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amework bearing new viologen
ligand for ammonia and Cr2O7

2� sensing†

Baili Zhu, Yunpeng Jin, Jingying Chu, Minghui Zuo and Shuxin Cui *

Three anionic metal–organic frameworks (MOFs) {[Zn3(BTEC)2(H2O)(4-BCBPY)]$(H2O)}n (1–3) (BTEC4� ¼
1,2,4,5-benzenetetracarboxylic acid anion, 4-BCBPY2+ ¼ 1,10-bis(4-cyanobenzyl)-4,40-bipyridinium
dication) were synthesized in the reaction of 1,2,4,5-benzenetetracarboxylic acid with different metal

salts such as ZnNO3, ZnCl2, and ZnSO4, under solvothermal conditions in the presence of 1,10-bis(4-
cyanobenzyl)-4,40-bipyridinium chloride. Single crystal X-ray diffraction analysis shows that compounds

1, 2 and 3 have MOF structures based on binuclear metal building units, which are connected by two

protonated BTEC4� ligands and three zinc ions, and the viologen cation 4-BCBPY2+ is located in the

channel to achieve charge balance. Compounds 1, 2 and 3 have good photosensitivity, respond to

sunlight, UV light and blue ray, and turn blue. The D–A distance and p–p stacking distance of the

discolored samples (1P, 2P and 3P) changed. In addition, the three compounds showed visible color

changes to ammonia vapor, rapidly changing from white to blue. At the same time, the three

compounds exhibited fluorescence quenching to ammonia vapor and Cr2O7
2�. It is further proved that

compounds 1, 2 and 3 are fluorescent sensors with a low detection limit (for Cr2O7
2�: 10�5 M) and high

sensitivity for ammonia vapor and Cr2O7
2�. It was found that photochromic behavior, ammonia sensing

properties can be tuned by the nature of metal salts.
Introduction

Under the action of external stimuli (light, heat, electricity,
chemistry, etc.), stimulus response materials that exhibit
changes in properties such as discoloration or emission char-
acteristics are the basis for many applications in catalysis,
sensors, and biomedicine.1–6 Because of its wide application in
molecular devices such as optical switches and sensors, it has
aroused great interest. Among various materials, metal–organic
frameworks (MOFs) composed of inorganic and organic have
unlimited diversity and are very responsive materials. As an
attractive platform for responsive material design, MOFs can be
functionalized through metal-based joints, structures and
pores. Or, by using the synergistic effect between these
components, the hybrid crystal network can theoretically endow
various response characteristics, and become an excellent
material with a variety of stimulus response capabilities.1,7–13

Anionic MOFs with a negatively charged skeleton are a sub-
category of MOFs and have unique applications in gas adsorp-
tion, sensors, uorescent probes, and so on.14–16
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4,40-Bipyridine and its derivatives (viologen and its deriva-
tives) are a typical electron-decient substance with a strong
tendency to carry out electron transfer (ET) and induce energy
transfer (EnT). Therefore, it can be used as a multifunctional
response structural unit to play a huge role in light/
thermochromic materials, sensors and host–guest
compounds.5,10,17–27 In various stimulus response systems,
viologen-based MOFs are due to the ET coloring mechanism
between the donor (D) and acceptor (A) units. It exhibits the
advantages of better fatigue resistance, better stability and ease
of preparation. At the same time, MOFs designed based on
viologen have advantages in chemical sensing/switching and
other elds, and their response characteristics can be adjusted
by the organization of the D–A block.1,2,14,15,17,28–36

Ammonia (NH3) is an important industrial raw material with
a wide range of uses, but it is also a highly toxic chemical. And
even at low concentrations, there is a certain degree of
toxicity.11,25,37,38 On the other hand, although Cr2O7

2� is widely
used in industry, it has carcinogenic effects on the human body
and is an environmental pollutant.11,33,39,40 Therefore, it is
particularly important and urgent to design a sensor for
detecting ammonia and Cr2O7

2�. Our interest lies in the use of
different metal salts of the same metal to synthesize anionic
MOFs and explore the differences in their properties.41 And
several MOFs are applied to the eld of ammonia and Cr2O7

2�

discoloration or uorescence detection.42,43 Compared with the
traditional method, the color change detection method can
RSC Adv., 2022, 12, 6951–6957 | 6951

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra00599a&domain=pdf&date_stamp=2022-02-28
http://orcid.org/0000-0002-0318-0989
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00599a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012012


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 6
/2

6/
20

25
 1

2:
59

:1
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
directly observe the color change with the naked eye, and
intuitively observe the response of MOFs to external stimuli.
The uorescence detection method has the advantages of
simple operation, fast response speed, and easy detection. Both
methods are very effective detection methods. In this paper,
1,10-bis(4-cyanobenzyl)-4,40-bipyridinium chloride (4-
BCBPY$2Cl) is used as a positively charged cation ligand, which
has the good electron-accepting ability. And using 1,2,4,5-ben-
zenetetracarboxylic acid (H4BTEC) with excellent coordination
ability and Zn(NO3)2$6H2O, ZnCl2 and ZnSO4$7H2O in the
presence of 1,10-bis(4-cyanobenzyl)-4,40-bipyridinium chloride
to synthesize three new multi-response anionic MOFs {[Zn3(-
BTEC)2(H2O)(4-BCBPY)]$H2O}n (1–3). Compounds 1, 2 and 3
have good photosensitivity, respond to sunlight, UV light and
blue ray, and turn blue. The D–A distance and p–p stacking
distance of the discolored samples (1P, 2P and 3P) changed. At
the same time, the three compounds all show a response to
ammonia vapor, and the transition from white to blue can be
observed with the naked eye. It is worth noting that compounds
1, 2 and 3 have proved to be excellent uorescence sensors for
Cr2O7

2� and ammonia vapor. They can detect Cr2O7
2� at lower

concentrations (10�5 M). It was also found that metal salts can
affect photochromic behavior, ammonia sensing properties.
Experimental
Materials and methods

The preparation of 4-BCBPY$2Cl is as described in Scheme S1.†
The 1H NMR spectrum and 13C NMR spectrum were shown in
Fig. S1 and S2.† Other reagent grade chemicals are obtained
from commercial sources and can be used without further
purication. Elemental analysis adopts Vario El III CHNOS
elemental analyzer. Infrared spectra were recorded with Perki-
nElmer Frontier™ spectrometer on 4000–400 cm�1 KBr beads.
The UV-vis diffuse reectance spectrum of the solid powder was
measured at room temperature with Shimadzu UV-2600 UV-vis
Spectrophotometer. On the Rigaku Ultima IV-185 diffractom-
eter, a powder X-ray diffraction (PXRD) pattern with a 2q range
of 10�–50� was collected by Cu-Ka radiation (l¼ 1.54056 Å). The
PXRD pattern was simulated by X-ray single crystal diffraction
data with Mercury Version 1.4.2 soware. The electron spin
resonance (ESR) spectrum was recorded on the JEOL JES FA200
electron spin resonance paramagnetic spectrometer. On the
Tarsus TG 209 F3 Thermogravimetric Analyzer, thermogravi-
metric analysis was performed from room temperature to
550 �C at a heating rate of 10 �C min�1. Hitachi F-7000 Fluo-
rescence Spectrophotometer was used to record the uores-
cence spectrum.
Synthesis of 1

Zn(NO3)2$6H2O (0.015 g, 0.05 mmol), H4BTEC (0.010 g, 0.04
mmol) and 4-BCBPY$2Cl (0.014 g, 0.03 mmol) were added to the
mixed solution of acetonitrile and water (8 mL, v : v¼ 4 : 4). The
mixture was stirred in a 25 mL Teon reactor for ve minutes
and heated to 120 �C for 72 hours. Aer cooling to room
temperature at a rate of 5 �C h�1, colorless block crystals were
6952 | RSC Adv., 2022, 12, 6951–6957
collected by ltration, and the yield was 68% (based on 4-
BCBPY$2Cl). Anal. calcd for C46H28N4O18Zn3: C, 49.25; H,
2.50; N, 5.00%. Found: C, 50.32; H, 2.64; N, 5.62%.

Synthesis of 2

The synthesis process is similar to compound 1 except that
ZnCl2 (0.007 g, 0.05 mmol) is used instead of Zn(NO3)2$6H2O
(0.015 g, 0.05 mmol). Collect colorless block crystals by ltra-
tion. The yield was 76% (based on 4-BCBPY$2Cl). Anal. calcd for
C46H28N4O18Zn3: C, 49.25; H, 2.50; N, 5.00%. Found: C, 50.36;
H, 2.85; N, 5.46%.

Synthesis of 3

The synthesis process is similar to compound 1 except that
ZnSO4$7H2O (0.014 g, 0.05 mmol) is used instead of Zn(NO3)2-
$6H2O (0.015 g, 0.05 mmol). Collect colorless block crystals by
ltration. The yield was 72% (based on 4-BCBPY$2Cl). Anal.
calcd for C46H28N4O18Zn3: C, 49.25; H, 2.50; N, 5.00%. Found: C,
50.57; H, 2.96; N, 5.34%.

X-ray crystallography

Data were collected for compounds 1–3 on a Bruker SMART
APEX II single crystal X-ray diffractometer equipped with
graphite monochromatic Mo-Ka radiation (l¼ 0.71073 Å). Solve
the structure by the direct method. Using SHELXTL-2014 and
Olex2 programs, the structure is optimized on F2 through the
full matrix least square method.44,45 All non-hydrogen atoms are
anisotropically rened. The hydrogen atoms of the organic
ligands are in theoretical positions and are rened isotropically.
At the same time, an OMIT operation was performed on the bad
reections. Table S1 lists the crystallographic data of
compounds 1, 2 and 3.† Tables S2–S4 list the selected bond
lengths and bond angles for compounds 1, 2 and 3.† Table S5
lists the 1, 2, and 3 hydrogen bond interactions. The crystallo-
graphic data is stored in the Cambridge Crystal Data Center
(CCDC), supplementary publication numbers CCDC 2087817
(1), 2090938 (2), 2124977 (3), 2098345 (1P), 2114330 (2P) and
2114328 (3P).†

Results and discussion
Crystal structural description

Compounds 1, 2 and 3 are isomorphic, so 1 was discussed in
detail. Single crystal X-ray diffraction analysis shows that
compound 1 crystallized in monoclinic crystal system, P2/c
space group. As shown in Fig. S3,† compound 1 has an anion
skeleton [Zn3(BTEC)2]

2�, two half 4-BCBPY2+ cations and a free
water molecule exist in the channel, which constitute the main
body of the crystal and realize the charge balance. Zn1 coordi-
nates with four oxygen atoms (O2, O4, O116, O152) and one
water molecule (O3) to form a twisted triangular bipyramid
conguration (Fig. 1a). Zn2 is coordinated with four oxygen
atoms (O5, O6, O91, O162) in a twisted tetrahedral congura-
tion. Zn3 is coordinated by four oxygen atoms (O23, O101, O13,
O14) in a twisted tetrahedral conguration. Each BTEC4� ligand
is connected to ve Zn atoms, and three O atoms are not
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The coordination environment around BTEC4� in
compound 1. The inset on the right shows the binuclear Zn building
unit in compound 1 (symmetry codes: 1 + x, 1 + y, +z; 2 + x, 1 � y, �1/2
+ z; 3 + x, 1� y, 1/2 + z; 4 + x,�y,�1/2 + z; 5 + x,�1 + y, +z; 6 + x,�y, 1/
2 + z); (b) 1D Zn(II)-carboxylate chain along the b axis in compound 1;
(c) 3D packing structure of compound 1. The illustration on the right is
a schematic diagram of the two chair configurations of 4-BCBPY2+; (d)
estimated channel size for compound 1.
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View Article Online
coordinated to Zn. At the same time, the carboxylic acid arm
from the BTEC4� ligand connects the adjacent Zn16 and Zn35

ions to form a binuclear zinc building unit (Fig. 1a). The Zn–O
bond ranges from 1.908(5) Å to 2.142(5) Å, which are all normal.
Each Zn metal center is connected to the O atom of the
carboxylic group to form a 1D chain along the b-axis (Fig. 1b).
The chain is further linked with BTEC4� to produce a 3D
framework. As shown in Fig. 1c, the connection between the
BTEC4� bridging ligand and the Zn metal center creates a 3D
framework with a square cavity (estimated size (Fig. 1d): 10.904
Å � 10.924 Å and 10.829 Å � 10.809 Å). The channel sizes
formed by the three compounds are not the same (Fig. S6†). The
estimated sizes of compound 2 are 10.814 Å � 10.833 Å and
10.913 Å � 10.932 Å. The estimated sizes of compound 3 are
10.932 Å � 10.913 Å and 10.835 Å � 10.816 Å. The two inserted
4-BCBPY2+ cations are in two different chair congurations and
pass through the four cavities (Fig. 1c). One is similar to
a normal chair conguration, and the other is a twisted chair
conguration. All pyridine ring atoms are on the same plane,
parallel to the ring of the BTEC4� ligand in the host framework.
Lattice water molecules are contained in the crystal lattice and
form hydrogen bonds (Fig. S7†) with BTEC4� and viologen
groups, which contribute to the stability of the resulting 3D
structure.
Fig. 2 Photographs of compounds 1–3 before and after illumination
(a–c), and UV-vis spectra (d–f).
PXRD and TGA

The purity of compounds 1, 2 and 3 was tested by powder X-ray
diffraction analysis. It can be seen from Fig. S8† that the
experimental data and simulation data of compounds 1, 2 and 3
have almost the same diffraction patterns. It shows that
compounds 1, 2 and 3 have similar phase purity. In addition,
the thermal stability of compounds 1, 2 and 3 were also tested.
© 2022 The Author(s). Published by the Royal Society of Chemistry
As shown in Fig. S9,† compounds 1, 2 and 3 gradually lost their
solvent molecules at 28–402 �C. Aer 402 �C, the skeleton began
to collapse.
Photochromism

Generally, materials containing viologen will change color
under light conditions. Therefore, the photochromic behavior
of compounds 1, 2 and 3 were studied. As expected, all three
compounds exhibit photochromism in the air. Under the
sunlight, 365 nm UV light, and blue ray, the three compounds
changed from the original white to blue with different shades
(Fig. 2a–c). Under 365 nm UV light irradiation, compounds 1, 2
and 3 changed colors within 3 s, 5 s and 6 s, respectively. The
order of color change rate is 1 > 2 > 3. Aer irradiation, the UV-
vis absorption spectrum gradually showed new bands near
404 nm, 615 nm and 740 nm, which are the typical absorption
peaks of viologen radicals (Fig. 2d–f). The samples irradiated by
the three compounds remained blue for at least 45 days under
dark conditions. In addition, the reversible color can be
generated when heated to 140 �C. The color development and
fading process can be repeated at least ve times, indicating
that the three compounds have reversible photochromic
properties.

The PXRD and FT-IR spectra of compounds 1, 2 and 3
showed that there was no obvious structural change during the
photochromic process, indicating that the structures of the
three compounds remained unchanged before and aer irra-
diation (Fig. S8 and S10†). To further study the color change
mechanism of compounds 1, 2 and 3 in response to light, ESR
spectrum analysis was carried out. As shown in Fig. 3, the
irradiated samples of the three compounds showed strong
single radical signals at g ¼ 2.0160, 2.0156 and 2.0181, which
are similar to the g value of free electrons. It should be noted
that because light cannot be completely avoided during the
operation, the weak g values of compounds 1, 2 and 3 already
existed before the irradiation. This indicates that compounds 1,
2 and 3 are very sensitive to light.16,19,47–49 These results indicate
that the photochromic behavior of compounds 1, 2 and 3
originated from the electron transfer process, forming viologen
radicals, rather than photoisomerization or photolysis.
RSC Adv., 2022, 12, 6951–6957 | 6953
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Fig. 3 ESR spectra of compounds 1 (a), 2 (b) and 3 (c).
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In addition, the structures of compounds 1, 2 and 3 were
analyzed to explore the reasons for the different discoloration
times of the three compounds. As we all know, the key reason for
the light-induced reduction and free radical stability of viologen
derivatives is the short distance and plane orientation between
the electron donor and the electron acceptor. The distances from
the oxygen atom of the carboxylic acid group to the nitrogen atom
of the pyridine ring in the three compounds are 2.905 Å [O(17)/
N(3)], 2.900 Å [O(1)/N(2)] and 2.911 Å [O(2)/N(2)], which
provide a suitable way for electron transfer (Fig. 4). The order of
D–A distance is 2 < 1 < 3. In some cases, the p/p stacking
interaction can signicantly affect the photochromic behavior.
The study found that there arep/p stacking interactions (3.754,
3.758 and 3.759 Å) between BTEC4� and 4-BCBPY2+ in all three
compounds, the order is 1 < 2 < 3 (Fig. 4). Aer comparison, it is
found that the D–A distance of compound 1 is farther than that of
compound 2, but the distance of p/p stacking is closer than
that of compound 1. However, the color change of compound 1 is
faster than that of compound 2, which proves that in these two
compounds, p/p stacking is the main factor affecting the color
change behavior of the compound. The D–A distance and p/p

stacking interaction distance of compound 3 is the farthest, so
the discoloration speed is the slowest. Therefore, it can be
inferred that the key factors affecting the photochromic behavior
of the three compounds are the p/p stacking interaction and
D–A distance. At the same time, the three compounds are
synthesized using different metal salts of the same metal. It can
be inferred that the metal salt affects the distance between the
electron donor–acceptor and the p/p stacking interaction
distance of the three compounds, resulting in the different
photochromic behavior of the three compounds.
Fig. 4 The ET distance and p–p interaction distance of compounds 1
(a), 2 (b), 3 (c), 1P (d), 2P (e) and 3P (f).

6954 | RSC Adv., 2022, 12, 6951–6957
To further understand the changes in the crystal structure
during the discoloration process, we fortunately obtained the
structures of the three compounds aer being irradiated with
UV light. The basic data of the crystal aer discoloration (Table
S6†) has not changed much compared with that before discol-
oration. Comparing the structure of the discolored compounds
1 (1P), 2 (2P) and 3 (3P) with those of 1, 2 and 3, it is found that
the distance between the O atom on the carboxyl group and
the N atom on the pyridine ring are 2.903 Å, 2.905 Å and 2.914 Å,
and the distance of p/p stacking action are 3.759 Å, 3.758 Å
and 3.766 Å, respectively (Fig. 4). The photochromic rate of
compound 1 is the fastest, which means that it is the easiest for
compound 1 to reach 1P from its original state. This was
conrmed due to the change of D–A distance and p–p stacking
distance before and aer the discoloration.

XPS analysis showed that under UV light irradiation, the
peak on O 1s shied to a higher binding energy (531.4 eV /

531.6 eV), indicating that O on the carboxylic acid group lost
electrons as an electron donor (Fig. S11†). The peak of N 1s
moved to a lower binding energy position (399.2 eV / 398.9
eV), indicating that the N on the bipyridyl group should be an
electron acceptor. Before and aer coloring, the core energy
level spectra of Zn 2p and C 1s are almost the same. It can be
seen that the photochromic process of these compounds may
originate from the electron transfer from the O atom of the
carboxylic acid group to the N atom of the bipyridyl group.

In compounds 1, 2 and 3, 4-BCBPY2+ and benzene carboxylic
acid groups act as a typical electron donor–acceptor mode,
which plays the role of electron donation and electron absorp-
tion, respectively. Through time-dependent density functional
theory (TDDFT) calculations, we have an in-depth under-
standing of the donor–acceptor structure and matching rules
between 4-BCBPY2+ and acidic groups. Multiwfn soware was
used to obtain the charge density difference diagrams of
compounds 1, 2 and 3 (Fig. S12†).46 For compound 1, the results
show that the absorption at 405 nm and 626 nm is related to the
n–p* transition from BTEC4� to 4-BCBPY2+ and the p–p*

transition from 4-BCBPY2+ to 4-BCBPY2+, respectively. The
absorption at 740 nm may be related to the transition of the
metal to the 4-BCBPY2+ ligand (Table S7†). The results are in
good agreement with the results of structural analysis.

Detection of ammonia

When the original samples of compounds 1, 2 and 3 were
exposed to ammonia vapor, they experienced a clear and rapid
color change from white to blue (Fig. 5). The discoloration time
Fig. 5 Discoloration photos (illustration) and UV-vis spectra (a–c) of
1@NH3, 2@NH3 and 3@NH3.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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is 3 s, 6 s and 15 s respectively. Like the difference in photo-
chromic behavior, metal salts may also affect the different
ammonia response behaviors of the three compounds. The
discolored compound faded from blue to yellow aer 3–6 h. The
yellow sample can repeatedly adsorb ammonia at least ve
times, and no obvious color loss is observed. The solid-state UV-
vis spectra of NH3-treated compounds 1, 2 and 3 (referred to as
1@NH3, 2@NH3 and 3@NH3) showed peaks near 410 nm,
637 nm and 740 nm (Fig. 5). This may be due to the intermo-
lecular electron transfer from ammonia to the electron-
accepting viologen part of the protonated 4-BCBPY2+ ligand.
As shown in Fig. S13,† 1@NH3, 2@NH3 and 3@NH3 show
obvious uorescence quenching.

Further study of the sensing mechanism of ammonia. Study
the FT-IR spectra of compounds 1, 2 and 3 (Fig. S14†). Compared
with compounds 1, 2 and 3, the FT-IR spectra of 1@NH3, 2@NH3

and 3@NH3 showed signicant changes. In the FT-IR spectra of
compounds 1, 2 and 3, the bands around 1620 cm�1 and
1556 cm�1 can be attributed to the C]C and C]N stretching
vibrations of the pyridine ring. For 1@NH3, 2@NH3 and 3@NH3,
there are some obvious changes. The band around 1427 cm�1 is
strengthened, indicating that the nucleophilic attack of the
pyridine ring of the viologen part by the ammonia molecule
affects the stretching vibration of the pyridine ring. In addition,
the band near 1141 cm�1 disappear, and two bands appear near
1076 cm�1 and 1011 cm�1, which can be attributed to the erosion
of ammonia. At the same time, the UV-vis spectra of the three
compounds and 1@NH3, 2@NH3 and 3@NH3 were compared
(Fig. 5). UV-vis spectra show that the discoloration of 1@NH3,
2@NH3 and 3@NH3 is due to the interaction between ammonia
molecules and compounds 1, 2 and 3. In addition, ESR studies
were conducted on 1@NH3, 2@NH3 and 3@NH3. As shown in
Fig. 6, a symmetric singlet radical signal was observed, with g
values of 2.0156, 2.0146 and 2.0160, which are similar to the value
of free electrons (2.0023). It is well known that ammonia mole-
cules with good electron donating ability can interact with the
Lewis acid centers of viologen-containing compounds 1, 2 and 3
through acid–base interactions.11,25,37,38 The results indicate that
the color changes of compounds 1, 2 and 3 during ammonia
sensing may be the result of electron transfer from electron-rich
ammonia molecules to viologen. The response time is basically
the same as that of ammonia vapor sensors that have been re-
ported in recent years (Table S8†).

Detection of Cr2O7
2�

Considering that compounds 1, 2 and 3 are three-dimensional
framework structures with channels, they can be applied to
Fig. 6 ESR spectra of 1@NH3 (a), 2@NH3 (b) and 3@NH3 (c).

© 2022 The Author(s). Published by the Royal Society of Chemistry
ion exchange of ionic pollutants.11,33,39,40 First, the dichromate
ion was selected, and the uorescence detection performance of
compounds 1, 2 and 3 on Cr2O7

2� were studied. The synthe-
sized sample (15 mg) was placed in solutions of different
concentrations of Cr2O7

2�. Aer some time, the sample is
ltered out and allowed to dry. The sample is thenmonitored by
uorescence spectroscopy. As shown in Fig. S15,† the intensity
of the uorescence spectrum gradually decreases as the
concentration increases. It shows that the three compounds can
detect very low concentration (10�5 M) Cr2O7

2�. In the low
concentration range, the relationship between light intensity
and [Cr2O7

2�] conforms to the linear Stern–Volmer equation I0/I
¼ Ksv[Cr2O7

2�] + 1, and the values of Ksv are 9.12� 103 M�1, 1.56
� 104 M�1 and 8.60 � 103 M�1, respectively (Fig. 7). The
detection limits (DLs) calculated from 3s/k (k, slope; s, standard)
are about 3.28, 7.69 and 10.40 mM, respectively. It is basically the
same as the uorescent sensors for detecting Cr2O7

2� that have
been reported in recent years (Table S9†).

To clarify its sensing mechanism, further experimental
studies were carried out. The above phenomenon may be due to
the interaction between Cr2O7

2� and compounds 1, 2 and 3.
Compare the PXRD patterns of the three compounds with
Cr2O7

2� treated samples (referred to as 1@Cr2O7
2�, 2@Cr2O7

2�

and 3@Cr2O7
2�). It is found that some changes have occurred

in the spectrum, indicating that the uorescence quenching
phenomenon may be caused by structural changes (Fig. S16†).
From the FT-IR spectrum (Fig. S17†), it can be seen that the
band near 1427 cm�1 is strengthened, and the band at
1141 cm�1 is split into two bands of 1158 cm�1 and 1078 cm�1.
This shows that Cr2O7

2� has an effect on compounds 1, 2 and 3.
During the detection process, the three compounds formed
a chemical bond interaction with Cr2O7

2�. The solid UV-vis
spectra of 1@Cr2O7

2�, 2@Cr2O7
2� and 3@Cr2O7

2� show that
there is an absorption band at 420–550 nm, which shows a large
overlap with the absorption of compounds 1, 2 and 3 (Fig. S18†).
Considering the above factors, it can be considered that two
factors affect the uorescence quenching, the rst is the
structural change, and the second is the competitive absorption
between 1, 2 and 3 and Cr2O7

2�.
Conclusions

In summary, under the heat of solution conditions, by intro-
ducing cyano-viologen into the channel formed by the Zn-BTEC
host skeleton, three host and guest compounds based on MOF
Fig. 7 The Stern–Volmer plots of I0/I versus Cr2O7
2� concentrations

of compound 1 (a), 2 (b) and 3 (c) in the low concentration region, the
values of R2 are 0.9971, 0.9822 and 0.9719, respectively.

RSC Adv., 2022, 12, 6951–6957 | 6955

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00599a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 6
/2

6/
20

25
 1

2:
59

:1
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
were prepared and characterized. Compounds 1, 2 and 3
exhibited ET photochromism under the irradiation of sunlight,
UV light and blue ray. Stable free radicals can survive in the air
for several weeks, and the three compounds all show good
stability at 402 �C. Further studies have shown that compounds
1, 2 and 3 can sensitively detect ammonia vapor due to the
transfer of electrons from electron-rich ammonia molecules to
viologen. It also shows a rapid color change from white to blue-
gray, which can be observed with the naked eye. It is worth
noting that compounds 1, 2 and 3 can also sensitively detect
Cr2O7

2�. Further mechanism exploration conrmed that the
color change can be attributed to the structural change and the
competitive absorption between the three compounds and
Cr2O7

2�. At the same time, we also found an interesting
phenomenon. The D–A distance and the p–p stacking distance
of the compounds are different due to the metal salt, and the
order is 2 < 1 < 3 and 1 < 2 < 3, respectively. The p–p stacking
interaction is dominant. This affects their photochromic
behavior, resulting in the order of the rate of color change is 1 >
2 > 3. In addition, the ammonia sensing behavior of the
compounds is in the same order as the photochromic behavior.
It is proved that the metal salt can affect the photochromic
behavior and ammonia sensing behavior of the compounds.
Future work will focus on the construction of new uorescent
MOFs based on viologen ligands as multifunctional sensing
materials.
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