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A new microporous imine-linked porous porphyrin polymer, CuPor-
BPDC, has been solvothermally synthesized. The CuPor-BPDC showed
high CO; capture (5.5 wt% at 273 K/1 bar) and very good selectivity
for CO,/CH,4 adsorption (5.6) at 1.0 bar and 273 K, and exhibited a
BET surface area of 442 m? g~' with high thermal stability (up to
400 °C), thus showing good potential for CO, capture.

Imine-linked covalent organic frameworks® (COFs) and porous
organic polymers? (POPs) are crystalline and amorphous porous
networks containing robust polymeric C=N bonds. These
materials have attracted significant attention due to their ability
to capture CO, through R = N(67)-C(6")0, interactions.> C-N
linkages can also be found in other types of crystalline and
amorphous materials such as hydrazone* and triazine® based
frameworks. Boronate ester and boroxine based COFs® are
known for the reactivity of the B-O bonds towards moisture,
hence C-N based crystalline or amorphous porous materials
are better alternatives for practical applications such as CO,
capture, and for H, and CH, storage. Although high pressures
are typically needed for relatively high gravimetric and volu-
metric H, and CH, storage, this is not necessary for CO,
capture. Metal Organic Frameworks” (MOFs) and some of the
POPs® have already achieved enhanced gas storage values at low
and high pressures, hence the development of robust 7t-electron
rich and conjugated materials with relatively high gas uptake
capacities is a promising endeavor. Porphyrins are stable and
intensely colored aromatic macrocyclic compounds that can be
found in many co-ordination complexes and optoelectronic
devices.” Only one imine-linked porphyrin COF has been
reported containing Cu as a central metal ion. A free-base
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porphyrin imine-linked COF was also used in the development
of optoelectronic materials for high charge carrier mobility.'>*
To the best of our knowledge, the use of an imine linked
porphyrin COF or porous polymer for CO, capture, or for H, and
CH, storage has not been reported. One of the advantages of
metallated porphyrin incorporation into a framework is that the
metal sites can mimic the function of secondary building units
(SBU's) in MOFs. Here we report a new imine-linked porous
porphyrin polymer, CuPor-BPDC, which has been synthesized
via a Schiff base condensation reaction between 5,10,15,20-
tetrakis (p-tetraphenylamino) porphyrin Cu(u) (1) and 4,4’
biphenyl dicarboxaldehyde (2) (Scheme 1).

The CuPor-BPDC was synthesized under solvothermal
conditions in a mixture of mesitylene and ethanol and
acetic acid (6 M) as the catalyst to activate the carbonyl groups
(1/1/0.1 v/v) in a sealed glass ampoule at 120 °C for 72 h (see
ESI{). The CuPor-BPDC exhibits a CO, adsorption capacity of
5.5 wt% and a CH, capacity of 0.6 wt% at 273 K, 1 bar and an
adsorption capacity of 0.4 wt% for H, at 77 K/1 bar. The
chemical connectivity and composition of the CuPor-BPDC
were characterized by several methods such as infrared spec-
troscopy, powder X-ray diffraction (PXRD), solid-state >C CP-
MAS NMR, surface area measurements, solid-state UV-Vis,
thermogravimetric and elemental analysis. The CuPor-BPDC
was isolated in 69% yield as a purple powder after thorough
washing with dioxane and tetrahydrofuran and was insoluble in
other organic solvents such as dimethylsulfoxide, dichloro-
methane, N,N-dimethylformamide, acetone etc.... The forma-
tion of imine bonds between 1 and 2 (see ESI{) was confirmed
by FT-IR which exhibited a new characteristic C=N stretching
frequency at 1690 cm ™ (Fig. S1 and S2, ESI). The FT-IR spec-
trum also showed highly attenuated N-H and C=0 stretching
frequencies from the meso-tetraphenylamino porphyrin and
4,4'-biphenyl dicarboxaldehyde at 1500 cm™ " and 1740 cm .
The solid-state >C cross polarization, magic angle spinning
(CP-MAS) NMR spectra (Fig. S3 and S4, ESIt) further support the
formation of the imine bond formation between 1 and 2 and
the incorporation of these monomers into the framework of
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Scheme 1 Synthesis of CuPor-BPDC POP from meso-tetraphenylamino
porphyrin and 4,4’-biphenyl dicarboxaldehyde.

CuPor-BPDC. The solid-state "*C CP-MAS NMR spectrum of the
CuPor-BPDC showed a new C=N bond characteristic signal at
0 = 158.41 which was not present in the solid-state NMR spec-
trum of the tetrakis(p-tetraphenylamino) porphyrin Cu(u). Other
peaks at 6 =173.56,137.51, 128.66, 105.85 ppm, were assigned to
the carbon atoms of the CuPor-BPDC by comparison with the
spectrum of the porphyrin (see ESIt). The *C CP-MAS spectra of
the CuPor-BPDC and meso-tetraphenylamino porphyrin copper
display similar chemical shifts to those of other reported COFs
and starting materials.”” Powder X-ray diffraction (Cu Ko radia-
tion) was employed to probe the solid-state packing and crys-
tallinity of the as-synthesized CuPor-BPDC. The diffraction
pattern (Fig. 1) displays a low intensity diffraction peak at a 26 =
3°, and another very weak intense peak at 5.8, reflecting a mostly
amorphous or partially crystalline CuPor-BPDC.

The porous morphology of CuPor-BPDC was also observed by
scanning electron microscopy (SEM). The SEM image revealed
randomly aggregated particles and a flake-like morphology of
the purple CuPor-BPDC powder (Fig. 2). The gas uptake capac-
ities of CuPor-BPDC were found by measuring nitrogen and
hydrogen adsorption/desorption isotherms at 77 K, 1 bar and
273 K and 298 K, 1 bar in the case of CH, and CO,.

The rapid nitrogen uptake at low pressure (0-0.1 bar) and the
gradual increase at higher pressures (0.1-1 bar) result in a type
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Fig. 1 Powder X-ray diffraction pattern of CuPor-BPDC (above) and eclipsed
stacking simulated PXRD pattern (below).

II isotherm (Fig. 3a), which is typical for microporous
materials that show permanent microporosity. A surface area of
442 m* g~' was obtained by applying the Brunauer-Emmett-
Teller (BET) model and a surface area of 933 m”> g~ was
obtained by applying the Langmuir model within the pressure
range of P/P, = 0-1 bar. These values are comparable to those
for other amorphous nanoporous organic polymer networks.?
The total pore volume and average pore size were calculated
from the nitrogen isotherms by applying the nonlocal density
functional theory (NLDFT) method, and found to be approxi-
mately 0.41 cm® g~ " at single point adsorption (P/P, = 0.97) and
21 A, (Fig. S8, ESIt).

Efficient and selective separation of CO, from other gases in
the atmosphere continues to be a major challenge. At present,
organoamine solutions are commercial products used to
capture CO,. Porous solid adsorbents such as porous organic
polymers are an alternative approach to amine solutions,
because regeneration of the amine solutions requires consid-
erable energy and they are also highly corrosive. We evaluated
the adsorption properties and selectivity of CO,, CH, and H,
uptake by CuPor-BPDC at low pressures and different temper-
atures. At 273 K/298 K, 1.0 bar, CuPor-BPDC stores up to
5.5/3.2 wt% of CO, with good selectivity (5.6/4.7) over CH, under
the same conditions. These likely results by donation of the
nitrogen lone pair in the imine bond to carbon dioxide.
The electron rich building blocks of CuPor-BPDC, connected by

Tpm

Fig. 2 Scanning electron microscope image of the CuPor-BPDC.
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Fig. 3 (a) Nitrogen at 77 K (b) hydrogen at 77 K (c) CO, at 273 K and 298 K (d)
CH,4 at 273 K and 298 K adsorption (filled symbols) and desorption (empty
symbols) isotherm curves.

the imine bond pore walls are also interaction sites for CO,
binding. Increasing the internal molecular free pore volume by
expanding the length of the building blocks could enhance the
porosity for the uptake of CO,. The CuPor-BPDC CO, uptake
(1.25 mmol g ") is only slightly lower than for other imine-
linked COFs (1.36 mmol g '/273 K, 1 bar), and significantly
lower than for benzimidazole polymers which can store up to
5.12 mmol g ' at 273 K/1 bar. Low adsorption levels for H,
(0.4 wt%, 77 K) and CH, (0.32 wt%, 298 K), as shown in Fig. 3b
and d, preclude its use as an energy storage material. The
hydrogen uptake is lower than for many of the reported imine
linked porous organic polymers under similar conditions, but
considerably lower than those of the best performing metal
organic frameworks and metal doped 2D or 3D COFs. The lower
H, and CH, uptake capacity of CuPor-BPDC is consistent with
its microporous nature that does not facilitate gas storage under
low pressure. The isosteric heats of adsorption (Q) values were
calculated (Fig. S9, ESIT) at zero coverage by calculating Henry's
constants and using the Van't Hoff equation from the CO, and
CH, isotherms at 273 K and 298 K. The Q values for CO, and
CH, are 20.6 k] mol " and 15.7 k] mol ", slightly higher than for
other reported imine linked polymers and COFs.' The revers-
ible adsorption/desorption behavior and moderate Qs values of
CuPor-BPDC indicate that CO, and CH, interactions with the
pore walls are weak enough to allow for material regeneration
without applying heat. The relatively lower adsorption of CH,
relative to the value obtained for H, may be size related. The
solid-state UV-vis diffuse reflectance spectra of CuPor-BPDC
provides an insight of the molecular organization of the
porphyrin chromophores in the CuPor-BPDC polymer network
which is evident from the slightly faded purple color of the
polymer samples. The UV-vis diffuse reflectance spectra (Fig. S6,
ESIY) of CuPor-BPDC showed broad peaks from 200 to 800 nm
with maxima at 410 nm, whereas two separated bands with
maxima at 474 and 560 nm were observed. To measure the
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thermal stability of CuPor-BPDC, the as-synthesized sample was
subjected to thermogravimetric analysis under a flow of
nitrogen (Fig. S7, ESIT). The TGA trace is similar to those of
other reported imine linked porous organic polymers and COFs,
retaining 80% of the mass at 400 °C.

Conclusions

In conclusion, we have synthesized, characterized and
described the use of an imine linked porphyrin based porous
polymer framework, CuPor-BPDC, for CO, capture. In addition
to the promising selective CO, capture properties, CuPor-BPDC
also showed some storage properties for H, at 77 K and for CH,
at 273 and 298 K. Other potential heterogeneous catalytic
properties of CuPor-BPDC are under investigation.
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