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Herein, organic linker-based near-infrared-1 (NIR-1) emissive
metal—organic frameworks (MOFs), with a maximum emission
peak at 741 nm, were synthesized via linker engineering. By inte-
gration of stronger acceptor and donor groups into one linker, a
significant bathochromic-shift is realized. This MOF exhibits great
selectivity and sensitivity for aniline and p-phenylenediamine
detection. This finding provides new insights into the rational

design of NIR-MOFs for sensing and related applications.

Organic linker-based luminescent metal-organic frameworks
(LMOFs) have shown potential applications in solid-state-
light,’™ sensing®™? and bioimaging™®™® owing to the tunable
linker structures and highly accessible functional sites.'®
While the emission wavelength of LMOFs is almost limited in
the visible light range, and there is lack of studies on organic
linker-based near-infrared emissive MOFs (NIR-MOFs), the
major challenge is to design and synthesize organic linkers
with NIR emission. In recent years, NIR emissive molecules
with emission wavelength in the 650-1700 nm range, such as
benzo[1,2-c:4,5-¢'[bis([1,2,5]thiadiazole) and its derivative
based compounds,”’>* have been extensively studied,
especially for bioimaging and biosensing, due to their high
spatiotemporal resolution, improved penetration depth and
non-invasiveness. To realize NIR emission, the organic com-
pounds are designed with large conjugated backbones, which
usually suffer from low quantum efficiency due to the strong
intermolecular interactions and aggregation-caused quenching
(ACQ). It has been proven that ACQ could be suppressed after
confining the molecules into the MOF matrix.>* In addition,
the unique properties of MOFs, such as porosity and high
surface area, will also make NIR materials exhibit possibility
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for their applications, e.g. in drug delivery and light-triggered
treatment. Therefore, it is essential and urgent to develop
organic linker-based NIR-MOFs and investigate their related
applications in bioimaging and sensing.

The key procedure is how to design the linker structure to
achieve extended light absorption and emission wavelength,
and use them to prepare NIR-MOFs. Similar to benzo[1,2-c:4,5-
¢'Ibis([1,2,5]thiadiazole), benzo[c][1,2,5]thiadiazole has also
been proven to be an excellent acceptor group to synthesize
donor-acceptor-donor (D-A-D) type organic linkers for con-
structing MOFs with tunable emission from deep blue to deep
red.**° In our previous work, we found that when much elec-
tron-deficient acceptor groups, compared with benzo[c][1,2,5]
thiadiazole, were employed, such as naphtho[2,3-c][1,2,5]thia-
diazole and naphtho[2,3-c][1,2,5]selenadiazole, a significant
emission red-shift can be realized for resultant MOFs. For
example, replacing benzo[c][1,2,5]thiadiazole in 4,4’-(benzo
[c][1,2,5]thiadiazole-4,7-diyl)bis(3-methoxybenzoic acid)
(H,BTMB) with naphtho[2,3-c][1,2,5]selenadiazole to form 4,4
(naphtho[2,3-c][1,2,5]selenadiazole-4,9-diyl) bis(3-methoxyben-
zoic acid) (H,NSMB), a 117 nm red-shift is obtained from
Ui0-68-BTMB to UiO-68-NSMB (Fig. 1a, left).”

Besides, when increasing the electron density of donor
groups, a remarkable bathochromic shift can also be achieved.
For instance, replacing carboxylic acid-based donor groups in
H,BTMB with pyrazolate-based donor groups to form 4,7-di
(1H-pyrazol-4-yl)benzo[c][1,2,5]thiadiazole (DPBT), a 42 nm
bathochromic shift is realized from UiO-68-BTMB to
HIAM-3004 (Fig. 1a, right). According to these studies, an
emission library has been developed for LMOFs using benzo
[c][1,2,5]thiadiazole and its analogue-based D-A-D type linkers
with various donor and acceptor groups.>’ Therefore, we
believe that NIR emissive organic linkers might be synthesized
using donor groups with high electron density and acceptor
groups possessing low electron density, which can be chosen
from the built emission library.

To prove our hypothesis, one pyrazolate-based organic
linker,  4,9-di(1H-pyrazol-4-yl)naphtho[2,3-c][1,2,5]selenadia-
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Fig.1 (a) The schematic diagram illustrating the linker engineering
strategy to prepare LMOFs with extended emission behaviours and (b)
the proposed linker structure with near-infrared emission and the nor-
malized emission spectra of DPBT, H,NSMB and DPNS.

zole (DPNS), was designed and synthesized (Fig. 1b, S1 and
S27). Then the steady-state emission spectrum of DPNS in N,N-
dimethylformamide (DMF) solution was measured to confirm
the hypothesis as shown in Fig. 1b. As expected, the maximum
emission peak appears at 745 nm for DPNS, which is 136 and
160 nm red-shifted compared with that of DPBT and H,NSMB.
This result demonstrates that the combination of the donor
group with stronger electron-donating properties and the
acceptor group possessing decreased electron density into one
organic linker indeed is a powerful approach for achieving NIR
emission.

Then DPNS-based Zn-MOF, HIAM-3007 (HIAM = Hoffmann
Institute of Advanced Materials, 30 = zinc), was synthesized
according to our previous work. Typically HIAM-3007 is syn-
thesized as follows: a 5 mL vial containing 29.7 mg Zn
(NO3),-6H,0, 36.5 mg DPNS, 1 mL DMF and 3 mL H,O was
placed in a preheated oven at 100 °C for 72 hours. Dark-red
single crystals with deep-red emission were obtained (Fig. 2a).
Single-crystal X-ray diffraction (sc-XRD) analysis reveals that
HIAM-3007 crystallizes in the monoclinic crystal system with
the C, space group. Each Zn>" is coordinated in a tetrahedron
geometry with four nitrogen atoms from four DPNS linkers.
Each DPNS linker is coordinated with four Zn>*, where each
pyrazolate group connects two adjacent Zn>'. The alternative
connection of Zn>" and pyrazolate groups form infinite chains
along the ¢ axis (Fig. 2b and S37), which are further extended
by the DPNS linkers to obtain the 3D structure. Hence,
HIAM-3007 features a (4,4)-connected 3D porous network with
pts topology as shown in Fig. S3, which was the same as
those reported for several bis(pyrazolate)-based MOFs.***!
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Fig. 2 (a) Single crystal images of HIAM-3007 under daylight (top) and

450 nm excitation (bottom); (b) single crystal structure of HIAM-3007
viewed along the c axis; (c) simulated and experimental PXRD patterns
of HIAM-3007; and (d) solid-state UV-vis absorption and emission
spectra of HIAM-3007.

The phase purity of HIAM-3007 was confirmed by the excel-
lent agreement between the simulated and experimental
powder X-ray diffraction (PXRD) patterns (Fig. 2¢). The thermo-
gravimetric profile indicates that thermal stability of
HIAM-3007 is up to 500 °C (Fig. S47). Then the solid-state UV-
vis absorption and emission spectra of HAIM-3007 were
measured. As shown in Fig. 2d, the emission maxima at
741 nm was recorded with the emission tail towards 900 nm.
The absorption spectrum of HIAM-3007 covers the whole
visible-light range with an absorption edge close to 750 nm.
These results indicate that NIR emissive MOFs can be con-
structed using D-A-D type organic linkers with stronger elec-
tron-donating donor and electron-withdrawing acceptor
groups.

Nanosized HIAM-3007 was then prepared since it is essen-
tial to realize high dispensability of materials for aqueous
phase-based chemical sensing. As shown in Fig. 3a,
HIAM-3007 with a size less than 100 nm was obtained using
triethylamine (TEA) as the modulator. It is interesting that the
amount of TEA has no significant effect on the size of
HIAM-3007 (Fig. S5f). The phase purity of nanosized
HIAM-3007 was confirmed by PXRD (Fig. 3b and S67). Then
the chemical stability of nanosized HIAM-3007 was evaluated
under different aqueous conditions to ensure its suitability for
aqueous phase applications. As indicated by PXRD patterns
shown in Fig. 3b, nanosized HIAM-3007 maintained its struc-
tural integrity after treatment in water, boiling water, pH = 4
and 12 solutions for 24 h, respectively, which is consistent
with the previous works which showed that pyrazole-based
MOFs possess excellent chemical stability in a wide range of
pH conditions.?*”* Almost no changes were observed for its
emission behavior (Fig. 3c), size and morphology as confirmed
by photoluminescence spectra and SEM (Fig. 3d and S77).
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Fig. 3 (a) SEM images of nanosized HIAM-3007; (b) PXRD patterns of
simulated, nanosized HIAM-3007 and after treatment under different
conditions for 24 h; (c) aqueous phase emission spectra of HIAM-3007
after treatment under different conditions for 24 h; and (d) SEM images
of nanosized HIAM-3007 after treatment in water for 24 h (scale bar:
100 nm).

These results demonstrate that nanosized HIAM-3007 is suit-
able for aqueous applications, such as chemical sensing.

Due to the great emission behaviour and excellent chemical
stability of nanosized HIAM-3007, especially under aqueous
conditions, its potential application as a chemical sensor was
explored. As reported, benzo[c][1,2,5]thiadiazole and its deriva-
tive-based LMOFs exhibited unprecedented sensitivity towards
amine detection;****7® different kinds of amines (aliphatic
amines: methanamine, ethylamine, propylamine, ethylenedia-
mine, 1,4-diaminobutane, diethylamine, triethylamine and
1,4-diaminocyclohexane; aromatic amines: aniline, p-amino-
phenol, o-phenylenediamine, m-phenylenediamine and
p-phenylenediamine) were thus chosen to test the response of
nanosized HIAM-3007.

As shown in Fig. 4a, varying degrees of emission enhance-
ments were obtained for different kinds of aliphatic amines at
a concentration of 300 pM, which is consistent with reported
works which showed that turn-on detection of aliphatic
amines can be obtained using benzo[c][1,2,5]thiadiazole and
its derivative-based LMOFs.”***%” These results can be
ascribed to the strong interaction between aliphatic amines
and naphtho[2,3-c][1,2,5]selenadiazole, which will restrict the
motion of naphtho[2,3-c][1,2,5]selenadiazole, leading to
reduced nonradiative recombination and enhanced emis-
sion.”® The highest emission enhancement, 1.6 times com-
pared with the blank sample, was recorded for diethylamine at
a concentration of 300 pM, indicating that the sensitivity of
HIAM-3007 for aliphatic amine detection is very low compared
with the reported works.>**® However, it is interesting that,
under the same test conditions, the highest emission enhance-
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Fig. 4 (a) The selectivity test of nanosized HIAM-3007 toward different
kinds of amines; concentration-dependent emission quenching of
nanosized HIAM-3007 toward (b) aniline and (c) p-phenylenediamine;
(d) the PXRD patterns of nanosized HIAM-3007 before and after detec-
tion of p-phenylenediamine; (e¢) the SEM images of nanosized
HIAM-3007 after the detection of p-phenylenediamine.

ment of 2.64 times was achieved for aniline. A gradually
increased emission was observed with increased concentration
of aniline (Fig. 4b), where a good linear correlation coefficient
of 0.999 was obtained at a concentration of 10 to 100 uM with
a detection limit of 1.4 puM. The mechanism toward aniline
can also be contributed to the fact that trapped anilines
restrict the rotation of organic linkers through hydrogen
bonding and n-r interaction.?”

An 80% emission quenching was obtained for the detection
of p-phenylenediamine at a concentration of 300 pM, which
are 50% and 40% for detecting o-phenylenediamine and
m-phenylenediamine under the same conditions. This result
demonstrates that HIAM-3007 exhibits specific capacity for the
detection of aromatic diamine, especially for p-phenylene-
diamine. Then the titration experiment was conducted to test
the selectivity of HIAM-3007 toward p-phenylenediamine
detection. The emission intensity of HIAM-3007 gradually
decreased with an increased concentration of p-phenylene-
diamine (Fig. 4c). A good linear correlation coefficient of 0.998
was calculated for the detection of p-phenylenediamine with a
detection limit of 5.2 pM.

To further confirm the opposite responses of nanosized
HIAM-3007 towards aniline and p-phenylenediamine, the fluo-
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rescence lifetimes of HIAM-3007 before and after the addition
of these two compounds were recorded (Fig. S81). The lifetimes
are 0.27, 0.42 and 0.19 ns for pristine nanosized HIAM-3007,
nanosized HIAM-3007 with aniline and p-phenylenediamine,
respectively, which are consistent with the emission enhance-
ment and quenching enhancement upon addition of aniline
and p-phenylenediamine to the suspension of nanosized
HIAM-3007. Due to the high chemical stability of nanosized
HIAM-3007, the emission responses of HIAM-3007 towards
aniline and p-phenylenediamine at pH = 4 and pH = 10 were
further investigated. Interestingly, in pH = 10 aqueous solu-
tions, aniline and p-phenylenediamine exhibited similar
responses to those shown in Fig. 2b and c under pH = 7 con-
ditions, while under pH = 4 conditions, slight responses were
recorded (Fig. S9t). As mentioned above, the response mecha-
nism was attributed to hydrogen bonding and n-n interaction.
Thus, in aqueous solutions, the abundant H'/OH™ might limit
the formation of hydrogen bonds, which could influence the
detection performance of HIAM-3007 towards aniline and
p-phenylenediamine.

These aforementioned results demonstrated that nano-
sized HIAM-3007 exhibits high selectivity and sensitivity for
emission turn-off detection of p-phenylenediamine. The
almost identical PXRD patterns and SEM images of
HIAM-3007 before and after detection indicated its high
chemical stability (Fig. 4d and e), revealing that nanosized
HIAM-3007 has great potential for practical application as a
chemical sensor.

In conclusion, a new Zn-MOF, HIAM-3007, with near-
infrared-I emissive behaviour (de,, > 740 nm in the solid
state) was constructed by using a pyrazolate and naphtho
[2,3-c][1,2,5]selenadiazole based donor-acceptor-donor type
organic linker. Nanosized HIAM-3007 shows excellent chemi-
cal stability and was used for aniline and p-phenylene-
diamine detection with high selectivity and sensitivity. This
work provides a practical route to the rational design of
organic linkers for preparing MOFs with near-infrared
emission.
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