons. Our results indicate that the size of cav-
ities in the final structure are most sensitive to the
system density while the fraction of hydrogen atoms
in the system is most sensitive to the simulation temper-
ature. As the carbon structures evolve during the simu-

lation, they become more ordered and develop
anisotropy. The starting structure used in the simula-
tions does not have a significant effect on any of the
important properties of the final carbons obtained.
The CSD of the carbons indicated that the most rele-
vant structures contain sites for molecular nitrogen
and oxygen adsorption. These model NPC structures
are currently being used to study sorption and molecu-
lar transport for understanding the remarkable gas sep-
aration selectivities of NPCs.
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