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We study new 3D materials, π-conjugated microporous polymers (aza-CMPs), where 2D layers are
connected by methanoic and ethanoic acid groups. The crystal parameters and the band structures
are calculated. The energy gaps for a 3D crystal with the ethanoic (E3D

g ¼ 1:04 eV) and methanoic
(E3D

g ¼ 1:26 eV) acid connecting groups are smaller than those for a 2D material (E2D
g ¼ 1:64 eV).

The symmetry of a 3D crystal becomes lower than for a 2D aza-CMP by changing selection rules
and optical spectra. The upper hole bands become non-degenerate for an aza-CMP with ethanoic
acid and are doubly degenerate for an aza-CMP with methanoic acid connecting groups. The upper
bands in the valence zone become more flat implying heavier hole masses that lead to lower hole
mobilities. We also investigate molecular transport through the channels. We find that a CH4 mole-
cule moves easily along the tube in a large pore material and is hindered in a small pore (with etha-
noic acid connecting groups) crystal. The ammonia molecule is attached to the tube walls with a
large activation energy (about 0:39 eV). For the large molecules NR4 (R=CH3, C2H5), chemical
reactions take place in the narrow tubes. In particular, an N(CH3)4 molecule decays in the fragments.
The two atoms, N and C, are attached to the tube walls, and the three molecular fragments, CH4,
C2H6, and H2, can further tunnel along the channels. The low energy gaps and tunable transport
properties of π-conjugated microporous polymeric structures can be used for electronics, energy har-
vesting, gas separation, selective gas transport, hydrogen storage, and biomedicine (drug
delivery). Published by AIP Publishing. https://doi.org/10.1063/1.5045194

I. INTRODUCTION

With new methodologies in synthesis, investigators have
achieved much success in creating new 2D materials providing
some control over electronic and mechanical properties
expanding the range of applications to biomedicine,1–9

nanoelectronics,10–20 hydrogen, and energy storage.21–30 One
such material is π-conjugated microporous polymers (CMPs)
where the pores are about 1 nm. g-C2N 2D polyprophylene
has recently attracted much interest. This material has a nitro-
genated porous structure31 with three benzene rings on a side
of a hexagonal unit cell as shown in Fig. 1(a). If we continue
the synthesis methodology, we arrive at a novel class of
extended porous frameworks, which are known as
π-conjugated microporous polymers shown in Fig. 1(b).

One of the most obvious applications of the large hole
materials is to extend them to 3D crystals and consider large
3D tubes as channels for delivery molecules to designated
places. This application is very important in medicine and
hydrogen storage. Besides molecular transport, these materi-
als have interesting electronic properties. Indeed, they are
semiconductors. We study electronic properties as well.
Because of low gap values, these materials can be used in
energy harvesting (solar cells) and electronics.

II. MATERIALS DESCRIPTIONS

First, we describe some properties of 2D nitrogenated
porous materials. The aza-CMP consists of five benzene

rings on a side of the hexagon unit cell. An aza-CMP has
been synthesized and its physical properties have been
computationally studied within the ab initio approach. The
first material, g-C2N,

32–34 turns out to be a good semicon-
ductor with a direct bandgap of 2.47 eV. This material has
various applications, e.g., water-splitting photocatalysis.35

The latter polymer, aza-CMP,36,37 with a direct bandgap
of 1.65 eV38 is promising for the electric power supply
and efficient energy storage.39 In Ref. 40, it was shown
that the gap can be tuned from 1.64 to 0.96 eV by replac-
ing hydrogens by the halogen substituents varying from
fluorine to iodine. The applications of the nitrogenated
microporous materials are very broad. They can be useful
as sensitizers in solar cells, for water splitting catalysis, in
biomedicine, and for gas and energy storage. The next
step forward in the study of aza-CMPs is to extend them
to 3D materials where the aza-CMP 2D layers are con-
nected by two different groups, methanoic and ethanoic
acids, into a 3D crystal as shown in Fig. 2. The large 2D
pores form the tubes in the third dimension that can be
used, e.g., for a selective transport of various molecules
and molecular groups.

In Figs. 3(a) and 3(b), we observe the picture for the
ethanoic acid aza-CMP that is similar to the crystal structure
of the methanoic acid aza-CMP shown in Figs. 4(a) and 4(b).
In both the figures, we find hydrogen bonds that connect two
adjacent layers. The methanoic acids and two adjacent layers
are shown in Fig. 5. This figure clearly demonstrates that the
two adjacent layers are connected by a hydrogen atom,
which is bound to two oxygens forming the hydrogen bond.
The methanoic and ethanoic acid connecting groups containa)Electronic address: yurid@uwyo.edu

JOURNAL OF APPLIED PHYSICS 124, 194303 (2018)

0021-8979/2018/124(19)/194303/6/$30.00 124, 194303-1 Published by AIP Publishing.

https://doi.org/10.1063/1.5045194
https://doi.org/10.1063/1.5045194
mailto:yurid@uwyo.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5045194&domain=pdf&date_stamp=2018-11-20


two oxygen atoms that, as we will see later, make them
chemically active for some tunneling molecules. One of the
most important applications of 3D aza-CMPs is to utilize
their large-size micro-tubes for the transport of various mole-
cules shown in Fig. 6. These molecules are methane CH4

and NR4 molecules with R ¼ H, CH3, and C2H5. Molecular
transport will be studied in two different 3D materials with
(a) methanoic acid connecting groups (see Fig. 4) and (b)
ethanoic acid connecting groups (see Fig. 3). Before studying
the transport properties of various molecules in two types of
aza-CMPs, we first characterize them describing their elec-
tronic properties.

III. CALCULATION DETAILS

The electronic structure calculations and geometry opti-
mizations have been performed in Vienna Ab Initio
Simulation Package (VASP)41,42 using the density functional
theory (DFT) with the generalized gradient approximation
(GGA). The projector augmented plane-wave (PAW) pseudo-
potential43,44 with a cutoff energy of 400 eV has been
employed for all calculations. The Γ-centered k-point grid
has been generated from the Monkhorst-Pack scheme.45 The
structure relaxation for all 3D materials has been performed
with the Pedrew-Burke-Ernzerhof (PBE) exchange-
correlation functional46 and 8� 8� 8 k-mesh grid using the
conjugate gradient algorithm. Because of the long hydrogen
bonds between two adjacent 2D layers (see Figs. 3–5), it is
important to make the van der Waals (vdW) corrections to
the exchange correlation functional. Thus, the van der Waals

corrections have been incorporated using the DFT-D2
method due to its better description of long-range vdW
interactions.47–49 The band structure has been calculated with
the Heyd-Scuseria-Ernzerhof (HSE06) hybrid exchange-
correlation functional. For the band structure calculations, we
have used the M-Γ-K-M path in a k-space. For the calcula-
tions along this path, we have chosen 60 k-points in total.
The transport energy barriers were computed by restricting
one dimension of the center ion and discretely changing it
along the tube keeping all the other dimension constraints
free.

FIG. 1. Crystal structures of the nitrogenated porous materials: (a) g-C2N with three nitrogenated benzene rings on a side of the unit cell and (b) X-aza-CMP
(X = H) with five nitrogenated benzene rings on a side of the unit cell. The unit cells are presented in the red frames.

FIG. 2. (a) Methanoic and (b) ethanoic acids.

FIG. 3. aza-CMP with five nitrogenated benzene rings on a side of the unit
cell. The connecting group is ethanoic acid. (a) The plane cross-section and
(b) the cross-section along a z-axis.
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IV. ELECTRONIC PROPERTIES AND MOLECULAR
TRANSPORT

A. Electronic structure

The two 3D aza-CMPs depicted in Figs. 3 and 4 are
novel materials, whose geometries and electronic properties
are unknown. Thus, we first study their crystal structures

providing the crystal parameters. After the optimization, we
have found that the crystal structure for a crystal with the
methanoic acid connecting group is trigonal with the follow-
ing crystal unit lattice constants: a ¼ 16:55A

�
, b ¼ 16:55A

�
,

and c ¼ 4:57A
�

and angles α ¼ 90:04�, β ¼ 90:03�, and
γ ¼ 120:00�. For the ethanoic acid connecting group, a
crystal structure is triclinic where the crystal parameters are
a ¼ 16:55A

�
, b ¼ 16:48A

�
, and c ¼ 4:65A

�
with α ¼ 94:43�,

β ¼ 86:75�, and γ ¼ 120:07�.
When the crystal parameters of the 3D aza-CMPs under

study are known, we investigate the electronic properties of
these materials. In particular, we provide their band structures
and compare them with the known band structure of a 2D
aza-CMP. The band structures for both materials have the
direct gaps at the Γ-point as shown in Figs. 7(b) and 7(c).
The bands look similar to those of a 2D aza-CMP shown in
Fig. 7(a).

From Figs. 7(a)–7(c), at a closer look, we see that the
band structures are different. First, the bandgap values are
E2D
g ¼ 1:64 eV for a 2D layer [see Fig. 7(a)],38,40 E3D

g ¼
1:04 eV [see Fig. 7(b)], and E3D

g ¼ 1:26 eV [see Fig. 7(c)]
for 3D crystals with the ethanoic acid and methanoic acid
connecting groups, respectively. The largest energy gap dif-
ference is ΔE ¼ E2D

g � E3D ¼ 0:60 eV. Second, we know40

that a 2D crystal has a D6h symmetry at the Γ-point,
whereas the same symmetry in a 3D crystal is lower.
Indeed, it is only C3v for a 3D aza-CMP with the methanoic
and C3 for an aza-CMP with the ethanoic acid connecting
groups, respectively. For the 2D and 3D aza-CMPs with
methanoic connecting groups, we observe doubly degener-
ate upper hole bands because both symmetry groups D6h

and C3v have two-dimensional group representations.
However, for the 3D aza-CMP with the ethanoic acid con-
necting group, the doubly degenerate upper hole bands are
transformed into two non-degenerate bands because the rep-
resentations of a C3 group are only one dimensional. There
is a third feature, which we observe from the valence band
structure—the hole bands become more flat for a 3D case
implying the heavier hole effective masses. As far as effec-
tive electron masses are concerned, they remain almost
unchanged.

B. Molecular transport

One of the most important applications of 3D aza-CPMs
is molecular transport in long channels. Indeed, the nano-
pores are large enough to allow some large molecules to
tunnel through the wide tubes. Such tunneling could have an

FIG. 4. Crystal structures of the aza-CMP with five nitrogenated benzene
rings on a side of the unit cell. The connecting group is methanoic acid. (a)
The in-plane cross-section and (b) the cross-section along a z-axis.

FIG. 5. Two layers are connected by the methanoic acid group with the
hydrogen bond formation.

FIG. 6. Left figure depicts a methane molecule, CH4. The right figure shows
a general molecule with the different substitution groups. In particular, R=H,
CH3, and C2H5.
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application in biomedicine for drug delivery, where a large
molecule can be delivered to specific places by tunneling
through a 3D aza-CMP channel.

In this work, we study various molecules that are differ-
ent in sizes, electron affinities, and chemically active groups.
In particular, we consider the following molecules: (a) CH4,
(b) NH4, (c) N(CH3)4, and N(C2H5)4, schematically shown
in Fig. 6. In Fig. 8, we demonstrate how a molecule moves in
the large and small diameter nano-pores. The left figure rep-
resents the reactant state for the tunneling of a N(C2H5)4
molecule in a wide tube. The right figure demonstrates the
reactant state of a smaller molecule, CH4 tunneling in a
narrow tube.

The process of a molecule transport is schematically
shown in Fig. 9. The molecule moves along the tube. The
first part of the low picture represents the lowest energy
state of the particle, the particle is between the layers. In the
lower middle picture, the particle is passing the layer. This
picture provides the maximum value in the activation
energy. Then, the particle is in between the layers again.

This particle transport picture is periodic with the lattice
constant along the z-axis. The activation energy is defined
as the energy at the saddle point between the 2D layers. We
have calculated the activation energies for various scenar-
ios. The criterion for a molecule to move along a tube is
that the activation energy is about or less than the room
temperature, i.e.,

Ea � kBT ¼ 25meV: (1)

The activation energies are given in Table I. As
expected, the CH4 molecule easily tunnels through the
large aza-CMP pores with the barrier energy lesser than
the room temperature. However, in the small-size
aza-CMP pores, the transport becomes much less effi-
cient. From column 1 in Table I, all molecules have the
lower barriers and, therefore, do not dissociate. The barri-
ers for the larger molecules are very high and, thus,
these molecules practically do not tunnel. The physical

FIG. 7. Band structures of (a) 2D aza-CMP, (b) 3D aza-CMP with a methanoic acid connecting group, and (c) 3D aza-CMP with an ethanoic acid connecting
group.

FIG. 8. Molecules in the reactant states of the tunneling through the nano-
tubes. (a) N(C2H5)4 (the left-hand side) and (b) CH4 (the right-hand side). FIG. 9. A schematic picture of the molecular tunneling along the tube.
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picture becomes rather different for molecular tunneling
through the narrow tubes. Only CH4 molecules do not
dissociate, while all other molecules either get attached to
a tube wall or chemically react with the 3D-aza-CMPs.
For the large molecules, the transport activation energies
are very high; therefore, the molecules do not tunnel. The
NH4 molecule sticks to the tube wall with the bond dis-
sociation energy of 0:39 eV as shown in Fig. 10(b).
To make sure that our calculations are correct, we have
also compared the computed dissociation energy with the
ones found in Ref. 50. A very good agreement has
been found.

By studying the tunneling of various molecules, we
have found that some molecules despite their small size
can be stuck to the walls of the tube. In particular, the
NH4 molecule is attached to the narrow tube wall as
shown in Fig. 10.

Furthermore, there is another special case that we
would like to emphasize. For the transport of a N(CH3)4
molecule, a chemical reaction takes place in a large tube.
The large molecule decays into several fragments: CH4,
C2H6, NH, and C2H2 as shown in Fig. 11. Apparently,
the atoms N and C react with the tube walls, while

the CH4, C2H6, and H2 molecules can move through
the pores.

V. CONCLUSIONS

In this work, we have studied novel 3D aza-CMP crys-
tals, which are formed from the aza-CMP layers shown in
Fig. 1(b). To connect the 2D layers into a 3D crystal, we
have used the methanoic and ethanoic acid connecting
groups as shown in Figs. 2(a) and 2(b), respectively. Two
adjacent layers are connected by a hydrogen bond, and the
hydrogen atom between the two oxygens is shown in Fig. 5.
We have characterized these materials by calculating their
lattice parameters and energy band structures as depicted in
Fig. 7. First, we have found that the energy gaps for the
crystal with the ethanoic and methanoic acid connecting
groups are significantly lower than that for a 2D crystal. The
gap values are E2D

g ¼ 1:64 eV for 2D aza-CMP and E3D
g ¼

1:26 eV and E3D
g ¼ 1:04 eV for 3D aza-CMPs with metha-

noic and ethanoic acid connecting groups, respectively.
Besides the energy gap shrinking, there is a second important
effect. The symmetry of the crystal becomes lower for a 3D
material than that for a 2D aza-CMP, thereby changing selec-
tion rules and optical spectra. The third effect is that the
upper hole bands become non-degenerate for the 3D
aza-CMP with ethanoic acid connecting group while being
doubly degenerate for the 2D aza-CMP and 3D aza-CMP
with methanoic acid connecting group as shown in Fig. 7.
The fourth effect is that the upper bands in the valence zone
become more flat implying heavier hole masses that lead to
lower hole mobilities.

Furthermore, we have investigated the transport of
various molecules (see Fig. 6) through the channels in 3D
crystals. We have found that CH4 molecule moves easily
along the wide tubes and is hindered in the narrow tube
materials. The transport activation and dissociation energies
are given in Table I. Besides the molecular tunneling, there

TABLE I. Transport activation and bond dissociation energies for various
tunneling molecules in the large and small pore 3D aza-CMPs.

Activation energy
(meV)

Activation energy
(meV)

Dissociation energy
(eV)

(large pores) (small pores) Er � Ep

CH4 20.6 77.2 No dissociation
NH4 87.7 389 4.49
N(CH3)4 209 Chemical reaction 9.07
N
(C2H5)4

788 Chemical reaction Chemical reaction

FIG. 10. Reactant and product states are presented in the left and right upper
figures. The lower figure shows the energy dependence on the reaction
coordinate.

FIG. 11. Reactant and product states are presented in the left and right upper
figures. The lower figure shows the energy behavior along the reaction
coordinate.
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are some other interesting phenomena taking place in molec-
ular transport through the tubes. We have found that the
ammonia molecule can get attached to the tube walls.
Indeed, as follows from Table I, the activation energy for the
ammonia molecule to further move along the narrow tube is
very large (about 0:39 eV). Thus, the molecule attaches to a
tube wall with a dissociation energy of 4:5 eV. For the larger
molecules, the situation is more complicated where the chem-
ical reactions take place during the tunneling process. As
shown in Fig. 11, N(CH3)4 molecule decays into N and C,
which further react with the tube walls and three molecular
fragments, CH4, C2H6, and H2, which can tunnel further
along the channels. The latter effect is very important in bio-
medical applications, such as drug delivery. By varying the
pore sizes and the tunneling molecules, we are able to selec-
tively transport particular molecules to a designated place
that includes gas separation and hydrogen storage. The low
energy gaps and tunable transport properties of π-conjugated
microporous polymeric structures can also be used for energy
harvesting (solar cells) and electronics.
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