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A rigid macrocyclic phthalocyanine-based porous polymer, CPP, was synthesized by a one pot “click”

reaction between tetraazido-phthalocyanine and bisamine diethynylbenzene. This CPP is the first

example of a phthalocyanine porous polymer used for CO2 adsorption and it shows very high CO2

adsorption (15.7 wt% at 273 K/1 bar) and high selectivity for CO2/N2 (94) and for CO2/CH4 (12.8) at 273

K/1 bar. The CPP exhibited a Brunauer–Emmett–Teller (BET) surface area of 579 m2 g�1 and high

thermal stability up to 500 �C, thus showing good potential for CO2 capture.
1. Introduction

CO2 capture is one of the important challenges that, when
solved, would enable the usage of fossil fuels with lower CO2

emissions. Highly selective CO2 adsorption on porous organic
polymers (POPs)1–18 is an effective alternative for CO2 capture
over conventional amine scrubbers. To ensure high CO2

capture, the building blocks for these porous polymers should
include functional groups, such as –NO2, –OH, –COOH, –SO3H,
arylamines, and heterocyclic nitrogen atoms to enhance CO2

affinities through O]C]O(d�)–H(d+)–O and H2N(d
�)–C(d+)O2

interactions.19 Porous polymers containing CO2 binding func-
tionalities have the advantage that they can be easily regen-
erated without applying heat because no chemisorption is
involved.

In the past decade, the Cu(I)-catalyzed “click” reaction
between alkynes and azides has been widely used in materials
science and biology.20,21 A few porous polymers were prepared
using the “click” reaction in part due to the advantage of high
thermal and chemical stabilities of the triazole ring, mild
reaction conditions, and the absence of by-products.22–24

Recently, various porous organic materials such as hyper-
crosslinked polymers (HCPs), polymers of intrinsic micropo-
rosity (PIMs), conjugated microporous polymers (CMPs),
porous organic frameworks (POFs), benzimidazole-linked
polymers (BILPs), porous polymer networks (PPNs), and cova-
lent organic polymers (COPs) have received signicant attention
due to their potential applications in gas storage and separa-
tions.1–18 Unlike metal–organic frameworks (MOFs)25–28 and
covalent organic frameworks (COFs),29–37 POPs are amorphous,
xas at El Paso, El Paso, TX 79968, USA.
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but have tunable pore sizes and surface areas similar to those of
MOFs and COFs. They can be prepared under easily controllable
reaction conditions, are amenable to scale-up preparation, and
exhibit high stability towards moisture, much better than the
corresponding MOFs and COFs.

To the best of our knowledge, a phthalocyanine-based
porous polymer has never been reported using “click” poly-
merization or any other method, and tested for selective CO2

adsorption studies. Here we report the synthesis of a partially
crystalline phthalocyanine porous polymer, CPP, based on a
“click” reaction between a phthalocyanine-tetraazide (1) and
bisamine diethynylbenzene (2), see Scheme 1. We investigated
the effect of nitrogen-rich functional groups (amine and tri-
azole) inside the pore surfaces. The data reveal high CO2

adsorption (15.7 wt%), and also high CO2/N2 (94) and CO2/CH4

(12.8) selectivities.
2. Experimental methods

All chemicals and solvents were purchased from Sigma-Aldrich,
and Alfa-Aesar. Tetraaminophthalocyanine Co(II)41 and bis-
amine diethynylbenzene42 were prepared according to literature
procedures. Fourier transform Infrared (FT-IR) spectra were
recorded on a Perkin-Elmer Spectrum One infrared spectrom-
eter using an ATR attachment. 1H NMR spectra were obtained
on a JOEL-600 MHz NMR spectrometer. 13C cross-polarization
magic angle spinning (CP-MAS) NMR spectra for solid samples
were recorded on a Bruker AVANCE-300 NMR spectrometer.
Powder X-ray diffraction (PXRD) data were recorded on a Bruker
DiscoverD8 model diffractometer by depositing powders on a
plastic substrate, from 2q ¼ 1� up to 30� with 0.05� increment.
Field-emission scanning electron microscopy (FE-SEM) was
performed on a Hitachi S-4800 tted with an EDAX energy-
dispersive spectrometry system by adhering sample on a
sampling platform. Matrix-assisted laser desorption ionization
time-of-ight mass (MALDI-TOFMS) spectra were recorded on a
This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Synthesis of CPP from tetraazido-phthalocyanine Co(II) and
bisamine diethynylbenzene.
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Bruker benchtop Microex model using matrix trihydroxyan-
thracene. In order to determine pore textural properties
including the specic Brunauer–Emmet–Teller (BET) surface
area, pore volume and pore size distribution, nitrogen adsorp-
tion and desorption isotherms on CPP at 77 K, 273 K, and 298 K
were measured on an ASAP-2020 adsorption apparatus (Micro-
meritics). The samples were degassed in situ at 150 �C with a
heating rate of 3 �C min�1 under vacuum (0.0001 mm Hg) for
12 h before nitrogen adsorption measurements in order to
ensure the micro-channels in the structure were guest-free. The
Brunauer–Emmett–Teller (BET) method was utilized to calcu-
late the specic surface areas by using the non-local density
functional theory (NLDFT) model, and the pore volumes were
derived from the sorption curves. Thermogravimetric analyses
between 30–800 �C were conducted on a Mettler-Toledo ther-
mogravimetric analyzer under a N2 atmosphere using a 5 �C
min�1 ramp time.
Synthesis of tetraazidophthalocyanine Co(II)

Tetraaminophthalocyanine Co(II) (200 mg, 0.3 mmol) was dis-
solved in a 2 N HCl (10 mL), cooled to 0 �C and a solution of
NaNO2 (93 mg, 1.35 mmol) in water (2 mL) was then added
drop-wise into the cooled solution. The reaction mixture was
This journal is © The Royal Society of Chemistry 2015
kept at 0 �C for 30 minutes before being neutralized with
CaCO3. To this mixture was then added a solution of NaN3

(91 mg, 1.4 mmol) in water (2 mL) at 0 �C. The resulting mixture
was allowed to stir at 0 �C for 20 min and then ltered. The
collected green solid was washed with water and dried under
vacuum to afford tetraazidophthalocyanine Co(II) (150 mg,
Yield: 70%).
Synthesis of CPP

Tetraazidophthalocyanine Co(II) (150 mg, 0.2 mmol) was stirred
in a 20 mL DMF for 15 min. CuSO4$5H2O (20 mg, 0.04 mmol),
sodium ascorbate (15 mol%) and bisamine diethynylbenzene
(62 mg, 0.4 mmol) were added in one pot (see Scheme 1). The
mixture was then heated at 100 �C for 24 h to give the corre-
sponding polymer in 89% yield. Elemental analysis (%) calcd
(C60H54N30Co)n C, 58.1; H, 4.3; N, 33.9; found C, 57.23; H, 3.87;
N, 34.45, respectively.
3. Results and discussion

The CPP polymer was synthesized using the Cu(I) catalyzed 1,3-
dipolar azide–alkyne cycloaddition (CuAAC) reaction (Scheme
1). Triazole linkages were easily formed by condensation of
acetylene and azide groups. During the reaction, the color
turned from green to colorless, indicating the formation of the
phthalocyanine porous polymer. Green powders precipitated,
which were collected by ltration. Soxhlet extraction with water,
acetone, and dichloromethane were used to remove low-
molecular weight by-products and inorganic salts, respectively.
The CPP was insoluble in water and common organic solvents
such as acetone, hexanes, ethanol, tetrahydrofuran, DMSO, and
N,N0-dimethylformamide.

In order to verify the chemical connectivity and crystallinity
of the CPP, Fourier transform infrared spectroscopy (FT-IR),
and 13C NMR cross polarization magic angle spinning
(CP/MAS), and powder X-ray diffraction analyses were per-
formed. The formation of triazole linkages were conrmed by
the FT-IR spectra (Fig. 1A). The absorption peaks for the acety-
lene bonds at 3281 cm�1 disappear, while new stretches are
observed at 1615 cm�1 for the –N]N– stretch and a weak band
at 2923 cm�1 for the –C]CH stretch. These conrmed the
formation of the triazole bonds. The peak intensity at
2109 cm�1 for the azide moieties was highly attenuated. A broad
band observed in the 3300–3500 cm�1 region was attributed to
the presence of primary amine groups in the CPP. The 13C
CP/MAS NMR spectrum (Fig. 1B) showed the characteristic
peaks at 153 ppm which can be attributed to the carbon atom of
the triazole–acetylene linkages. The peaks in the range of
100–150 ppm originate from the carbons of the phthalocyanine
units. The results obtained from FT-IR and CP/MAS NMR
conrm that the molecular building blocks are linked to each
other via the formation of triazole linkages.

Powder X-ray diffraction (Cu Ka radiation) was employed to
examine the crystallinity of the CPP (Fig. 2). The diffraction
pattern displays a low intensity diffraction peak at 2q ¼ 9�, and
another low intensity peak at 26�, reecting the partially
J. Mater. Chem. A, 2015, 3, 10284–10288 | 10285
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Fig. 1 (A) IR Spectra of 1 (black), 2 (blue) and CPP (green) (B) solid-state
13C CP/MAS NMR spectrum of CPP (X, and “*” represent residual
solvent and side bands).

Fig. 2 Powder X-ray diffraction patterns of CoPc-N3 and CPP.

Fig. 3 N2 at 77 K (black), 273 K (red), and 298 K (blue). Adsorption (filled
circles) and desorption (empty circles).

Table 1 Gas adsorption properties of CPP

Polymer Selectivity CO2 (wt%) CH4 (wt%)

CPP 94 (CO2/N2) 15.7 (273 K) 1.78 (273 K)
12.8 (CO2/CH4) 10 (298 K) 0.95 (298 K)
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crystalline nature of CPP. CPP was constructed from a phtha-
locyanine macrocycle and a small and linear bisamine diethynyl-
benzene to reduce interpenetration. The porosity parameters of
CPP were studied by N2 adsorption measurements (Fig. 3). The
adsorption curves clearly indicated that CPP is microporous
and exhibits a type-I reversible adsorption isotherm and the
polymer showed selective adsorption towards CO2 over N2

and CH4 (Table 1). The Brunauer–Emmett–Teller (BET) surface
area was 579 m2 g�1 and the total pore volume was 0.71 cm3 g�1.
A relatively small hystereses in the CO2 uptake data indicates
weak interactions between the adsorbent and CO2 molecules.
These weak interactions are crucial for the regeneration of the
CPP without applying external energy (heat). The pore size
10286 | J. Mater. Chem. A, 2015, 3, 10284–10288
distribution calculated from non-local density functional theory
(NLDFT) models clearly show that micropores are present in the
polymer (Fig. 4D). Fig. 3 shows a sharp uptake at relatively low
pressures, again indicating the presence of micropores. The CPP
mainly containsmicropores with very lowmesopore volume. The
micropore surface area, estimated by the t-plot method, was
342 m2 g�1 and the microporosity (Vmicro/Vtotal, where Vmicro is
the micropore volume and Vtotal is the total pore volume) of CPP
was found to be 0.73 at a relative pressure of 0.4, indicating that
the majority of the pores are in the microporous domain. Due to
the high nitrogen content and surface area of CPP, we assessed
the performance of CPP for CO2 adsorption (Fig. 4A). CO2

isotherms showed an uptake of 3.57 mmol g�1 (15.7 wt%) at
273 K and 2.27 mmol g�1 (10 wt%) at 298 K. Although a few
phthalocyanine-based polymers of intrinsic microporosity
(PIMs) are known, their CO2 adsorption properties are
unknown.38–40 The CO2 uptake of CPP at 273 K/1 bar is higher
than previously reported for non-phthalocyanine “click” porous
polymer networks, such as SNU-C1-sca (13.8 wt% at 273 K/1 bar)
and a “click” hyper cross-linked polymer (15.5 wt% at 195 K/1
bar).23,24 The CO2 uptake value of CPP exceeds those of primary
amine functionalized 2D porous polymers but is lower than the
values observed for 3D adamantine based post synthetically
modied primary amine porous polymers.43,44 It should be noted
that the CO2 uptake of amine free CPP, another polymer made
with tetraazido-phthalocyanine Co(II) and diethynylbenzene
showed 1.8 mmol g�1 (8.2 wt%) CO2 uptake at 273 K/1 bar.

The isosteric heat of adsorption (Qst) of the CPP
(33.5 kJ mol�1) was calculated from the CO2 uptake data at 273
and 298 K by using the van't Hoff equation (Fig. S2†) and the Qst

value is below 40 kJ mol�1 (chemisorption). Both selectivity and
Qst values were calculated following a literature procedure.12
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (A and B) CO2, and CH4 at 273 K and 298 K. (C) H2 at 77 K
(D) NLDFT pore size distribution analysis. Adsorption (filled circles) and
desorption (empty circles).

Fig. 6 Scanning electron microscope image of CPP.
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Hence, the high CO2 affinity of the CPP is mainly attributed to
the R–N(d�)–C(d+)O2 interactions. N2 and CH4 adsorption
measurements were made under similar conditions to deter-
mine the selectivity. On the basis of Langmuir model ts and
Henry's constant values in the pressure range between 0 and
1 bar, the estimated adsorption selectivity for CO2/N2 is 94 and
for CO2/CH4 it is 12.8 at 273 K/298 K/1 bar (Fig. S1†). The
maximum uptakes are 0.9 wt% for H2 at 77 K/1 bar and
1.78 wt% for CH4 at 273 K/1 bar (Fig. 4B and C). Similar results
have been reported for POPs, which exhibit lower selectivities
than CPP.13,15,18 At zero coverage, the Qst for CH4 is 17.2 kJ mol�1

(Fig. S2†) which is higher than for other COFs and POPs.31–34

The CPP showed good thermal stability and was stable at
around 500 �C under a N2 atmosphere, as evidenced by ther-
mogravimetric analysis (Fig. 5).

The eld emission scanning electron microscopy (FE-SEM)
revealed irregular micron-sized particles (Fig. 6).
Fig. 5 TGA of CPP (blue) and tetraazido-phthalocyanine Co(II) (green).

This journal is © The Royal Society of Chemistry 2015
In conclusion, we have introduced a “click” chemistry-based
strategy to synthesize a partially crystalline and highly porous
phthalocyanine polymer. The CO2 uptake of this polymer is
higher than for all previously reported “click” polymers. Due to
the simplicity of the synthesis and purication and the high gas
uptake capacities, CPP shows great promise for CO2 capture and
for other gas storage applications.
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