
Markus Antonietti
      Ken Sakaushi

2-dimensional (2D) materials are a current game changer in materials chemistry, but their stacking is 
mostly neglected when considering electronic or functional properties. It is illustrated that there are 
many non-covalent packing motifs which are significantly tighter than graphite, with massive 
consequences for delamination, polarity, charge transport, and semiconductor properties．

Introduction
Graphene,or 2D-material in general, is the most recent 
focus in modern materials chemistry, due to the very 
unique properties as mechanical stability and electronic 
properties, but also the large specific interface area 
(accessing interface effects) in those systems (see, for 
instance, refs 1–7).
　The distance between single graphene layers in 
graphite is d = 0.335 nm (8). This is regarded to be the 
stable minimal distance between two carbon atoms in 
which they are not covalently bonded, but rather the 
two planer attracted by van der Waals forces until 
electron repulsion sets in. It is also clear that this van 
der Waals binding is not very attractive, as graphite can 
be easily splitted and delaminated along this plane. The 
similarly structured hexagonal boron nitride has a layer 

distance of 0.331 nm (9), and in spite of all carbon atoms 
have been exchanges against either boron or nitrogen, 
this similarity is striking. We could go on like that: in 
the solid state structure of solid carbondioxide (CO2), a 
rod-like molecule. The CO2-to-CO2 distance is 0.349 nm 
(10)  and again we can relate a minimal van der Waals 
distance of two covalent molecules, with only weak 
binding between them enough to form a crystal. From 
that, we also can  guess how “big” molecules are  even 
though electrons are certainly delocalized and can reach 
out with some probability to further distance. However, 
the van der Waals distance is a good measure to 
approximate molecular as objects or a certain size.
　This structure of course comes with an anisometry of 
properties: it is well known that for instance polarity 
and conductivity, as well as also mechanical cohesion 
are highly anisotropic, with the electronic conductivity 
in the plane being “at least 10000 times larger” than 
perpendicular to it (11). We are allowed to expect that 
with a potential variation of stacking density, not only 
charge transport, but also refractive index, polarization 
and materials polarity, as well as cohesion energy 
density will alter, some of them in a highly non-linear 
fashion.
　But allow me to extend graphene to other sheet-like 

objects. In DNA, the nucleobases are stacked with a 
distance of 0.33 – 0.34 nm, so comparably tight, which 
enables charge and energy transport within the stacks 
(12). Indeed, Nature uses such stacked objects in many 
cases for charge transport, while the case of charge 
transport along conjugated main chains is rather rare. 
The stacking distances in dye structures or supra- 
molecular (helix) stacks are usually only geometrically 
controlled and to our knowledge usually longer than in 
graphene or DNA. (13 – 15). Interestingly, this stacking 
is apparently regarded to be so trivial that the distance 
is not even mentioned as such and can be taken out of 
the data, only.
　A classical exciting case which illustrates the 
alternative option is the Donor acceptor complex 
between TTF-TCNQ : this is a well-known organic 
crystal which has metal-like conductivity at low 
temperatures. The crystal structure shows the presence 
of a 1:1 Radical Cation-Radical Anion Salt of 2,2'- 
Bis-l,3-dithiole (TTF) and 7,7,8,8-Tetracyanoquinodi- 
methane (TCNQ) (the radicals created by spontaneous 
charge transfer, see ref. 16). The TTF radical cations 
and the TCNQ radical anions form homologous columnar 
stacks with interplanar spacings of 3.47 and 3.17 Å, 
respectively, which in spite of the very bulky sulfur 
atoms is both “super-dense” . To accommodate those 
two packings in the same crystal, the dihedral angle 
between the least-squares planes of the cations and the 
anions is 58.5 ° .  Obviously, the spontaneous charge 
transfer allows breakage of the “minimal” covalent 

distance, and the resulting polarization interactions 
turns the whole crystal from a molecular crystal into a 
metallic conductor. This transition is what we like to 
hunt for the design of novel two-dimensional materials: 
setting delocalized charges and polarization patterns 
will provide access to new optical and electronic 
properties!
　An alternative 2D-structure is graphitic carbon- 
nitride, g-C3N4. Carbon nitride is not flat, but locally 
undulated, but as such it is very tightly packed (see 
Scheme 1). Typical layer distances in disordered carbon 
nitride polymers are d = 0.326 nm. For more regular 
species values down to d = 0.319 nm are reported, this is 
down to the value of the TCNQ- stacks (17). In a 
remarkable 2015 paper, Merschjann et al. analyzed the 
influence of this distance on the electron hopping and 
thereby electron mobility (19) in carbon nitrides for 
diversely disordered polymer materials with different 
stacking distances between 0.323 and 0.331 nm. It was 
found experimentally that there is a difference by a 
factor of 50 between the samples. In their carbon nitride 
samples, this made the stacking direction the main 
charge transport direction, with optical excitons now 
being preferentially localized on different layers rather 
than the same layer. 
　The minimal distance in more organized carbon 
nitride species is 5% tighter than in crystalline graphite, 
more than a van der Waals distances and electronic 
properties are complementary. To illustrate that in 
other words: shorter distances in chemistry are usually 

related to additional bonding schemes. We have to 
attribute such compression to stronger polarization 
interactions between the single 2D layers, i.e. partial 
plus and minus charges on neighboring layers, or in the 
language of organic chemistry alternative meso- 
merization schemes. We assume that this polarization is 
why carbon nitride is such a superior heterogeneous 
organocatalyst or catalytic support (20, 21)．
　In a recent paper, this packing could be further 
tightened by using potassium poly(heptazine imide) 
(PHI) instead of the (formally uncharged) carbon 
nitride. Here, aromatic packing could be directly 
observed by aberration corrected electron microscopy, 
and distances between 0.31 nm and 0.32 nm were found 
(see Fig.2, from ref. 22):
　It is worth mentioning that the optimal stoichiometry 
of these crystalline compounds is one negative charge 
per two heptazine units, i.e. the system is able to 
instrumentalize charge delocalization between neutral 
and negative heptazines in an optimal fashion. 
Correspondingly, the resulting materials turned out to 
be very effective photocatalysts, due to driving superior 
charge transport, were able to photochemically oxidize 
water as such and exhibits a conduction band level of 
around 2.1 eV, i.e. these materials are about 2 eV more 
noble than graphite.
　As a design rule , we therefor can conclude that 
heteroatom doping and spontaneous charging is useful 
to make novel graphitic materials with previously non 
accessible electronic properties, where however the 

special physical chemistry lies between the layers, i.e. 
we need at least small stacks to instrumentalize these 
charge separation and polarization interactions.
　Vice versa, new properties are to be expected 
whenever the stacking distance in an organic crystal is 
well below 0.335 nm, the covalent graphene thickness. 
Squaric acid for instance forms with urea a proton 
transfer – hydrogen complex (the dianion squarate is a 
non-classical aromatic system driving this spontaneous 
charge transfer), and the layer distance in such crystals 
is around 0.31 nm (23). Thermal condensation of these 
crystals leads to a layered “C2N” carbonaceous material 
with pronounced two-dimensional texture  ( “stack- 
of-cards” -crystals).   A similar “C2NxOySz” with x + y +z ≈ 
1 was made by thermal condensation of oxamide, and 
again, two dimensional sheets with a battery performance 
exceeding ordinary graphitic carbon were obtained (24)． 
As a last example, the 1: 1 cocrystals of ordinary 
melamine (electron poor) and dihydroxy- benzochinone 
(electron rich) turned out to be powerful organic semi- 
conductors, with a new band gap and the ability for 
effective photoredox chemistry. (25) The local structure 
in some of those crystals still needs to be resolved, but 
the functional effects were clearly proven.

Conclusion and Outlook
To learn about the electronic communication between 
covalent structures with 2D layer planes, the stacking 
distance is critical and usually an underestimated 
measure.  Systems which are more tightly packed than 
graphene show improved charge transport, polarization, 
and charge separation in the stacking direction. 
Modification  with heteroatoms in a regular fashion 
helps to bring polarity and  donor acceptor patterns in 
the graphitic planes, which then allow the layers to 
attract each other more effectively by the appropriate 
counter-patterns.
　A special subcase is thermal condensation of such 
“super-packed” crystals of organic molecules, where 
condensation is limited by the tight packing of the 
layers, and only complementary polar structures can 
potentially be formed. All the current cases of the 
structures are strictly sheet like objects, with special 

composition and functionality, but this is matter of 
ongoing analysis. As a result, we are potentially allowed 
to expect new organic semiconductors or oxidation 
stable, but redox acitive  substrates for sorption and 
catalysis.
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tightened by using potassium poly(heptazine imide) 
(PHI) instead of the (formally uncharged) carbon 
nitride. Here, aromatic packing could be directly 
observed by aberration corrected electron microscopy, 
and distances between 0.31 nm and 0.32 nm were found 
(see Fig.2, from ref. 22):
　It is worth mentioning that the optimal stoichiometry 
of these crystalline compounds is one negative charge 
per two heptazine units, i.e. the system is able to 
instrumentalize charge delocalization between neutral 
and negative heptazines in an optimal fashion. 
Correspondingly, the resulting materials turned out to 
be very effective photocatalysts, due to driving superior 
charge transport, were able to photochemically oxidize 
water as such and exhibits a conduction band level of 
around 2.1 eV, i.e. these materials are about 2 eV more 
noble than graphite.
　As a design rule , we therefor can conclude that 
heteroatom doping and spontaneous charging is useful 
to make novel graphitic materials with previously non 
accessible electronic properties, where however the 

special physical chemistry lies between the layers, i.e. 
we need at least small stacks to instrumentalize these 
charge separation and polarization interactions.
　Vice versa, new properties are to be expected 
whenever the stacking distance in an organic crystal is 
well below 0.335 nm, the covalent graphene thickness. 
Squaric acid for instance forms with urea a proton 
transfer – hydrogen complex (the dianion squarate is a 
non-classical aromatic system driving this spontaneous 
charge transfer), and the layer distance in such crystals 
is around 0.31 nm (23). Thermal condensation of these 
crystals leads to a layered “C2N” carbonaceous material 
with pronounced two-dimensional texture  ( “stack- 
of-cards” -crystals).   A similar “C2NxOySz” with x + y +z ≈ 
1 was made by thermal condensation of oxamide, and 
again, two dimensional sheets with a battery performance 
exceeding ordinary graphitic carbon were obtained (24)． 
As a last example, the 1: 1 cocrystals of ordinary 
melamine (electron poor) and dihydroxy- benzochinone 
(electron rich) turned out to be powerful organic semi- 
conductors, with a new band gap and the ability for 
effective photoredox chemistry. (25) The local structure 
in some of those crystals still needs to be resolved, but 
the functional effects were clearly proven.

Conclusion and Outlook
To learn about the electronic communication between 
covalent structures with 2D layer planes, the stacking 
distance is critical and usually an underestimated 
measure.  Systems which are more tightly packed than 
graphene show improved charge transport, polarization, 
and charge separation in the stacking direction. 
Modification  with heteroatoms in a regular fashion 
helps to bring polarity and  donor acceptor patterns in 
the graphitic planes, which then allow the layers to 
attract each other more effectively by the appropriate 
counter-patterns.
　A special subcase is thermal condensation of such 
“super-packed” crystals of organic molecules, where 
condensation is limited by the tight packing of the 
layers, and only complementary polar structures can 
potentially be formed. All the current cases of the 
structures are strictly sheet like objects, with special 

composition and functionality, but this is matter of 
ongoing analysis. As a result, we are potentially allowed 
to expect new organic semiconductors or oxidation 
stable, but redox acitive  substrates for sorption and 
catalysis.
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The figure was drawn by VESTA (18). Black and purple balls represent carbon and nitrogen atoms, respectively.
Scheme 1   The undulated structure of g-C3N4: from c axis (A) and side view (B)
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be very effective photocatalysts, due to driving superior 
charge transport, were able to photochemically oxidize 
water as such and exhibits a conduction band level of 
around 2.1 eV, i.e. these materials are about 2 eV more 
noble than graphite.
　As a design rule , we therefor can conclude that 
heteroatom doping and spontaneous charging is useful 
to make novel graphitic materials with previously non 
accessible electronic properties, where however the 

special physical chemistry lies between the layers, i.e. 
we need at least small stacks to instrumentalize these 
charge separation and polarization interactions.
　Vice versa, new properties are to be expected 
whenever the stacking distance in an organic crystal is 
well below 0.335 nm, the covalent graphene thickness. 
Squaric acid for instance forms with urea a proton 
transfer – hydrogen complex (the dianion squarate is a 
non-classical aromatic system driving this spontaneous 
charge transfer), and the layer distance in such crystals 
is around 0.31 nm (23). Thermal condensation of these 
crystals leads to a layered “C2N” carbonaceous material 
with pronounced two-dimensional texture  ( “stack- 
of-cards” -crystals).   A similar “C2NxOySz” with x + y +z ≈ 
1 was made by thermal condensation of oxamide, and 
again, two dimensional sheets with a battery performance 
exceeding ordinary graphitic carbon were obtained (24)． 
As a last example, the 1: 1 cocrystals of ordinary 
melamine (electron poor) and dihydroxy- benzochinone 
(electron rich) turned out to be powerful organic semi- 
conductors, with a new band gap and the ability for 
effective photoredox chemistry. (25) The local structure 
in some of those crystals still needs to be resolved, but 
the functional effects were clearly proven.

Conclusion and Outlook
To learn about the electronic communication between 
covalent structures with 2D layer planes, the stacking 
distance is critical and usually an underestimated 
measure.  Systems which are more tightly packed than 
graphene show improved charge transport, polarization, 
and charge separation in the stacking direction. 
Modification  with heteroatoms in a regular fashion 
helps to bring polarity and  donor acceptor patterns in 
the graphitic planes, which then allow the layers to 
attract each other more effectively by the appropriate 
counter-patterns.
　A special subcase is thermal condensation of such 
“super-packed” crystals of organic molecules, where 
condensation is limited by the tight packing of the 
layers, and only complementary polar structures can 
potentially be formed. All the current cases of the 
structures are strictly sheet like objects, with special 

composition and functionality, but this is matter of 
ongoing analysis. As a result, we are potentially allowed 
to expect new organic semiconductors or oxidation 
stable, but redox acitive  substrates for sorption and 
catalysis.
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The structure is composed of stacks of(interconnected) 
heptazines with 0.31 – 0.32 nm stacking distance. 

Fig. 2   AC-HRTEM depicting the inner structure of the active 
　　　 photocatalyst potassium-polyheptazineimides. 
　　　 (Reprinted from ref. 22)



Introduction
Graphene,or 2D-material in general, is the most recent 
focus in modern materials chemistry, due to the very 
unique properties as mechanical stability and electronic 
properties, but also the large specific interface area 
(accessing interface effects) in those systems (see, for 
instance, refs 1–7).
　The distance between single graphene layers in 
graphite is d = 0.335 nm (8). This is regarded to be the 
stable minimal distance between two carbon atoms in 
which they are not covalently bonded, but rather the 
two planer attracted by van der Waals forces until 
electron repulsion sets in. It is also clear that this van 
der Waals binding is not very attractive, as graphite can 
be easily splitted and delaminated along this plane. The 
similarly structured hexagonal boron nitride has a layer 

distance of 0.331 nm (9), and in spite of all carbon atoms 
have been exchanges against either boron or nitrogen, 
this similarity is striking. We could go on like that: in 
the solid state structure of solid carbondioxide (CO2), a 
rod-like molecule. The CO2-to-CO2 distance is 0.349 nm 
(10)  and again we can relate a minimal van der Waals 
distance of two covalent molecules, with only weak 
binding between them enough to form a crystal. From 
that, we also can  guess how “big” molecules are  even 
though electrons are certainly delocalized and can reach 
out with some probability to further distance. However, 
the van der Waals distance is a good measure to 
approximate molecular as objects or a certain size.
　This structure of course comes with an anisometry of 
properties: it is well known that for instance polarity 
and conductivity, as well as also mechanical cohesion 
are highly anisotropic, with the electronic conductivity 
in the plane being “at least 10000 times larger” than 
perpendicular to it (11). We are allowed to expect that 
with a potential variation of stacking density, not only 
charge transport, but also refractive index, polarization 
and materials polarity, as well as cohesion energy 
density will alter, some of them in a highly non-linear 
fashion.
　But allow me to extend graphene to other sheet-like 

objects. In DNA, the nucleobases are stacked with a 
distance of 0.33 – 0.34 nm, so comparably tight, which 
enables charge and energy transport within the stacks 
(12). Indeed, Nature uses such stacked objects in many 
cases for charge transport, while the case of charge 
transport along conjugated main chains is rather rare. 
The stacking distances in dye structures or supra- 
molecular (helix) stacks are usually only geometrically 
controlled and to our knowledge usually longer than in 
graphene or DNA. (13 – 15). Interestingly, this stacking 
is apparently regarded to be so trivial that the distance 
is not even mentioned as such and can be taken out of 
the data, only.
　A classical exciting case which illustrates the 
alternative option is the Donor acceptor complex 
between TTF-TCNQ : this is a well-known organic 
crystal which has metal-like conductivity at low 
temperatures. The crystal structure shows the presence 
of a 1:1 Radical Cation-Radical Anion Salt of 2,2'- 
Bis-l,3-dithiole (TTF) and 7,7,8,8-Tetracyanoquinodi- 
methane (TCNQ) (the radicals created by spontaneous 
charge transfer, see ref. 16). The TTF radical cations 
and the TCNQ radical anions form homologous columnar 
stacks with interplanar spacings of 3.47 and 3.17 Å, 
respectively, which in spite of the very bulky sulfur 
atoms is both “super-dense” . To accommodate those 
two packings in the same crystal, the dihedral angle 
between the least-squares planes of the cations and the 
anions is 58.5 ° .  Obviously, the spontaneous charge 
transfer allows breakage of the “minimal” covalent 

distance, and the resulting polarization interactions 
turns the whole crystal from a molecular crystal into a 
metallic conductor. This transition is what we like to 
hunt for the design of novel two-dimensional materials: 
setting delocalized charges and polarization patterns 
will provide access to new optical and electronic 
properties!
　An alternative 2D-structure is graphitic carbon- 
nitride, g-C3N4. Carbon nitride is not flat, but locally 
undulated, but as such it is very tightly packed (see 
Scheme 1). Typical layer distances in disordered carbon 
nitride polymers are d = 0.326 nm. For more regular 
species values down to d = 0.319 nm are reported, this is 
down to the value of the TCNQ- stacks (17). In a 
remarkable 2015 paper, Merschjann et al. analyzed the 
influence of this distance on the electron hopping and 
thereby electron mobility (19) in carbon nitrides for 
diversely disordered polymer materials with different 
stacking distances between 0.323 and 0.331 nm. It was 
found experimentally that there is a difference by a 
factor of 50 between the samples. In their carbon nitride 
samples, this made the stacking direction the main 
charge transport direction, with optical excitons now 
being preferentially localized on different layers rather 
than the same layer. 
　The minimal distance in more organized carbon 
nitride species is 5% tighter than in crystalline graphite, 
more than a van der Waals distances and electronic 
properties are complementary. To illustrate that in 
other words: shorter distances in chemistry are usually 

related to additional bonding schemes. We have to 
attribute such compression to stronger polarization 
interactions between the single 2D layers, i.e. partial 
plus and minus charges on neighboring layers, or in the 
language of organic chemistry alternative meso- 
merization schemes. We assume that this polarization is 
why carbon nitride is such a superior heterogeneous 
organocatalyst or catalytic support (20, 21)．
　In a recent paper, this packing could be further 
tightened by using potassium poly(heptazine imide) 
(PHI) instead of the (formally uncharged) carbon 
nitride. Here, aromatic packing could be directly 
observed by aberration corrected electron microscopy, 
and distances between 0.31 nm and 0.32 nm were found 
(see Fig.2, from ref. 22):
　It is worth mentioning that the optimal stoichiometry 
of these crystalline compounds is one negative charge 
per two heptazine units, i.e. the system is able to 
instrumentalize charge delocalization between neutral 
and negative heptazines in an optimal fashion. 
Correspondingly, the resulting materials turned out to 
be very effective photocatalysts, due to driving superior 
charge transport, were able to photochemically oxidize 
water as such and exhibits a conduction band level of 
around 2.1 eV, i.e. these materials are about 2 eV more 
noble than graphite.
　As a design rule , we therefor can conclude that 
heteroatom doping and spontaneous charging is useful 
to make novel graphitic materials with previously non 
accessible electronic properties, where however the 

special physical chemistry lies between the layers, i.e. 
we need at least small stacks to instrumentalize these 
charge separation and polarization interactions.
　Vice versa, new properties are to be expected 
whenever the stacking distance in an organic crystal is 
well below 0.335 nm, the covalent graphene thickness. 
Squaric acid for instance forms with urea a proton 
transfer – hydrogen complex (the dianion squarate is a 
non-classical aromatic system driving this spontaneous 
charge transfer), and the layer distance in such crystals 
is around 0.31 nm (23). Thermal condensation of these 
crystals leads to a layered “C2N” carbonaceous material 
with pronounced two-dimensional texture  ( “stack- 
of-cards” -crystals).   A similar “C2NxOySz” with x + y +z ≈ 
1 was made by thermal condensation of oxamide, and 
again, two dimensional sheets with a battery performance 
exceeding ordinary graphitic carbon were obtained (24)． 
As a last example, the 1: 1 cocrystals of ordinary 
melamine (electron poor) and dihydroxy- benzochinone 
(electron rich) turned out to be powerful organic semi- 
conductors, with a new band gap and the ability for 
effective photoredox chemistry. (25) The local structure 
in some of those crystals still needs to be resolved, but 
the functional effects were clearly proven.

Conclusion and Outlook
To learn about the electronic communication between 
covalent structures with 2D layer planes, the stacking 
distance is critical and usually an underestimated 
measure.  Systems which are more tightly packed than 
graphene show improved charge transport, polarization, 
and charge separation in the stacking direction. 
Modification  with heteroatoms in a regular fashion 
helps to bring polarity and  donor acceptor patterns in 
the graphitic planes, which then allow the layers to 
attract each other more effectively by the appropriate 
counter-patterns.
　A special subcase is thermal condensation of such 
“super-packed” crystals of organic molecules, where 
condensation is limited by the tight packing of the 
layers, and only complementary polar structures can 
potentially be formed. All the current cases of the 
structures are strictly sheet like objects, with special 

composition and functionality, but this is matter of 
ongoing analysis. As a result, we are potentially allowed 
to expect new organic semiconductors or oxidation 
stable, but redox acitive  substrates for sorption and 
catalysis.
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