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ABSTRACT: Schwarzites are hypothetical carbon allotropes in the form of a continuous negatively curved surface with a
three-dimensional periodicity. These materials of the future attract interest because of the expectation for their large surface
area per volume, high porosity, tunable electric conductivity, and excellent mechanical strength combined with light weight.
Three-decades long history attempting synthesize Schwarzites from the gas phase carbon atoms went without success. De-
sign of Schwarzites is both digital art and science of placing tiles of sp2?-carbon polygons on mathematically defined triply
periodic minimal surfaces. The knowledge of how to connect polygons in sequence using the rules of symmetry unlocks paths
for the bottom-up synthesis of Schwarzites by organic chemistry methods. Schwarzite tiling by heptagons is systematically
analyzed and classified by symmetry and topology. For the first time, complete plans for a bottom-up synthesis of many
Schwarzites are demonstrated. A trimer of heptagons is suggested as the key building block for most synthetic schemes.

Introduction

The phenomenal rise of carbon allotropes such as graphene,!
nanotubes, 23 and fullerenes, ¢ has been continuously offering tech-
nological advances in various fields, including photovoltaics, 56 bat-
teries and supercapacitors, -1 membranes, 1112 gas separation and
storage, 13 chemical catalysis, 14-16 and electronic sensors. 17-19 [t is
quite fortunate that carbon nanotubes, and fullerenes can be easily
produced on industrial scale by “brute force” methods - precipita-
tion of carbon from the gas phase using metal catalysts or via an
electric discharge between carbon electrodes, and that graphene
can be economically produced by exfoliation from natural graphite
sources. 14

Schwarzites, a particularly elusive form of carbon allotropes,
have generated considerable excitement, although synthesis re-
mains unrealized. Introduced by McKay and Terrones over three
decades ago, 20 Schwarzites named after German mathematician
Karl Hermann Amandus Schwarz are unique in their triple perio-
dicity possessing a beautiful symmetry that continues to fascinate
physicists and material scientists around the world. Like its cous-
ins, these hypothetical carbon materials are supposed to consist of
only sp2-hybridized carbon atoms, with the striking difference that
it would be a single piece of a continuous periodic surface filling in
the whole 3D space. Access to Schwarzites would be analogous to
achieving a tight packing of a single layer graphene in 3D space by
bending, twisting, and fitting it in without cutting into pieces while
enhancing its remarkable properties. According to numerous DFT
calculations, Schwarzites might have superior mechanical
strength, light weight, high porosity, gas permeability, combined
with a tunable energy gap between the valence and conduction
bands which graphene is lacking.

The synthesis of Schwarzites remains a challenging task that is

fundamentally related to their negative Gaussian curvature. The
spontaneous growth and termination of a positively curved surface

of carbon atoms by closing to itself produces spherical fullerenes
or cylindrical nanotubes as a converging process in which pieces
with different curvature can be separated afterwards by fractiona-
tion. Growth at a constant zero curvature to a flat graphene is non-
converging, therefore, infinite. In contrast, growth of a negatively
curved triply periodic minimal surface (TPMS) from a gas phase
carbon is infinite but diverging. 2! Even if it could be seeded with a
negatively curved element, its subsequent growth is possible not
just in one but many ways the exact number of which we do not
know yet. Unlike fullerene spheres, TPMS growth does not termi-
nate after surface edges meet creating a closure. Instead, it contin-
ues facing a vast number of options. It is not only a different curva-
ture that may form, but also type of TPMS, or several types that
might start growing simultaneously on different sides of a joined
piece without a possibility for separation later. Not surprisingly, all
attempts to grow spontaneously and hopes to isolate any
Schwarzite in symmetrically pure state by brute force methods
have failed. The difficulty extends to the zeolite templating method,
in which even a smallest mismatch between crystal lattice param-
eters of the zeolite template and the Schwarzite, or presence of any
residual hydrogen atoms inevitably leads to defects. 2223

Recent advances in the bottom-up synthesis of large size Polycy-
clic Aromatic Hydrocarbons (PAH) have created a foundation of
synthetic methods which may apply to the construction of novel
carbon-based compounds and materials with exciting new topolo-
gies beyond plane nanographenes. 24-26 However, bottom-up syn-
thetic strategies for complete Schwarzite molecular architecture
have not been discussed in literature. Currently, the only strategy
for creating PAH with a negative curvature is narrowed down to
occasional inclusion of heptagons or octagons between benzene
rings. 26-31 The opposite approach suggested in this work is to use
heptagons or octagons as building blocks and join them to con-
struct benzene rings in-between. This study is intended to bring
attention of synthetic organic chemists to the needs of the research
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field traditionally dominated by solid state physicists and material
scientists. The goal is to analyze the symmetry and topology of var-
ious Schwarzites that will allow to choose the best strategy and to
guide their bottom-up synthesis by organic chemistry methods.

Results and Discussion

1. Topology.

Planning for a bottom-up synthesis of Schwarzites must start
with a choice of a certain type of TPMS, the size of polygons, and a
distinct tiling scheme. The most attractive synthetic targets are
surfaces with a low genus and wider pores such as P, D, G, H, HT,
CLP, GW, or IWP. Examples of an ideal surface are shown on Fig. 1
and tiling on various surfaces is illustrated throughout the paper.
For the classification, description, and 3D models of TPMS, refer to
websites of Ken Brakke 32 and Alan Shoen 33.

Figure 1. Balanced surfaces (G- and P- shown as examples) are
recognized by two identical sides, 1 and 2, causing an equal size
diameter of channels connecting neighboring chambers.

Polygon tiles contributing to a negative curvature, must have
their size N larger than six atoms, i.e, N = 7, 8,9, or higher, are suit-
able. 34 It is dictated by the Euler’s equation (1)

V-E+F=21-g) (1)

wherein F, E, V are the number of faces (i.e., polygons), edges,
and vertices, respectively. 3435 Genus, g, is related to the number of
handles, i.e., pairs of openings in the unit cell. In the special case
when all atoms are sp? hybridized carbon, each atom has three
sigma bonds. Three cycles share one atom, and two cycles share
one edge (bond), so that 2E = 3V. In this case, Euler’s rule pre-
scribes a certain number of polygons in the unit cell of a closed pe-
riodic structure having genus g according to the equation (2). 35

D (6= Mfy =12(1-g) @
N

For example, formula (2) predicts that f; = 24 heptagons (N=7)
or fg = 12 octagons (N=8) will be required to construct a unit cell
of the P-surface which has genus g=3. It may also be a combi-
nation of any size polygons, such as 4 octagons and 16 hepta-
gons, or 26 heptagons and 2 pentagons. Pentagons create a
positive curvature. Their presence is leveling off the negative
curvature brought by polygons with N>6. Exactly twelve penta-
gons make spherical fullerenes according to equation (2) be-
cause sphere has genus zero. Hexagons are excluded from the
calculation since the 6-N term in such case becomes zero, there-
fore, any number of hexagons may be used without affecting cur-
vature. Consequently, dilution by any number of hexagons is al-
lowed for the bottom-up synthesis of negatively curved
Schwarzites while mixing heptagons or octagons with four or

five-membered rings observed in some studies®'*-4Cis counter-
productive.

Figure 2. Leapfrog transformation34 from condensed hepta-
gons to the hyperbolic soccer ball pattern.

Non-diluted structures composed of only octagons or heptagons
have been described in literature, 41-43 but their geometry looks
highly strained for a carbon structure, and less accessible syntheti-
cally, similar to how C60 and C20 fullerenes are different. ¢ The
simplest way of isolating heptagons by dilution with minimum
number of hexagons, is called “hyperbolic soccer ball” pattern (Fig.
2) which is like how pentagon rings in C60 fullerene are separated
by hexagons. 45 A leapfrog transformation described by King 34
shows the relationship between heptagons-only pattern and the
hyperbolic soccer ball. In organic synthesis, a hypothetical [2+2+2]
cycloaddition of three molecules of cycloheptene would create a
hexagon ring. It is to the great advantage of such bottom-up syn-
thesis approach that no special care would be needed for creating
hexagons - they will be created automatically by connecting six ad-
jacent vertices of three heptagons. Thus, the hyperbolic soccer ball
pattern, known by Schlafli symbol t{3,7}, or vertex symbol [6.6.7],
46 may become the preferred way to construct Schwarzites. It has
been long recognized that a hyperbolic surface with genus three
and 24 heptagons, i.e., 168 atoms, is equally important and analo-
gous to the spheric surface fullerene that has 60 atoms. 3¢ Any fur-
ther dilution by hexagons creates fullerenes with a higher number
of atoms, such as C70, as well as Schwarzites with higher than 168
atoms in the unit cell for genus 3.

2. Symmetry.

Mathematically ideal TPMS from the P, G, D, family are said to be
balanced when two sides of the surface are equal (Fig. 1). Two lab-
yrinths on both sides of the balance surface created by the division
of the whole space are congruent. Tiling may not always be per-
fectly symmetrical causing the distortion of the balance surface of
tiles, hence, the symmetry reduction. Such distortion can be visu-
ally recognized by altering otherwise equal areas of openings 1 and
2 (Fig. 1) that would become larger and smaller. A balanced tiling
tends to be of a higher symmetry. Examples include P7par+7, P8 20,
G8Bal, and D8Bal.*8 Tiling can be chiral, asin D16849, P207-C168,
or P130-C672 %5, regardless of being balanced or not (Table S1).
The nomenclature for Schwarzites used in this work, in bold, con-
sists of the TPMS type, the symmetry group, the chemical element
symbol, and the number of atoms in the unit cell. For enantiomeric
surfaces, (P) or (M) symbol may be added at the end depending on
the positive (Plus) or negative (Minus) torsion angle of the propel-
ler made of three heptagons located in corners of the cubic sym-
metry unit cell.

For TPMS with the cubic symmetry, such as P-, G-, or D-surface,
balanced tiling is easier to accomplish with eight-membered poly-
gons amenable to the C4 rotation symmetry of a cube. Tiling with
seven-membered polygons more often makes unbalanced surface.
Not surprisingly, the first discovered Schwarzite, MacKay-Terro-
nes P-surface, was composed of octagons and it was balanced. 20
Related D- and G- surfaces based on octagon tiling were reported
shortly thereafter. 48 Tiling of D-surface by heptagons in the
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hyperbolic soccer ball pattern was described by Vanderbilt and
Tersoff*? in 1992, but it took another thirty years to find solution
with the same pattern for P-surface. 4> G-Surface tiling by hepta-
gons for the first time, is shown below. An up-to-date information
on new Schwarzites can be found in the SACADA database. 50
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Figure 3. Types of heptagon dimers and trimers as building
blocks for the bottom-up synthesis of Schwarzites, classified by
their connection to each other through one, two or three verti-
ces leaving alpha, beta, and gamma positions for interconnec-
tions.

To avoid the obvious mismatch between a single heptagon and
the cubic unit cell symmetry, and to facilitate synthesis by using
preassembled larger size building blocks, heptagons can be com-
bined in dimers and trimers (Fig. 3). Trimers must be placed on
each of eight corners of the cube and can be oriented according to
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the four C3 rotation axes, as for example on P207-C168 (Fig. 4). At
the same time, unit cell tiling by heptagons can be viewed as plac-
ing pair of dimers on each of the six faces of the cube and orienting
them to obey C4 rotation symmetry. Either way, 8x3 or 6x4 tiling,
brings the same result, 24 heptagons, according to the total num-
ber required by the Euler’s formula (2) for the unit cell.
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Figure 4. a) Half of the P207-C1684> (unbalanced) surface
large chamber is seen in the center between four small cham-
bers (in axial plane, or eight in 3D). In return, b) small chamber
is surrounded by eight large chambers. The surface serves as
the border between chambers so that all small chambers are on
one side while large chambers are on the other side of the un-
balanced surface.
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Figure 5. P-Schwarzite tilings variety made by rotating type 2 heptagon trimers in eight corners of the unit cell while changing
trimers connection to each other through alpha, beta, or gamma carbon atoms.
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Figure 6. Various P-Schwarzite tilings made by a-d), p) type 1, e), n) type 2, and g) type 3 heptagon trimers, or k-m) by heptagon
dimers, or through sharing edges of f-j) heptagons or o) octagons. Achiral Schwarzites, like P204-C216, may have chiral tilings, like

enantiomeric (M) and (P) pair, a-b).

The narrowest place of P-surface is where two chambers join the
edges of their openings creating a neck (Fig. 1). Let’s introduce a
topological characteristic of edges composing the neck useful for the
net with point symbol {6.6.7}. If we define it as the number of carbon
atoms on each heptagon of the chamber’s opening exposed for the
connection with another chamber (Fig. 4a), all six openings of P207-
€168 small chamber will have the same configuration, (2222). Con-
tinuity of the net with the same point symbol, i.e., by making hexa-
gons between heptagons dictates the configuration of the joined
neighboring chamber also to be (2222) which classifies this config-
uration as self-complementary. While P207-C168 is chiral, the neck
configuration is not as it will be explained below.

Other examples of self-complementary configurations for joining
two cyclic chains of four heptagons are achiral (3131), chiral (3122),
or chiral (4112), while (3311) taken as an example, is not self-com-
plementary because it requires (4121) to be paired with it when
making hexagons in between two chains. These statements can be
easily verified on paper by drawing the above configurations. Neck

configuration is cyclically permuted, i.e., it may be written starting
from any position forward in a circular way, while writing in reverse
order represents a mirror image. For example, writing (3122) is the
same as (2312) while (3221) is their enantiomer. If the reverse writ-
ing makes a different sequence from the original, it indicates chiral-
ity. For consistency, counting should be done in the same way, for
example, clockwise when viewing the chamber from outside, in re-
verse lexicographic order, listing larger numbers first.

Self-complementary neck configurations are of a particular im-
portance for the design of Schwarzites as the condition for periodic-
ity by translational symmetry. Self-complementary configurations
for five heptagons include achiral (22222), chiral (31222), chiral
(32122), chiral (31312), and achiral (33121). The achiral (33121)
configuration is seen in the chiral P130-C672 %5 model because neck
chirality is sufficient but not necessary requirement for the whole
chamber or unit cell chirality. A partial list for self-complementary
configurations with six heptagons is shown in the supporting infor-
mation.
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Figure 7. Examples of G, D, H, HT, GW, IWP, and CLP Schwarzites using heptagon trimers type 2, a) G199-C336, b-c) D203-C672,
ref.49 unit cell views, d) single chamber, e) type 1 D227-C864(222) f) type 2, D227-C864(222222) ref.47 also called D227-C216
ref.45 g) type 2,D227-C960, h) CLP131-C216, i-n) various hexagonal Schwarzites with channels made of trimers (shown in green)
linked by trimer pairs (shown in purple), o) IWP204-C576, p) CLP93-C168

Avariety of P-surface tilings can be obtained by rotating heptagon
trimers in eight corners of the unit cell cube and connecting them
through either alpha, beta, or gamma positions (Table S1, Fig. 5-6).
The most symmetrical is gamma-to-gamma connection within the
unit cell for all three heptagons of the type 2 trimer (defined on
Fig.3) leading to Pm3 m symmetry, group 221. The remaining two
carbon atoms, alpha and beta, from each four trimers on cube’s face
make (22222222) chamber neck configuration to be used for con-
necting with neighboring chambers, while beta-to-beta connection
would create less symmetrical (31313131) configuration. The for-
mer case requires skewing to match positions of K-region of one
chamber opening and bay-regions of another chamber. Without
skewing, direct contacts between both chamber’s opposite K-re-
gions create P221-C168 with C4 and C8 rings between unit cells
(Fig. 5a), synthetically a very challenging structure which departs
from the hyperbolic soccer ball pattern. The skewed structure cre-
ates a pair of enantiomers of P207-C168-y while reducing sym-
metry to P432, group 207, and introducing chirality. Found to be

highly strained and unstable by DFT calculations this structure un-
dergoes skeletal rearrangements. Therefore, tiling by gamma-to-
gamma connections should materialize by adding more hexagons,
for example, joining bay-regions via shared C2 fragment (P221-
C216), or extra C6 rings (P221-C312, P221-C456, (Fig. 5b-d), or
any number of additional C6 rings creating many more new tilings.

When type 2 heptagon trimers rotate in each corner of the cube,
the symmetry is reduced, naturally more stable tilings are produced
via beta-to-beta connection either as the only type, creating
(31313131) neck configuration of P207-C168 (Fig. 5¢), P200-C276
(Fig. S1i-j), or mixing B—f and y—y connections as in P130-C672,
P89-C168, P89-C192, P89-C1440, sharing f—y edge, P83-C184,
P83-C224, separating —y edges by dilution, P83-C200, P83-C216,
(Fig. 5f-m), or using alpha positions for chiral P195-C216, and
P197-C168 (Fig. 5n,0). A curious case is when two different kinds
of chiral chamber in a group of eight in the unit cell create four dia-
stereomers of P89-C1440 (Table S1). Another interesting case is
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meso-chirality of P111-C168 that has a symmetry plane through
pairs of chiral heptagons in each trimer which renders this
Schwarzite achiral. Noteworthy, it utilizes another trimer type, 1,3-
disubstituted C7-ring, by mixing it with type 2 shown in red and
blue-green colors, respectively (Fig. 5p). Similarly, rotation of type
1 trimers of the balanced chiral tiling P204-C216 makes unbal-
anced achiral P221-C240, or P221-C288 (Fig. 6a-c,p) with (2222)
neck configuration for inter-chamber connections. Type 1 and type
2 trimers can be mixed as in P215-C192 (Fig. 6d). Heptagon dimers
sharing edges are utilized in chiral Schwarzites P207-C120, P207-
C144, P207-C216, P207-C288 (Fig. 6i-m). Some Schwarzites with
edge shared heptagons, P207-C80, or octagons, P207-C56, P221-
C120, (Fig. 6f-h,0) may not allow tiling by trimers or dimers. In sum-
mary, variation of tilings can be obtained by adding hexagons, vary-
ing dimers and trimers type, and their orientation in the cubic unit
cell.

Each P-surface tiling has associated D- and G-surface tilings re-
lated through Bonnet rotation. For example, video 1 shows Bonnet
transformation of P197-C168 to G199-C336 (Fig. 7a). A systematic
study of Schwarzites relationship through Bonnet rotation will be
reported separately. Selected examples of D, G, GW, H, HT, IWP, and
CLP Schwarzites are shown on Fig. 7.

Like P-surface, switching between beta-to-beta and gamma-to-
gamma connection of type 2 trimers and their dilution by hexagons
can be applied to other surfaces. For example, dilution by hexagons
in D227-C864(222222) or CLP131-C216 (Fig. 7fh) helps to avoid
skewing and strain. Beta-to-beta connection creates D203-C672 or
CLP93-C168 (Fig. 7b-d,p) without dilution. Dilution is component
of type 1 trimer, D227-C864(222) (Fig. 7e), P221-C240, P204-
C216 (Fig. 6a-c) and IWP204-C576 (Fig. 70). It can be applied to
any tiling, even beta-to-beta connected trimers, D227-C960 (Fig.
7g).

Remarkably, symmetry allows the number of beta-to-beta con-
nected trimers in opposite openings of a chamber to be 2, 3, 4, or 6
switching symmetries from cubic to hexagonal and the surface type
between CLP93-C168, GW177-C252(313131), P207-C168,
GW177-C252(222), respectively, with the same neck configuration
(31313131) for the rest of openings (Fig. 8). Similar array of tilings
exists for gamma-to-gamma connection of trimers which requires
their dilution.

S 150 XN 3 AN
Rer 3 1 N \”4
=R = W O PIEN
A v
GW177-C252(222) P207-C168 GW177-C252(313131) CLP93-C168

Figure 8. Number of beta-to-beta-connected trimers in a pair of
chamber’s opposite openings controls the surface type and sym-
metry.

3. Synthetic strategies.

3.1 P-Surface

Synthesizing PAH with rings larger than six atoms is a challenge
affecting Schwarzites as well. Octagon-tiled Schwarzites are highly
symmetrical and balanced, while heptagon is not an easy-to-fit tile
for the cubic symmetry possessed by most TPMS. Application of di-
mers and condensed trimers (type 3, Fig. 3) not only satisfies sym-
metry, but also solves the problem of unpaired p-orbitals in the all-
sp? heptagon hydrocarbon. For two other types of trimers, one or
three carbon atoms with unpaired p-orbitals must be temporarily
replaced by sp3 atoms during the synthesis.
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Scheme 1. P207-C168 Small chamber construction strat-
egy by Method 1.
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Scheme 2. Alternative strategy for P207-C168 small
chamber synthesis by method 2, cross-coupling hepta-
gon trimers and subsequent pairing through a radical
domino process.

While chambers of a balanced surface are uniformly sized, con-
struction of unbalanced surfaces may start with either a large or
small chamber. The other size is created automatically as exempli-
fied through P207-C168 Schwarzite*> (Fig. 4). Symmetry evokes
several options for its assembly (Schemes 1-2). The size of the build-
ing block is doubled from one to eight trimers in three steps of
Method 1 using cross-coupling reaction between X and Y linking
groups. Method 2 links trimers via para-to-para positions during the
first cyclization followed by radical domino process>! for sequential
dimerization and the final cyclization during the unit cell assembly
(Scheme 2).

The final most challenging task is to stack unit cell cubes in close
packed layers by connecting chamber’s openings, often three pairs
at once, according to the Terrace-Step-Kink (TSK) model.52 Periodic
organic material growth through precise covalent bonding with
monomers in solution is unprecedented and significantly different
from polymerization, crystals growth, or solvothermal synthesis of
metal organic frameworks. The latter proceed with a low concen-
tration of defects because of the reversible binding, unlike perma-
nent covalent binding. Significant amount of trial-and-error work
lies ahead for testing different ideas. One example is elimination of
neighboring MesSi- and CF3S0s- groups to generate triple bonds by
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Kobayashi’s method>3-55, and connect alkynyl carbons in a cascade
zipping reaction (Scheme 3). While there was no such precedent in
literature, this reaction has a reasonable expectation to proceed
based on the constrain of each alkyne bond position in space essen-
tial for cascade cyclization reactions.5¢ Because of the stepwise cas-
cade mechanism, the Hiickel's 4N+2 rule for concerted electrocyclic
reactions does not apply in this case.

Me,Si 0S0,CF3 MesSi 0S0,CF3 Me;Si 0SO,CF3 MessSi 0SO,CFy e

MesSi 0S0,CF; MegSi 0S0,CF5 Me;Si 0S0,CF5 MegSi 0S0,CF4

Scheme 3. Potential extension of Kobayashi’s method of
alkynes generation in situ for joining small chambers of
P207-C168, neck configuration (2222).

P207-C168 Large chamber with achiral neck configuration
(313131)"6 can be made by method 1 (Scheme 4) via beta-to-beta
connection of trimers. The whole surface is chiral and chiral hepta-
gon trimers must be used for its construction in a pure enantiomeric
form. Fast racemization of propeller-like trimers with chirality de-
fined by the torsion angle on Fig. 9 is expected in solution due to a
shallow inversion barrier reminiscent of [7]-circulene.5” Racemiza-
tion becomes impossible when enantiomers configuration is fixed
through step 2 cyclization. The chirality challenge adds up to the
complexity of Schwarzites synthesis. Mixing up enantiomers vio-
lates the symmetry and makes growth in the desired direction im-
possible. The best strategy is to separate enantiomers after step 1
when larger fragments get higher inversion barrier, or after step 2
when racemization becomes impossible (Fig. 10).

Scheme 4. Proposed synthesis of the P207-C168 large
chamber by method 1.

Figure 9. (P) and (M) enantiomers of hexagon trimers from
P207-C168 characterized by a positive (Plus) and negative (Mi-
nus) torsion defined as shown for the propeller-like shape,
+14.8° and -14.8°, respectively.

A point system can quantify complexity of a synthetic design. As-
signing one point for each cyclization step and one for managing chi-
rality, the complexity index for both methods 1-2 in producing
P207-C168 is three. To minimize the number of cyclization steps, a
simpler method could initially join four trimers, making two sets
(10a and 10b on Scheme 5) positioned at opposite corners of the
unit cell cube body diagonal.
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Figure 10. Stepwise construction of a chiral surface by method
1 requires separation of enantiomers. Dark and light balls stand
for two enantiomers of the heptagon trimer building block.

Both intermediates 10ab assume spherical shapes resembling
half chambers during geometry optimization via molecular mechan-
ics. By coupling two sets the entire chamber can be formed in a sin-
gle cyclization bringing the complexity index down to two. Another
advantage of method 3 is the ability to control selectivity of each
group of four trimers formation by varying the ratio 1a:1b. A 3:1 ex-
cess of either trimer selectively creates 10a or 10b intermediate,
while methods 1-2 may suffer from competing linear oligomeriza-
tion alongside cyclization.
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1:1 ratio

10b

X = Bpin P207-C168

unit cell

Scheme 5. Method 3 for the P207-C168 (chiral) small
chamber construction.

Br-
Pd(PPh3),Cl,
—
EtgN

3:1 ratio

1Pd(PPh3)2CIZ

EtsN  1:3 ratio

Scheme 6. Proposed construction of two halves of the
P215-C192 unit cell from two Kkinds of trimers applying
a principle of excess of one over the other. Nicknamed
“Lilo and Stitch”%8, three trimers of each type surround
the other one as illustrated here.

Application of method 3 for achiral Schwarzite synthesis, such as
P215-C192 (Scheme 6), brings the complexity down to 1. Six bonds
must be created during the single cyclization step (Scheme 7). Mo-
lecular modeling shows that two intermediates, 15 and 16, adopt
the hemisphere shape required for cyclization after aromatization
of not-so-much curved 13 and 14. Both reactions can be done in one
pot since there is a literature precedent of Pd(OAc): catalyzed

oxidative Heck process coupled with dehydrogenation by DDQ.5?
Each of the two types of trimers in P215-C192, structures 11 and
12 dubbed by students in our lab “Lilo and Stitch”>8 are surrounded
by three trimers of the other kind as emphasized through illustra-
tion on Scheme 6. Worth mentioning, there are achiral Schwarzites,
P204-C216, P221-C240, P221-C288, but their tiling is chiral with
two options of different enantiomeric trimers of type 1.

2N M
NN -

AN
~

\\,,

7/

N
Bpin

P215-C192

Scheme 7. Cyclization step for the P215-C192 Unit cell
assembly.

cl x_Cl
a B cl
cl cl cl cl 1:3 ratio
Br + X
cl Br cl X
cl cl

18 X = Bpin

P207-C56(2222)

Scheme 8. Proposed synthetic design of the P207-
C56(2222) large chamber by method 3. Chlorine atoms
(omitted for clear viewing) are essential for joining unit
cells into periodic structure.

Method 3 is applicable to other Schwarzites synthesis, even look-
ing so challenging as P207-C56(2222) composed of octagons shar-
ing edges (Fig. 6f, Scheme 8). The unit cell synthesis in this case gets
complexity index 1, but it must create octagons when joining unit
cells, possibly, by the Ullmann reaction, as well as dehydrogenate
sp3 atoms in each corner of the unit cell. Interestingly, changing the
trans position of Br atom to the cis makes P207-C56(1"8)
Schwarzite (Scheme S2), which is unstable according to DFT com-
putation.
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Scheme 9. Proposed synthesis of the P207-C120 large
chamber through benzyne trimerization, stepwise via
23b, or directly from four molecules 24.

In a variation of method 3 applied for P207-C120 synthesis de-
sign, cyclization may take place between two unequally sized pieces,
23b and 24, prepared through benzyne trimerization (Scheme 9). It
might be possible to make P207-C120 unit cell in one-pot reaction
starting from trimer 24, or even monomer 21. Schemes 8-9 both im-
ply C7 rings formation only during the step of joining unit cells.
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Octagons too can be combined in trimers and spaced out at the
four diagonal corners of the cube totaling twelve heptagons in the
unit cell according to Euler's formula. C2 Fragments added between
unit cells of P221-C120 (shown in red, Fig. 60) must stay on just
three faces of the cube making unsymmetrical chambers difficult
but still possible to synthesize (Scheme 10). A plan of complexity 3
suggests joining three dimers 25 into the first cycle of six octagons,
then adding two nonequal size trimers as top and bottom covers.
The last three octagons result from adding the small cover, 28. An-
other way for dealing with unsymmetrical chambers is to make one
larger than the unit cell (Scheme 11). Four dimers 30 create a barrel,
33. Three barrels join through benzyne trimerization into half-
chamber. Two half-chambers join into small chamber 35 serving as
the periodic super-element and easing off TSK limitations. Tilings

shown on Fig. 5-7 suggest synthetic designs for most other
Schwarzites.
o] IS [e)

P221-C216

Scheme 11. P221-C216 Design.

3.2. D-Surface

Making the whole chamber, large or small, in just one cyclization
is proposed for D227-C960 construction (Scheme 12) using Suzuki-
coupling and Diels-Alder benzyne condensation for gamma-to-
gamma or alpha-to-alpha trimers 36, 41, connection, respectively,
with the synthesis complexity at level 1. Dehydrogenation of the
Diels-Alder product with DDQ is required for aromatization.

7\
»
N
AW/
o
on D227-C960
I rste; X large chamber
2
\ g

46
D227-C960 small chamber

X=Br,z=0--Pr 44 J(
X =SiMes, Z=OTf 45

Scheme 12.D227-C960 chambers design.

P, D, and G-chambers constructed by gamma-to-gamma trimers
connection can be joined by various length (n,n) armchair nano-
tubes offering infinite number of molecular architectures. Two
strategies shown on Schemes 13-14 use [6]-cycloparaphenylene 50
for D227-C1248, or C2 fragments built in trimers 51-52 for D227-
C864(222222) synthesis. Benzyne Diels-Alder reaction is pro-
posed for attaching nanotubes to chambers. Additional examples of
molecular architectures with nanotubes are shown in Supporting
Information.
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z
50 X=0Tf
Z=SiMe,

D227-C1248

Scheme 13.D227-C1248 synthesis design via Diels-Alder
condensation.

D227-C864(222222)

Scheme 14. Design for D227-C864(222222) synthesis
via Suzuki-coupling.
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G199-C336 half unit cell

Scheme 15. G199-C336 chamber, half unit cell, design.

Classification of the connection type between trimers in P-cham-
bers extends to G-surface. Thus, a:a + B:y type seen in P197-C168
can be used for making related (via Bonnet rotation) G-Shwarzite

G199-C336 by method 3 (Scheme 15), joining trimers 55 and 56 in
3:1 ratio into half-chamber 57 and pairing with the other similarly
constructed half-chamber, 61.

3.4. CLP-Surface

-

CLP93-C168 unit cell 66 X=BF;)K, Z=B(OH),

Scheme 16. CLP93-C168 chamber design.

Synthetic design of the simplest representative, CLP93-C168
chamber (Scheme 16), proposes one cyclization between type 2 tri-
mer beta carbons taking advantage of a higher reactivity of bromine
vs. chlorine and B(OH)z vs. BF3K in Suzuki-Miyaura coupling.®® Less
reactive groups will be utilized for joining chambers together while
the rest of the bonds can be accomplished by dehydrogenation. Di-
lution by hexagons (CLP131-C216, Scheme S5) requires a larger set
of building blocks and higher complexity.

3.5. IWP and Hexagonal Surfaces

IWP204-C576

Scheme 17.IWP204-C576 Design.

Synthesis of IWP204-C576 chamber might be possible from a
single monomer 68 using different reactivity groups in stages. Less
reactive Cl and BF3K will be used for the final stage connecting cube
corners into periodic structure (Scheme 17).

As a general strategy for Hexagonal Schwarzites each chamber
connects to three others. GW156-C126 Chamber can be prepared
by joining two groups of six heptagons. Chambers 72 are linked by
heptagon dimers 73 to form periodic structure (Scheme 18). A great
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variety of hexagonal H, HT, GW Schwarzites, can be made by varying
chambers and linking units (Table S1).
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GW156-C126

Scheme 18. GW156-C126 Design.

Summarizing synthetic methods, Diels-Alder and radical domino
additions, Ullmann, Suzuki, and Heck couplings, can be used for
making Schwarzites, apart from Scholl reaction,2627 which may
cause C7-ring opening.

Conclusion

Systematically performed analysis of Schwarzites demonstrates
that the bottom-up synthesis utilizing strategically selected hepta-
gon or octagon trimers, holds greater potential for controlling wider
array of topology, geometry, and pore size distribution in periodic
carbon materials compared to templating on zeolites. Specific syn-
thetic approaches must be devised and tested, with the major chal-
lenge being the assembly of chambers into periodic structures. Un-
derstanding topology and symmetry provides with guiding princi-
ples needed to succeed in synthesis.
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ASSOCIATED CONTENT

Supporting Information contains DFT computational
method, partial list of self-complementary neck configurations,
table with the list of Schwarzites and data on their symmetry,
geometry and topology, additional figures of some Schwarzites
and synthetic schemes, identification of hexagonal Schwarzites,
and molecular architectures extended with nanotubes. “This
material is available free of charge via the Internet at
http://pubs.acs.org.”
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A bottom-up synthesis plan for creating a 3D periodic graphene-like surface from sp? carbon heptagon cycles is presented for dozens
of Schwarzites. Heptagons are organized in trimers and tiled on gyroid, P, D, CLP, IWP, H, HT, and GW surfaces according to their
symmetry. The paradigm shift of the synthetic design lies in creating benzene rings rather than using them as building blocks.
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