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A B S T R A C T

Recently, a process has been proposed for generating negatively-curved carbon schwarzites via zeolite-
templating (Braun et al., 2018). However, the proposed process leads to atomistic models which are not very
symmetric and often rather defective. In the present work, an improved generation approach is developed, by
imposing symmetry constraints, which systematically leads to defect-free, hence more stable, schwarzites. The
stability of the newly predicted symmetric schwarzites is also compared to that of other carbon nanostructures
(in particular carbon nanotubes — CNTs), which could also be accommodated within the same templates. Our
results suggest that only a few of these (such as FAU, SBT and SBS) can fit schwarzites more stable than CNTs.
Our predictions could help experimentalists in the crucial choice of the template for the challenging synthesis
of schwarzites. Furthermore, being highly symmetric and stable phases, the models could also be synthesized
by means of other experimental procedures.
1. Introduction

The discovery of fullerenes, carbon nanotubes and graphene [1–4]
sparked an increasing interest in sp2-like carbon nanostructures due
to their peculiar functional and structural properties [5]. The most
astonishing example is the linear dispersion of the electronic bands of
graphene near the Fermi level that gives rise to outstanding structural
(flexibility), electrical, and optical properties. All these nanostructures
are only composed of carbon atoms with three nearest-neighbors, but
differ by their dimensionality and the Gaussian curvature [6] of the
surface generated in the 3D space. Indeed, graphene is 2D with a
null Gaussian curvature due to the perfectly planar sp2 hybridization.
Uncapped nanotubes are 1D with a null Gaussian curvature too, but the
principal curvature perpendicular to the cylindrical axis is positive as a
result of bond angle deviations from 120◦ (inducing out-of-plane bend-
ing). At last, fullerenes are 0D and exhibit a positive Gaussian curvature
everywhere, which is the result of the introduction of 12 five-membered
rings (pentagons) besides the six-membered rings (hexagons) typically
present in flat surfaces. In order to obtain 3D sp2-like carbon nanos-
tructures, a negative curvature is required (i.e., saddle points). This can
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be achieved by introducing seven- (heptagons) or eight-membered (oc-
tagons) rings beside the hexagonal network. Such 3D negatively-curved
sp2-carbon nanostructures are called schwarzites [7–9].

A few decades ago, theoretical calculations predicted the stability of
several schwarzites with respect to other carbon forms (such as C60).
They have thus attracted considerable attention due to their appealing
predicted electronic [10–12], magnetic [13] and mechanical [14,15]
properties, and for their potential applications in batteries [16], gas
absorption and storage [17,18] or thermoelectricity [19], just to cite
a few. More recently, inspired by the templated carbonization method
widely used experimentally to synthesize atomically-controlled nanos-
tructures [20–23], a much wider range of atomistic models were
proposed adopting different zeolites as templates [24,25]. Indeed,
these SiO2-based porous crystalline materials exhibit complex crystallo-
graphic structures that embed molecule-sized pores [26], which make
them suitable to play the key role of templates for the synthesis of
potential schwarzites. For instance, Fe-modified FAU and BEA were
very recently used for the growth of zeolite-templated carbons from
methane decomposition resulting in high-quality compounds with low
hydrogen concentration [27]. It is interesting to note that the smallest-
radius CNT was also obtained from a zeolite template [28]. In a review
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on zeolite-templated carbon schwarzite models, Taylor et al. [29]
argued that the models proposed by Braun et al. [24] do not correspond
to zeolite-templated schwarzites obtained so far in experiments, both
on the structure (the surface area is smaller than the observed one)
and on chemical composition (the models by Braun and collaborators
are purely composed of carbon atoms, while the experimental ones
have high concentrations in hydrogen and oxygen). In that review,
Taylor et al. claimed that these models are important solely as idealized
hypothetical schwarzites that may be eventually synthesized. With this
in mind, the goal of the present research is to produce models which are
more symmetric and hence more stable than those already presented in
the literature. That does not necessarily imply that it will be possible to
produce the predicted schwarzites starting from the associated zeolite
templates. In fact, the templates can also be seen as references for
generating new models and, later on, different methodologies might
be adopted at the production stage [30–32]. In particular, it has been
demonstrated that bottom-up approaches may be viable solutions [31,
32]. Note that, in such a case, a target structure is needed. The stable
and highly symmetric schwarzite models proposed in this work could
definitely serve this purpose. Another viable solution for synthesizing
some of these models might be to perform post-annealing or other ther-
mal treatment starting from zeolite-templated carbon nanostructures
such as those obtained by Nishihara and collaborators [20]. Indeed,
being synthesized from the right zeolite, such samples would already
have the right initial shape and could thus be converted into the models
proposed in this work. Finally, the algorithm proposed here can be used
to generate schwarzites starting from other porous materials, different
from zeolite, and to compute schwarzites based on other elements
rather than carbon. For instance, germanium-based schwarzites have
attracted interest recently [33]. The zeolites considered as templates in
this work originate from the ‘‘IZA Database for Zeolite Structures’’ [34].
Even though the latter includes over 250 structures, only 60 are
investigated here, namely, those also selected by Braun et al. [24]
via a topological analysis. Those were chosen for the size of their
pores and hence the possibility to form 3D nanostructures. Finally, a
complete analysis with other possible carbon nanostructures, especially
carbon nanotubes (CNTs), is performed. Indeed, carbon nanotubes may
also fit into a zeolite template and could have a lower energy than
any schwarzitic counterpart. Only after these considerations, it will be
possible to state which is the most stable structure for each template.

2. Materials & methods

2.1. Random symmetric-structure generation

The two proposed approaches to produce carbon-based schwarzites
rely on random structure generation combined with the systematic
use of structural symmetries. Indeed, random search is quite effective
when little is known about the system [35,36] and taking into account
structural symmetry usually improves the stability of the generated
structures [37]. In fact, statistical studies show that more than 2/3 of
all inorganic crystal structures can be gathered into 24 space groups
(i.e., about 10%) out of the 230 existing ones [38]. The other advantage
of working with symmetries is that a small set of symmetrically-
inequivalent coordinates are sufficient to describe a structure. This is
particularly convenient for our study given that the zeolite templates
have large conventional cells and that the resulting schwarzites will
typically include hundreds of atoms. The advantage is, however, ex-
pected to strongly depend on the degree of symmetry of the structure
since only symmetrically-inequivalent positions matter. On the one
hand, in systems with lots of symmetry operations, the unit cell is
quickly filled by a few atoms. On the other hand, in systems with
few symmetry operations, many new atoms are required to fill the
unit cell, and therefore many random attempts are needed. Imposing
a high degree of symmetry reduces the number of structures that can
be explored and, therefore, limits the possibility of obtaining interesting
2

results. However, working in a smaller space makes the search for the
most stable structure in the subset much easier. And, if no stable model
is found with the space group selected initially, it is always possible to
reduce the number of symmetry operations and explore a larger space.
Here, the generated schwarzites are first forced to have the same space
group as the template but, when needed, this constraint is relaxed con-
sidering the compatible subgroups. We computed the zeolite-templated
schwarzite models with an in-house developed Python code [39]. To
define the space group, a certain tolerance on the atomic positions
must be allowed. The space groups that are mentioned in this work
are computed considering a tolerance of 0.01 in the unit length. To
prevent strong interaction between the template and the schwarzite a
1.6-Å vacuum will be imposed. This choice is based on the crystal ionic
radius for oxygen (1.26 Å), silicon (0.54 Å) and carbon (0.3 Å) [40].

The first algorithm adds carbon atoms randomly one by one, but
with various geometrical constraints. Firstly, the new atom must be
at an appropriate distance from the template and the existing atoms.
The symmetry operations belonging to the target space group are then
applied and replicas are checked to ensure they are not too close to
the template. In case several atoms are too close to one another, their
positions are averaged. Lastly, if all the above constraints are fulfilled,
the structure is relaxed keeping the symmetry fixed and the algorithm
repeats adding a new atom. Otherwise, the structure is discarded,
and the algorithm starts from scratch. Improvements to the algorithm
involve selecting the position of the added atom based on certain
criteria. For instance, it can be placed only close to atoms with less
than three nearest neighbors, or it can be placed in a region close
to two under-coordinated atoms trying to connect them. The second
method employed is a genetic algorithm (GA) which is an optimization
algorithm based on the concept of the survival of the fittest. The GA
starts with a random population and the best individuals are mod-
ified while preserving the desired traits, only the fittest candidates
are kept [41–43]. The initial population is a random selection of the
best structures generated with the previous algorithm. Subsequently, a
structure is chosen and its atoms are modified accordingly to the above-
mentioned constraints. Modifications can include moving or removing
an atom, merging two atoms, or adding a new atom. Alternatively, the
atomic positions of two candidates may be mixed. When selecting the
candidates from the population, a fitness function is used to bias toward
the most stable structures [44]. After each operation, a relaxation is
performed to ensure stability. The space group is carefully preserved
and the new candidate is kept only whether its atoms do not get too
close to the template. Both algorithms use the AIREBO [45] potential
for relaxation. However, in the calculation of the fitness function, the
AIREBO potential is replaced with a more reliable potential for carbon,
the Gaussian approximation potential (GAP) [46] (more details are
provided later in the text). The order in which the two algorithms are
used depends on the features of the template, and there is no defined
recipe. As a last step, a full DFT relaxation using Vienna Ab Initio
Simulation Package (VASP) [47–50] is performed on the best structures
for each template. The 𝑘-grid is chosen such that it ensured a 𝑘-point
ensity of 1000 points/Å in the reciprocal space, a cut-off energy of
00 eV and the computation of van der Waals correction through DFT-
3 method [51] with Becke-Johnson damping. The computations are
utomatized with atomate2 [52,53] and FireWorks [54]. The choice
f a large cut-off is made to prevent numerical instabilities while
elaxing the cell volume. The convergence of the self-consistent loop
s reached when the difference in energy is smaller than 10−7 eV,

while for the ionic relaxation loop the tolerance on energy is 0.001 eV.
During this relaxation, all the constraints on symmetry and the template
are removed. Since the proposed algorithm relies on symmetries, and
symmetries are not compatible with defects, it is difficult to compare
the generated models with experiments. To better match the exper-
imental conditions, the algorithm could be extended to incorporate
defects, or hydrogen and oxygen atoms. A possible solution would be

to modify the genetic algorithm to reduce the symmetry and simulate
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a defect by removing a C atom or substituting it with H or O atoms.
However, this approach would introduce several complications. Firstly,
it would require finding a new fitness function that goes beyond energy
per atom, and that would be more fit for heterogeneous structures.
Moreover, to introduce defects without an excessive density in the
crystal, large supercells would be needed to treat the schwarzite mod-
els. Since the schwarzite unit cells already contain hundreds of atoms,
the computational costs would escalate significantly. Finally, a new
potential that is suited to describe the C–H–O interactions would need
to be developed. However, this goes beyond the scope of the present
work.

2.2. Carbon nanotube accommodation

As mentioned above, the possible formation of carbon nanotubes is
also envisaged for each zeolite template. To this end, we first determine
whether one given template exhibits channels going through the whole
system (beyond the unit cell) and, if so, the radius of the largest channel
𝑅ch. Considering that the smallest synthesized CNT has a radius of
2 Å [55,56] (e.g., the tubes with indices (3,3), (5,0) and (4,2)) and
adding 1.6 Å of vacuum, we assume that a template can accommodate
a CNT when 𝑅ch is at least 3.6 Å. Given that the stability of the CNTs
increases with their radius, the radius of the CNT that is most likely to
form in the template zeolite is taken to be 𝑅CNT = 𝑅ch−1.6 Å. This CNT
an be used as a reference for assessing the thermodynamic stability
f the most stable schwarzite model for the considered template. The
anotube energies are calculated by relaxing six CNTs with different
adii and then fitting the energy curve with a function of the form
(𝑟) = 𝑎 + 𝑏∕𝑟2, where 𝑟 is the CNT radius and 𝑎 and 𝑏 are the fitting
arameters (cfr. Fig. B.4 in Appendix B). After determining the largest
hannel radius for each template, the value of the corresponding energy
s extracted from this fit. When it is not possible to accommodate a tube
n the template, the buckyball C60 is chosen as a reference. If either
he CNT or the C60 is more stable than the schwarzite model, the latter
s very unlikely to form, when kinetic arguments are not taken into
ccount.

.3. Template geometry

To characterize the geometry of the templates, the largest free
phere diameter (D𝑓 ) and the largest included sphere diameter (D𝑖)
ave been calculated. These are defined as the maximum diameter of a
pherical probe that can diffuse through the template and the diameter
f the largest spherical void in the porous material, respectively [57].
hese quantities have been calculated using the open-source software
eo++ [57]. For the computation of D𝑖 and D𝑓 , the atomic radii

for both oxygen and silicon have been set to 1.35 Å in order to
be consistent with the work by Braun et al. [24] and with the IZA
database [34].

2.4. Used potentials

Adaptive Intermolecular Reactive Empirical Bond-Order (AIREBO)
[45], a force-field potential for carbon, was used to perform relaxations.
This choice of this potential was made because calculating energies at
each step with DFT would have been computationally expensive, and
AIREBO is one of the most accurate among standard potentials [58].
However, some drawbacks were observed while using this potential.
When ordering a set of structures from lowest to highest energy,
the AIREBO potential misrepresented the order obtained with a DFT
calculation (cfr. Fig. A.3 of Appendix A). Therefore, another potential,
a machine-learning potential for carbon constructed using the Gaussian
approximation potential (GAP) methodology [46], was adopted. This
proved to be more reliable in reproducing the DFT order better than
AIREBO (see Fig. A.3 in Appendix A). The GAP potential has been
used in the genetic algorithm to evaluate the fitness function and to
3

c

calculate energies in Fig. A.2 in Appendix A. It is, however, important
to mention that AIREBO potential is still about 30 times faster than GAP
and therefore it is not feasible to use the latter potential to relax the
large amount of structures needed to be generated with this method in
order to find the best ones.

3. Results & discussion

In this section, the best-generated models are discussed. The ther-
modynamic stability of the generated schwarzite models is evaluated
by comparison with the buckyball C60 and the largest CNT that can be
accommodated in the template. We thus compute the energy difference
per atom between the schwarzite and C60 (𝛥𝐸′):

𝛥𝐸′ =
𝐸(schwarzite)
𝑁at (schwarzite)

−
𝐸(C60)
𝑁at (C60)

(1)

and, whenever possible, between the schwarzite and the CNT (𝛥𝐸):

𝛥𝐸 =
𝐸(schwarzite)
𝑁at (schwarzite)

−
𝐸(CNT)
𝑁at (CNT)

(2)

where 𝐸 and 𝑁at are the energy and the number of atoms of the
structures indicated between parentheses.

Any schwarzite model with 𝛥𝐸′ < 0 could potentially be synthesized
given that its energy per atom is smaller than the one of C60 which has
already been synthesized. However, in the zeolite template that can
accommodate a CNT, the stability with respect to CNT should also be
considered and only those structures with 𝛥𝐸 < 0 are likely to form.

The results for all the models can be found in Table A.1 in Ap-
pendix A, and the files containing the atomic coordinates of the gener-
ated models are available on the Materials Cloud Archive [59]. Fig. 1
shows the values for the best candidates. In panel (a), 𝛥𝐸 is plotted
s a function of the largest channel radius in the template 𝑅ch. Given
hat the amount of vacuum 1.6 Å required to accommodate a CNT in a
hannel is somewhat debatable, the green area represents the energies
f all the CNTs with a radius within 𝑅CNT ± 0.1 Å. The difference
etween the energy per atom, between the C60 and the CNT, as a
unction of the radius:
𝐸(C60)
𝑁at (C60)

−
𝐸(CNT)
𝑁at (CNT)

(3)

is depicted with a dashed black line. In panel (b), 𝛥𝐸′ is plotted for the
templates in which a tube cannot be incorporated.

Consistently with the work by Braun et al. [24], the generated struc-
tures including disconnected parts or displaying connections formed
by one-atom chains (sp-hybridization) or two-dimensional nano-sheets
(nanoribbons) are considered to be defective. Five of the structures re-
ported in Fig. 1 fall in this category as well as the majority of the models
computed from the studied templates which are not reported in this
work. While defective schwarzites and models based on hypothetical
templates might also show interesting properties, the primary attention
is given to defect-free schwarzites calculated from templates that are
confirmed experimentally. On the one hand, for some of the templates
which cannot accommodate a CNT (Fig. 1.b) a few schwarzite models
which are relatively stable can be generated. As a matter of fact,
LTA and RHO are more stable than the C60 molecule, making these
templates suitable to host stable schwarzites. Nonetheless, they have
larger energies if compared to the models where a nanotube can fit
(cfr. Table A.1 in Appendix A). In panel (b), only LTA, RHO, and BSV
exhibit a space group larger than 200. The method proposed relies
on symmetries and higher space group structures are expected to be
more stable. However, while this is true for RHO and LTA, it is not the
case for BSV due to its geometrical characteristics. It is possible to see
how D𝑓 and D𝑖 for BSV are particularly small. As a result, the narrow
onnections in BSV increase the energy of the structure. This highlights
he importance of having a high space group together with a favorable
eometry in order to achieve stability. Braun et al. [24] decided to cal-
ulate schwarzite models starting from templates that have a minimum
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Fig. 1. Best schwarzite candidates: (a) Energy per atom of the different schwarzites for the zeolite templates that can accommodate a CNT. The energy 𝛥𝐸 is reported as a function
of 𝑅ch (the radius of the largest channel in the zeolite) with respect to the energy of the largest CNT that can be accommodated in the template (i.e., such that the radius of the
channel allows for exactly 1.6 Å of vacuum), as defined in Eq. (2). The green area represents the energies per atom of the CNTs with radii that could be up to 0.1 Å smaller
or larger. The dashed black line is the energy difference per atom between the C60 and the CNTs of varying radius as given by Eq. (3). (b) Energy per atom of the different
schwarzites for the zeolite templates that cannot accommodate a CNT. The energy 𝛥𝐸′ is reported with respect to that of C60, as defined in Eq. (1). In both panels, the color of the
circles represents the largest free sphere diameter. All the structures reported in the figure are defect-free schwarzites, except for ERI, ITR, h8326849, h8326896, and h8327291.
Panels a and b can be also viewed interactively here [60] through the chemiscope visualization tool [61]. The models for the three schwarzites that are more stable than the CNT
and are computed starting from experimentally confirmed zeolites are also shown: (c) SBT, (d) faujasite (FAU) and (e) SBS. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
D𝑓 of 5.0 Å, thus limiting the number of possible schwarzite candidates.
On the contrary, stable and defect-free schwarzites are investigated in
this work regardless of the D𝑓 , allowing for the prediction of stable
models for narrower templates as well.

On the other hand, only a few structures are more stable than
CNT, if one can be accommodated (cfr. Fig. 1a). Specifically, SBT,
FAU, SBS (cfr. Fig. 1.c,d,e), h8326896, and 221_2_6 have a lower
energy. Although the latter two structures originate from hypothetical
zeolites and may be less interesting, SBT and SBS offer new models
for schwarzites. Moreover, while it was already known that Faujasite
could potentially host a stable schwarzite, the model computed in this
4

study is more symmetric (with a higher space group) and thus is more
stable than those previously reported in the literature. Regarding the
other templates, the most stable structure will be a tube, if it can be
placed in the zeolite. Moreover, for 𝑅ch > 4.6 Å, the CNT energy is
significantly smaller than the best schwarzite. Therefore, schwarzites
can only compete with nanotubes when the tube diameter is not too
large.

In Fig. 1, the largest free sphere diameter (D𝑓 ) is represented with
a colormap. The templates with the largest D𝑓 , the lighter ones, as al-
ready studied by Braun et al. [24], generally accommodate schwarzites
with the lowest energies. This is because carbon atoms have more

https://schwarzites.modl-uclouvain.org/
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Table 1
Energy per atom, radius of the largest CNT, largest free sphere diameter (Df) and space
roup of the best schwarzites model.
Name Energy

per atom
[eV]

Radius
CNT [Å]

Df [Å] Space group

SBT −9.075 2.72 5.65 166 (R3̄m)
FAU −9.073 2.74 7.29 227 (Fd3̄m)
SBS −9.047 2.67 5.65 163 (P3̄1c)
IRY −9.104 4.06 8.61 194 (P63/mmc)
RWY1 −9.062 2.87 6.23 221 (Pm3̄m)

space to be accommodated and the connections in the necks of the
zeolites can be formed by larger tubes, which are more stable (cfr.
Fig. A.1 in Appendix A). Moreover, this work increases the number
of templates that can host a defect-free schwarzite with respect to
literature works (bringing it to 30). As a matter of fact, all structures
presented in Figs. 1.a,b are defect-free, with the only exception of
ERI, ITR, h8326849, h8326896 and h8327291. These structures are
mentioned because of their interesting energy: h8326896 is even more
stable than the CNT. By examining the models presented in Fig. 1.c,d,e
and Table 1, it can be noted that the most stable structures possess
high symmetry and are free from defects. As already mentioned, our
method is efficient for systems with a high space group. In Fig. A.2
in Appendix A, the difference in energy per atom between the models
from the work of Braun et al. [24], Wu et al. [25] and this one is
plotted as a function of the space group number, while the difference
in energy per atom between the structure from the literature and the
diamond are plotted as a colormap. Note that, here, the energies are
calculated with the GAP potential [46]. Focusing only on the defect-
free and highly-symmetric models computed in this work, the stability
of our structures is improved by ∼0.12 eV/atom compared to previous

orks [24,25]. On the one hand, it can be observed that the proposed
ethod improves the models present in literature if it is able to find
defect-free structure, especially those with high symmetry (the most

ettered structure -BSV- is also the one with the largest space group).
n the other hand, the procedure is particularly ineffective for tem-
lates with a very low space group. It is worth noting that the models
hat could not be improved in this research have relatively high energy
er atom to begin with. This suggests that the difficulty in finding a
table model may come from constraints of the templates, rather than
rom a fault in the method.

. Conclusion

This work focuses on the computation of symmetrical and defect-
ree schwarzite models using zeolites as a starting template. Carbon
toms are gradually added to the unit cell while fulfilling various geo-
etrical constraints. Once an atom is added, the symmetry operations

rom the target space group are applied and the model is relaxed.
his process is repeated for each subsequent atom. Additionally, a
enetic algorithm is used to modify the structures of the best models
elected from the above process, which further enhances the stability
f the candidates. Moreover, the study involves analyzing the geometry
f the templates to determine if they can accommodate a carbon
anotube. If a CNT can fit in the template, the energies of the most
table schwarzite and nanotube are compared to identify the best-fitting
anocarbon. This step is particularly significant, as in most cases, the
NT is found to be the most stable nanostructure. Including symmetries

n the computation of schwarzites is crucial for enhancing the stability
f the models and identifying a broader range of suitable templates. For
his reason, the method has proven to be successful for structures with
high space group and vice versa. However, upon examining all the

emplates presented in Fig. 1.a and b, it becomes evident that for the
ajority of them, the CNT remains the most stable structure. It is thus
5

mportant to include the other carbon nanostructures in the calculations
to determine the most stable carbon allotrope. The fact that nanotubes
are more energetically favorable than schwarzites for a large portion
of templates represents a significant challenge to synthesizing these
new materials. Nonetheless, there are three models, namely SBS, SBT,
and FAU, that are more stable than the nanotube and are generated
starting from experimentally-confirmed zeolites. These models are the
most promising candidates for further research, with SBS and SBT
being newly proposed models in this study. Last but not least, from
a theoretical point of view, our work has considerably enlarged the
number of known symmetric schwarzites. Indeed, we have proposed 30
new highly-symmetric structures to add to the two (D and P models)
theorized previously [7–9].
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Appendix A

See Figs. A.1–A.3 and Table A.1

Appendix B. Carbon nanotube fitting energy

The energies for the carbon nanotubes have been calculated by
relaxing six nanotubes, the (3,3), (4,4), (5,5), (6,6), (7,7) and (8,8) and
then interpolating their energy per atom with the function

𝐸(𝑟; 𝑎, 𝑏) = 𝑎 + 𝑏
𝑟2

(4)

where 𝑟 is the CNT radius while 𝑎 and 𝑏 are the fitting parameters.
The six tubes have been chosen because of their different radii. The
relaxations have been performed with VASP, using the same parameters
as those introduced in the main text for the relaxation of schwarzites. In
Fig. B.4, the explicitly calculated points are shown as well as the fitting
line. The obtained parameters for 𝑎 and 𝑏 are −9.325 eV and 2.026 eV
⋅ Å2, respectively. This fit has been validated by calculating the energy
per atom of a tube with a radius of 3 Å and comparing the DFT energy
with the one predicted by the fit, the difference between the two was
about 10 meV and the point is represented in red in Fig. B.4.
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Fig. A.1. Geometry of the templates: (a) Difference in the energy per atom between each schwarzite model and diamond as a function of the largest free sphere diameter. (b)
Largest included sphere diameter as a function of the largest free sphere diameter for each template; the energy per atom is depicted with the colormap.

Fig. A.2. Comparison with the literature: For each template the difference in energy per atom between the models from the literature and from this work is plotted as a function
of the space group number. The comparison with the models from Braun et al. [24] is plotted with a circle. The comparison with the models from Wu et al. [25] is plotted in with
a triangle. The color code represents the difference in energy per atom between the structure from literature and diamond. The energies are computed with the GAP potential [46].
For the structures which are more stable than their own reference (CNT/C60) the names are reported.
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Table A.1
Number of atoms, total energy in eV, Energy per atom in eV, Energy difference with diamond, radius of the largest CNT (where meaningful), largest free sphere diameter, largest
included sphere diameter and space group of each schwarzites models. The template space group is reported as well.

Name Number
of atoms

Total
energy [eV]

Energy
per atom
[eV]

Energy
difference
diamond

Radius CNT
[Å]

Df [Å] Di [Å] Space group Template
space group

SBT 180 −1,633.50 −9.075 0.215 2.72 5.65 11.11 166 166
FAU 168 −1,524.26 −9.073 0.217 2.74 7.29 10.58 227 227
SBS 396 −3,582.70 −9.047 0.243 2.67 5.65 11.39 163 194
221_2_6 240 −2,189.18 −9.122 0.168 3.00 6.63 14.14 221 221
IRY 408 −3,714.49 −9.104 0.186 4.06 8.61 11.27 194 194
RWY1 240 −2,174.96 −9.062 0.228 2.87 6.23 14.34 221 229
RWY2 180 −1,622.63 −9.015 0.275 2.87 6.23 14.34 204 217
EMT 420 −3,785.63 −9.013 0.277 3.40 6.48 11.49 194 194
IRR 252 −2,268.25 −9.001 0.289 5.78 5.94 14.4 191 191
SAO 120 −1,077.61 −8.980 0.310 2.84 6.73 8.58 119 119
ISV 272 −2,440.82 −8.974 0.316 2.84 6.22 6.95 131 131
LTA 96 −860.13 −8.960 0.330 / 4.14 10.99 215 221
RHO 168 −1,504.40 −8.955 0.335 / 4 10.37 221 229
AFY 96 −859.07 −8.949 0.341 2.67 4.02 7.76 162 162
ITT 228 −2,038.34 −8.940 0.350 5.72 5.16 13.41 191 191
BEB 128 −1,143.04 −8.930 0.360 2.54 5.73 6.36 15 15
POS 272 −2,427.42 −8.924 0.366 2.98 5.62 7.21 136 136
BEA 256 −2,281.50 −8.912 0.378 2.69 5.89 6.62 91 91
IWS 264 −2,352.02 −8.909 0.381 2.93 6.32 8.19 119 139
AFX 180 −1,600.94 −8.894 0.396 / 3.67 7.7 194 194
BEC 120 −1,067.19 −8.893 0.397 2.98 6.03 6.89 131 131
MEL 176 −1,564.13 −8.887 0.403 2.23 5.13 7.66 119 119
DFO 552 −4,904.74 −8.885 0.405 3.31 5.02 11.23 6 191
MSE 408 −3,614.25 −8.858 0.432 2.97 4.94 7.03 136 136
IWR 104 −918.81 −8.835 0.455 2.66 4.8 7.42 65 65
ITR 168 −1,480.35 −8.812 0.478 2.21 3.52 6.3 63 63
OFF 72 −633.80 −8.803 0.487 2.97 3.37 6.94 187 187
BSV 240 −2,112.22 −8.801 0.489 / 3.78 5.11 230 230
ERI 144 −1,266.00 −8.792 0.498 / 3.36 6.95 176 194
BOG 148 −1,299.22 −8.779 0.511 3.05 4.86 7.99 74 74
SAV 288 −2537.1551 −8.809 0.481 / 3.69 7.76 129 129
UWY 204 −1,779.86 −8.725 0.565 2.76 4.9 8.72 47 47
AEI 132 −1,148.18 −8.698 0.592 / 3.58 7.27 63 63
GME 144 −1,241.65 −8.623 0.667 3.27 3.35 7.7 194 194
h8326896 168 −1,527.08 −9.090 0.200 2.90 6.25 11.55 164 187
h8327291 150 −1,368.42 −9.123 0.167 4.52 6.47 10.61 187 187
h8326829 282 −2,565.32 −9.097 0.193 4.59 6.24 10.38 187 187
h8326849 144 −1,308.08 −9.084 0.206 3.25 6.25 11.51 191 187
h8331018 216 −1,933.81 −8.953 0.337 / 5.82 7.19 214 214

Other structures

diamond 2 −18.58 −9.290 0.000
C60 60 −536.30 −8.938 0.352 3.56
cnt33 12 −106.22 −8.852 0.438 2.07
cnt44 16 −145.97 −9.123 0.167 2.77
cnt55 20 −183.12 −9.156 0.134 3.42
cnt66 24 −220.96 −9.207 0.083 4.11
cnt77 28 −258.63 −9.237 0.053 4.77
cnt88 32 −296.06 −9.252 0.038 5.46
7
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Fig. A.3. Difference in the energy per atom between a schwarzite model and diamond.
Four models starting from two different zeolites are shown. Results for AIREBO are in
red, for GAP in blue and for DFT in black. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Fig. B.4. Energy fitting for carbon nanotubes. The blue dots are the six directly
alculated tubes: (3,3), (4,4), (5,5), (6,6), (7,7) and (8,8). The line is the fit. The
esulting fitting parameters to fill Eq. (4) are 𝑎 = −9.325 eV and 𝑏 = 2.026 eV ⋅ Å2.
he red dot is the energy per atom of the CNT used for validation. (For interpretation
f the references to color in this figure legend, the reader is referred to the web version
f this article.)
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