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Abstract: As an emerging class of promising porous materials, the development of two-dimensional conductive metal
organic frameworks (2D c-MOFs) is hampered by the few categories and tedious synthesis of the specific ligands.
Herein, we developed a nonplanar hexahydroxyl-functionalized Salphen ligand (6OH-Salphen) through a facile two-step
synthesis, which was further applied to construct layered 2D c-MOFs through in situ one pot synthesis based on the
synergistic metal binding effect of the N2O2 pocket of Salphen. Interestingly, the C2v-symmetry of ligand endows Cu-
Salphen-MOF with periodically heterogeneous pore structures. Benefitting from the higher metal density and shorter in-
plane metal-metal distance, Cu-Salphen-MOF showcased excellent NO2 sensing performance with good sensitivity,
selectivity and reversibility. The current work opens up a new avenue to construct 2D c-MOF directly from nonplanar
ligands, which greatly simplifies the synthesis and provides new possibilities for preparing different topological 2D c-
MOF based functional materials.

Introduction

Two-dimensional conductive metal–organic frameworks (2D
c-MOFs) are layer-stacked MOFs composed of ortho-
substituted (� NH2, � OH, � SH, or � SeH) conjugated build-
ing blocks (e.g., benzene, triphenylene) and square-planar
coordination linkages with metal ions, which feature a
graphene-like structure.[1,2] Thanks to the strong orbital
hybridization between the metal ions and ligands, as well as
the open one-dimensional channel, 2D c-MOFs not only
inherit the characteristics of traditional 3D MOFs, but also

afford specific photoelectric activity and superior conductiv-
ity, etc.[3–7] Therefore, 2D c-MOFs have shown great
potential applications in sensing,[8,9] spintronics,[7,10,11] and
electrochemistry,[12,13] among others.[14,15] However, most
reported 2D c-MOFs are limited to certain ligands bearing
conjugated aromatic cores with high symmetries (C3, D2 and
C6, Figure 1), which results in 2D c-MOFs with few available
topologies such as triangular, tetragonal and hexagonal
lattices.[16–18] Enlarging the conjugated aromatic cores could
enrich the ligand family and enhance the degree of π-
electron delocalization of the final 2D c-MOFs, but the
tedious synthesis and poor solubility of the enlarged ligand
in common organic solvents make the synthesis of corre-
sponding 2D c-MOF great challenging. Moreover, it may
reduce the density of metal sites, and thereby increase the
in-plane distance between metal ions, leading to a weak
communication (e.g. magnetic coupling) among neighboring
metal sites. Considering the above factors, we assume that
2D c-MOFs might be in situ synthesized from nonplanar
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Figure 1. Representative ligands reported for 2D c-MOFs and the ligand
studied in this work.
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ligands via one-pot synthesis, where the nonplanar ligand
could transform to a planar counterpart during the coordi-
nation process. In our previous work, we have proved that
2D c-MOF could be constructed by in situ oxidative cyclo-
dehydrogenation during coordination polymerization of
hydroxyl ligands.[19] Actually, based on the preparation
conditions of MOFs, metal coordination induced planariza-
tion might be an alternate to access 2D c-MOFs, not only
simplifying the MOF synthesis, but also increasing the metal
density, which is however not yet explored.

Salphen is a well-known tetradentate Schiff base ligand
with C2v-symmetry.[20,21] Due to the low symmetric and
nonplanar structure, Salphen and its derivatives usually
possess good solubility. Notably, the N2O2 pocket of Salphen
endows it with strong metal coordination ability with most
transition metal ions under relative mild conditions.[22,23]

Upon metal coordination, the two flexible arms of Salphen
are fixed to form a nearly planar structure. Therefore, to
verify our hypothesis, a C2v-symmetric Salphen ligand
(6OH-Salphen) was newly designed and synthesized through
a facile two-step synthetic route, which was further used to
prepare MOF (Cu-Salphen-MOF) under solvothermal con-
ditions. Systematical structural analysis indicated that both
the N2O2 pocket and multitopic ortho-substituted functional
groups of 6OH-Salphen ligand could be fully coordinated
with copper ions, realizing the facile construction of layered
2D Cu-Salphen-MOF directly from nonplanar ligands. In
addition, benefiting from the low symmetry of the ligand,
Cu-Salphen-MOF displayed a periodically heterogeneous
dual pore structures. Moreover, Cu-Salphen-MOF possessed
high metal density and short in-plane metal-metal distance,
thus making it display a high response toward NO2

(100 ppm, 766%) sensing. The current work not only broad-
ens the categories and pore structures of 2D c-MOF using
C2v-symmetric ligands, but also opens up a new avenue to
construct 2D c-MOF directly from nonplanar ligands, which
greatly simplifies the synthesis and provides a new idea for
the design 2D c-MOF based functional materials.

Results and Discussion

The nonplanar 6OH-Salphen was synthesized by simple
condensation and further demethylation reactions
(Scheme S1), which was clearly characterized by solution
nuclear magnetic resonance (NMR) spectroscopy and high
resolution mass spectrometry (HR-MS, Figures S5, S6, and
S7). Cu-Salphen-MOF-1 was in situ synthesized via the
coordination polymerization between copper acetate mono-
hydrate and 6OH-Salphen ligand in a mixture of N,N-
dimethylformamide (DMF)/deionized water (H2O) (2/3, v/v)
at 85 °C for 3 days (Scheme S2). On the other hand, the Cu-
coordinated ligand (i.e. 6OH-Cu-Salphen) and the corre-
sponding 2D c-MOF (Cu-Salphen-MOF-2) were synthesized
for comparison (Schemes S1, S2). Notably, 6OH-Cu-Salphen
exhibited much lower solubility compared to the uncoordi-
nated 6OH-Salphen (Table S1).

Fortunately, we have obtained the single crystals of two
ligand precursors (6OMe-Salphen and 6OMe-Cu-Salphen),

which could help us to better understand the structural
changes before and after coordination (Figures S14, S15).[24]

As displayed in Figure 2a, 6OMe-Salphen exhibited a
twisted structure whereas 6OMe-Cu-Salphen possessed a
near-planar structure (Figure 2d) due to the coordination
between the inner N2O2 pocket and copper ion. In addition,
the frontier molecular orbitals further indicate that Cu-
Salphen features better electron delocalization compared to
the Salphen counterpart upon coordination in the inner
N2O2 pocket (Figures 2b–f). Since the peripheral methyl-
substituents have little influence on the central structures, it
is inferred that the metal coordination should cause resem-
bling structural changes of the ligand from non-planar to
planar (Figure 3a).

The as-synthesized Cu-Salphen-MOF-1 and Cu-Salphen-
MOF-2 were systematically characterized by various techni-
ques. As shown in Figure S10, the Fourier transform infra-
red (FT-IR) spectra of the two MOFs were nearly identical,
in which the stretching band of O� H (�3300 cm� 1) belong-
ing to the corresponding ligands almost disappeared and a
new Cu� O (�490 cm� 1) stretching vibration band appeared,

Figure 2. a) Top and side view of the single-crystal structures of non-
planar 6OMe-Salphen; b) and c) HOMO and LUMO of non-planar
Salphen; d) Top and side view of the single-crystal structures of near-
planar Cu-Salphen; e) and f) HOMO and LUMO of near-planar Cu-
Salphen (gray, carbon; blue, nitrogen; white, hydrogen; pink, copper).
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confirming the occurrence of metal coordination. Notably,
the new characteristic Cu� O and Cu� N (�560 cm� 1)
stretching band appearing in 6OH-Cu-Salphen complex and
Cu-Salphen-MOF-2, were also observed in Cu-Salphen-
MOF-1, indicating that the inner N2O2 pocket of the
nonplanar 6OH-Salphen also coordinated with copper ions
during the solvothermal synthesis. As the elemental analysis
results of the two MOFs are almost identical, nearly all of
inner N2O2 pockets in the Salphen were coordinated with
Cu2+, leading to a planar structure. In addition, the powder
X-ray diffraction (PXRD) patterns of the both MOFs were
nearly identical, which further confirmed the above con-
clusion (Figure S16). As both 2D c-MOFs possessed the
same structure, whereas Cu-Salphen-MOF-1 can be more
facile obtained in terms of synthesis, therefore Cu-Salphen-
MOF-1 was selected as representative for further analysis,
which termed as Cu-Salphen-MOF in the following discus-
sion for convenience. The successful coordination of metal
into the inner N2O2 pocket lead to a higher metal density
and a short metal-metal distance. As revealed by inductively
coupled plasma emission spectroscopy (ICP), the metal (Cu)
content of the as-prepared MOF was 28.37%, which is close
to the theoretical value of Cu-Salphen-MOF (27.53%),
further demonstrating the successful and complete coordina-
tion in the N2O2 pocket. The in-plane distance between the
N2O2 pocket coordinated Cu and the outside catecolate
coordinated Cu was only 7.7 Å.

The crystalline structure of Cu-Salphen-MOF was char-
acterized by PXRD and high-resolution transmission elec-
tron microscopy (HRTEM). In the PXRD pattern of Cu-
Salphen-MOF (Figure 3b), an intense diffraction peak was
observed at 3.80° corresponding to (110) lattice plane,
together with some minor peaks at 6.45°, 7.75°, 10.10°, 13.20°
and 28.40°, which could be indexed to 300, 220, 410, 600 and

001, respectively. The simulated PXRD pattern of Cu-
Salphen-MOF with AA stacking and periodically heteroge-
neous pore structures using Materials Studio software
showed a good agreement with the experimental one
compared to that with AB stacking or ABC stacking manner
(Figure S17).[25] Pawley refinement afforded the P6 space
group with the cell parameters of a=47.45 Å and c=3.15 Å
(Rwp=2.40%, Rp=3.08%). HRTEM images displayed clear
lattice fringes of (110) and (001) planes throughout the
whole crystallites with d110=23.2 Å and d001=3.15 Å, which
were roughly consistent with the structure with the AA
stacking (Figures 4c, d and S22). Notably, due to the low
symmetry of the ligand, the as-prepared MOF displayed
periodically heterogeneous dual pore structures. Scanning
electron microscope (SEM) images of Cu-Salphen-MOF
revealed a spherical morphology (Figures 4a and S21).

The permanent porosity of Cu-Salphen-MOF was as-
sessed through nitrogen sorption measurements at 77 K. As
shown in Figure 4b, a Brunauer–Emmett–Teller (BET)
surface area of 450 m2g� 1 was calculated from the N2

adsorption branch (P/P0<0.15). Based on the nonlocal
density functional theory (NLDFT) method, the pore size
distribution of Cu-Salphen-MOF was estimated to be
2.50 nm. The calculated value was consistent with the
theoretical diameter of the simulated periodically heteroge-
neous pore structures (2.35 and 2.56 nm). The ultraviolet-
visible (UV/Vis) spectra and ultraviolet photoelectron
spectroscopy (UPS) of Cu-Salphen-MOF showed a broad
absorption band, demonstrating its large extended π-con-
jugation (Figures S11b and S13). Accordingly, the optical
band gap was calculated to be 1.26 eV, indicating a semi-
conductor character. To further verify the effect of planari-
zation on the electronic structure of Cu-Salphen-MOF, DFT
calculations were conducted to compare the energy band
structures of the planar Cu-Salphen-MOF and its counter-
part (twisted Cu-Salphen-MOF without metal in the N2O2

pockets of Salphen, Figure S25). The results indicated that

Figure 3. a) Schematic illustration of the synthesis of Cu-Salphen-MOF.
b) Experimental (red), refined PXRD patterns (black dotted line) of Cu-
Salphen-MOF, difference plot (pink) of experimental, AA stacking
simulation and refined PXRD pattern. c) Top-view and side-view for AA
stacking model of Cu-Salphen-MOF.

Figure 4. a) SEM image of Cu-Salphen-MOF. b) N2 adsorption-desorp-
tion isotherms (77 K) and pore-size distribution of Cu-Salphen-MOF.
c), d) TEM images of Cu-Salphen-MOF.
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the band gap of the planarized Cu-Salphen-MOF was only
1.02 eV, which was similar to the experimental value, while
the twisted one displayed a larger band gap (1.49 eV,
Figures 5d and S26). In addition, the electrical conductivities
at different temperatures were measured by two-probe
method, and the results showed that the conductivity
increased nonlinearly with the increase of temperature,
which was a typical semiconductor character (Figures 5a and
b). The above results further demonstrated that the
occurrence of metal induced planarization was beneficial to
reduce the band gap and promote the carrier transport
(Figures S27 and S28).

Nitrogen dioxide (NO2) is one of the typical global
pollutants and very toxic even at low concentrations. 2D c-
MOFs with good conductivity is emerging as promising
sensor for NO2, however it is still in its infancy.[26–29] On the
other hand, metal ions have been reported to be very
effective active sites for NO2 sensing.

[30] As a result, inspired
by the high metal density and short metal spacing of Cu-
Salphen-MOF, we speculated that both the responsivity and
sensitivity would be improved if Cu-Salphen-MOF was
applied for NO2 sensing. To verify our hypothesis, Cu-
Salphen-MOF was deposited on the interdigitated electrodes
by drop casting, and the current signals of the device were
recorded under NO2 atmosphere. The accuracy of the test
results was ensured by preparing two devices for the same
sample in parallel. All tests were conducted under dark at
room temperature, and the relative current variation before
and after exposure to NO2 gas was defined as device

responsivity. As shown in Figures 5e and S29a, Cu-Salphen-
MOF displayed good response-recovery ability in a broad
concentration range of NO2 (1–100 ppm), and the response
coefficient of variation (CV) was only 3.4% over five
continuous cycles (10 ppm), indicating its excellent repeat-
ability and reliability. In addition, the PXRD pattern and N2

adsorption-desorption isotherm of Cu-Salphen-MOF main-
tained after NO2 sensing tests (Figure S31), demonstrating
its excellent stability under the NO2 atmosphere. In Fig-
ure S29b, the log-log plot of response concentration of Cu-
Salphen-MOF revealed an excellent linear relationship in
the range of 1–100 ppm. The theoretical limit of detection
(LOD) fitted linear equation was calculated to be 0.28 ppm
by setting the response value to 10%. Besides, the response
time (tres: defined as the time achieved for increasing the
current to 90% of the maximum signal) of Cu-Salphen-
MOF upon exposure to 10 ppm NO2 was evaluated (Fig-
ure S29c). The tres of Cu-Salphen-MOF (2.25 min) was
relatively short, which could be attributed to the rapid
adsorption of NO2 by densely arranged copper active sites
distributed in the 1D channels. Compared with other
representative MOF based sensors (Table S4), Cu-Salphen-
MOF featured a high NO2 response and a low detection
limit.

Selectivity is another essential parameter to evaluate
sensing performance. Therefore, Cu-Salphen-MOF was
exposed to twelve different kinds of interfering gases at the
concentration of 100 ppm for 3 min as comparison (Fig-
ure 5f). Notably, it showed very weak responses (<25%)

Figure 5. a) Variable-temperature conductivity for Cu-Salphen-MOF. b) Arrhenius fitting of temperature-dependent conductivity data for Cu-
Salphen-MOF. c) Unit cell of Cu-Salphen-MOF and its first Brillouin zone. d) Calculated electronic band structure of the planarized Cu-Salphen-
MOF. e) Dynamic response curves toward 1–100 ppm NO2. f) Response value to 12 types of gases (100 ppm).
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toward these interference gases, indicating that Cu-Salphen-
MOF could well distinguish NO2 from common interference
gases. To evaluate the interference of water vapor in the
environment, the response of Cu-Salphen-MOF to NO2

under different humidity levels was tested. As displayed in
Figure S34, compared with that in dry air, Cu-Salphen-MOF
shows higher sensing response towards NO2 in the presence
of water vapor, suggesting the selectivity of the MOF
towards NO2 is affected by water. Moreover, Cu-Salphen-
MOF displayed a long-term stability in response to NO2 as
no obvious changes in current value were observed after
10 days (Figure S29d). To explore the mechanism, the XPS
and adsorption energy measurements were conducted.
These results revealed that the NO2 response could be
attributed to the redox effect of abundant copper ions.
Among them, the copper ions on the N2O2 pocket exhibited
a greater adsorption energy and activity (Details see the
Section 13 in the Supporting Information).

Conclusion

In summary, a new nonplanar Salphen ligand (6OH-
Salphen) with C2v-symmetry was developed to construct 2D
MOF (Cu-Salphen-MOF) via in situ one pot synthesis,
featuring a metal coordination induced planarization of the
Salphen cores. Benefiting from the low symmetry of the
ligand, the as-prepared 2D c-MOF adopted periodically
heterogeneous dual pore structures. Moreover, the existence
of N2O2 pocket of 6OH-Salphen endows the Cu-Salphen-
MOF with higher metal density, shorter metal-metal dis-
tance and a narrower band gap, thus making it display a
high response toward NO2. Our current work not only
enrich the topological structures, but also opens up a new
avenue to construct 2D c-MOF directly from nonplanar
ligands, which could greatly simplify the synthesis and
provides a new idea for the design of 2D c-MOFs. Further
functionalization of other coordination groups (e.g. � SH,
� NH2) on the Salphen motif and variation of the metal
centers are currently in progress in our laboratory, which
could expect interesting properties in catalysis, energy
storage/conversion, among others.
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Facile Synthesis of Metallosalphen-Based
2D Conductive Metal-Organic Frameworks
for NO2 Sensing: Metal Coordination In-
duced Planarization

A new nonplanar Salphen ligand (6OH-
Salphen) with C2v-symmetry was devel-
oped to construct 2D Cu-Salphen-MOF
via in situ one pot synthesis, featuring
metal coordination induced planariza-
tion of the Salphen cores. The existence
of N2O2 pocket of 6OH-Salphen endows
2D Cu-Salphen-MOF with higher metal
density, shorter metal-metal distance
and a narrower band gap, thus making it
display a high response toward NO2

(766% at 100 ppm).
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