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Metal–organic frameworks (MOFs) and covalent organic frameworks (COFs) represent two dominant kinds

of reticular materials. Mutual chemical conversion of these two species, however, still remains unreported.

Herein, the reaction of a two-dimensional MOF, Ni3(HITP)2 (HITP = 2,3,6,7,10,11-hexaiminotriphenylene),

with 1,1,3,3-tetramethoxypropane induces the cyclization transformation of partial bis(diimine) nickel

coordination subunits to tetraaza[14]annulene (TAA) metallomacrocycle moieties. A hemi-covalent organic

framework, P-Ni3(TAA)3, with different conversion efficiencies (P) of 34–72% for bis(diimine) nickel units

depending on the reaction time has been obtained and preserves permanent porosity and crystallinity. The

corresponding time-dependent conversion has been assessed by FT-IR spectroscopy, XPS, SEM, TEM, and

powder X-ray diffraction analyses. In comparison with Ni3(HITP)2, 40%-Ni3(TAA)3 exhibits improved chemical

stability under acidic conditions and significantly enhanced catalytic properties towards the photocatalytic

CO2 reduction. This result will be surely helpful in mutual investigations covering both MOFs and COFs.

1. Introduction

Metal–organic frameworks (MOFs) have been constructed by
the periodically ordered assembly between molecular organic
linkers and metal ions/clusters through coordination
interactions.1–10 Covalent organic frameworks (COFs) are
another kind of crystalline porous molecule-based material
fabricated from organic spacers by covalent bonds.11–23

Fundamentally, MOFs should have more versatile functional-
ities in comparison with COFs due to their hybridization
nature of metal ions and organic linkers. However, their rela-
tively poor stability associated with the weaker strength of
coordination bonds relative to covalent bonds retards their
practical applications to quite a large degree. It is worth noting
that metal ions in porous MOFs have been found to play an
important role in many applications including gas adsorption
and separation,24–27 catalysis,28–32 and chemical sensing.33,34

As a consequence, the integration of MOF and COF comple-

mentarity to create metal-containing COFs (MCOFs), through
either the introduction of metal complexes as building blocks
or the formation of metal-coordinating molecular subunits
during the assembly as well as the post-synthetic modification
(PSM) processes, should be able to further expand COF
functionalities.35–37 However, despite the reports of many inter-
esting MCOFs with outstanding properties,35–45 the study of
their chemistry is still at the infancy stage. On the one hand, few
metal complexes have been used as building blocks in the
direct synthesis of MCOFs.35,46,47 On the other hand, in com-
parison with metal free molecules, the employment of some
metal complexes such as porphyrin leads to only poorly crystal-
line and amorphous materials.48,49 New approaches towards
designing and fabricating MCOFs are therefore highly desired
for the purpose of affording more functional reticular materials.

In addition to the predesign and synthetic strategy, the
PSM concept has been demonstrated to open a new avenue to
alter the physical and chemical properties of MOFs, without
changing their intrinsic porous property.50–53 According to the
category of formed/broken chemical bonds, PSM approaches
have been classified as (i) covalent PSM, (ii) coordinate PSM,
and (iii) post-synthetic deprotection (PSD).53 In contrast to the
other two methods, covalent PSM is able to introduce versatile
chemical groups onto linkers depending on flexible hetero-
geneous organic reactions performed on MOFs, providing
inaccessible functional reticular materials beyond the direct
synthesis.53 To the best of our knowledge, covalent PSM
around metal nodes of MOFs to simultaneously change
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metastable coordination linkages and metallic activity has not
yet been explored due to the lack of suitable materials for post-
synthetic covalent reactions. Herein, a covalent PSM example
that simultaneously modifies the coordination connections
and catalytic sites of MOFs towards preparing MCOFs has
been introduced.

In detail, a porous two-dimensional (2D) MOF, [Ni3(HITP)2]
(HITP = 2,3,6,7,10,11-hexaiminotriphenylene), has been
selected as the candidate for covalent PSM. In this MOF,
partial bis(diimine) nickel subunits react with 1,1,3,3-tetra-
methoxypropane (TMP) to generate tetraaza[14]annulene (TAA)
metallomacrocycles, resulting in the isolation of a hemi-COF
P-Ni3(TAA)3 (P represents the conversion efficiency of bis(diimine)
nickel units) containing both coordination and covalent linkages.
Such a transformation has been investigated by Fourier transform
infrared (FT-IR) spectroscopy, X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), powder X-ray diffraction (PXRD), and gas sorp-
tion experiments. In comparison with Ni3(HITP)2, the optimal
hemi-COF 40%-Ni3(TAA)3 obtained from 12 hours cyclization
reaction shows improved chemical stability and catalytic pro-
perties, as indicated by the solution resistance under acidic con-
ditions (pH = 1) and the photocatalytic CO2 production rate
under the same conditions, respectively.

2. Experimental

All reagents were commercially available and directly
employed. 4HNi and Ni3(HITP)2 were prepared according to
the reported methods.54–56

Synthesis of tetraaza[14]annulene nickel Ni(TAA)

A mixture of 4HNi (100.0 mg, 0.37 mmol), N,N-dimethyl-
formamide (DMF, 9.0 mL), H2O (6.0 mL), triethylamine (Et3N,
250.0 μL), and TMP (200.0 μL) was heated to reflux under N2

for 12 h. The reaction mixture was then cooled to room temp-
erature, filtered, and washed with water (3 × 20.0 mL), giving
Ni(TAA) (90.0 mg, 71%) as a reddish brown solid. 1H NMR
(400 MHz, CDCl3): δ (ppm) 7.68 (d, 4H), 7.67(d, 4H), 6.86 (d,
4H), 5.40 (d, 2H). MALDI-TOF MS calculated m/z = 344.1 for
[M]+, measured m/z = 344.4.

Synthesis of P-Ni3(TAA)3

Ni3(HITP)2 (20.0 mg) and 1,1,3,3-tetramethoxypropane
(40.0 μL) were added to a mixed solution of DMF/H2O (3.0 mL,
v : v = 3 : 2) in a Pyrex tube. After the addition of Et3N (50.0 μL),
the mixture was sonicated to form a homogeneous dispersion,
which was degassed by three freeze–pump–thaw cycles. The
tube was flame-sealed and heated at 140 °C for 6, 12, 18, 24
and 30 hours, giving 34%-Ni3(TAA)3, 40%-Ni3(TAA)3, 55%-
Ni3(TAA)3, 63%-Ni3(TAA)3, and 72%-Ni3(TAA)3, respectively.
The precipitated solid was collected by filtration and washed
with water (3 × 20.0 mL) and a small amount of methanol
(5.0 mL). The obtained solid was then dried under vacuum at
100 °C.

3. Results and discussion
Syntheses

For the purpose of obtaining COFs from MOFs through
covalent PSM, we firstly investigated the Cambridge Structural

Scheme 1 (a) PSM model reaction for the preparation of Ni(TAA) from 4HNi. (b) PSM of Ni3(HITP)2 for the preparation of the proposed hemi-COF
P-Ni3(TAA)3 (P = 50 and 100% represents the conversion efficiency for bis(diimine) nickel units; in the present case, only 34–72% bis(diimine) nickel
units were able to be transformed). (c, d and e) Packing structures of the proposed Ni3(HITP)2, 50%-Ni3(TAA)3 and 100%-Ni3(TAA)3, respectively.
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Database to search for promising metallomacrocycles. The tetra-
aza[14]annulene (TAA) metallomacrocycle therefore attracted
our attention since it has been demonstrated to serve as the
covalent linkage in the assembly of MCOFs.57,58 Fortunately, a
2D versatile MOF, Ni3(HITP)2 possessing bis(diimine) nickel
subunits as coordination nodes, was previously reported.57 It is
reasonable to envision the transformation of Ni3(HITP)2 to
Ni3(TAA)3 through chemical conversion of a bis(diimine) nickel
subunit into a TAA metallomacrocycle moiety, Scheme 1. Before
the chemical PSM for Ni3(HITP)2, a mononuclear bis(diimine)
nickel compound (4HNi) was firstly synthesized using a reported
method,54 Fig. S1.† The PSM model reaction of 4HNi with TMP
in the presence of Et3N was then attempted, leading to the suc-
cessful generation of Ni(TAA) under different conditions, Fig. S2
and S3.† The reaction of 4HNi and TMP in a molar ratio of 1 : 4
in DMF/H2O (v : v = 3 : 2) at reflux for 6 hours was identified as
the most optimized condition, giving Ni(TAA) in a yield of 71%,
Fig. S4 and S5.† Such reaction conditions were therefore
employed in the solvothermal reaction of Ni3(HITP)2 for

covalent PSM, affording a series of P-Ni3(TAA)3 with the conver-
sion efficiency of P = 34–72% for bis(diimine) nickel units
depending on the reaction time from 6 to 30 hours. The conver-
sion efficiency was deduced according to XPS results mentioned
later. Further prolonging the reaction time did not induce an
increase of the conversion efficiency of bis(diimine) nickel sub-
units from Ni3(HITP)2. In other words, 100%-Ni3(TAA)3 could
not be isolated by this covalent PSM method even if the reaction
time prolonged to several days. This result is in line with the iso-
lation of Ni3(TAA)2 possessing a conversion efficiency of the bis
(diimine) nickel subunit of less than 100% from the direct reac-
tion between the HITP·6HCl and TMP building blocks in the
presence of nickel ions.57

Characterization

Due to the best photocatalytic performance of 40%-Ni3(TAA)3
as detailed below, this sample is selected as the representative
for characteristic description. As shown in the FT-IR spectrum
of Ni3(HITP)2, Fig. 1i, a characteristic N–H stretching band

Fig. 1 PXRD patterns of Ni3(HITP)2 (a) and 40%-Ni3(TAA)3 (e): experimental PXRD profile (black), refined profile (red), difference (orange), and simu-
lation pattern based on the AA stacking manner (blue). SEM, HRTEM, and EDS mapping photographs of Ni3(HITP)2 (b–d) and 40%-Ni3(TAA)3 (f–h). (i)
FT-IR spectra of Ni3(HITP)2 and 40%-Ni3(TAA)3. ( j) N 1s XPS spectra of Ni3(HITP)2 and 40%-Ni3(TAA)3. (k) Comparison of N2 sorption isotherms for
the materials Ni3(HITP)2 and 40%-Ni3(TAA)3. Solid and open circles represent the adsorption and desorption branches, respectively.
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appears at 1040 cm−1,59 which significantly weakens in the
FT-IR spectrum of 40%-Ni3(TAA)3. Observation of the peaks at
2θ = 4.7°, 9.4°, 12.5°, and 16.5° in the PXRD pattern of
Ni3(HITP)2 indexed to (100), (200), (310), and (004) reflections,
respectively, confirms the single phase of this MOF. According
to the PXRD analysis of 40%-Ni3(TAA)3 in Fig. 1a, it still remains
in the crystalline phase. Nevertheless, a comparison of the
PXRD patterns between Ni3(HITP)2 and 40%-Ni3(TAA)3 indicates
their similar crystalline phases due to the chemical conversion
occurring on coordination linkages of only a part (40%) of the
bis(diimine) nickel units in the MOF, Fig. 1a and e. At the end
of this paragraph, it is noteworthy that the present result
suggests the most possible step-wise formation process of pre-
viously reported Ni3(TAA)3 from the one-pot reaction among
nickel ions, TMP, and HITP,57 namely firstly forming bis
(diimine) nickel subunits as coordination linkages of the MOF
and then partially converting them into the metallomacrocycles.

SEM and TEM photographs reveal that both Ni3(HITP)2 and
40%-Ni3(TAA)3 exhibit an irregular thin nanosheet mor-
phology, Fig. 1b and f. The clear lattice stripes with a distance
of ∼1.9 nm over these two samples in TEM photographs are
assigned to (100) reflection, Fig. 1g, further disclosing their
good crystallinity. The mapping diagrams of Ni3(HITP)2 and

40%-Ni3(TAA)3 disclose the uniform distribution of Ni and N
elements, Fig. 1d and h. Moreover, Ni3(HITP)2 becomes amor-
phous after immersion in 1 M HCl for 3 hours according to
the PXRD pattern in Fig. S12.† In good contrast, 40%-
Ni3(TAA)3 still possesses the crystallinity under the same con-
ditions, indicating its enhanced chemical stability associated
with the covalent PSM of coordination linkages of the MOF.

The N 1s XPS spectrum of 4HNi displays two peaks at 399.6
and 397.9 eV, Fig. S7,† which are assigned to the anilinic
amine (–NH–) and quinoid imine (vNH–), respectively. In con-
trast, the pure monomeric compound Ni(TAA) exhibits a broad
band at 398.3 eV due to the sole imine (vN–) nitrogen atoms.
The XPS N 1s spectrum of Ni3(HITP)2 shows two peaks at 399.6
and 397.9 eV, which are attributed to the anilinic amine
(–NH–) and quinoid imine (vNH–), in good agreement with
the abovementioned model compound 4HNi, Fig. S9.† After
PSM, only a broad band at 397.9 eV is observed for the hemi-
COF 40%-Ni3(TAA)3. Although the XPS N 1s spectrum of 40%-
Ni3(TAA)3 is overall similar to that for the pure Ni(TAA) com-
pound, its broad band can be deconvoluted into three peaks at
399.6, 397.9, and 398.3 eV (Fig. S10†) due to the presence of
anilinic amine (–NH–), quinoid imine (vNH–), and imine
(vN–) nitrogen atoms. A comparative study of the integral area

Fig. 2 (a) Comparison of the CO2RR performance of 40%-Ni3(TAA)3 with those of Ni3(HITP)2, 4HNi, and Ni(TAA). (b) Time-dependent CO pro-
duction performance using 40%-Ni3(TAA)3 as the photocatalyst. (c) Durability tests of 40%-Ni3(TAA)3. (d) Mass spectra of the products of photo-
catalytic CO2 reduction by using 13CO2.
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of –NH–/vNH– and vN– signals for 40%-Ni3(TAA)3 quantitat-
ively shows a conversion efficiency of 40%, revealing that its
chemical structure contained both bis(diimine) nickel sub-
units and tetraaza[14]annulene metallomacrocycles.

This demonstrates the hemi-COF nature of 40%-Ni3(TAA)3,
as an intermediate between an MOF and a COF.

Nitrogen sorption isotherms of 40%-Ni3(TAA)3 together
with the other four P-Ni3(TAA)3 (P = 34, 55, 63, and 72%) were
recorded at 77 K, Fig. S10.† The degassed samples exhibit type
I sorption behaviors. The Brunauer–Emmett–Teller (BET)
surface areas of P-Ni3(TAA)3 (P = 34, 40, 55, 63, and 72%) are
291, 277, 141, 132, and 104 m2 g−1, respectively. These values
are much lower than that of Ni3(HITP)2 (576 m2 g−1). The
decreasing trend of the BET surface area in a series of
P-Ni3(TAA)3 is due to the channel collapse and the installed
substituents in pores during PSM. This is also true for the CO2

adsorption uptake of P-Ni3(TAA)3 at 296 K and 760 mmHg,
Fig. S11.† In the present case, the collapsed porosities verified
by gas sorption data are able to prevent the diffusion of TMP
to react with bis(diimine) nickel subunits in N3(HITP)2,
leading to the partial conversion of coordination linkages in
the MOF.

Photocatalysis

Under the reported optimized photocatalytic conditions with
Ni3(HITP)2 for 2.0 hours (for details, please see the ESI†),60 the
post-synthetic materials show an increased CO production rate
from 34%-Ni3(TAA)3 (13 230 μmol g−1 h−1) to 40%-Ni3(TAA)3
(22 720 μmol g−1 h−1) in Fig. 2a and Table S1,† followed by
continuously decreasing rates of 17 820, 11 830, and
10 310 μmol g−1 h−1 for 55%-Ni3(TAA)3, 63%-Ni3(TAA)3, and
72%-Ni3(TAA)3, respectively. This might be caused by the
decreased porosity after PSM from 12 to 18, 24, and 30 hours.
Meanwhile, the low H2 production rates in the range of
1460–980 μmol g−1 h−1 were disclosed for the P-Ni3(TAA)3
series, Fig. 2a and Table S1.† As a result, these photocatalysts
have the highest CO/H2 selectivity of 96% for 40%-Ni3(TAA)3,
Table S1.† Obviously, the photocatalytic CO production rate for
40%-Ni3(TAA)3 is superior to that of Ni3(HITP)2 (13 230 μmol
g−1 h−1) possibly due to the improvement of electronic struc-
tures and catalytic sites after PSM. It is worth noting that the
photocatalytic performance of 40%-Ni3(TAA)3 with both high
CO generation rate and selectivity is better than many out-
standing systems such as HOF-25-Re,61 Ru@Cu-HHTP,62

Fig. 3 (a) Free-energy diagrams of CO2 reduction to CO for Ni3(HITP)2 and P-Ni3(TAA)3 (with 100% converted TAA metallomacrocycles). (b) A pro-
posed reaction pathway for photocatalytic CO2-to-CO conversion around a single metal site over Ni3(HITP)2 and 100%-Ni3(TAA)3.
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UrFe,63 Ni(OH)2-10%GR64 and Ni@Ru-UiO-67,65 Table S1.†
The present photocatalytic conversion from CO2 to CO for
40%-Ni3(TAA)3 is further supported by various control experi-
ments with either none or trace CO production and isotope
labeling experiments, Fig. 2d and S19.† Five-cycle cycling
measurements revealed a constant CO evolution rate above
21 420 μmol g−1 h−1 and 96% selectivity, Fig. 2c. The retention
of crystallinity for 40%-Ni3(TAA)3 was demonstrated by SEM
images and PXRD patterns, Fig. S20 and S21,† indicating its
good photocatalytic stability. In addition, the control hetero-
geneous photocatalytic performances of mononuclear nickel
compounds, 4HNi and Ni(TAA), are also determined under the
same experimental conditions. The CO generation rate of
9400 μmol g−1 h−1 for Ni(TAA) is much higher than that of
4HNi (5700 μmol g−1 h−1), Fig. 2a. The enhanced 65% photo-
catalytic CO reduction rate for Ni(TAA) compared to that of
4HNi is attributed to the higher activity of the former single
metal site. This also gives additional support for the excellent
photocatalytic performance of 40%-Ni3(TAA)3.

Structure–activity relationship

According to the UV-Vis diffuse reflectance spectra of
Ni3(HITP)2 and 40%-Ni3(TAA)3, Fig. S14 and S18,† their similar
band gaps (Eg) are determined to be 1.70 and 1.68 eV, respect-
ively. Moreover, Mott–Schottky measurements of Ni3(HITP)2
and 40%-Ni3(TAA)3 at frequencies of 500, 1000, and 1500 Hz
recognize their flat bands of −1.33 and −1.05 V, respectively,
vs. Ag/AgCl. These values are ascribed to the energy levels of
their LUMO bands. These results indicate the suitable elec-
tronic structures of Ni3(HITP)2 and 40%-Ni3(TAA)3 towards CO2

reduction.66 In addition, the theoretical simulation results dis-
close the quantitative free energy for CO2RR intermediates. A
four-step process has been calculated for Ni3(HITP)2 and
100%-Ni3(TAA)3, including CO2 adsorption, *COOH formation,
*CO production, and CO desorption,67,68 Fig. 3b. Among the
four steps, the generation of a *COOH intermediate with the
highest free energy barrier is inferred as the potential deter-
mining step of the present CO2 reduction reaction with
Ni3(HITP)2 and 40%-Ni3(TAA)3 photocatalysts, Fig. 3a. The
slightly lower value of the *COOH formation free energy
barrier for 100%-Ni3(TAA)3 might be responsible for the higher
photocatalytic performance of 40%-Ni3(TAA)3 in comparison
with Ni3(HITP)2. It is worth noting that on the basis of the
abovementioned experimental result, the porosity appears to
also play an important role in the present CO2 reduction
photocatalysis.

4. Conclusions

In summary, a post-synthetic strategy to form MOFs has been
established towards fabricating metal-containing COFs. The
chemical conversion of partial linkages and catalytic sites of
the MOF has been realized and demonstrated, enabling the
obvious enhancement of the solution resistance and photo-
catalytic activity of the resulting hemi-COF. This work not only

introduces an interesting PSM approach of MOFs, but also
indicates the existence of some balance between the catalyti-
cally active sites and porosity of post-synthetic reticular
materials in their applications. The present result is believed
to be helpful in investigations covering both MOFs and COFs.
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