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A new two-dimensional cobalt based phthalocyanine covalent

organic framework (CoPc-BPDA COF) has been synthesized under

solvothermal conditions. CoPc-BPDA COF exhibits a high surface

area (SBET = 1087 m2 g21), and it can store up to 1.2 wt% of

hydrogen at 77 K and 1 bar.

Covalent organic frameworks1 (COFs) are structurally precise,
crystalline materials that have attracted significant attention due
to their potential applications in efficient gas adsorption2 (H2, N2,
CO2, NH3), in catalysis,3 and importantly, in optoelectronic
devices.4 Dichtel et al. and Jiang et al. reported octahydroxyptha-
locyanine based COFs for photocurrent generation by attaching
appropriate boronic acid groups to the phthalocyanine with well-
defined geometries.5 Recently, Pd@COF-102 (9.5 wt%) and
PdCl2@COF-301 (4.2 wt%) were shown to possess higher hydrogen
storage properties at 298 K than the metal-free COF-102 (5.2 wt%)
and COF-301 (0.44 wt%) by themselves.6 Using density functional
theory (DFT) calculations it was also shown that lithium-doped
free base phthalocyanine COF (5.3 wt%)7 and lithium-doped
fullerene intercalated 2D layered free base phthalocyanine COFs
(12 wt%)8 should exhibit superior hydrogen storage capabilities at
77 K, 298 K and 100 bar compared to lithium-free (3.7 wt%) and
Li@fullerene free phthalocyanine COFs (4.2 wt%). Iron containing
nanoporous porphyrin polymers with high surface areas were
shown to possess high hydrogen storage capacities (5 wt%) when
compared to free-base porphyrin polymers due to the presence of
metal–hydrogen interactions in the former.9 Although 2D layered
COFs show lower hydrogen storage capacities when compared to
3D COFs,2 metallated phthalocyanine based 2D COFs exhibit the
advantage of hosting a variety of metals in the core of the
phthalocyanines. Phthalocyanines are ubiquitous in many appli-
cations such as in liquid crystals, luminescent devices and organic
light emitting diodes10 (OLEDs), mainly due to their stability,

planarity, and rigidity. Phthalocyanines can also bind a wide
variety of metals such as Pd, Fe, Co etc. Incorporation of these
transition metal ions into the core of the phthalocyanine should
increase the hydrogen storage capacities of metallated phthalo-
cyanine COFs due to the presence of metal–H2 interactions. A few
metallophthalocyanine COFs have been reported with Zn, Ni, or
Co central ions, but the hydrogen and methane storage properties
at low or high pressure have not been reported. Thus we decided
to investigate the hydrogen and methane storage properties of a
cobalt based phthalocyanine COF having Co–H2 interactions at
low pressure and at different temperatures. Here we report a new
boronate ester based metallated phthalocyanine COF that exhibits
high surface area and hydrogen and methane storage properties.
The COF is based on octahydroxy phthalocyanine Co(II) (1) and
4,49-biphenyl bisboronic acid (2) (Scheme 1).

The CoPc-BPDA COF was synthesized under solvothermal
conditions in a mixture of o-dichlorobenzene and dimethylaceta-
mide (1/2 v/v) in a sealed glass ampoule at 120 uC for 72 h (see,
ESI3). The CoPc-BPDA COF was characterized by solid-state 11B
and 13C CP-MAS NMR, Powder X-ray diffraction, infrared spectro-
scopy, surface area measurements and elemental analysis. The
COF was isolated in 80% yield as a green powder and was
insoluble in a variety of common organic solvents (such as
dichloromethane, tetrahydrofuran, N,N-dimethylformamide,
dimethylsulfoxide etc.). The formation of boronate ester bonds
between 1 and 2 (see ESI3) was first established by FT-IR which
exhibited a new stretching frequency at 1330 cm21 including
attenuation of peaks at 3400 cm21 and 3350 cm21, which
correspond to hydroxyl groups of the phthalocyanine and boronic
acids, respectively. Powder X-ray diffraction (Cu Ka radiation) was
employed to find out the crystalline nature of the as-synthesized
CoPc-BPDA COF. The experimental diffraction pattern (Fig. 1)
displays an intense diffraction peak at a 2h angle (d-spacing) of
3.23u (27.3 Å), less intense peaks at 4.56u (19.3 Å), 6.46 (13.66 Å),
9.7u (9.10 Å), 12.95u (6.83 Å) and a broad peak at 24.4 (3.55 Å). With
cell parameters of a = 27.322 Å and c = 3.55 Å, this pattern was
indexed into a primitive tetragonal unit cell similar to other
primitive tetragonal reported NiPc and ZnPc COFs.5 Using the
Materials Studio modeling suite of programs, crystal models were

aDepartment of Chemistry, University of Texas at El Paso, El Paso, TX 79968, USA.

E-mail: echegoyen@utep.edu; Fax: +1 915-747-8807; Tel: +1 915-747-7573
bDepartment of Chemical Engineering, New Mexico State University, Las Cruces, NM

88003, USA

3 Electronic supplementary information (ESI) available: Experimental details, Fig.
S1–S10. See DOI: 10.1039/c3ce41091a

CrystEngComm

COMMUNICATION

This journal is � The Royal Society of Chemistry 2013 CrystEngComm, 2013, 15, 7157–7160 | 7157

Pu
bl

is
he

d 
on

 2
4 

Ju
ly

 2
01

3.
 D

ow
nl

oa
de

d 
by

 T
he

 U
ni

ve
rs

ity
 o

f 
T

ex
as

 a
t E

l P
as

o 
(U

T
E

P)
 o

n 
17

/0
7/

20
15

 1
9:

00
:2

7.
 

View Article Online
View Journal  | View Issue

http://dx.doi.org/10.1039/c3ce41091a
http://dx.doi.org/10.1039/c3ce41091a
http://pubs.rsc.org/en/journals/journal/CE
http://pubs.rsc.org/en/journals/journal/CE?issueid=CE015036


generated, from eclipsed stacking sheets of CoPc-BPDA COF
(Fig. 1 inset) in a sql topology11 using the space group P4/mmm,
resulting in simulated cell parameters of a = 27.30 Å and c =
3.652 Å, which match the indexed values. The simulated powder
X-ray diffraction pattern also matched well the measured pattern
(Fig. 1). The powder XRD pattern of CoPc-BPDA COF was
subjected to Pawley refinement which produced refined PXRD
curves with lattice parameters of a = 26.65 Å and c = 3.55 Å with
good residuals (see ESI3).

The solid-state 11B and 13C cross polarization with magic angle
spinning (CP/MAS) NMR spectra (Fig. S3–S6, ESI3) further support
the formation of the boronate ester bond between 1 and 2 and the
incorporation of these monomers into the CoPc-BPDA COF
framework. Solid-state 13C CP-MAS NMR spectra of the CoPc-
BPDA COF show five signals at d = 172.34, 155.94, 144.34, 127.94,
and 105.28 ppm, which were assigned to the carbon atoms of the
phthalocyanine and phenyl groups by comparing to the spectrum
of octahydroxy phthalocyanine Co(II) (see ESI3). The 11B MAS NMR
spectra of the CoPc-BPDA COF and BPDA display similar features
to those of other COFs and starting materials.1 The layered
structure of the COF was also observed by scanning electron
microscopy (SEM) and Cryo electron microscope (Cryo-EM). The
SEM image revealed the layered sheet structure (Fig. 2a) and the

Cryo-EM measurements showed the porous nature of the CoPc-
BPDA COF (Fig. S9, ESI3).

To measure the thermal stability of CoPc-BPDA COF, the as-
synthesized sample was subjected to thermogravimetric analysis
under a flow of nitrogen (Fig. S8, ESI3). The TGA trace is typical of
other reported boronate ester based COFs, retaining 80% of the
mass at 300 uC. To investigate the permanent porosity we
measured the surface area of the CoPc-BPDA COF, nitrogen
adsorption isotherms were measured at 77 K. The N2 uptake
displays a type IV isotherm (Fig. 3a), typical of mesoporous
materials and with reversible sorption profiles with a Brunauer–
Emmet–Teller (BET) surface area of 1087 m2 g21. The total pore
volume was calculated to be 0.573 cm3 g21 and the average pore
size was calculated using nonlocal density functional theory
(NLDFT), and found to be approximately 2.26 nm (see ESI3). As we
have stated earlier, metallated or metal-doped COFs are among
the most promising materials for gas storage, hydrogen in
particular. We evaluated the physisorption of H2 and CH4 on
CoPc-BPDA COF at low pressures and different temperatures. The

Fig. 1 XRD pattern of CoPc-BPDA COF in black, Pawley refined profile in red,
and the difference plot in purple (observed minus refined profiles). The
calculated XRD pattern from the proposed models is shown in blue. Inset:
eclipsed stacking representation of CoPc-BPDA COF based on powder
diffraction and modeling projected along the c-axis view (H atoms are omitted).

Fig. 2 (a) Scanning electron microscope (SEM) image CoPc-BPDA COF powder.

Scheme 1 Synthesis of CoPc-BPDA COF from 4,49-biphenylboronic acid and
(OH)8Pc Co(II).
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hydrogen uptake of CoPc-BPDA COF at 77 K, 1 bar is 1.2 wt%
(Fig. 3b) which is comparable to other crystalline 2D COFs such as
COF-102 (0.8 wt% at 77 K and 1 bar). The hydrogen isotherms are
fully reversible with uptake ranges between 0.15–1.20 wt% at 77 K.
We also measured CH4 storage properties with CoPc-BPDA COF at
273 K and 298 K, which revealed an uptake of 0.59 wt% at 273 K
and 0.45 wt% at 298 K and 1 bar (Fig. 3c). The isosteric heat of
adsorption (Qst) value was calculated (Fig. 3d) at zero coverage by
calculating Henry’s constants and using the Van’t Hoff equation
(see ESI3) from the CH4 isotherms at 273 K and 298 K. The
calculated isosteric heat of adsorption (Qst) value is 44.9 kJ mol21.
The Qst value is higher than those reported for 2D and 3D non-
phthalocyanine based COFs.1d The reversible adsorption–deso-
rption behavior and moderate Qst values of CoPc-BPDA COF,
indicate that CH4 interactions with pore walls are sufficiently high
to allow for material regeneration without applying heat. The
relatively lower adsorption of CH4 relative to the value obtained for
H2 may be due to size related effect.

Conclusions

In conclusion, we have synthesized and characterized a new cobalt
based phthalocyanine based covalent organic framework. The
impact of the phthalocyanine building units on the solid-state
crystalline packing of the CoPc-BPDA COF leads to the formation
of a 2D layered structure through strong p–p interactions. The
formation of such a flake-like morphology and the predominant
mesoporous nature lead to high surface area (SBET = 1087 m2 g21)
and moderate H2 (1.2 wt% at 77 K/1.0 bar) and CH4 (0.59 wt% at
273 K/1.0 bar) uptake.
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