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ABSTRACT: Porphyrin-based two-dimensional polymers
have uniform micropores and close to atom-thin thicknesses,
but they have not been explored for gas separation. Herein we
design various expanded porphyrin derivatives for their
potential application in membrane gas separation, using
CO,/N, as an example. Pore sizes are determined based on
both van der Waals radii and electron density distribution.
Potential energy curves for CO, and N, passing through are
mapped by dispersion-corrected density functional theory
calculations. The passing-through barriers are used to evaluate
CO,/N, separation selectivity. Promising subunits for CO,
separation have been selected from the selectivity estimates. 2D membranes composed of amethyrin derivatives are shown to
have high ideal selectivity on the order of 10° for CO,/N, separation. Classical molecular dynamics simulation yields a
permeance of 10°—10° GPU for CO, through extended 2D membranes based on amethyrin derivatives. This work demonstrates

that porphyrin systems could offer an attractive bottom-up approach for 2D porous membranes.
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1. INTRODUCTION

Burning fossil fuel generates a huge amount of CO,, which
contributes significantly to global warming. Separation of CO,
from flue gas, or postcombustion carbon capture, plays a critical
role in CO, emission reduction. Sorbent-based separation
methods have used liquid amines,"” ionic liquids,>> metal—
organic frameworks,®’ covalent—organic frameworks,>’ porous
carbons,'® and porous organic polymers.'"'> However,
regeneration of sorbents at higher temperatures to desorb
CO, is energetically costly.

Membrane-based gas separation offers an attractive alternative,
due to their small footprint and high energy-efficiency.'>'* The
productivity of membranes is measured by their gas permeance
which is inversely proportional to the membrane thickness.
Hence, ultrathin membranes with proper pore sizes and func-
tional groups have the potential to offer both high selectivity
and permeance.”>”"® Nanoporous graphene and graphene
oxide have been studied experimentally and theoretically as
molecule-sieving membranes.” ™ However, it is difficult to
introduce uniform and tunable micropores into graphene
through a top-down approach. Recently, various two-dimensional
(2D) polymers based on covalent organic frameworks (COFs)
have been synthesized, providing a new possibility to construct
membranes with uniform pores from the bottom up.**¢~%’

Porphyrin derivatives are common building blocks for 2D
polymeric constructions. Recently, porphyrin-based porous
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materials have been investigated for CO, capture.**>* Because
of their high chemical stability, porphyrin units have been used
to synthesize porous organic polymers (POPs) and metal—
organic frameworks (MOFs). Bhaumik and co-workers
synthesized porphyrin-based POPs and showed that they
can have high BET surface areas and excellent CO, uptake
(~19 wt% at 273 K and 1 bar).>* Ma and co-workers made
metal—organic materials from custom-designed porphyrin
building blocks and found that they have permanent micro-
pores and selective CO, uptake.>’ Zhang and co-workers
reported direct X-ray observation of CO, inside a porphrinic
MOF.** However, a 2D porous framework based on porphyrins
has not been demonstrated experimentally.

Basic porphyrins are composed of four pyrrole rings.
Expanded porphyrins®*~>¢
cycles, resulting in a micropore in the center of the molecule. It
is well-known that the center of porphyrins and expanded
porphyrins can coordinate with metal cations or anions
selectively in biochemistry and host—guest chemistry. Some
derivatives have been used for selective anion extraction.’’”
The nitrogen and oxygen groups around the rim of the center
pore are Lewis bases and can serve as CO,-phillic groups.

can have more than four hetero-
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Figure 1. Proposed expanded porphyrins with large pores.
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Hence the 2D nature of porphyrin derivatives and the
functional N and O groups could offer high performance for
CO, separation if they have appropriate pore sizes and are
assembled into an extended membrane.

In this work, a series of expanded porphyrin derivatives are
computationally designed. Their center pore sizes are evaluated
from van der Waals radii and electron density distribution.
Potential energy curves for CO, and N, passing through the
center pores are computed from density functional theory to
estimate ideal selectivity. Then two extended 2D membranes
are constructed from the most promising porphyrin building
blocks; the performance of such membranes is then simulated
by classical molecular dynamics.

2. CALCULATION DETAILS

Geometry relaxation of the porphyrin building blocks was performed
with the Gaussian 09 program package®® at the M06-2x/6-31+G(d)
level.*>* Frequency calculations were performed at the same level to
confirm that all the obtained structures were local minima with no
imaginary frequency. On the basis of these optimized geometries, iso-
electron density surfaces were plotted at different iso-values to
determine pore sizes of the porphyrins. Furthermore, natural bond
orbital (NBO)*' calculations were employed to analyze partial charges
on atoms.

B-LYP calculations** with DFT-D3* correction in the Turbo-
mole V6.5 electronic structure package® were used to explore
potential energy curves of a single CO, or N, molecule crossing the
pore center of selected expanded porphyrins. Def2-QZVPP orbital and
auxiliary basis sets were utilized. It was reported that dispersion
interactions could be reproduced quite well at this level, with a mean
absolute deviation of 1 kcal/mol compared with the CCSD(T)/CBS
results.* The gas molecule approached the pore center with the
molecular axis perpendicular to the porphyrin plane. Geometries of
porphyrin molecules were fixed.

To simulate gas permeation through an extended membrane,
classical molecular dynamics simulations were performed with the

Table 1. Pore Sizes of Various Porphyrin Derivatives

da/A
dyaqw-cor/ A (isovalue/a.u.)
(0.001) (0.002)
sap 0.79 0.88 1.30
sap-10a 1.26 1.31 175
sap-10b 0.94 1.14 1.68
sap-20 1.38 1.38 1.89
sap-30 2.05 179 2.37
ame 0.94 0.72 1.02
ame-20 1.18 1.49 1.81
ame-40 2.14 1.82 2.32
(8-pr] 3.48 325 3.57
(8-pr]20 324 311 345
(8-pr]-40 333 3.10 347
[8-pr]-60 392 3.07 336
CO, 324 3.54 3.30
N, 343 3.62 336

LAMMPS software package®” in the NVT ensemble. The Nose-
Hoover thermostat was applied to keep gas temperature at 300 K. 2D
periodic boundary conditions in the xy directions were employed. The
atoms in the membrane were fixed. Their atomic charges were
obtained from ESP fitting at the B3LYP/6-31G(d) level. Models with
three partial charges were adopted for CO, and N, molecules.*® van
der Waals parameters were fitted according to calculated potential
energy curves for atoms in gas molecules and around pores in
porphyrins (see Table S1 and Table S2 in the Supporting
Information for these parameters). The cutoff distance of inter-
molecular interaction was 12.0 A. The dimension of the membrane
model was 38.54 A X 47.27 A. Six parallel dynamic simulations for
50 ns were performed. Coordinates for both the molecular porphyrin
models and the extended systems were provided in the Supporting
Information.
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Figure 2. Potential energy curves for CO, and N, interacting with selected porous porphyrins at the B-LYP-D3/def2-QZVPP level. Distance is from

the center-of-mass of the gas molecule to the center of the pore.

3. RESULTS AND DISCUSSION

3.1. Geometry and Pore Size. In many biochemical
compounds, there are divalent metal cations in the center of
porphyrins, such as Fe*" in heme, Mg>" in chlorophyll, and
Zn*" in protoporphyrin, indicating that the pore radius of the
normal porphyrin anion is about 0.8 A. This pore is too small
for any gas molecule to pass though. Hence, we focus on
expanded porphyrins with larger pores. Three classes of
expanded porphyrin derivatives are investigated, named as
sapphyrin, amethyrin, and cyclo[8]pyrrole following the
literature convention.>® They are composed of S, 6, and
8 pyrrole subunits, respectively, and denoted as sap, ame, and
[8-pr] for short in the following discussion. For neutral

13075

porphyrin derivatives, some nitrogen atoms in pyrrole subunits
are hydrogenated. These hydrogen atoms hinder gas molecule
diffusion through the center pore. To enlarge the center pores,
pyrrole rings are alternatively substituted by furans or pyridines
to eliminate hydrogen atoms in the pore. Geometry relaxations
with DFT calculations show that pyridine replacement leads to
corrugated structure and nonplanar geometry, because of steric
hindrance between the 2- and 6- hydrogens of pyridine. In
comparison, furan substitutions keep the structures planar. We
will focus on the furan-substituted expanded porphyrins, as
shown in Figure 1.

The simplest way to determine pore diameters is to directly
measure the smallest distance between two opposite atoms
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surrounding the pore and to take into account van der Waals
radii of H, N, and O.* The results are d gy, in Table 1.
One can see that the pores of all the sapphyrin and amethyrin
derivatives may be too small for either CO, or N, to pass
through, while the pore sizes of [8-pr]-20 and [8-pr]-40
should be just right for CO, permeation. One can also
determine pore sizes by the electron-density iso-value surface,
which is called d,; in Table 1. Of course, d,; is dependent on the
predetermined electron density iso-value. Our previous work®®
has shown that diameters of common gas molecules obtained
from iso-electronic density surfaces at relatively small iso-values
(0.001, 0.001S5, and 0.002 au) are in good agreement with
kinetic diameters in references.”’ We find that the pore
diameters estimated at iso-values of 0.001 are similar to the
corresponding d,gy.cor values (Table 1).

Given that the diameter of CO, is only slightly smaller than
that of N, the pore size alone may not offer enough selectivity.
One also needs to consider the functional groups around the
pore rim. Previously, it has been shown that factors includ-
ing heteroatom-containing polar groups, dipole—quadrupole,
acid—base, and other weak interactions between CO, and the
absorbents can significantly improve CO, affinity.>>* The
nitrogen and oxygen heteroatoms around the micropore in the
centers of porphyrins are Lewis bases and may offer stronger
interaction with CO, than N,. To probe such interaction, we
need to examine the potential energy surfaces of CO, and N,
passing through the porphyrin pore.

3.2. Potential Energy Surface and Ideal Selectivity.
Potential energy curves for CO, and N, interacting with

Table 2. Gas Passing-through Barriers and Ideal CO,/N,
Selectivies of Selected Porous Porphyrins

sap-30 ame-20 ame-40
AEcq,/eV 0.352 0.381 0.297
AEy,/eV 0.694 0.747 0.436
AAE/eV 0.342 0.366 0.139
selectivity (300 K) 5.6 X 10° 14 x 10° 22 X 10*

porphyrin derivatives, such as sap-30, ame-20, ame-40, [8-pr],
[8-pr]-20, and [8-pr]-60, are mapped to obtain the barriers for
gas passing-through (Figure 2). Although CO, is a nonpolar
molecule, the C atom has a positive charge (1.05S lel) and the
two O atoms have a negative charge (—0.527 lel), leading to a
large quadrupole moment which can interact with the charges
on N and O atoms in porphyrins (at —0.48 lel and —0.43 +
0.03 lel, respectively). The potential energy curves show that
sap-30, ame-20, and ame-40 can distinguish CO, from N,.
Energy barriers for CO, passing through sap-30, ame-20, and
ame-40 (AEq, in Table 2) are 0.352, 0.381, and 0.297 eV,
respectively; for sap-30 and ame-40, the barrier is for CO,
escaping from the pore, rather than getting into the pore,
because escaping from the pore is the rate-limiting step. On
the other hand, there are almost no energy barriers for both
CO, and N, going into the pores of [8-pr] derivatives, indicating
that the pores will not offer enough selectivity for CO, over N,.

On the basis of the energy barriers, we can estimate the ideal
CO,/N, selectivity of the porphyrin derivatives by the
Arrhenius equation.'” Table 2 shows that sap-30, ame-20,
and ame-40 have a large enough difference between CO,
passing-through barrier (AEcq,) and N, passing-through
barrier (AEy,). Assuming that the passing-through processes
of both gases follow the Arrhenius rate equation with the same
pre-exponential factors, we obtained ideal selectivity Sco,/n2 =
e AAERT in which AAE = AEcqy, — AEy,. High selectivities
ranging from 107 to 10° indicate the potential of ame-20, ame-
40, and sap-30 as building blocks for 2D porous organic
membranes. These high CO,/N, selectivites result from both the
surface basicity (nitrogen- and oxygen-containing groups) on the
2D porous membranes consisting of porphyrin building blocks
and the right pore sizes. To confirm the high selectivity and to
estimate the permeance, we constructed extended 2D mem-
branes based on the ame-20 and ame-40O building blocks.

3.3. Construction of a 2D Membrane. Table 2 shows
that both sap-30 and ame derivatives have high ideal CO,/N,
selectivities. From a practical point of view, ame-20 and ame-
40 are more promising for 2-D construction because of their

2-dimensional polymer

Figure 3. Proposed synthetic route toward a 2D membrane structure based on ame-20.
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high symmetries in comparison with sap-30. Ame derivatives
have been obtained experimentally.** Some meso—meso linked
porphyrin—hexaphyrin hybrid tapes have also been synthe-
sized,” providing a potential path to obtain ultrathin mem-
branes with appropriate micropores based on porphyrin
building blocks. Moreover, a strategy for covalent linking of
building blocks by sequential binding of specific sites was
demonstrated,*® leading to improved polymerization quality. As
an example, we constructed a 2D polyporphyrin system based
on the ame-20 building block. Hybrid porphyrins tapes can
grow along the x direction at first and then connect with each
other by B—O bonds or other groups in the y direction. Figure 3
shows the proposed synthetic route for this 2D system.

Figure 4 shows the extended structures of the 2D porous
membranes based on ame-20 and ame-4O units. To test their

(a) membrane based on ame-20

(b) membrane based on ame-40

Figure 4. Extended 2D membrane structure based on ame-20 (a) and
ame-40 (b). Color code: C, gray; H, white; O, red; N, blue; B, pink.

performance for CO,/N, separation, we set up a bichamber
system to simulate CO,/N, passing through our proposed
porphyrin-based membranes. The upper chamber is pressurized
with gases, while the lower chamber is started with vacuum

(Figure Sa). Then classical MD simulations are run to follow
the gas permeation. Figure Sb shows that no N, molecules pass
through the ame-20 or ame-40 membrane, while about
25 CO, molecules permeate into the other side of the ame-40
membrane within the 50 ns time frame, confirming its high
separation selectivity. The CO, permeation rate of the ame-20
membrane is about 1 order of magnitude smaller than that of
the ame-40 membrane. Numbers of permeated CO, are almost
linear with time. From the rates, we derived a permeance of
8.0 X 10° GPU (1 GPU =3.35 X 107" mol m ™ s™" Pa™") for
the ame-20 membrane and 7.2 X 10* GPU for the ame-40O
membrane. Figure Sc shows a snapshot of CO, passing through
the ame-20 membrane.

3.4. Comparison with Previous Studies and Implica-
tions. Schrier”>” and Liu***>*® et al. have previously studied
porous two-dimensional polymer and nitrogen-doping gra-
phene by classical molecular dynamics simulations. They
obtained CO, permeances on the order of magnitude of 10°
GPU. In their models, the pore sizes were approximately
3—4 A. The permeance we obtained for the ame-40 membrane
is close to their values. The pore size of the ame-20 is smaller,
leading to a small simulated permeance (~10* GPU). The high
CO,/N, selectivity for the porphyrin-based 2D membranes
coupled with high permeance could offer a potential approach
to overcome the Robeson upperbound.”” When discussing the
cost analysis of carbon capture, Merkel et al. reported that CO,
permeances exceeding 4000 GPU with a CO,/N, selectivity at
40 corresponds to a cost of CO, capture at below $15/ton
C0,.%° In consideration of the excellent selectivity for CO,/N,
separation with a high permeance of 10* GPU for CO,, the
proposed expanded porphyrin-based membrane would have
good performance for postcombustion CO, capture.

4. CONCLUSIONS

In summary, we have designed a series of expanded porphyrin
derivatives as building blocks for 2D porous membranes.
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Figure 5. (2) A bichamber setup for molecular dynamic simulation. (b) Pure-gas permeation through the ame-20 and ame-4O based membranes at
an initial pressure of 20 atm. (c) Snapshot of CO, passing through the ame-20 membrane.
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On the basis of potential energy curves of CO, and N, passing
through the center pores, sap-30, ame-20, and ame-4O were
considered promising for separating CO, from N,. Ame-20
and ame-40, which are composed of 6 five-membered hetero-
cycles, have CO,/N, selectivities on the order of 10° and 107,
respectively, estimated from energy barriers of gas passing-
through. The basic groups on the 2D porous membranes and
the appropriate pore sizes result in the high selectivity for
CO,/N, separation. 2D extended membranes were constructed
with the ame-20 and ame-4O building blocks. Molecular
dynamic simulations confirmed that the high CO,/N,
selectivity for these membranes with a CO, permeance of on
the order of 10* to 10° GPU. Therefore, expanded porphyrins
could be potentially used as building blocks to make 2D porous
membranes for gas separation.
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Optimized geometries of porphyrin building blocks, geometries
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