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Abstract 
This atomistic modeling study is companion to new experimental work on carbon vapor slow-cooled in (a) the laboratory 
and (b) the atmosphere of ancient carbon-synthesizing stars. It specifically follows up on TEM clues about the nucleation of 
unlayered graphene sheets in a solidifying carbon liquid, to show that 5 atom loops may help explain evidence for faceted 
pentacones in a slow-cooled melt. This is also first in a series of modeling studies that may open the door to laboratory stud-
ies of (i) condensation in cool-giant star atmospheres and (ii) liquid carbon at low pressures.
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Introduction

Circumstellar dust in the laboratory [1–4] is providing 
insight into materials physics and nuclear physics [5, 6], 
as well as the astrophysical processes by which such dust is 
made. Elemental carbon below 100 atmospheres on heating 
above 3900 K sublimates to vapor, so liquid carbon is sel-
dom considered to play a role at low pressures even though 
quenched carbon droplets have been reported in laboratory 
laser ablation studies [7, 8]. The high-density (KFC1) sub-
set of presolar micron-sized carbon spheres extracted from 
Murchison meteorite, with isotopic signatures of nucleosyn-
thesis in late stage red giant stars suggesting that they likely 
condensed in or just outside the hydrogen-rich photosphere 
at between  10−3 and  10−5 atmospheres pressure, have spheri-
cal cores that show diffraction rings from randomly oriented 
atom-thick graphene sheets. Their “graphene-core”/graph-
ite-rim structure likely formed around super-cooled carbon 

droplets (diameter in the 300–700 nm range) that nucleated 
graphene sheets on randomly oriented pentagonal loops (5 
loops) [9]. Laboratory synthesis of carbon particles in a 
turbo-pumped vacuum evaporating carbon oven also cre-
ates such core–rim (and core-only) particles, but graphene 
sheet coherence widths are much smaller (around 1 nm). The 
lab-grown cores have diameters in the 100–400 nm range 
[10, 11].

Selected area electron powder diffraction patterns of these 
cores show only (hk0) spacings with the high frequency tails 
expected for atom-thick sheets, and the strange absence of 
any graphite (002) “layering” lines [10], suggest that they 
contain unlayered graphene sheets with 4 nm coherence 
width [10]. This is reinforced in high-resolution transmis-
sion electron microscope (HRTEM) images [9] (cf. Fig. 1) 
by the presence of intersecting line segments pairs 2–5 nm in 
length with “redirection angles” between 39° and 65°, but no 
evidence of adjacent “parallel layer” sheets. These intersec-
tions suggest that some of the randomly oriented graphene 
sheets take the form of faceted pentacones, as though they 
were nucleated on pentagonal loops during solidification [9, 
10].

Additional recent results include the following observa-
tions: (i) analysis of electron diffraction patterns from the 
submicron cores of such particles [12] indicates a diffuse-
scattering carbon matrix of which, in the presolar case about 
40% is unlayered graphene sheets with a mass weighted 
average size of about 600 atoms, but so far in lab-grown 
cores is only about 12% graphene with a mass weighted 
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average size of say 60 atoms, and (ii) atomistic and thermo-
dynamic models of nucleation and growth suggest that labo-
ratory specimens solidified in the 3000 K range over mil-
lisecond times, while the presolar cores solidified at lower 
temperatures (closer to 2500 K) over longer (e.g., 10 s) times 
[13]. These times are still consistent with the near-atomic 
sharpness of observed the core/rim interfaces, and much 
shorter than the time for ejection by radiation pressure from 
a stellar atmosphere.

We show here that density functional theory (DFT) stud-
ies with “’Vienna ab initio simulation package”’ (VASP) 
suggest that 5 loops compete favorably with 6 loops (hexa-
gons) as nucleation seeds for the graphene sheets consistent 
with previous studies. These studies, still in their infancy, are 
opening the door to low pressure studies of liquid carbon, 
and to laboratory studies of carbon condensation in asymp-
totic giant branch star atmospheres.

Computational methods

Atom-position relaxations reported here use carbon in a 
1.8 g/cm3 supercell because experimental observations on 
sliced presolar cores (with graphite rims) appear to have 
densities on that order [14, 15]. The relaxations were per-
formed in a supercell using the Projector-Augmented-Wave 
(PAW) method [16] and generalized gradient approximation 
(GGA) for exchange correlation functional [17]. We assume 
low pressure and relax randomized positions of liquid-like 
13, 20, 30, 40, 60, and 100-carbon atom clusters in a super-
cell. This supercell relaxation was using the ISIF 2 tag in 

VASP in order to keep the periodic boundary conditions in 
a constant density 1.8 g/cm3 of carbon in a constant volume 
and did 20 relaxations for each size of atom sets to obtain the 
results. The analyzed atom lists follow VASP relaxation of 
initially random collections with interatom spacings greater 
that 1.9 Å. The volume and the shape of the cell remained 
as a constant before and after the relaxations and contain six 
subgroups of results according to the number of atoms in 
each set (and the supercell volume), are 13 atom sets (144.04 
Å3), 20 atom sets (221.55 Å3), 30 atom sets (332.41 Å3), 40 
atom sets (443.21 Å3), 60 atom sets (664.81 Å3), 100 atom 
sets (1108.02 Å3).

Another calculation we conducted was ‘re-relaxing’ the 
atom sets which are previously relaxed using the Long-
range Carbon Bond Order Potential (LCBOP) model [18]. 
To employ the LCBOP model, we used the Large-scale 
Atomic/Molecular Massively Parallel Simulator (LAMMPS) 
molecular dynamics program from Sandia National Labs. 
In this calculation we compare the loops counts, total ener-
gies, coordination numbers etc. to see if lower-energy local 
minima might be obtained thereby. LCBOP and other poten-
tials are also being used to model later stage nucleation and 
growth of graphene sheets from the liquid melt, but these 
topics are not the primary goal of this paper. However, 
detailed re-relaxation results can be found in the Supple-
mentary Material: Sect. 2.

Fig. 1  HRTEM negative of disordered carbon “speckle” and edge-on 
graphene sheets, in a microtomed (sliced) presolar core, with likely 
intersecting graphene sheets marked. Adapted with permission from 
[9]

Fig. 2  Covalent bond visualization where 1.7 Å as the covalent bond 
length cut-off (13 atom set)



205DFT study of “unlayered graphene solid” formation, in liquid carbon droplets at low pressures  

1 3

Results

Figure 2 illustrates one way to visualize interatom covalent 
connections (here associated with the distinct class of inter-
atom distances smaller than 1.7 Å) using a 13 atom set for 
clarity. Bonds that cross supercell boundaries are shown 
only once, and the atoms outside the central volume are 
un-numbered.

Figure 3 provides a complete analysis report from 100 
atom sets that includes the total loop count table (Fig. 3a), 
the composite interatom spacing histogram (Fig. 3b) and the 
composite coordination number plot (Fig. 3c). Figure 3a lists 
the number of loops found for each type [n = 3 (triangles) to 
7 (heptagons)]. Although graph theory can easily identify 
all n-atom loops, e.g., with bond length shorter than say 
1.7 Å, a subset of these are “spanning loops”, i.e., which 
return not to the starting atom but to a periodic instance of 
that starting atom. Topological loops also include “super 
loops”, for instance the hexagon associated with a pentagon 
and triangle sharing a common side. Primitive loops are the 
ones which cannot break further into smaller loops. In our 
loop analyses, we count only non-spanning primitive loops 
using standard algorithms [19]. Figure 3b shows the histo-
gram of distances between each atom and Fig. 3c lists the 
total number of atoms that contain specific coordination. 
Figures 3b, c track list identities using different colors for 
each. In Fig. 3c, in each bar, the total number of atoms is 
marked for each coordination. For example, 566 atoms have 
2-fold (sp) coordination in this list.

Interatom distance histograms (available in Supplemen-
tary Material Sect. 1) exhibited an interatom distance abun-
dance gap between 1.7 and 2 Å, so that (in agreement with 
the literature) we categorize pair interactions for spacings 
less than 1.7 Å as “covalent”, but those higher than 2 Å are 
listed as “non-covalent” interactions.

Table 1 lists coordination numbers, and Fig. 4 is coor-
dination number percentages, for all relaxation reports. 
Most atoms have covalent coordination number 3 or 2 at 
this density.

Fig. 3  Complete analysis report for 100 atom sets. (a) Total loop count, (b) composite interatom spacing histogram and (c) composite coordina-
tion number plot

Table 1  Total coordination numbers for all relaxations

Coordination number 0 1 = sp0 2 = sp1 3 = sp2 4 = sp3

13 Atom sets 0 0 100 154 3
20 Atom sets 0 1 91 289 19
30 Atom sets 0 5 168 397 30
40 Atom sets 1 1 225 535 38
60 Atom sets 0 1 314 841 44
100 Atom sets 0 5 566 1327 101

Fig. 4  Fraction of coordination numbers per atom as a percentage (%) 
vs. coordination number
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Table 2 lists loop counts, and Fig. 5 loops per atom, for 
loops with 3 to 7 atoms. DFT relaxation predict abundant 3 
loops, consistent with earlier cited reports [20]. Three and 
four atom loops are not experimentally abundant in graphene 
sheet structures [12, 21, 22]. At this density, 5 loops (com-
mon experimentally, e.g., in fullerenes) are generally more 
abundant than 6 atom loops. Loops with 7 or more atoms are 
also abundant in simulations [20], and 7 loops (combined 
with a 5-loop) are even used to change the diameter of car-
bon nanotubes. However, the saddle-like bend that a 7-loop 
introduces in a graphene sheet, unlike the conical-bend of a 
5-loop, are not consistent with our observation of edge-on 
sheet intersection angles in the presolar cores. 

Discussion

The interatom distance abundance gap between 1.7 and 2 
Å, helps to justify the practice (common in the literature) of 
identifying atom-pair separations less than 1.7 Å as “cova-
lent bonds”. Interatom distances higher than 2 Å are by 
default then associated with non-covalent (with coordination 
numbers up to 12) expected in a quenched liquid.

Most list atoms after “0 K” relaxation had covalent coor-
dination 2 or 3. This agrees with previous studies as our 
density is considered ‘intermediate” and expected to show 
a mixture of 2 and 3- with 4-fold coordination under 5% 
[20, 23–26].

We also compare absolute number of 5- and 6 loops per 
carbon atom, with experimental data on the number of gra-
phene sheets per carbon atom present in the cores of graph-
ite-rimmed carbon spheres condensed in the atmosphere of 
red giant stars, and in core-only carbon spheres condense in 
our laboratory. The latter data come from powder diffraction 
measurements of graphene sheet coherence widths (sizes) 
and the fraction of carbon atoms “crystallized” into gra-
phene sheets [12]. If such loops seeded the nucleation and 
growth of those graphene sheets, the comparison provides 
us with estimates of the survival fraction of such loops dur-
ing the subsequent crystallization process in both environ-
ments. That, powder diffraction data suggests that presolar 
specimens are 40% (by mass) graphene sheets typically 600 
atoms in size (i.e., from a 40 Å coherence width), while 
lab-grown specimens are 12% graphene sheets typically 60 
atoms in size (i.e., from a 12.6 Å coherence width), with the 
remainder of the carbon atoms disordered. Given 9 × 1022 
carbon atom/cm3 in carbon of 1.8 g/cm3 density, this sug-
gests 6 × 1019 sheets/cm3 in the presolar specimens, and 
1.8 × 1020 smaller sheets/cm3 in the lab-grown specimens.

If each of these sheets was nucleated on a single 6-loop, 
then we require this many 6 loops/cm3 to have survived 
growth to 600 atom size. Since 5 loops each nucleate as 
many as 5 such sheets, only one fifth as many “fully grown” 
5 loops would be needed to seed the same number for flat 
sheets. The implications of these model results, consider-
ing the final sheet size and fraction-crystalline observations 
reported here [12], are summarized in Table 3.

Table 2  Total loop counts for all relaxations

Loop type 3-Loop 4-Loop 5-Loop 6-Loop 7-Loop

13 Atom sets 11 6 12 6 6
20 Atom sets 23 10 26 14 18
30 Atom sets 25 18 27 15 20
40 Atom sets 47 27 27 22 33
60 Atom sets 45 39 50 39 56
100 Atom sets 100 50 92 48 89

Fig. 5  Fraction of loops (per atom) as a percentage (%) vs. loop type

Table 3  Fraction-crystalline observations

Seed type Loops in a VASP 
ab initio local minimum

Sheets seeded 
per loop

Lab condensed abun-
dance of grown seeds

% Growing to 60 
atoms in the lab

Presolar abundance 
of grown seeds

% Growing 
to 600 atoms 
presolar

6 Loops 2.6 × 1021/cm3 1 1.8 × 1020/cm3 6.9 6.0 × 1019/cm3 2.3
5 Loops 5.0 × 1021/cm3 5 3.6 × 1019/cm3 0.72 1.2 × 1019/cm3 0.24
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This suggests that only about a 10th as many “success-
ful” 5 loops seeds is needed (in both types of specimen) to 
overtake the contribution from “successful” 6-loop seeds. It 
also suggests that a useful nucleation and growth model for 
unlayered graphene in a cooling carbon melt should predict 
that only a third as many sheets will survive in the slower 
growth to 600 atoms, than in the few millisecond growths 
to 60 atoms in our laboratory. In context of such a model, 
we might be able to learn something about (i) the cooling 
rate of carbon droplets condensed around red giant stars, and 
well as (ii) the conditions needed to synthesize comparable 
material (with its promising diffusion barrier properties) in 
the laboratory.

Figure 6 shows 5-/6-loop ratio against the total number of 
atoms ‘n’ in the simulation cell. It compares the data with a 
constant model, plus two ad hoc-models in which 5/6 ratio 
decreases with n, to see if our high 5/6 ratio is an artifact of 
the small number of atoms in our sets.

The two-parameter model signifies that the loop ratio is 
a linear function of the ratio between the number of ways to 
create 5- and 6-loop in a set of n atoms, while the 3-param-
eter model assumes a quadratic dependence instead. Statis-
tical uncertainties are smaller for larger n-sets, and model 
selection measures ‘Akaike/Bayesian (AIC/BIC). Informa-
tion Criteria of 7.77/7.35 (constant model), compared to 
8.93/8.31 (2-parameter), and 11.4/10.6 (3-parameter) in 
weighted fits argue against a significant decrease in 5/6 ratio 
with increasing number of atoms in the set.

Conclusion

Presolar and lab-grown specimens contain interesting 
spheres made of unlayered graphene in a solid matrix, 
which may open the door to low pressure studies of liquid 
carbon. DFT-VASP supercell relaxation of random carbon 
atom clusters in the observed density range agree with exist-
ing literature and suggest that 5-/6-loop abundance ratios 
around one are not an artifact of the number of atoms in the 
simulation. The number of loops seen in our simulations, 
per carbon atom, is also greater than the number of sheets 
per carbon atom inferred from diffraction observations on 
both presolar and lab-grown cores [10, 12]. Therefore, the 
nucleation of graphene sheets on pentagonal loops might 
help explain the intersecting line segments seen in HRTEM 
images of presolar cores [9].

Separate molecular dynamics and nucleation growth 
modeling is still needed to see if indeed the 5 loops compete 
effectively with 6 loops in nucleating the larger observed 
structures. Separately, studies of the diffusion barrier prop-
erties of randomly oriented sheets in a disordered matrix, 
oven design to provide greater control of cooling rate, and 
supercooling thresholds for containerless carbon liquid, may 
help with materials science and astrophysical applications.
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