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A new flexible bipyridinium ligand, 11'-bis-((3-carboxylatobenzyl)-4,4'-bipyridinium) dichloride
(Habcbpy-2Cl), was synthesized and successfully introduced into two novel cadmium-based coordination
polymers (CPs) by analogous solvothermal reactions. Because of the presence of electron-deficient
bipyridinium moieties, compounds 1 and 2 can both easily undergo photo- and thermal-induced electron
transfer and exhibit eye-detectable photochromic and thermochromic behaviors. Moreover, their lumines-
cence properties can be switched by UV-vis light irradiation or by heating to 90 °C. Interestingly, 1 and 2
have a sensitive response for ammonia. The yellow compounds 1 and 2 turn blue and green, respectively,
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DOI: 10.1039/c8ce01948g when exposed to ammonia vapor. For most CPs-based bipyridinium derivatives, their crystal structures are

usually damaged when exposed to ammonia vapor. Surprisingly, compound 2 displays a fast discolored-

rsc.li/crystengcomm decolored response to ammonia within dozens of seconds and maintains an unchanged crystal structure.
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Introduction

Coordination polymers (CPs) as breakthrough materials with
various structures can be designed to cater for the increasing
demands in the fields of magnetic materials; gas storage, its
separation and catalysis; and so on."™ In recent years, CPs
with colour-changing properties, one of the most common
and useful species, have attracted tremendous attention ow-
ing to their increasing demands in the fields of energy stor-
age,” sensors,® drug delivery,” and proton conductivity.® Many
families of organic and inorganic multichromic materials
have been explored, where organic species are the major de-
velopment objects, as they can be easily modified by the func-
tional groups.’ The ability to chemically modify the organic li-
gands specifically for their desirable optical properties is an
important strategy in designing materials with new and func-
tional applications.'® For example, piperazine-, diarylethene-,
and naphthalenediimide-based CPs have been fabricated as
multichromic materials applied in photochemistry and
thermochemistry."' ™% Viologen/bipyridinium derivatives (1,1"-
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disubstituted 4,4"-bipyridinium) have a long history of re-
search and development as herbicides used in a wide variety
of pharmaceuticals and medicine. Recently, viologen deriva-
tives have been researched deeply in the field of multichromic
materials, such as photochromic, thermochromic, electro-
chromic and sensing materials, due to their excellent
electron-accepting abilities and Lewis acidic sites."*'® The
electron-deficient viologen cation (V**) is capable of forming
the viologen cationic radical (V') through one-electron trans-
fer from the appropriate electron donors and usually can be
accompanied with recognizable colour changes.'” Thus, one
of the interesting properties of viologens is chromic progress,
which arises from electron transfer (ET) progress from the
electron donors (D) to the electron acceptor (A = viologens).'®
Therefore, viologen derivatives as outstanding candidates
have been used in multichromic material designs.’® To con-
struct chromic viologen-based CPs with the electron transfer
(ET) progress, some key factors should be considered, such as
the packing type, the distance and orientation between the D
and the A, hydrogen bonds and so on.'®?° Although numer-
ous chromic families based on ET chemical processes have
been reported to date, for multichromic CPs, there are rela-
tively few that have been reported.’”*" If a single material dis-
plays both photochromic behavior and thermochromic behav-
ior, more extensive functions and applications will be
expected.”” Because of the excellent characteristic of viologen/
bipyridinium derivatives, we envisaged that it should be
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suitable for selecting viologens as the organic ligands and to
introduce the viologen moiety into CPs to construct new-type
multichromic materials.

Herein, a new carboxylate-derived viologen ligand, 1,1-bis-
((3-carboxylatobenzyl)-4,4'-bipyridinium)-dichloride
(Hybcbpy-2Cl), was synthesized and successfully used to con-
struct two novel viologen-based CPs, [Cd(bcbpy)Br,(H,0),] (1)
and [Cd(bcbpy)(SCN),] (2), which have rare multichromic
properties. Compounds 1 and 2 display both photochromism
and thermochromism. Besides, compounds 1 and 2 also have
photo- and thermocontrolled luminescence properties. Nota-
bly, owing to the Lewis acidity of the bcbpy ligand, 1 and 2
exhibit good ammonia detection abilities; when exposed to
ammonia vapour, they all showed significant color changes.
However, because of the different coordination environments
of the metal centers and the packing structures of the two
compounds, compounds 1 and 2 exhibit different phenom-
ena and results when exposed to ammonia vapor. In our
work, UV-vis-NIR spectrophotometer, electron spin resonance
(ESR), and density functional theory (DFT) calculations were
performed to provide valuable insight into the explorations
of a mechanism for chromism and ammonia detection. Our
work is conducive to guiding the design and synthesis of new
multifunctional viologen-based CPs.

Experimental
Materials and methods

All materials were purchased commercially and used without
further purification. H,bcbpy-2Cl was synthesized as shown
in Scheme 1. Elemental analyses (C, H and N) were
performed using a PerkinElmer 2400 CHN elemental ana-
lyzer. The infrared spectra were measured in the range of
400-4000 cm™' using a Mattson Alpha-Centauri spectrometer
with KBr pellets. The powder X-ray diffraction (PXRD) pat-
terns were recorded using a RigakuDmax 2000 X-ray diffrac-
tometer with graphite monochromatized Cu Ko radiation (4 =
0.15418 nm) and 26 ranging from 5° to 50° at room tempera-
ture. Thermogravimetric analyses (TGA) of crystalline sam-
ples were performed using a PerkinElmer thermal analyzer
under nitrogen at a heating rate of 10 °C min™" in the range
of 30-800 °C. The UV-vis absorption studies were measured
using a Cary 700 UV-vis-NIR spectrophotometer. Electron
spin resonance (ESR) studies were carried out at X-band fre-
quency (9.45 GHz) on a Bruker EMX spectrometer, and fluo-
rescence spectra were obtained using a FLSP920 fluorescence
spectrometer.

HOOC,

Cl

COOH cr
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Scheme 1 Synthesis of the Hbcbpy-2Cl ligand.
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Synthesis of H,bcbpy-2Cl. 1,1-Bis-((3-carboxylatobenzyl)-
4,4"-bipyridinium) dichloride ligand (H,bcbpy-2Cl) was syn-
thesized based on the nucleophilic substitution reaction of
4,4"-bipyridine and 3-(chloromethyl)-benzoic acid (Scheme 1).
4,4"-Bipyridine (2.00 g, 12.8 mmol) and 3-(chloromethyl)-
benzoic acid (6.56 g, 38.4 mmol) were dissolved in 13 mL of
DMF, and the mixture was stirred at 120 °C for 8 h. The re-
sultant yellow precipitate was isolated by filtration and
washed with hot DMF solution three times, producing 1,1
bis-((3-carboxylatobenzyl)-4,4"-bipyridinium) dichloride with
4,4'-bipyridine. The reaction product was then purified by re-
crystallization with acetone and deionized water (1:1, V/V) to
obtain a pale yellow solid H,bcbpy-2Cl. Yield: 89%. "H-NMR
(600 MHz, D,0): 6 = 9.18 (d, J = 7.2 Hz, 4H), 8.55 (d, J = 6.6
Hz, 4H), 8.09 (d, J = 7.8 Hz, 4H), 7.75 (d, J = 7.8 Hz, 2H), 7.62
(t,J = 7.2 Hz, 2H), 6.00 (s, 2H). *C-NMR (151 MHz, D,0): ¢ =
169.5, 150.4, 145.6, 134.1, 132.7, 131.1, 131.1, 130.2, 130.0,
127.3, 64.2.

Synthesis of [Cd(bcbpy)Br,(H,0),] (1). The reaction mix-
ture containing H,bcbpy-2Cl (49.7 mg, 0.1 mmol), Cd(NOs),
-4H,0 (0.0308 g, 0.1 mmol), KBr (23.8 mg, 0.2 mmol), DMF (2
mL), EtOH (1 mL), and distilled water (3 mL) was sealed in a
25 mL Teflon reactor autoclave and heated to 75 °C for 2
days. After cooling to room temperature at a rate of 5 °C h™,
the obtained yellow single crystals of 1 were collected and
washed with deionized water and then dried in air. Yield:
83% based on H,bcbpy-2Cl. Anal. caled. (%) for
Cy6H,4N,04Br,Cd: C, 42.62; H, 3.28; N, 3.82%. Found: C,
41.90; H, 3.46; N, 3.73%.

Synthesis of [Cd(bcbpy)(SCN),] (2). The reaction mixture
containing H,bcbpy-2Cl (49.7 mg, 0.1 mmol), Cd(NOs),-4H,0
(0.0308 g, 0.1 mmol), KSCN (19.4 mg, 0.2 mmol), DMF (2
mL), EtOH (1 mL) and distilled water (3 mL) was sealed in a
25 mL Teflon reactor autoclave and heated to 75 °C for 2
days. After cooling to room temperature at a rate of 5 °C h™,
the obtained light yellow single crystals of 2 were collected
and washed with deionized water and then dried in air. Yield:
76% based on H,bcbpy-2Cl. Anal. caled. (%) for
C,sH,0N,0,5,Cd: C, 51.50; H, 3.06; N, 8.58%. Found: C,
51.11; H, 3.19; N, 8.51%.

X-ray diffraction analysis

Crystal data for 1 and 2 were collected using an Oxford Dif-
fraction Gemini R Ultra diffractometer with graphite-
monochromated Mo-Ka radiation (2 = 0.71073 A) at 296 K.
Absorption correction was applied using the multiscan tech-
nique. The structures were solved and refined by full-matrix
least-squares on F> using the program packages of Olex2 and
SHELXTL2014.>>>* Thermal parameters of all non-hydrogen
atoms of the compounds were refined anisotropically, and
hydrogen atoms on organic ligands were fixed at calculated
positions. All of the crystal data and the structure refine-
ments are summarized in Table S1.f The main bond lengths
and angles for 1 and 2 are shown in Table S2.f Crystallo-
graphic data were deposited with the Cambridge
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Crystallographic Data Center (CCDC) as supplementary publi-
cation numbers CCDC 1586364 (compound 1) and 1810868
(compound 2), respectively.

Theoretical study

The molecule frontier orbitals were analyzed by density func-
tional theory (DFT) to further demonstrate the mechanism of
photochromism, based on the X-ray crystallographic data of 1
and 2. The DMol® Module®® in the Materials Studio (MS) 7.0
software package®® was used with a (10™® eV per atom) toler-
ance for SCF convergence. The DFT exchange-correlation po-
tential was described by the Perdew-Burke-Ernzerhof (PBE)
functional within the generalized gradient approximation
(GGA).*” The Grimme scheme was applied for dispersion cor-
rections, and the double numerical plus polarization (DNP)
basis set was used for a better orbital cutoff quality.>®

To investigate the chromic mechanism of ammonia detec-
tion in CPs based on viologens, the crystal structures of 1, 2
and NH; were optimized by DFT calculations using the
DMol® Module. The GGA-PBE exchange-correlation func-
tional and the Grimme dispersion-correction scheme were
applied to optimize. A fine optimization convergence level
was selected, with an energy tolerance of 10~ eV per atom
and a maximum displacement of 0.001 A.

Results and discussion
Crystal structure of [Cd(bcbpy)Br,](H,0), (1)

Single-crystal X-ray diffraction analysis indicates that com-
pound 1 crystallizes in the monoclinic space with group P2,/c;
the asymmetric unit of compound 1 consists of one Cd(u) ion,
one bebpy ligand, two Br anions and two dissociative water
molecules. As shown in Fig. 1a, Cd(u) is five-coordinated by
three O atoms belonging to two different bebpy ligands and
two Br anions from KBr, forming a monodentate coordination
with O1 and a bidentate coordination with O3 and O4. As
shown in Table S2;f the bond lengths of Cd1-O1 (2.216 A),
Cd1-03 (2.308 A), Cd1-04 (2.416 A), Cd1-Br1 (2.6052 A) and
Cd1-Br2 (2.5805 A) are close to the values observed in the Cd(u)

(a)

‘*\‘
! S
ot E "oav;\f:T
°

N1 O%#2

Fig. 1 (a) Coordination environment around the Cd(i) ion in 1; (b)
coordination environment around the Cd(i) ion in 2; (c) 1D structure of
1; (d) 1D structure of 2. Symmetry codes: for 1: #1: x, 0.5 -y, -0.5 + z
#2:x,05-y,05+z for2: #1: —x,1-y,1-z#2:1-x,y,15 -z
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CPs reported.'® The main bond angles are shown in Table S2.f
Each Cd(u) cation is bridged with each other through the car-
boxylate groups from bcbpy as secondary linkers leading to a
helical 1-D structure (Fig. 1c). One structural characteristic of 1
is that it has a close distance between O4 of the carboxylate
groups and N2 of the viologen moiety of the bebpy ligand (do-
= 3.449 A, Fig. S1at), which is supposed to play a very impor-
tant role in their electron separation and transfer upon apply-
ing external light stimuli. As displayed in Fig. S3a, a face-to-
face n-n stacking interaction forming between the pyridinium
ring and a contiguous phenylene ring, with a distance of 3.402
A, a weak m-m stacking interaction between the phenylene
rings, with a distance of 4.193 A, and O-H---O hydrogen bonds
(1.866 A and 2.175 A, Fig. 1a) were observed, which can stabi-
lize crystal structure well.

Crystal structure of [Cd(bcbpy)(SCN),] (2)

Single-crystal X-ray diffraction analysis indicates that com-
pound 2 crystallizes in the monoclinic space with group C2/c;
the asymmetric unit of compound 2 consists of one Cd(u)
ion, one bcbpy ligand, and two SCN™ anions. As shown in
Fig. 1b, Cd(u) is coordinated by four O atoms belonging to
two different bcbpy ligands, forming a bidentate coordina-
tion, and two N atoms from SCN . As shown in Table S2,} the
bond lengths of Cd1-01 (2.411 A), Cd1-O1#2 (2.411 A), Cd1-
02 (2.313 A), Cd1-02#2 (2.313 A), Cd1-N1 (2.219 A) and
Cd1-N1#2 (2.219 A), are close to the values observed in the
Cd(u) CPs reported."® The main bond angles are displayed in
Table S2: Each Cd(u) cation is bridged with each other
through the carboxylate groups as secondary linkers, leading
to an infinite 1-D chain structure (Fig. 1d). Compared with 1,
as displayed in Fig. S3b,} there is a weak n-7 stacking interac-
tion between the phenylene rings, with a distance of 3.853 A,
and the distance between O2 of the carboxylate groups and
N2 of the viologen moiety of the bcbpy ligand is 3.982 A,
which is the main reason to create light response rate differ-
ences between the two complexes.”’

Photo- and thermochromic
properties

As found from many viologen-based CPs, compounds 1 and 2
have photochromic behaviors. As shown in Fig. 2a,

(a) (b)

) E) ) %0
Wavelengthinm Wavelength/nm

Fig. 2 (a) UV-vis spectrum and photographs of compound 1 before
and after irradiation with a 300 W Xe lamp; (b) UV-vis spectrum and
photographs of compound 2 before and after irradiation with a 300 W
Xe lamp.
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compound 1 is quite sensitive to light, since it instanta-
neously turns from yellow to deep blue upon exposure to so-
lar light, or UV-vis light (Xe lamp, 300 W). When illuminated
with a Xe lamp, insulated glass was used to remove the influ-
ence of heat and tends to be saturated after illumination for
5 min. Compound 2 turns green after being irradiated within
30s with UV-vis light (Xe lamp, 300 W) and tends to be satu-
rated after illumination for 7 min (Fig. 2b). The photochro-
mic samples can be decolored in the dark. The UV-vis diffuse
reflectance spectra of compounds 1 and 2 before and after ir-
radiation are shown in Fig. 2. Because 1 is sensitive to solar
light, the original sample of 1 shows two broad absorption
bands at 620 nm and 751 nm in the visible region before irra-
diation. After irradiation, a new narrow absorption band
shows at 410 nm, which correspond to the n-n* and n-n*
transitions of the bebpy ligands (Fig. S17), and all the absorp-
tion bands become intense with increasing irradiation
time.>® These characteristic spectral bands are similar to
those observed for bipyridinium radicals, suggesting that the
color change of 1 and 2 may arise from the photoinduced
generation of radicals in the bebpy ligands.>*"*> Neverthe-
less, compared with 1, compound 2 only has adsorptions at
627 nm and 745 nm after irradiation. As shown Fig. 2, 1 has
a faster photoresponse than 2. By analyzing and comparing
the interactions around the pyridinium ring (Fig. S27), this
phenomenon was determined to be mainly caused by the fol-
lowing three reasons: firstly, the distance between the carbox-
ylate O atom and the N atom in 1 (d = 3.449 A) is shorter
than that in 2 (d = 3.982 A), and the distance between the Br~
atom and the N atom of the bcbpy ligand is 3.876 A, which
may be another pathway to satisfy the electron transfer crite-
rion between the donor and viologen acceptor units (Fig.
S1t); secondly, comparing the structures of 1 and 2, 1 has a
helical 1-D structure (Fig. S21), forming a strong n-n stacking
interaction between the pyridinium ring and a contiguous
phenylene ring, promoting the ET progress (Fig. S3at); in the
end, the interactions of the O-H:--O hydrogen bonds be-
tween the carboxylate group and the dissociative water
molecule (O1W-H1WB---02 and O2W-H2WB---02) in 1 may
also improve the ET (Fig. 1a). To further demonstrate the ET
progress, as well as the photochromism, between the donors
and viologen acceptor units, density functional theory (DFT)
calculations were used to analyze the molecular frontier or-
bitals. Orbital analysis shows that the highest occupied mo-
lecular orbital (HOMO) arises almost solely from the p or-
bitals of the carboxylate oxygen atoms of the bebpy ligand,
and the lowest unoccupied molecular orbital (LUMO) is dom-
inated by the p-p* orbitals of the viologen moiety (Fig. S47).
Therefore, it is reasonable to assume that the electron trans-
fer occurs from carboxylate oxygen to bipyridinium, generat-
ing viologen radicals. Because of the shorter distance do_y in
1, 1 has a faster photo response than 2.%” Interestingly, after
annealing at 90 °C for 5 minutes in air or under vacuum, the
yellow complexes 1 and 2 turn green, and the absorption
bands at 621 nm and 748 nm for 1 and at 630 nm and 746
nm for 2 emerged in the UV-vis spectra after
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thermocoloration (Fig. S5t). The thermochromic sample can
be decolored in the dark and can again change to green at 90
°C, which indicates that the thermochromism is reversible.

The powder XRD profiles and infrared (IR) spectra show
no appreciable variations after photo- and thermochromism
(Fig. S6-S8t), suggesting that the molecular structures were
maintained without bond cleavage or formation, which indi-
cates that the origins of photochromic and thermochromic
properties for the compounds 1 and 2 are not photoinduced
isomerization or photolysis. As speculated, such behaviors
should result from the viologen free radical generation.'**>>?
Electron paramagnetic resonance (EPR) spectroscopies were
performed to confirm the involvement of radicals in the chro-
mic process. The EPR studies before and after irradiation
and ammonia absorption have been recorded. As shown in
Fig. 3, the colored states of 1 and 2 present strong EPR sig-
nals with g = 1.9832 and g = 1.9833, respectively, which is
similar to those found in bipyridinium and viologen com-
plexes and confirm the existence of viologen free radical
generation.'®"”

Luminescence properties

Considering the luminescence performance of the
H,bcbpy-2Cl ligand (Fig. S91), the d*° Cd(i) metal ion center,
as well as the photo- and thermochromic behaviors of the
two CPs, photo- and thermocontrolled luminescence proper-
ties are mentioned in our study.>® Compounds 1 and 2 all ex-
hibit evident photocontrolled fluorescence quenching phe-
nomena. As shown in Fig. 4a, the fluorescent spectrum of 1
explains that there is a strong emission peak at 545 nm when
excited at 469 nm. Meanwhile, the fluorescence spectrum of
2 shows a strong emission peak at 551 nm, which probably
originates from different coordination modes, packing struc-
tures between the two complexes (Fig. 4b). Moreover, the
emission peak is fleetly and gradually reduced upon irradia-
tion with a xenon lamp (300 W) and is almost totally
quenched when 1 changes to blue after irradiation for 5 min,
and 2 changes to green after irradiating for 7 min. The re-
sults illustrate that photochromism and photocontrolled lu-
minescence can take place simultaneously, originating from
photoinduced ET between the electron donor and the
electron acceptor (viologens). Therefore, the emission inten-
sity is influenced by the ET progress, which results in
quenching luminescence. Besides, n-m interactions between

—1NH, —r
—_T 2P
P

1

O\ \

190 152 184 196 198 200 202 204 206 208 210 190 192 194 196 198 200 202 204 206 208 210
g a

Fig. 3 The EPR spectra of 1 (a) and 2 (b); before irradiation (black),
after irradiation (cyan), after heated (red) and after ammonia
absorption (blue).

—2
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Fig. 4 The luminescence emission spectral changes (lex = 469 nm) of
1 (a) and 2 (b) after irradiation with a 300 W Xe lamp at different times.

the aromatic rings of two neighbouring bebpy ligands may ac-
celerate the ET progress and expedite the fluorescent
quenching rate (Fig. S37). The luminescence intensity recov-
ered to its initial state when the colored crystals of 1 and 2
turn into the original yellow samples again. The luminescence
property of the two compounds is reversible. Simultaneously,
the thermocontrolled luminescence property was researched
in our study. The thermocontrolled luminescence emission
spectrum of H,bcbpy-2Cl is displayed in Fig. S10.f Based on
the excellent sensitivity to the heat stimulation of
H,bcbpy-2Cl, compounds 1 and 2 all exhibit obvious
thermocontrolled fluorescence quenching phenomena. As
displayed in Fig. S5,f when samples of 1 and 2 are heated at
90 °C for 5 min, they turn green. Therefore, as shown in Fig. 5,
the emissions at 545 nm and 551 nm are absorbed by the col-
ored samples, which results in quenching luminescence.

The sensing of ammonia vapors

Recently, another type of Lewis acid site has been introduced
into CPs based on bipyridinium (also called viologen) carboxyl-
ate linkers, which also have excellent electron-accepting
abilities."* ' Because ammonia is a good electron donor and a
Lewis base, the introduction of viologen moiety into coordina-
tion materials can impart selectivity for the visual sensing of
amines. Along this line, compounds 1 and 2 were used to detect
ammonia and are capable of sensing ammonia with high-
contrast naked-eye color changes. Compound 1 and 2 turn to
bottle-green and green, respectively, when exposed to ammonia
vapor environment within 30 s (Fig. 6). After leaving 1 and 2 in
air, 2 changes to light yellow again within 2 min, but 1 recovers
to its original colour after 3 h in darkness. To explore the color
change mechanism, the solid UV-vis diffuse reflectance spectra
of 1 and 2 were measured. As shown in Fig. 4a, two new absorp-
tion bands with maxima at 621 nm and 748 nm appeared in
the spectrum of 1-NHj;. Such characteristic absorption bands

(a) (b)
—0s —0s
—heat —heat

Intensity (a. u)
Intensity(a. u.)

%0 0 0 0 70 0 0 %0 0 %0 0 7
Wavelengthinm Wavelengthinm

Fig. 5 The luminescence emission spectral changes (lex = 469 nm) of
1 (a) and 2 (b) after heating at 90 °C for 5 min.
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Fig. 6 (a) UV-vis spectra of compound 1 before and after the absorp-
tion of ammonia; (b) UV-vis spectra of compound 2 before and after
the absorption of ammonia.

suggest that the ammonia-induced color change is likely to
arise from the generation of the viologen free radicals. When
compounds 1 and 2 were exposed to ammonia vapors, the am-
monia molecules may act as electron donors to donate electrons
to the bebpy ligand to generate bebpy free radicals. Compared
with 1, owing to the fast decoloration time, no new absorption
bands appeared in the UV-vis spectrum of 2-NH; (Fig. 6b). The
hugely different results for ammonia adsorption between 1 and
2 may mainly be due to the following two reasons: (1) as shown
in Fig. 1, based on the packing structures of the two com-
pounds, 1 has a similar 2D packing structure because of the he-
lical 1-D structure, and such a structure facilitates ammonia ab-
sorption and storage; (2) except the Lewis acidic sites,
unsaturated metal ions and bare carbonyl sites in 1 can provide
the coordination possibility with ammonia molecules, especially
the unsaturated metal ions sites, which usually make the mate-
rials unrecyclable owing to the structural collapse. As displayed
in Fig. S11a,i the PXRD profiles show that the structure of 1 is
collapsed. To further explore our conjecture, based on the X-ray
crystallographic data of 1 and 2, DFT calculations were
performed to analyze the ammonia adsorption mechanism by

Fig. 7 The simulated ammonia adsorption mechanism progresses in 1
and 2. (a) and (b) the interactions between the N* site of viologen and
ammonia in 1, (c) and (d) the interactions between the N* site of
viologen and ammonia in 2 (e) the interactions between the carbonyl
site and ammonia in 1.
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using MS 7.0. As displayed in Fig. 7, the simulated results sug-
gest that the ammonia molecules as electron donors donate
electrons to the bebpy ligand to generate viologen free radicals.
As expected, in compound 1, a N-H---O hydrogen bond (d =
2.120 A) was formed between the ammonia molecule and the O
atom of the carbonyl (Fig. 7e), which is another possible reason
owing to the structural collapse for 1. Comparing the difference
ammonia detection results of the two complexes and other
viologen-based CPs used for ammonia adsorption, it is worth
noting that it is extremely rare that the carboxylate ligand-based
CPs are stable upon ammonia adsorption. For instance MOF-
74, HKUST-1 (ref. 35) and other viologen—carboxylate CPs and
MOFs**?” collapse during this step. In contrast, a recent work
shows that a Cd-CP*® based on viologen as 2, whose metal cen-
ter and carboxylate coordinate completely, remains stable upon
ammonia adsorption.

Conclusions

In summary, we have successfully prepared two novel
multichromic Cd-CPs with a new flexible viologen ligand,
which displayed rare reversible photochromism and
thermochromism. Moreover, compounds 1 and 2 exhibit
photo- and thermocontrolled luminescence properties in the
solid state by ET. Interestingly, the two Cd-CPs can sense am-
monia with high-contrast naked-eye color changes. Com-
pound 2 remains stable upon ammonia adsorption. This sys-
tematic study illustrates the great potential applications of
CPs based on viologens in photochemistry, thermochemistry
and ammonia detection. This fact will motivate us to design
and synthesize more multifunctional CPs based on viologens.
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